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ABSTRACT
In the framework of the recently proposed QCD based parton model for the cumulative phenomena in the interactions with nuclei, two mechanisms of the particle
production, the direct and spectator ones, are analysed. It is shown that due to final
state interactions the leading terms in the direct mechanism contribution are canceled
and the spectator mechanism is dominant for the cumulative particle production process. It leads to a smaller slope of the cumulative particle production spectra compared
with the slope of the nuclear structure function F^(x) in the region x > 1, what is in
agreement with the recent experimental data.

1.

Introduction

We have recently proposed a QCD based parton model for the cumulative
phenomena in the interactions with nuclei, Ref. . In the modeL quark diagrams are
summed in the vicinity of all intermediate thresholds at which some quarks of the
nucleus ("donors") transfer all their longitudinal momenta to the distinguished active
quark and become soft. Particle production proceeds in the model via two different
mechanisms, the direct and spectator ones, schematically shown in Fig. 1 a,b., respectively. The simpler direct mechanism leads to the same x dependence of the
production rate Id as for the structure function F^x) in the region x'> 1. It is
roughly an exponential in x
Id(x) ~ F2(x) ~ exp(-6os),

(1)

where the slope 60 is determined by the QCD coupling constant and quark mass. The
spectator mechanism besides involves interactions between partons of the projectile
and target nucleus. It was shown in Ref. that each donor quark has to interact
with the projectile. As a result the spectator contribution /„ also behaves in x as an
exponential but with a different slope
/,(*) ~ exp(-6,x)
'Supported by the Russian Foundation of Fundamental Research under Grant No. 94-02-06024-a.
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Figure 1: Two mechanisms of the cumulative particle production in the parton model,
the direct (a) and spectator (6) ones. Dashed and chain lines show gluon and pomeron
exchanges, respectively.
the slope bs depending not only on the QCD coupling constant and quark mass but
also on the partonic amplitude. With a particular parametrization for the latter
chosen in Ref.1 the slope ba was found to be somewhat larger than 60, so that the
spectator contribution resulted smaller than the direct one. Then the total particle
production rate behaves in x exactly as the structure function. At the time when the
paper Ref. was written, there, existed no reliable data on the cumulative structure
functions except the old data on the deuterium at low energies and not really in the
deep inelastic region Ref. . These deuterium data had the slope in x much steeper
than particle production data from Ref.3' 4 . Assuming the direct mechanism for
particle production this resulted in very different values for the effective coupling
constant found in Ref. for the two cumulative phenomena. In view of a preliminary
character of the deuterium data we preferred not to pursue this point any further in
Ref.1.
However recently a new set of data on the structure function of C12 in the region
0.8 < x < 1.3 was published, Ref. , which essentially agree with the x dependence
observed on the deuterium in Ref. . Thus it seems to be confirmed that the structure
function and particle production have a different x dependence in the cumulative
region. The slope 60 as observed in Ref. and Ref. is roughly 16 whereas the slope
6P of the particle production rate is of the order 6-7-8 Ref. ' .
This circumstance gives us motivation to reconsider our study of the cumulative phenomena in the light of the experimental evidence for two different exponentials
for the structure function and particle production. In the framework of our model it
means that it is the spectator mechanism that gives the bulk of particle production.
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In this note we first demonstrate that final state interactions, not taken into account in Ref.1, cancel the leading terms in the direct contribution, so that it becomes
much less than the spectator one. Then particle production in the cumulative region
indeed goes predominantly via the spectator mechanism. To be able to explain the
experimental slope we study a wider class of parametrizations for the partonic amplitude than in Ref.1. The spectator slope b, results very sensitive to the magnitude of
the hadronic diffractive cross-sections. The parametrization used in Ref.1, which leads
to a rather large value for bs ~ 15, corresponded to a zero diffractive cross-section.
Raising the ratio of the diffractive to elastic cross-section up to 1.5 results in lowering
bs down to 7-j-9, not very far from the experimentally observed value 6-7-8. However
it does not seem possible to push 6, still further down without entering into a serious
conflict with the data on hadronic cross-sections.
The paper is organized as follows. In Sec. 2 we show how the leading terms in
the direct contribution are cancelled by final state interactions. In Sec. 3 the partonic
amplitude is related to the hadronic one and the data on hadronic cross-sections are
used to study its possible parametrizations. In Sec. 4 we present the results of the
calculations of the particle production rate by the spectator mechanism and compare
its x dependence to that of the structure function and the experimentally observed

2.

Cancellation of the direct contribution

In the upper blob of Fig. 1 a the inclusive cross-section off the active quark
enters in the triple Regge kinematical region, since the scaling variable J- of the
produced particle should be as close as possible to that of the active quark. Therefore
we can redraw the diagram of Fig. 1 n in the form shown in Fig. 2 a. However we
have also to take into account final state interactions of the produced particle wilh
donor quarks which raise its longitudinal momentum. An example of these is shown in
Fig. 2 b. The diagrams of Fig. 2 a and b are not the only ones which give contribution.
In fact taking a diagram with a certain pattern of interactions with donor quarks,
one should then sum over all places where the two upper reggeons from the triple
Regge interaction are attached to the active quark. We are going to demonstrate
that this sum vanishes in the limit when the donor quarks loose all their longitudinal
momentum.
Let the number of donors be n. We denote the momenta of the left active
quark K.O, ...KI before the interaction with the reggeon and K},/c{+1...«n = K after
this interaction. Analogous quantities on the right side hereafter will be labelled with
tildas (see Fig. 2 a, 6). We use the light-cone variables k = (k±,k±). The donor quarks
lie on the mass shell between the interactions. So there minus momenta ("energies")
take on physical values
fc,_ = (m 2 - kf±)/2ki+ = fi,
(:{)
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Figure 2: The direct mechanism of the cumulative particle production in the triple
Regge approach without (a) and with (b) final state interactions of the produced particle with donor quarks. Shown for the cases (n = / = / = 2) and (n = 2, / = ], / = 0),
respectively. Notations as in Fig. 1.
From energy conservation we find for the energies of the active quark
N-\

i

n

(4)
n+1

1+1

and
K\_

= «_ + £ > , • - *£>) i = /, / + 1, ...n - 1,

(5)

i+l

where N is the total number of partons in the nucleus and k\ are the momenta of
the left donors before the interaction. Integrations over fc'°' can then be easily done,
since all singularities coming from the active quark propagators lie on the opposite
side of the real axis as compared to the donor propagators. As a result k\_ are
substituted by fi\ in Eq. 4 and Eq. 5. In the limit when the donor quarks loose all
their longitudinal momenta /i; become large and from Eq. 4 and Eq. 5 one obtains
for the ith active quark propagator
(6)
and
(7)
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Now we pass to the triple Regge interaction. The momentum of the upper left
Reggeon q is
q = /c|-K,.
(8)
So q_ = 5T" fii. Calculating q+ and q± we find

q> = -(A - ± *.-) I >
1

2

- &)/*,• + (K + j : ki)i .

1

(9)

l

Here Xi are the scaling momenta of the donors after the interactions, x, —» 0; A =
n + l — x where x is the scaling variable of the produced particle. All scaling variables
are defined here relative to the average longitudinal momentum of the initial quarks
of the nucleus. They are three times larger than the standard ones defined relative to
the nucleon momentum. At the threshold A —> 0. The important thing about Eq. 9
is that q2 does not depend on /, that is, on the place at which the reggeon is attached.
However there still remains some dependence on / in the energy on which
the upper reggeons depend. In fact the factor corresponding to the triple Regge
interaction is given by
*(i)( a ,i,-)" W (M 2 ) a(0) - 2aW , < = ?22

(10)
2

x s

Here q is given by Eq. 9, g(t) is the three-reggeon vertex, M = (A — Yli i) where
s is the standard energy variable; si = £is where £j is the scaling variable of the left
active quark at the moment of its interaction with the reggeon and Sj is a similar
quantity on the right. All the three reggeons are taken to be pomerons with the
trajectory a(t). We have also to take into account that the /th propagator of the
active quark is splitted into two by the interaction with the reggeon, which results in
an extra factor 1/f;. Introducing it into Eq. 10 we finally obtain for the triple.Regge
interaction factor

<rt<K(0)(66r(')-1(A - x» o ( 0 ) ~ 2 " ( 0 .

(ii)

i

If we assume weak (logarithmic) dependence of the cross-section on energy then
we have to take for the effective pomeron intercept a(0) = 1. Then the dependence of
the expression Eq. 11 on / and I is also weak (it enters only through the term ff * with
small a' and t). Neglecting this dependence we find that the triple Regge interaction
factor does not depend on the place where it is attached and is common to all the
diagrams of the type shown in Fig. 2.
Then we have only to sum various diagrams forgetting about the common triple
Regge factor. Diagrams with different / (or/and /) differ only by their active quark
propagators. For a given / the factor coming from the left active quark propagators
is found from Eq. 7 and Eq. 8 to be
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Upon symmetrizing in the soft donors it becomes
»

'

(13)

The sum of Eq. 13 over all / = 0,1, ...n evidently gives zero. Thus in the described
approximation when the slow change of the triple reggeon interaction with the energy
of the active quark is neglected all the diagrams of the type shown in Fig. 2 cancel in
the sum.
3.

Parton interaction and hadronic cross-sections

With the bulk of the direct contribution cancelled, particle production in the
cumulative region goes predominantly via the spectator mechanism of Fig. 1 b. It
involves interactions between partons of the projectile and donors from the nucleus,
characterized by the partonic amplitude a. We normalize it according to
2Ima(0) = <r,

(14)

where a(0) is the forward amplitude and a is the partonic cross-section. As shown in
Ref. each donor parton has to take part in the interaction with the projectile. With
n donors, this gives a factor a" which is responsible for the difference between the
slopes of the structure function and particle production. The parametrization of a
and its magnitude thus acquire: the decisive role in describing the experimental slope.
Of course, a is not the quantity to be directly measured experimentally. It
can however be related to the data through hadronic (pp or pp) interaction. The
elastic hadronic amplitude can be represented through partonic interaction as shown
in the diagram of Fig. 3. Taking the cm. system one finds that the longitudinal
components <7,± of the transferred momenta are small. Also the upper part of the
diagram belonging to the projectile does not depend on g1+ and the lower, target part
does not depend on </;_. Integrating over <7,± one then finds that for a diagram with
n interactions, M partons in the projectile and N ones in the target the amplitude
is given by

(15)
Here F^M)"' (qi±) are the n-fold transverse form-factors for the projectile (A/) and
target (N). Their Fourier transforms give parton distributions in the transverse
space FlMlN\b{). The amplitude Eq. 15 thus can be presented as an integral in the
transverse space

- fc +

^

^
(16)
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Figure 3: The elastic hadronic amplitude in the parton model. Notations as in Fig. 1.
This is only a contribution from given numbers of partons in the projectile and target. Summing over M and TV we obtain for the elastic amlitude with n partonic
interactions
iAn{q±)

= 0 / n ! ) / d2B exp(iqB)
J

f[(<f 2 M 2 b[a(B - b, + b',))Fn(b,)Fu(b't),

(17)

l

where for the projectile
M>n

and similarly for the target.
To move further one has to make some assumptions about the multipartou
distributions F n (6,). The simplest one is to assume that partons are completely
independent: their number is distributed according to Poisson's law and multiparton
distributions factorize. One then obtains
(19)

where v is the mean number of partons in the projectile or target and the one parton
distribution p is normalized to unity

Jd2bp(b) = l.
Putting Eq. 19 into Eq. 17 and summing over n one arrives at an eikonal
amplitude
iA(q±) = fd2Bexp(iqB)(exp(ip(B))-l),
(21)
where the eikonal factor is
p(B) = vvvt j d2bd2b'Pp(b)pt(b')a(B -b + b')
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(22)

and the subscripts p and t refer to the projectile and target, respectively. This form of
the amplitude coincides with the one found in the multipomeron exchange model with
factorizable vertices, Ref. . Eq. 22 then gives the contribution of a single pomeron
exchange.
One commonly assumes that both p and o have a Gaussian dependence on the
impact parameter:
pp,t(r) = (1/irr-;,,) exp(-r a /rj if ), a(r) = (i*/2*r*) ex P (-r 2 /r 0 2 ),

(23)

where we have taken a pure imaginary, for simplicity. Then one easily finds simple expressions for the eikonal factor, the hadronic total, elastic and inelastic cross-sections
and also for the slope of the elastic cross-section Bel:
= ixexp(-B2/R2)

B" = (R2l2)<j>2{x)l^(x),
(24)
2
2
2
where R? = r + r + r , is the total interaction radius squared, x = i/pi/tff/(2irR2)
and the functions 4>ia{x) a r e defined by

*»(*) = £ ( - l ) * - V / ( * ! r ) .

(25)

Taking the ratio of any pair of the quantities in Eqs. 24 and comparing it to
its experimental value one can determine x. Then one of Eqs. 24 can be used to find
R2. With x and R2 determined, the cross-section vpVt<J can be found. Values of rv
and rt are more or less known from electromagnetic properties of the projectile and
target, thus r0 can also be found. So, in the end, the only parameters left are the
average numbers of partons in the projectile and target vv and ut. At low energies
the valence quark approximation seems to be good enough, which implies i/p = i/t = 3
for pp or pp interactions.
This standard procedure was used in Ref. to determine the parameters entering the spectator mechanism. As mentioned it leads to a relatively small a, so
that the slope of the spectator spectrum resulted even steeper than of the structure
function. However, apart from this unsatisfactory result for cumulative production,
the discussed parametrization has a more fundamental (and well-known) defect. As
one can deduce from the first three equations in Eqs. 24 it gives no diffraction. This
property of the pure eikonal amplitude can be easily understood in the framework of
the Gribov approach to multiple scattering Ref. , where it corresponds to retaining
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only the initial particle state in the sum over all intermediate states. A possible remedy consists in changing the eikonal amplitude Eq. 21 by the quasi-eikonal one with
a diffraction factor ( > l.Ref.8:

iA(q±) = JcPBexpire1

(exp(itp(B)) - 1).

(26)

With this factor Eqs. 24 change as follows

ain = r 1 Ti? 2 ^ 1 (2z)

•

(27)

el

and B does not change at all. From Eqs. 27 one finds the diffractive cross-section
«T*> = (f - l)a e '

(28)

so that in principle the new parameter £ can be directly taken from experiment.
In our partonic approach the quasi-eikonal parametrization Eq. 26 means that
instead of Eq. 19 we take

Fn(bu...bn) = tin-1)/2vnf[p(bi)

(29)

I

both for the target and projectile.
The quasi-eikonal parametrization leads to values of a considerably larger than
without diffraction because of a stronger screening effect introduced by diffractive
states. Of course the rise in a is limited, first, because the ratio <rd'l/<r°' is fixed
experimentally and, second, because it is accompanied by the falling value for R2,
which may become incompatible with the physically reasonable value for r2 + r2.
One observes that with the rise of £ above unity the parton-parton cross-section cr
(Eq. 14,Eq. 23), which actually enters our calculations, first rises rather slowly but
when £ passes 2 the rise becomes very fast. The maximum physically acceptable value
of £ lies around 2.4 for which a gets nearly 4 times larger than without diffraction.
One should note, however, that with £ = 2.4 the nucleon radius is 0.47 / as compared
to the standard value around 0.6 / . In view of inevitable uncertainties associated
with our partonic treatment, actually valid for substantially higher energies, we are
not seriously worried about these discrepancies. However we acknowledge that any
further rise in £, beyond 2.4, seems quite unreasonable.
4.

Spectator contribution to the cumulative particle production rate

With the partonic amplitude fixed in the preceding section one can calculate
the spectator mechanism contribution to the cumulative particle production rate. For
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Figure 4: ID = f^ is the calculated inclusive cross-section (per nucleon) for cumulative charged pion production on deuteron at \/s = 23.5 GeV (solid curve) and
1800 GeV (dashed one). F^/2 is the calculated structure function of the deuteron
(per nucleon) for x > 1 at Q2 = 6 GeV2 (solid curve), 20 GeV2 (dashed curve)
and 500 GeV2 (short dash curve). • - the experimental data Ref.2 on the deuteron
structure function at 0.8 < Q2 < 6 GeV2.
this calculation we have used the Eq. 38, 39 and 41 from our preceding paper, Ref.1,
modified from the eikonal Eq. 19 to the quasi-eikonal Eq. 29 case. We have also
corrected the mistake omiting p! in the denominator of the Eq. 39 in Ref.1.
The results of the calculations are shown in Fig. 4 and Fig. 5 for the cases of
the cumulative charged pion production on deuteron and on Taigi, respectively. For
comparison there are shown the corresponding nuclear structure function F2(x) in the
region x > 1, calculated in Ref. . The available experimental data on these processes
are also shown in these figures.
One observes (see Fig. 5) that the spectator mechanism leads to a smaller slope
of the cumulative particle production spectra (6S ~ 7-i-9, see Introduction) compared
with the slope of the nuclear structure function Fj(x) in the region x > 1, (&o ~ 16),
what is in a good agreement with the experimental data Ref. .
Note in conclusion that one more approach to understand the difference of
these slopes is being developed in Ref. .
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Figure 5: I A is the same as in Fig. 4 but for the production on Tai 8 ) . A - the experimental data Ref.4 on the cumulative charged pion production on Ta,gi by 400 Gt I
incident proton beam. F*/2 is the calculated nuclear structure function for the Taisi
at Q2 = 50 GeV2 (dashed curve) and C 12 at Q2 = 100 GeV2 (solid curve). D and
x - the experimental data Ref. on the Cj2 structure function at Q2 = 61 GeV'2 and
150 GeV2, respectively
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ABSTRACT
We have considered such simplest T—odd polarization observables of the
deuteron disintegration as the proton polarization in d(e, e'p)n and the
asymmetry in the scattering of unpolarized electrons by a vector-polarized
target, d(e, e'p)n. The 6 dependence of these observables has been studied.
The calculations have been done in the framework of the impulse approximation. The multipole amplitudes of this reaction had been unitarized
with the help of the np—scattering phase shifts. The relative significance
of the proton and neutron diagram contributions to the formation of the
6 dependence of the polarization vector components and asymmetry has
been investigated. The procedure of making the conserved electromagnetic current has an essential influence on the final 0 dependence of the
T—odd polarization observables.

1. Introduction
The polarization effects (PE) in the deuteron electrodisintegration
(ED) e~d —> e~np, the amplitude spin structure of which is sufficiently
complex, are necessary for the solution of both the general problem of reconstruction of the 7* + d —> n + p amplitude (7* is the virtual photon)
and various special and nevertheless important problems of the deuteron
electrodynamics. It is a question of the investigation of such problems as
the manifestations of the final state interaction (FSI), the measurement
of the neutron electric form factor, the search for the anomalous mechanisms that are connected with the meson exchange currents, isobar and
quark configurations in the deuteron and so on.
For the successful analysis of various PE in e~d —» e~np there is a
sense to classify P E according to their behaviour relative T transformation
: namely, it is necessary to distinguish the T—even and T—odd PE. It
is interesting that the simplest PE are, as a rule, T—odd PE. It is, first
of all, the asymmetry in the scattering of the longitudinally polarized
electrons (LPE) by the deuteron target, d(e, e'p)n; the polarization vector (PV) components of one of the nucleons produced in the collision
of unpolarized particles, d(e,e'p)n or d(e,e'n)p; the analyzing powers describing the asymmetries in the scattering of unpolarized electrons by
the vector-polarized deuteron target, d{e,e!p)n. And only the tensor polarization of the target (when scattering by unpolarized electrons) may
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lead to the T—even asymmetries. Such polarization correlations as the
PV components of one of the nucleons that are caused by the LPE scattering (by unpolarized target) belong to the T— even PE. One can, of
course,
point out another T—even and T—odd PE of any complexity.
The complex amplitudes arise only after the inclusion of the FSI effects. As another ingredients of the ED theory, the notion "FSI effects"
is not unfortunately unambiguously defined. This is illustrated by the
most popular mechanisms (presented in fig.l) for 7*d —> np that can contribute the essential complexity to the scalar amplitudes of 7* + d —+ n+p.
Each of them may be related to the class of effects that are caused by
FSI. It is the dibaryon resonances - the hypothetical six-quark states
that are excited in the s channel of 7*d —» np. These states are very
natural in the quark model, quark bag model and so on and they attracted attention after the experiments with polarized particles in the
pp —» pp scattering (with subsequent phase-shift analysis in Ref.l.), and
also after the experimental detection of the anomalous behaviour of the
proton polarization in 7 + d-» n + p of Ref.[2]. This problem stimulated
a large number of various polarization experiments in such reactions as
p + p *^ TT+ + d, ^d —• ^d, 7 + d - t n + p , -y + d —> d + TT° and so on. This
problem cannot be considered now as a finally solved.
There is also obvious (and the most natural) mechanism that generates the complex amplitudes. It is related with the fulfillment of the
unitarity condition (fig.lc). This mechanism begins operating from the
very reaction threshold and it "works" at any values of the 4-moment urn
transfer squared k2 (in the region of the space-like values). The fulfillment of the unitarity condition for the 7*d —» np amplitude is a very
important requirement of the general theory.
The difficulties with the unambiguous determination of the FSI effects
are related, in particular, with that obvious circumstance that mechanisms represented in fig.l (and also other possible mechanisms) cannot
be added immediately at the level of the corresponding contributions
to the matrix element. Apart from the obvious problem of the double
counting there arises also the delicate problem of the matching of the
separate contributions in order to fulfill the unitarity requirement, on
the one hand, and the T invariance of the hadron electromagnetic interaction on the other hand. For the illustration of this statement note
that, for example, the total contribution of the Born (impulse) approximation amplitude and one of the diagrams (a) and (b) of fig.l cannot
be considered as acceptable construction for the amplitude. The point is
that such construction violates the unitarity and T invariance though it
leads to the complex amplitudes - due to the FSI effects. Such violations
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Fig.l. The Feynman diagrams describing the FSI effects in 7*d —> np.
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Fig.2. The Feynman diagrams of the relativistic IA.
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are especially dangerous in the calculations of various PE. Such amplitude generates artificially the effects of the T—invariance violation of the
fundamental interaction. First of all, it is a question of the Christ-Lee
theorem (see Ref.[3]) according to which the T invariance predicts a zero
asymmetry in the inclusive scattering of unpolarized electrons by the
vector-polarized hadron target, A(e, e')X (of course, in the one-photonexchange approximation).
Earlier, in Ref. [4] we had developed the method of taking into account
the FSI effects based on the unitarized relativistic impulse approximation (IA) amplitude for e~d —» e~np. The corresponding multipole amplitudes (MA) of the 7*<i —
> np reaction acquire the NN—scattering phase
shifts that are determined in the phase-shift analysis of various experimental data of the NN interaction (in the range of the incident proton kinetic energies up to 800 MeV). On this way the FSI effects are
taken into account in the relativistic approach - without constraints on
k2 and Enp values. A single constraint, precisely Enp < 0.4m (in is the nucleon mass) is not related with the model properties. It is only related
with the mentioned above limit on the proton kinetic energy where the
AT AT—interaction phase shifts are known.
In this connection it is natural to analyze those effects in d(e,e'p)n
which are the most sensitive to the possible FSI effects. In this report
we consider the asymmetry in d(e, e!p)n and PV components of the protons in d(e, e'p)n produced in the scattering of unpolarized electrons by
unpolarized deuterons. This mechanism was studied earlier in a number
of the papers using mainly the nonrelativistic IA when the np rescattering induced the corresponding polarization. In Ref. [5] the sensitivity to
the GEn parametrization of a number of PE in e~d —
> e~np has been investigated. For the T—odd proton polarization in the collinear kinematic
condition it has been found appreciable sensitivity to G&, almost in all
range of the 9 angle. Even at 9 = 0° and 9 = 180° (i.e., in quasi-free eN
scattering condition) it takes place the 20% effect due to the GEH changing. Quite similar analysis (but in another kinematic conditions) had
been repeated in Ref. [6]. The account of the relativistic corrections had
been done in Ref. [7] where it was found that the relativistic corrections
essentially influence on the absolute values of the predicted probabilities.
2. The asymmetries in d(e, e'p)n
The one-photon-exchange mechanism for the e~d —
> e~ np reaction puts
specific features on the analysis of PE in this reaction. The most adequate in this case is the formalism of the structure functions (SF) making
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it possible to use as much as possible the main properties of the onephoton-exchange mechanism and take into account the properties of the
symmetry of the hadron electromagnetic interaction.
In order to explain this, write down the general structure of the
d(e,e'p)n reaction differential cross section (scattering of the polarized
electrons by the polarized deuteron target) in the following form that
accounts first of all the conservation of the electromagnetic current, corresponding to the y'd —* np reaction, and also P invariance of the electromagnetic interaction
•xx + Hyy + e cos 2<j)(Hxx - Hyy) +
Hxy + # y l ) - 2e—Hzz - ^J2e{\ + e)
(cos(t>(Hxz + Hzx) + sin<l>(Hyz + Hzy)) - i\eVl

(Hxy - Hyx) - iAeV/2e(l - s)^-(cos<t>(Hyz

x
- e2 x

(1)

- Hzy) -

Here E{EI) is the initial (scattered) electron energy in lab. system,
dfle(dilp) is the solid angle of the scattered electron (produced proton)
in the lab. system (np— pair c.m.s.), ko is the 7* energy in the 7*d —> np
reaction c.xn.s.,W is the n + p invariant mass, 6e is the electron scattering
angle in the lab. system, <f> is the aziinuthal angle between the electron
scattering and xz planes (the xz plane is formed by the 3-momenta of
the virtual photon k and produced proton p), Ae/2 (Ae = ±1) is the initial
electron helicity, e is the linear polarization degree of 7'. The z axis is
directed along k . The bar in the definition of the Hik tensor denotes the
summation over the produced nucleon polarizations, J is the space part
of the hadron electromagnetic current for e~<f —* e~np.
The vector (|) and tensor (Q%]) deuteron polarizations lead to the
additive contributions to the Hl} tensor
^

^

^

,

(2)

where H\f tensor describes the electron scattering by the unpolarized
target, H^p— by the target with vector polarization £ , H^' - by the
target with tensor polarization Q>>.
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The H\f tensor structure may be represented by the following standard way (in terms of 5 SF's)
y

]-,

(3)

{k, m}i;. = kiriij + kjihi, [k, m] y = hrhj - kjrhu
k = k/\k\, n = kx p/\k x p\, m = n xk,
where a\ — 05 are the real SF's depending on A;2, W and 6 (the angle
between k and p).
The H^ tensor, linear in the components of the vector (more exactly
axial vector) £, may be presented in the form
Uj + bt{k, m}^ + ih[k, m] y ) +
+

(4)

+ (m (blo{k, n}i;. + bn{m, h}tj + ib12[k, n] y + i&i3[m, n]j;.) ,
i.e., altogether 13 SF's.
The symmetric part of the H^' tensor leads to the T-odd contributions
to various asymmetries AL,AT and AN determined by a set of 8 SF's :
b\ — ^4, &6i frr> ^io and b\\ .
The analysis of P E in e~d —» e~np includes one more stage having a
rather general
nature and it is independent of 7*d -» np reaction
mechanism. This is a calculation of b; SF's in terms of the
7*<i —» np
reaction scalar amplitudes Ref.[4] :
m(7*cf - • np) = ip\FT2<p{,

F

=
+ efhD'n (if, + hak) + mJZ (if, + fsok) +
+ ek&tfi (»/9 + /io5S) + ekuk (fuak + f12vtft) +
+ eietfk (fuffk + fuafii\

+ e & M (f^ak + f16art\

(5)
+

+ SkUn [ifri + f\»9n\,
where U(e) is the deuteron (virtual photon) polarization 3-vector, <pi and
ip2 are the nucleon spinors.
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The differential cross section of the d(e, e'p)n reaction (the scattering
of unpolarized electrons by the vector-polarized deuteron target) may
be represented as :

where the AN , AL and Aj) asymmetries are determined by the following
expressions:
4°

= sm<f>(N/*o) (y2e(l + e)Al[ + ecos<K') -

A$

= sin <j> {N/a0) L/2e{l + e)A% + e cos 4>A^\ ,

A# = (JV/<ro) Lift + sAl + cos0y/2e{l+7JA% + ecos2^1

(7)

.

In its turn the separate contributions to these asymmetries are related
to 6j SF's by the following way:

? = 4k,, A'l = -2^-h,

At = 4ft7,

(8)

K

A"

= 62 + 63, Aj = h ~ h, A% = -2^bi, ^ = - 2 ^ ^ b 4 -

The upper indices I and t determine the longitudinal and transverse
components of J, correspondingly.
One can see that the transverse component of the deuteron polarization "works" only in the complanar kinematics (<j> = 0°).
3. The proton polarization in d(e, e'p)n
The proton polarization characteristics in d(e, e'p)n may be described
(for the one-photon-exchange approximation) by the following expression:
Pa = SpFjf<r,
(9)
where the bar denotes the summation over the initial deuteron polarizations and 2x2 matrix F was determined above, Eq.5, F = e,Ft. The
indices i and j in P,j define the dependence on the polarization properties of the virtual photon. The vector (more exactly axial vector) nature
of P,j is caused by the specific features of the considered polarization
observable.
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The Pij components must be convoluted with the lepton tensor that
is obtained after the summation over the initial and final electron polarizations.
As a result, for the proton PV P in d(e, e'p)n (scattering of unpolarized
electrons by unpolarized target) one can obtain the following general
expression:

*°
- N(p
+p
?<dnednp ~ Vxz +
i - \
k2 i
\/~-i?
+esin2«!> Pxy + Pyx - 2e—Pzz - J2e{\ + e)—
x fcos<^(P IZ + Pzxj + siti(j>( Pyz +
In order to separate the tensor and vector dependences in P\j , write
down this quantity in the following form:
+ HpV.

(11)

Using the P invariance of the hadron electromagnetic interaction one
can write for P^ '"*'" tensors

where pi — p13 are real SF's depending on three independent kinematic
variables: k2, W and 8.
One can see that only 8 SF's (remind that the proton PV forrf(e,e'p)n
is determined by 13 SF's) define the symmetric parts of the />(*"'">
tensors. These SF's determine the T—odd contribution to the PV components of the protons produced in d{e,e'p)n :

PX<T0

= N sm^fail+

PZCT0 =

e)Pxt + e cos <j>P?y

Nsm<l>U2e{l+s)P!!'+ecos<l>Plt\

Pscr0 = N (p? + eP'yl + ^2e{\ + e) cos <j>Plyl + e cos 2<j>P^,
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(13)

? = 2(p w - PlI ),
From Eq.13 it follows that for the complanar kinematics (<f> = 0° or
<j> = 180°) only Py component of PV of the proton produced in the d(e, e'p)n
reaction is "survived". Its measurement at <j> = 0° and <f> = 180° and also
at two e values permits to determine the Py", i*' and i * SF's. The
determination of other five T1—odd SF's requires the measurement of the
proton polarization in the noncomplanar kinematic conditions.
Thus we complete the analysis of the simplest T—odd polarization
observables of ED.
4. The analysis of the d(e, e'p)n mechanisms defining the T—odd
polarization observables
The reliable calculation of PE in d(e, e!p)n and d(e, e'p)n can be done
only in the framework of the model fulfilling the requirement of the T
invariance of the electromagnetic interaction and based on the conserved
electromagnetic current corresponding to the 7*d —» np reaction. When
calculating the T—odd contributions to the asymmetries and PV components, it is necessary to take into account the FSI effects. This must
be done so that not to be in contradiction with the unitarity condition,
on the one hand, and satisfy the requirement of the T invariance, on
the other hand. Really, the T invariance requires that the differences in
phases of MA corresponding to the absorption of the electric and magnetic 7* in 7*d —* np would
equal 0° or 180° (for the production of the
np system with the specific values of the angular momentum L and total
spin S). Of course, the correct unitarization of the amplitude satisfies
this requirement.
In our opinion the most rational unitarization procedure of the 7'd —>
np amplitude is based on the following substitution :
f[A]{k\ W) -» f[A]{k\ W)exp [i6w{W)\ ,

(14)

where f\A\{k2, W) is the ~f'd ~* np MA corresponding to the production of
the np system in the state with the quantum numbers [A] = J,L and S;
fr/t) (W) is the phase shift of the NN scattering to the state with quantum
numbers [A].
In its turn, MA's in Eq.14 must be calculated using the Yd —> np
matrix element corresponding to the pole Feynman diagrams (fig.2) that
constitute the content of the relativistic IA.
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At first sight the construction of the IA matrix element does not
present any difficulties and nevertheless some questions arise. And one
of them, may be the most important, is related to the conservation of
the electromagnetic current for 7*d —» np. We solve this problem with
the help of the substitution
J»

- + J;

= J

I 1

-

k ^ j •k / k 2 ,

k - j ' = o.

(15)

Another question is concerned with the ambiguity of the construction
of the matrix element for 7*d —> np. The obvious ambiguity is related to
the parametrization of the 7* .AW - vertex with one virtual nucleon. The
nucleon electromagnetic current is represented here
in terms of the
Dirac (JFj) and Pauli (F2) form factors.
Other details of construction of the unitarized model for the *y*d —» np
amplitude may be found in Ref.[4]. We begin the analysis of PE in e~d —>
e~np with calculation of the Py component of the T— odd contribution
to the proton polarization (in the complanar kinematic conditions). It
was shown above that in these conditions only Py component is nonzero
(in the scattering of unpolarized electrons by unpolarized target). We
expect that the main features of the considered model may be revealed
even when analyzing only the Py component taking into account the
circumstance that just the Py component is determined by the largest
number of SF's (by 4 from the total number of 8 T- odd SF's that
determine the proton PV P in d(e,e'p)n ).
In order to reveal the significance of the interference of the longitudinal and transverse components of the electromagnetic current for
f'd —» np to the formation of the 6 - dependence of the Py component,
we calculated this dependence for two values of the azimuthal angle <j> ,
namely <f> = 0° and <f> = 180° . From Eq.13 one can see that the difference
in the Py behaviour at these <f> values is determined by Py SF.,
The calculations of Py are done with Paris deuteron wave function
(DWF) for the kinematics corresponding to the BATEs experimental
conditions, namely E = 820MeV, E' = 570MeV, 9e = 60°, k2 = -0.48 GeV2
and Enp = 120MeV (below the pion production threshold when the elastic
unitarity is exact). These k2 and Enp values are related by the condition
of the quasi-free eN scattering. The degree of the virtual photon linear
polarization (e = 0.5) determines in this kinematic conditions the relative
contribution of Py and P" SF's to the considered polarizaton observable.
As it is shown from fig.3, the Py component has strong dependence
on the 0 angle. It has minimum at 0 « 40° (the negative value of Py ) and
maximum at 9 = 135" (the positive value of Py ) for <j> = 0°. Similar behaviour of the polarization was found earlier in Ref.[7] (in the framework
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e
Fig.3. The sensitivity of Py to the GET. parametrization: the solid line corresponds to the parametrization 1, the dot-dashed line - 2, the dashed
line - 3. (a) <j> = 0°, (b) <j> = 180°.

Fig.4. The sensitivity of Py to the neutron diagram contribution. The
solid line - the standard calculation, the dot-dashed line - without
the neutron diagram contribution, the dashed line - calculation with
-P2n -* -Fin (second GEn parametrization): (a) <j> = 0°, (b) <j> = 180°.

30

of the nonrelativistic standard model of ED) with taking into account
the relativistic corrections.
The difference in 9 dependence at <j> = 0° and <j> — 180° demonstrates the
significance of the Py contribution. The calculations of Py with various
parametrizations of the neutron electric form factor:
(1)

G£n= 0 , ( 2 )

T = k2/4m2,ixn

GEn = »nTGEp/(l

- 5 . 6 T ) , (3)

GEn = rGMn

( F l n = 0),

= -1.913 ,

demonstrates some sensitivity of Py to the GEn choice - especially in the
region of the polarization maximum.
Since Py shows the strong 9 (and <f> ) dependence, it is of interest to
reveal the relative significance of various mechanisms in the formation of
the 9 dependence of the Py component. It should be had in mind that
the behaviour of Py (as any other T— odd PE) is determined by two
as if, the multiplicative mechanisms: one corresponds to the production
of the np system in 7*rf —> np due to IA and another corresponds to the
subsequent np rescattering. The difference in the 9 dependence of Py in
the regions 9 < 90° and 9 > 90° is caused by the different contributions of
the proton and neutron pole diagrams that, in its turn, is related to the
different proton and neutron electromagnetic properties.
We do some manipulations with proton and neutron diagram contributions in order to understand how these differences are revealed in the
final 9 dependence of the Py component.
Fig.4 shows the significance of the neutron diagram. The "removing"
of its contribution leads to the essential decrease of Py in the region of
large angles. The change of Py sign in this region, when we change the
fj.n sign (i.e., the neutron magnetic form factor), demonstrates that at
9> 90° the Py component is essentially determined by the interference
contribution proportional to //„. It is important that these changes "extend" to the small angle region, 9= 30°. It should be considered as direct
proof of the importance of the exchange np interaction that "transfers"
the proton and neutron diagram contribution to the "uncharacteristic"
for them 9 angle regions.
The proton diagram contribution, determined by two form factors
F\p and F2p, is decisive for the formation of the ^dependence of Py in all
angular region (fig.5). Comparing fig.4 and fig.5 one can conclude that
the Py behaviour at 9> 90° is essentially determined by the F[pF>n interference. One can see also that at 9< 90° the Py component is formed
not only by the contribution of the proton diagram: the neutron diagram contribution is increased here at the expense of the exchange np
interaction.
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Fig.5. The sensitivity of Py to the proton diagram contribution : the solid
line - the standard calculation, the dot-dashed line - without the proton
diagram contribution, the dashed line - calculation with F\v —» — F\p, the
dotted line - calculation with F2p —» —FiT. Other designations are the
same as in fig.4.
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Fig.6. The sensitivity of Py to the gauge contribution. The solid line the standard calculation, the dashed line - without D wave of DWF, the
dot-dashed line - without gauge contribution, the dotted line - without
deuteron diagram. Other designations are the same as in fig.4.
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Since, as it was noted above, the Pjf contribution is important for the
6 dependence of Py , then namely this contribution must be sensitive to
that how the problem of the gauge invariance for the 7*d —> np matrix
element is solved. The point is that the condition of the current conservation touch upon its longitudinal component. The procedure using the
substitution of Eq.15 changes essentially the 9 dependence of Py (flg.6),
the position of the maximum and minimum. It changes also the Py values.
In order to demonstrate the importance of the gauge invariance, note
that in some sense unmodified initial current J^ (without the gauge contribution, kj: • J/k2) may be considered as conserved. Really, we project
the nonconserved J^ current on the conserved current with the help of
the following substitution different from Eq.15

K

' Pi T I* " VI

where p\ and pi are the final nucleon 4-momenta. One can see that
in Yd —i np c.m.s. the space components of J^ and J'^ coincide and
just the same components (due to the gauge invariance) determine all
observables of the d(e, e'p)n reaction. Therefore the removing of the gauge
contribution of Eq.15 is equivalent nevertheless to the conserved current
J'^ of Eq.16.
All this demonstrates that the gauge invariance cannot be "guessed"
with the help of the substitution of the type of Eq.15 and Eq.16 without
real dynamics.
A similar analysis may be done for the asymmetries in d(e,e'p)n . The
sensitivity of Ay to the choice of the G£n parametrization is shown in
fig.7. The influence of the neutron diagram contribution on Ay is shown
in fig.8.
5. Conclusion
Thus, we have considered above such simplest T—odd PE in ED as
the PV components of the protons produced in the scattering of unpolarized electrons by unpolarized deuterons, d(e,e'p)n ; and the analyzing
powers (asymmetries) in d(e,e'p)n caused by the deuteron vector polarization. Within the framework of the one-photon-exchange mechanism
for e~d —> e~np we perform the general analysis of these PE using the
P invariance of the hadron electromagnetic interaction. From 13 SF's
determining the proton PV components in d(e, e'p)n 8 SF's describe the
T— odd contribution to these components that arises in the scattering
of unpolarized electrons (by unpolarized target). Other 8 SF's describe
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Fig.7. The sensitivity of Ay to the GBn parametrization: the dot-dashed,
solid and dashed lines correspond to the 1, 2 and 3 parametrizations,resp.
The kinematic conditions are following: k2 = —1.5 GeV2, e = 0.5,Enp = 300MeV; 0 = 0" (above) and 180" (below).
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Fig.8. The sensitivity of Ay to the neutron diagram contribution. The
solid line - the standard calculation, the dot-dashed line - calculation
with F2n —* — F2M the dashed line - without the neutron diagram contribution (second G^n parametrization). Other designations are the same
as in fig.7.
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the T— odd asymmetries in the scattering of unpolarized electrons by
the vector-polarized target. The SF formalism permits to reveal obviously the <j> and s dependences of the considered above polarizations and
asymmetries and also the expressions for all SF's
in terms of
the
7*d —
> np scalar amplitudes. These results have a general nature and do
not depend on the details of the considered reaction mechanism.
The specific calculations of the ^dependence of the T—odd proton
PV components, d(e,e'p)n , and asymmetries, d(e,e'p)n are performed
within the framework of the model based on the relativistic IA. MA's
corresponding to this approximation are unitarized later with the help of
the np-scattering phase shifts that are taken from the phase-shift analysis
performed at present up to energies corresponding to Enp = 360MeV. In
the condition of the quasi-free eN scattering this Enp value corresponds
to k2 = —1.5 GeV2. This is really the relativistic value when there is no
sense to use the nonrelativistic models even if they are corrected with
the help of the relativistic contribution.
The observed strong ^dependence of the Py and Ay components is
explained by the interference of the proton and neutron diagram contributions. The effects of the exchange np rescattering "introduce" corresponding contributions in those 0 angle regions where the IA contribution must be small. In particular, the Py behaviour in the region of
large angles, 9 > 90° , is essentially determined by the interference of the
contributions proportional to the FIPGMU product.
The interference of the longitudinal and transverse components of the
'y'd —> np electromagnetic current is essential for the discussed PE and
therefore it concerns the fundamental problem of the electromagnetic
current conservation. The various methods of "ensuring" the current
conservation lead to the different behaviour of the T—odd PE of the
considered reaction. Therefore, the measurement of the ©dependence of
various polarization observables in d(e, e'p)n may be exceptionally useful
for the analysis of the electromagnetic current conservation problem for
•y'd —» np reaction and hence for the essential refinement of the reaction
mechanism.
The performed analysis shows that such fundamental properties of
the 7*d —
> np amplitude as the unitarity, T invariance and also hadron
electromagnetic current conservation are closely related when discussing
the T— odd PE in the 7'd —
> np reaction.
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Abstract
A movable polarized target has a volume 140 cm 3 (20 cm long and
3 cm diameter). Polarizing magnet was tested to 6.5 T, homogeneity
is better than 2 x 10~4. The nuclear spin relaxation time in a frozen
mode (at a temperature 50 mK and magnetic field 2.5 T) is over 1000
hours. Maximum values of proton polarization obtained were 80% and
85% for positive and negative polarization, respectively.

The accelerator complex of the Joint Institute for Nuclear Research
(JINR) in Dubna becomes now a unique place to provide 3-12 GeV/c polarized deuteron beams with high intensity and good polarization. It is
possible to obtain quasi-monoenergetic neutron and proton beams,too,using a break-up of accelerated deuterons. A new generation of experiments
can be carried out at this accelerator complex [1].
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To get full benefit of this opportunity, the experiments with polarized
beams must be performed in conjunction with polarized proton or deuteron
targets. To produce in a shortest possible time a working combination of
a polarized beam and polarized target, it was agreed to use, after reconstruction, the Saclay-Argonne frozen spin proton polarized target which was
built for and used initially in an experiment at FERMILAB (USA) [2].
For the purposes of the physics program in Dubna the target has been
reassembled and upgraded adding the missing parts. A new quality was
given to the target assembly during this reconstruction - a transportability from one experimental area to another. This is a "movable" polarized
target (MPT) concept. It means that all the major parts of the target
assembly disposed closely to the beam line (target cell inside a 3He/4He dilution refrigerator, magnets, power supplies, service liquid helium dewars,
3
He pumps,etc.) are mounted on two separate decks (Fig. 1) which can be
moved as blocks in and out of the beam, and also between various accelerators. These decks may be translated on high precision rails fixed on a main
frame. During the experiment, the working target may be moved in or out
of the beamline within some minutes without interference with the polarizing or frozen spin mode in process. Between experiments, transportation
to another area does not need disassembly of the equipped decks. The dimensions of the decks with their equipments correspond to dimensions of a
standard sea container.
Larger of two decks contains the 3He/4He dilution refrigerator with a
horizontal axis mounted on a 1.5 tons concrete cube, a 30 1 service helium
dewar of the refrigerator, a 1000 1 supply helium dewar and a 3He pumping
system. The pumping system consisting of one Geraer compressorenwerk
(RPW3600) 3600 1/s roots pump and two Leybold pumps (WS-1000 and
WS-250) with pumping speeds 1000 1/s and 250 1/s is mounted on a compact stage and placed onto the deck using pneumatic dampers for vibration
isolation, similar to [3]. The pumping system is connected to the dilution
refrigerator through about 1.5 m piece of 200 mm diameter stainless steel
tube with bellows inserts. A quality of the vibration isolation is demonstrated by the fact that it was possible to work in a frozen polarization
mode at a working temperature < 50 mK without any additional thermal
load to the refrigerator, and small phonic noise on the NMR coils.
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A polarizing superconducting solenoid, its 3001 service helium dewar and
power supply are mounted on a smaller deck. For easier operation and for
good access to the physics detectors, the equipment, that is not mounted
on the decks, is placed outside of the radiation controlled area.
A remote control of the entire operation of the MPT was achieved from
the control room installed inside the trailer. It contains an operating vacuum, 3 He and 4 He systems, an interlock system, a microwave system, and
a NMR system. A new powerful two-arm cleaning system for 3He was built
containing liquid nitrogen cooled charcoal traps and warm silicagel traps.
The microwave system intended for proton polarization build-up consists
of a microwave source, a waveguide, and a power supply. A diffraction radiation generator with 4 mm wavelength was used as the microwave source.
Its main characteristics are:
- frequency range: 70-78 GHz,
- output power: no less than 5 W,
- relative frequency instability: no more than 10~5,
- FWHM of a radiation line: no more than 0.5 MHz.
The waveguide consists of warm and cold parts. The warm part contains
a directed brancher intended to measure the frequency, an electronic attenuator, and a wavemode transformer. The microwave power comes to
the refrigerator in HOI mode. The cold part of the waveguide inside the
refrigerator was left unchanged. 1,2-propanediol with a paramagnetic Cr(5)
impurity having a spin concentration of 1.5 x 1020 cm" 3 was used as a target
material [4]. A load of 140 cm3 of propanediol beads in a plastic container
having 200 mm length and 30 mm diameter was placed inside the dilution
refrigerator.
The target polarization measurements were carried out using a computer
controlled NMR system. Maximum values of proton polarization obtained
were 80% and 85% for positive and negative polarizations, respectively.
Difference of microwave frequencies corresponding to polarization maxima
was measured to be 340 MHz. A duration of one continuous run at a given
sign of target polarization was about 12 hours. Polarization degradation
during this period was insignificant since the nuclear spin relaxation time
in a frozen mode (at a temperature 50 mK and magnetic field 2.5 T) is over
1000 hours.
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Fig. 1. Photograph of the movable polarized target

First experiment using MPT and polarized neutron beam of JINR accelerator complex has been done in February 1995. The difference in the
transmission cross sections of polarized neutrons through the polarized proton target when beam and target polarization directions are parallel or
antiparallel has been measured. All the work on target reconstruction, its
transfer to the beam line and the first experiment have taken approximately
8 months.
For further experiments transverse polarization of protons (and deuterons)
is needed. A set of holding coils for achieving transverse polarization, as
well as a new polarizing solenoid, are being built.
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ABSTRACT
Turbulent dynamics of the SU(2) Yang-Mills (YM) fields (either free or coupled
with the quark degrees of freedom for the hadionic matter) is studied by using
the method of maximum Lyapunov exponents. It is shown that the stabilizing
influence of the static quarks on the turbulent YM-fields dynamics is most less
compared to the Higgs condensate. At the same time the moving quarks similarly
the Higgs particles relax this stabilizing influence. Effects of the thermal (quantum
thermostat) fluctuations on the YM-fields dynamics are discussed as well. These
results are of interest to prove the bifurcation model for multiple hadron production,
developed at last time.

Turbulent (chaotic) dynamics of the "classical" Yang-Mills (YM) fields, free
or interacting with the Higgs particles, is investigated in detail. We have seen
some explorations of the YM-fields dynamics in the framework of the so-called first
quantization scheme with the thermal thermostat fluctuations included (see,e.g.,
review paper [1] and subsequent works [2-5]). There are indications of the stabilizing static quark influence on the YM-fields (see ref.[l] where one can find a
mention of original work [6] inaccessible for us). These studies are of interes, in
particular, to prove the noncanonical models for the color confinement [1,7] and
the multiple hadron production [8]. While the former are based on an analogue
between the colour confinement and the Anderson's electrical charge localization
in nonregulated media, the latter use some resemblance between the quark matter
hadronization and the whirlwind formation in a tempesting liquid.
Recently [1], trying to work out a consistent approach on solving very complicated problems of the Quantum Chromodynamics (QCD) we have applied the
method of maximum Lyapunov exponents (see, e.g., [9]) to the construction of
the YM-fields turbulent dynamics including the quark degrees of freedom for the
hadronic matter.
The quark-gluon system Lagrangian has the following (slightly simplified)
form:

F;F; + ^{iDIL-m)^l,
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(1)

where F^ = d»A% - duA%, - g/2eank(AlAku - A$A*) is the tensor of the YM-fields
with the potentials A^D^ = d^. — igA^Lk,Lk are the generators of the SU(2)group, *P and m are the quark wave function and the quark mass, respectively.
The corresponding Euler-Lagrange equations look as
aV

= 0,

= 0.

(2)

Here, we shall confine ourselves to the consideration of these motion equations in the so-called long-wave approach that enables us to reduce some mathematical difficulties and relay on a sound basis of physical intuition. Withing this
approach the QCD IR-regime is still retained and we can evaluate (cf., ref.[10])
the energy threshold for chaos appearance in the field system with an essentcial
non-linearity.
In the space-homogeneous case, eqs.(2) with the gauge Ag = 0 are transformed into the set:
J2 A a

- ^ -

2
?

( / l M M ° - A*A?A)) -

ff*7^.*

= 0,

The next simplification can be reached by means of the reduction A" = O^Ra, Rl>2 =
X,Y/g,R3
= 0 [0^0] = 6ab, without summing up on a [1]). Then, eqs.(3) will
take the form:

<w r

+

x + Y]
(4)

- 5 - - r —2—J •=°Since eqs.(4) are difficult for detailed analytic investigation, we have solved
them numerically in arbitrary units (g = m = 1) with the system energy E as
the bifurcation parameter, starting from the trial value E = 0. The maximum
Lyapunov's exponents \max(t —* oo) have been calculated using dependence of the
non-stability increment Amox(<) (see [2]) for nonlinear eqs.(4).
Results of our calculations are displayed in Fig. 1. It can be seen that there
is a stabilizing quark influence on the YM-fields dynamics [1], but it is more weak
than the Higgs condensate influence shown in [5]. The static quark mechanisms of
the YM-fields stabilization are different: in the Higgs condensate case the first and
second equations of the set (4) describe at small energy the linear oscillators, in
the quark case these equations describe aperiodical (regular) motion. The comparatively weak quark stabilization of the YM-fields permits the following qualitative
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t/

Figure 1: The dependence of the maximum Lyapunov exponent \mal{t —»
oo) versus the fields system energy E: 1,2,3 - accordingly for the free YM-fields,
for the YM-fields - Higgs particles and YM-fields - Higgs condensate systems [2,3];
• , o - accordingly for the YM-fields - the quark field in dynamics and the YM-fields
- the static quark systems.
explanation: the term g2 \ W |2 in eqs. (4) is equivalent to the uniform external
field which in the limit of the linear oscillator doesn't change the system dynamics
character [11].
As for the Higgs condensate, accordingly (4) the chaotization regime, which
occurs when increasing E, stems from the non-linear potential X2Y2. It is the case
where the Amax(f —• oo) values for all these systems (free YM-fields, quark-gluon
fields, YM-fields - Higgs particles) become smooth. It is obviously that at high
energy these dynamical systems correspond to the model of the Pallen-Edmonds
non-linear oscillator [2].
It is also seen from Fig.l, that the quark field in dynamics stabilizes, as the
Higgs particles [3], the field system. But now the Xmax(t —* oo) value is more large
than in the static quark case for any value of E. The reason for this is the time
dependence of the term g2 \ $ | 2 (cf. our discussion in the Higgs particles case
[3]). As the color current correlation (confinement) radius is inversely proportional
to the maximum Lyapunov's exponent [9], we can do the conclusion about the
confinement effect increment by the quark field dynamics.
The fact of the YM-fields quark stabilization permits, probably, to interpret
the quark stabilization of the chiral symmetry and QCD-vacuum [12,13] on the
dynamical basis. And the weak quark influence on the chaotic YM-fields dynamics,
possibly, is the reason of the small quark influence on the hadronic distributions
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along n^ in multiple production reactions [14], successfully described by using the
bifurcation model of multiple hadron production [8].
In conclusion - briefly about the further investigations and expected results.
It is interesting to investigate the quark-gluon system dynamics at the non-zero
temperatures and in the quantum case. The Langevin's source formalism [4,5] with
real and imaginary times is most appropriate for such extensions. It is castomary
for the dynamical systems to consider that their stabilization can be achieved by
the stochastic external influences [9], in particular, by the thermostat fluctuations
and the quantum vacuum fluctuations. Of interest also is to prove the bifurcation
model for multiple hadron production [8] to investigate the quark influence on the
turbulence evolution scenario in the YM-fields dynamics. In the case of the YMfields, free or interacting with the Higgs particles, this scenario is fairly described
by the succession of doubling period bifurcations of the system phase trajectory
[15]. The quark influence on the YM-fields dynamics is small, as we could see from
the present work, and one needs to expect small quark influence on this scenario
as well. However, these estimations would be completely competent only after the
suitable calculations, which we plan to realize in the next works.
Thus, in the present work it is shown, that the quarks stabilize the YMfields turbulent dynamics, as the Higgs particles, but more weak. In turn the
quarks in dynamics relax this stabilization. In the work also are discussed the
thermal/quantum thermostat influence on the quark-gluon fields dynamics and
the quark influence on the YM-fields turbulence evolution scenario.
The work was executed under support of the Grant N 2-61-1-2 of the Science
and High School Committee of Russia.
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The present report is devoted to the development of a kmi'lic approach for the
description of a non-equilibrium nuclear matter at intermediate energies. A relativistic
kinetic equation (RKE) of the Vlasov type for the nucleon micto:: of the quantum
hadrodynamics is obtained taking into account the exchange elTecIs an'i the strong
averaged nuclear field ones. This RKE is analyzed for the cane of a sf in-saturated
nuclear matter. Calculations are carried out in the framework o:'1bi> covarinat version
of the non-equilibrium statistical operator method.

A kinetic efffict of suppression

and amplification of the quasipartide states with positive and' negative iinergies was
revealed.
1. We start from the standard.Walecka model for nucleons which interact by means of
quantum meson fields. The corresponding interaction Hamiltoniar density is ("three-legged"
vertices

)

Hin(x) = * ( I ) A ( I ) * ( I ) ,

A(x) = -g,<t>(x) + Svuvr" + . . .

(1)

(2)

The dots in Eq. (2) show the possibility of including the cither sorts of mesons. The
corresponding Hamiltonian

Hin(r)=

IdaT{x\n)Hin(x) = f dxS(r - n:i)7(,n(x)

(3)

describes the interaction of a nucleon subsystem with a meson one. Here n(1 is a unit time-like
vector of the normal for an arbitrary space-like hyperplane cr(n).
The classical understanding of the Boltzmann collision integral is based on the conception
of a two-particle scattering. Therefore the derivation of a RKE of the Boltzmann type on the
basis of the Walecka model (1), (2) needs a definite selection of diagrams of the perturbative
theory series, or requires a corresponding rebuilding of the Hamiltonian in the case of a
direct dynamical method like our approach. For example, to describe the evolution of only
nucleon subsystem it is necessary to exclude in the Hamiltonian (l)-(3) the meson fields by
the Yang-Feldmann type equations. As a result we obtain an effective Hamiltonian of the
nucleon subsystem with the elementary vertices of the "four-legged" type.
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Hin(r) = \ j d<rT{x\n) J dx' «a(x)*/,(x')Va0,a,0,(x - *')•/»•(*')*«'(*)•

(4)

Here V..{x) is an effective potential
+ g2Xonh'D^x)

Vo0,a,0,(x) = -g%a.60g,D(x)

+ • • •.

(5)

Z)(x) and D^(x) are the Green functions of free scalar and vector meson fields. We assume
that there are no meson fields when the nucleon ones are vanishing. So, in this case the
meson fields play only a role of some intermediate (virtual) fields and real ("alive") mesons
do not appear in the framework of such approach [1,2](this scheme is destroyed by inclusion
of self-interaction effects of the meson fields). The inclusion of "alive" mesons in the kinetic
description of nuclear matter is necessary in an interchangeable approach on the basis Hamiltonian (l)-(3) for both nucleon and meson subsystems. This way leads to rather complicated
system of RKE of the Bloch type [1].
We will use a non-pertubative method in the analysis of strong averaged nuclear fields.
For this aim, the averaged meson fields effects are included in the basic Hamilt.onian HQ(T) =
H0(T) + H,n(r),

Hm{r) = j d*T(x\n)V{x)A(x)V(x),

(6)

where A(x) = (A)T is the result of the statistical averaging procedure of the operator (2),

Aa0(x) = -g%0 J dy D[x - y) (*(»)*(»)>T + ghl0 J
(<)
This restricted Hamiltonian describes the nucleon interaction on the background of the mean
nuclear

field,

t

(\

[

ffre.«(T) = J d<TT(x\n)l-j

\

dy *(x)«(»)V(* - y)*(y)*(x) - *(x)A(x)*(x)|.

(8)

Here we develop a perturbative theory on the interaction parameter:
I < Hrest > T / < Ho > T | < 1.

(9)

In the dynamical theory of RKE the first order of the perturbative theory with the Hamiltonian (l)-(3) leads to a RKE of the Vlasov type (Hartree approximation) and the second
order gives rise to a RKE of the Bloch type [1]. The perturbative theory on the basis of the
rebuilded Hamiltonian (8) leads to a collision integral of the Holtzmann type (the second
order on the parameter (9) [2]. The corresponding RKE of the Vlasov type is obtained in
following section taking into account the exchange effects (Hartree-Fock approximation).
Our consideration will be restricted below by the relation:
- nx) = Vffni0i^(y - T)8{T - »;/),
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(10)

which is a consequence of the nucleon identity in the Hamiltonian (4). If V(x) — V{—x), in
scalar case we have r = nx = ny, i.e., the retardation is absent (in the covariant sense).
2. The generalized drift integral (first order) and the collision one (second order) were
obtained in Ref. [1] for the case when the perturbation problem is defined by a Hamiltonian
of the free fields. These results can be generalized for the Hamiltonian H0(T) in the meanfield approximation. Let us write the generalized RKE only with the drift integral (without
the collision one):
^ J ^

J

j dye~™{[H

rest(T),*p(x+)'i>alpha(x-)})T

= 0.

(11)

Here the covariant Wigner function of nucleons is defined by:

faf,(x,p) = (2x)-4 jdye'™

(* fl (x + )* a (x_)) T ,

(12)

where x± = x ± y/2. In the RKE (11) we have
Rap(x,y)

%

x_)} .

(13)

Qa(x) and Qa(x) are the sources operators of the wave equations in the mean-field approximation (6)
(D -m'NMx) = Q(x) ,
(• - mJS,)*(x) = Q(x),
(14)
where THN is the free nucleon mass. For the Walecka model (1), (2) we have:

Q = l-2gamN4> + g2j2 + i-f{d^m'N) + ^g^F^
Q = * f-2g,mN$

+ g2j2 ~ i-f^m'f,)

+ 2igvZ»dll - g

+ ^gva'"'Flu, - 2igvd^" - sfc 2 } ,

(15)

where m"N = mN — gs<f> is the effective nucleon mass, a*1" = §[7/',71'], and F^ = d^ov — d^ui^.
It is assumed that 9^wM = 0 and we denote: <j> =< <j> >T , u> =< w >T.
The averaging procedure is carried out using the non-equilibrium statistical operator
p(r), i.e., < ... >= Sp... p(r) [1]. The asymptotic limit of p(r) for r —> — oo is the quasiequilibrium statistical operator />,(T). An explicit form of this operator may be obtain from
the conditional extremum of the informational entropy functional
(S(r)), T =

Sppq(T)lnp,(T),

ad, a given average value of (4'^(x + )'f a (i_)) (this is equivalent of the fixation of the Wigner
function (12)) and the normalization condition < 1 >, T = 1- Then, the quasi-equilibrium
statistical operator may be presented in the form
-5(r)},
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(16)

where S(r) is the entropy operator of the system at the kinetic stage

S{T) = *(T) + j da(x\n) j dy Tae{x, t/)*0(x+)Va(x-),

(17)

with the Lagrange factors Tap{x,y) and $(T). The self-consisting condition
)), T

(18)

fixes the functions J-ap{x,y) for the non-equilibrium stage and is very important in our
approach.
The operator structure of the statistical operator pq (x) (16), (17) satisfies the requirements
of the thermodynamics Wick theorem. This leads to a splitting of the n-particle correlation
functions by terms of the single-particle Wigner functions.
Let us obtain now the RKE of the Vlasov type on the basis of the generalized RKE (11)
with the Hamiltonian (8). Using (13) and (15) we can make all the necessary calculations
in the drift integral of the right-hand side of RKE (11). Then, we obtain the following RKE
of the Vlasov type for the hadrodynamics in the minimal orders of the gradient expansions
(notation: P = p-gvui):
df

~
,d<bdf

p
-

»t
of

„ su.
g, of

.

^

4t

Here I(x,p) is the exchange part of the drift integral:
Iap(x,p)

= i(2*)-4 f dye-ip* f dz f dP1dP
(20)

where the effective potential is defined by Eq. (5). The relation (20) is a direct covariant
generalization of the exchange integral of an electron gas.
In the RKE (19), (20) all the quantum and relativistic effects of the Walecka model
(the spin and virtual meson degrees of freedom, the identity of nucleons, the states with
(±)-energies) are taken into account in our approximation: the first order on the relatively
parameter (9), the limitation (10) and the lowest orders of the gradient expantions).
A RKE similar to (19) but without exchange integral was obtained initially in Ref. [1]
in another but equivalent representation (and for m*N —* rap/), and in the Ref. [3], in a form
closely related to Eq. (19).
3. The feature of the RKE (19), (20) consists in the absence of a mass-shell condition.
Usually it appears as a result of a transition from a spinor representation to a spin one.
Sometimes the introduction of this condition is undesirable (for example, in the description
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of a A-subsystem of the nuclear matter). Below we will try to refuse from a transition to
a spin representation and, as a consequence, from a mass-shell condition. We shall restrict
ourselves only with an analysis of a spin-saturated system.
We introduce for this aim the projection operators
^
where u*1 = p ^ / y ^ ' s

a n un

^

= ^±117),

(21)

vector. Operators (21) are a covariant generalization of the

0

operators | ( 1 ± 7 ) of the projection of spinors on the states with (±)-energies. Let us
mention the following properties of the operators (21):

V+ + V~ = 1 ,

[V*]2 = V±

,

V±VT = 0.

The operators (21) allow us to select the states with (±)-energies of the Wigner function. It
may be written as:

V + P~fV+ + V+fP~.
Like in the spin representation, we neglect the interference contribution in this decomposition, so that
/ = /(+)+/(")
,
fW = p±fp±.
(22)
The operator structure of the Wigner functions / ' * ' of the states with (±)-energies may be
established also on the basis of the analogy with the spin representation. As a result, for the
case of a spin-saturated system we have

fif(^P) = F±(x,p)V%,

(23)

where the F±(x,p) are the scalar parts of the Wigner functions / ^ \ x , p ) . For nucleons, we
can introduce the mass-shell condition as a supplementary one, P2 = m'N2.
4. Now, we use relations (22) and (23) to obtain a system of RKE of the Vlasov type for
F±(x,p). After the projection- and trace-calculation in the RKE (19), (20) we have

with the exchange integrals

dx

di

Here we have used the following notation: u =
= g2
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The well-known in the hadrodynamics Vlasov RKE [4] may be obtained from the system
(24) by the cancellation of the two last terms in the left-hand side of Eq. (24). The next
to the last term in Eq. {24) is unusual for a kinetic theory . In Ref. [3] it was shown that
this addend leads to an increase of the entropy of the system. But it contradicts to the
dynamical sense of a drift integral of a RKE. We perform here a simple transformation of
RKE (24) that allows us to eliminate this difficulty.
Let us introduce new Wigner functions
F±(x,P) = F*{X,P)expfra{x)],

(26)

where the parameter a(x) = gs<j>(x)/rn"N is characterized by an intensity of the mean scalar
field. The system of RKE (24) may be rewritten in terms of functions (26)
- /*«.*<•»*> = 0.

(27)

This system degenerates without exchange integrals and is identical to the mentioned RKE
[4] which does not lead to an increase of entropy. Eq. (26) reduces the transformation of
the exchange integral in RKE (27). This integral may be expressed through new Wigner
functions (26). However this transformation generates the corresponding exponential factors
which cause a nonlinear strengthening or a suppression of the states with (i)-cnergies in the
exchange integrals.
The transformation (26) changes the normalization functional $ ( r ) in Eq. (17) (it is
necessary to take into account the condition (18)). This is equivalent to the ronormalization
of the chemical potential of the system.
This work was supported in part by the International (Soros) Science Foundation, grant
No. MP 800 and by the State Committee of the Russian Federation for Higher Education,
grant No. 2-61-1-2.
REFERENCES
1. S.V.Erokhin, A.V.Prozorkevic.h, S.A.Smolyansky, V.D.Toncev, Journ. Theor.

Math.

Phys., 95 (1993) 74; A.V.Prozorkevich, S.A.Smolyansky, V.D.Toneev, Preprint GSl-<):i-26.
Darmstadt, 1993.
2. A.V.Prozorkevich, S.A.Smolyansky, V.D.Toneev, Proc. XII Int. Semp. on High Energy
Phys. Problems "Relativistic Nuclear Physics & Quantum Chromodynamics", Dubna, Russia, Sept. 12-17 (1994)
3. S.Mrowczinsky, U.Heinz, Ann. Phys. (N.Y.) 229 (1994) 1.
4. H.-Th. Elzeat al., Mod. Phys. Lett. A2 (1987) 451.

51

RU0010066

STUDIES OF THE EMISSION
MECHANISMS FOR
CUMULATIVE PROTONS IN
DEUTERON
ELECTRODISINTEGRATION
Yu. P. Mel'nik
Kharkov Institute of Physics & Technology
Kharkov 310108, Ukraine
A. V. Shebeko
Bogoliubov Laboratory of Theoretical Physics
Joint Institute for Nuclear Research, Dubna 141980, Russia
Abstract
The exclusive <f(e, e'p)n reaction is considered under kinematical conditions
forbidden for electron scattering on a free proton at rest,i.e., at the proton
emission angles(with respect to the electron beam direction) inside the backward hemisphere.Our analysis involves the electron energies E ~ lGeV to deal
with the sufficiently high momentum transfers probing the high momentum
components in the deuteron wave function (DWF). Along with the exclusive
d(e, e'p)n cross sections we have studied polarizations of the cumulative protons for d(e, e'pjn taking into account the final-state interaction (FSI), the
meson exchange currents (MEC), and other relativistic effects.
1. Motivations
Explorations of the deuteron structure with high-energy probes are a prelude to studying complex nuclei. In the context, we resort to the 2H(e, e'p)n
reaction in the cumulative region / I / not merely because the corresponding
data are hitherto sparse. Actually, only a little part of the well-known Saclay
measurements /2/ was carried out at the backward angles 0p with respect to
the electron beam direction (for kinematics III). Rather, our interest in this
topic is excited by the fact that the reaction gives a unique tool for testing the different conceptions regarding the production of cumulative particles
in nuclear processes, in particular, hadron-nuclear collisions in the GeV-region
(see,e.g., paper / 3 / and reviews /4,5/). One of them is based on the suggestion
that analyzing spectra of cumulative particles one can extract distributions of
correlated N-N pairs, the elementary clusters embedded in nuclear medium,
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playing a decisive role in the backward particle production (cf. proposals /6,7/
for the CEBAF research programme and refs. therein).
Extending our preceding studies of polarization phenomena in deuteron
electrodisintegration /8-10/, we employ here the meson-nucleon picture capabilities of which do not seem to be exhausted. In any case, simultaneous considerations of polarizations and angular distributions of protons for 2H(e, e'p)n
vs the basic physical ingredients can be a serious test for this picture in the
cumulative region.
A special attention has been paid to the following subjects: i) off-shell
effects in electron scattering on bound nucleons, ii) contributions of the socalled recoil reaction mechanism associated with the antisymmetrization of
the final n-p states,iii) FSI effects destroyed a simple picture of the nucleon
knockout from the target,iv) influence of the two-body reaction mechanisms
due MEC.
2. Basic Formulae. The SF Separation
The proton polarization vector in the 2H(e, e'p)n reaction with unpolarized
initial particles for coplanar kinematics (in the lab. system) can be written as
<70P = Pny,

(2.1)

P = aMR U 2 S L + Q ^ + vj £T + \( STT + Zy/Z + V%LT COS A ,

(2.2)

2

where the differential H(e, e'p)n cross section co = <P(r/dE'cKledQp is determined by

h2WL + fy + r,WT + ^ WTT + ZVT+^WLT COS A , (2.3)

OM (Oe) is the Mott cross section (the electron scattering angle), Q3 = q2 — u>2
is the four momentum transfer squared, <j> {= 0, *) is the angle between the
electron scattering plane and the plane containing q and detected proton, and
R is the recoil factor.We use the coordinate frame with the Z(y)-axis directed
along q(q x kp) where kp is the knocked-out proton momentum.
The structure functions (SF) Wt and £< (i = L,LT,T,TT) are related to
the corresponding bilinear combinations of the reaction amplitudes (for details,
see 191).
Among many problems associated with the analysis of nuclear electrodisintegration, the SF separation is of great interest. A complete SF separation
can be based upon out-of-plane experiments. However, a partial separation
is also possible in coplanar geometry, as some SF can be determined in a
comparatively simple way .
In this connection, we consider the azimuthal (left-right) asymmetries
= 0)
0Y
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'

TABLE I. Kinematics for 2 H(e, e'p)n in the right wing of the QFP (<j> = 180°)
for cumulative protons (E^p is the n-p relative energy in the c m . system, 0
is t n e angle between q and k p (the initial electron momentum k)).
Kin

Bl
B2
B3

E
GeV
1.0
1.4
1.8

oc
deg
15
15
15

LO

MeV
162
170
163

q
MeV/c
288.8
382.4
476.8

Q'
(GeV/c) 2
0.057
0.117
0.201

#kq

deg
48.64
56.35
62.69

0
deg
41.36
33.65
27.31

Op

deg
90
90
90

KP
MeV
139.5
131.7
104.2

= 0)
(2.5)
<ToW = x) + <70(<t> = 0)
These asymmetries are proportional to the longitudinal-transverse SF's
and EiTi respectively.
We propose to explore the polarization observables for protons emitted
in the backward hemisphere both in vicinity of the quasi-free peak (QFP),
as the Bjorken variable x = Q2j2Mui ~ 1, and far from the QFP while
approaching the so-called dip region with x < 1. One can expect that the
non-nucleonic degrees of freedom manifest themselves most prominently in
this region. Kinematics beyond the QFP region are given in Table 1. In order
to calculate the quantities Aa and Ar one needs to know the forward scattering
partners (Table 2).

3. Relativistic Corrections. Off-Shell Effects in the eN-Scattering
on Bound Nucleons
The deuteron current operator
(4.1)
consists of the one-body J i (q) and the two-body j}, (q) parts
(3.2)
TABLE II. Kinematics for 2 H(e, e'pjn in the right wing of the QFP (<j> = 0°).
Kin
Fl
F2
VZ

E
GeV
1.0
1.4
1.8

W

deg
15
15
15

MeV
162
170
163

q
MeV/c
288.8
382.4
476.8

(GeV/c) 2
0.057
0.117
0.201

54

0k,
deg
48.64
56.35
62.69

6
deg
41.36
33.65
27.31

deg
7.28
22.7
35.38

MeV
139.5
131.7
104.2

Normally, the nucleon current J\''(q) one can derive using the FoldyWouthuysen transformation for the nucleon in an external EM field, the offshell deviations for bound nucleons are neglected. In our opinion, inclusion
of the corresponding off-shell effects can be implemented within the Okubo
unitary transformation method, viz., one can get / l l /
I»,PMP)

(3-3)

with the 7NN- vertex function
r,(p/,p) = *i[(j* - pf]l. + iF,[{pl - p) J ]«v0* - p)72m,
(3.4)
2
2
2
on the mass shell: pi = p = m , where m is the nucleon mass.
One should emphasize that the arguments of the form factors (FF) F\^[pi—
p)2 are given in the space-like region, since for on-mass shell nucleons one has
(pi - p)2 > 0. Obviously,
(p>-p) 2 = q 2 - ( £ p + q - £ p ) 2 = q J - " 2

(3.5)

at the QFP, i.e., the situation respective to the eN-scattering on the nucleon
at rest. In other words, only in this case we deal with the on-shell expressions
for the one-body contribution to the deuteron current.
As an illustration below the results of our calculations are shown with the
full current and its nonrelativistic reduction:
= FJCQ 2 ),

2p) + iGM{Q2)[<r x q])/2m.

(3.6)

(3.7)

4. Results and Discussions
Details of our calculations can be found in refs. /8,9,12/.They were performed with the Paris potential. The FSI distortions were taking into account
in all n-p partial waves with J < 3. We employed the Dirac form factors
(FF) instead of the Sachs FF GE- Along with the direct mechanism of the
proton knock-out (the plane-wave impulse approximation (PWIA)), the recoil
mechanism due to the e.m. interaction with neutron-spectator was considered
(the Born approximation (BA)). We confined ourselves to the inclusion of the
MEC generated by one-pion exchange with the irNN-vertices modified by the
nucleon finite-size effects. The phenomenological xNN FF was chosen in the
monopole form
A

2

2

where k» (m*) is the pion momentum (mass), and A is a cut-off parameter.
For the neutron electric FF GE we employed the model /13/.
Results of our calculations with these ingredients are shown in Figs. 12. The PWIA curves are omitted here since the recoil reaction mechanism is
prevalent for the backward proton production.
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FIG. 1. Angular dependencies of <T0
and P (left) as well as A,, and Ap
(right) at E = 1.4 GeV.

The FSI plays a decisive role in formation of the angular distributions of
cumulative protons. Remind that the proton polarization takes on zero values
with the FSI no included.
As seen in Figs. 1-2 the MEC influence on the proton polarizations more
considerably than the cross sections.
The relativistic corrections and off-shell effects are demonstrated in Fig.
3.One can see that the corrections manifest themselves over the angular range
under the consideration (in particular, for the azimuthal asymmetry).
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The cross section and polarization asymmetries are much more prominent quantities subjecting the qualitative changes when more complex reaction
mechanisms are included.
5. Concluding Remarks
1) Of course, the essential enhancement of the proton emission in d(e, e'p)n
at backward angles (in particular, in the vicinity of 0P = 180° ), due to the
recoil mechanism, can be simulated adding some extra high-momentum components to the DWF,but one should take care of the simultaneous description
of the nonzero proton polarization Pn.
2) Instead Pn one can consider another observable that comes to zero with
the FSI no included ( for instance, the analyzing power Av for d(e,e'p)n with
vector polarized deuterons).
3) We believe that some results presented in the talk will be valid (at least,
qualitatively) when describing the d(p,p'N)N process with the two fast protons.
In our opinion, studies of similar observables in the cumulative region are
of great interest for future experiments with the c.w. electron accelerators (of
the CEBAF type).
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Abstract
The quantumfield bmucleon modelforthe case of the nucleon spot interaction with the scalar and pseudoscalar meson fields is considered. It is shown
that the nonrelativistic problem of the two nucleon interaction reduces to the
one-particle problem. For the strong coupling limit the nonlinear equations
describing two nucleons in the meson field are developed. A possibility of the
model application to obtaining the deuteron and bineuteron characteristics is
discussed.

1

Introduction

The calculation of binucleon states has been the objective of many investigations,
references to which can be found in books and reviews concerned with the binucleon
problem [1,2]. This problem is of interest due to the fact that this is its solution that
gives direct information on nuclear forces.
In this paper we make an attempt to calculate a bound state of two nucleons in
a meson field using a consistent translation - invariant theory of strong interaction
between a particle and a quantum field. It is well known that in the limit of strong
particle - field interaction the field can be considered as classical in zero approximation
[3]. Therefore the interaction $(ri,r 2 ) of two particles with the classical component
of the field should be written as
*(ri,r a ) = F(n) + F(r a ).

(1)

On the other hand it follows from homogeneity and isotropy of the medium, where
the two particles locate, that they should interact as
*(ri,r 2 ) = $ ( r 1 - r 2 ) .

(2)

This difficulty is absent in the quantumfield theory of weak and intermediate
coupling which describes theparticle's interaction to the exchange between the field
'Supported by Russian Foundation for Fundamental Research Grant 94-01-01119
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quanta. The use of the perturbation theory in the limit of weak or intermediate coupling leads to a translation - invariant expression of the form of (2) for the interaction
between two particles.
The aim of this paper is to develop a translation - invariant quantumfield model
for the interaction between nucleons and pion field in the limit of strong coupling and
to study nonlinear differential equations for nucleons, arising in this limit.

2

Translation-invariant theory of strong coupling

According to current concepts the main contribution to the long - range nucleon nucleon interaction is made by 7r-mesons. In the nonrelativistic approximation the
pion - nucleon interaction is determined by the pseudoscalar coupling Hamiltonian:
(ffV)(7v)

(3)

where fi is the pion mass, / is the interaction constant, a and r are spin and isospin
operators, respectively. Expanding the pion field tp into Fourier series

where ro is an arbitrary reference point, we can present (3) as

Wm. = £ ' W * ( r ~ n i ) > .

(5)

fc

where

The total Hamiltonian for two nucleons in a meson field will be
H = Tip + Hint + Wv,
where

(7)
^

H.v corresponds to two free nucleons with coordinates r\ and r2, m is the nucleon
mass,

£ >

7

(

)

2>^-r°>,

(9)
(10)
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where i = 1,2 corresponds to the first and the second nucleons, respectively;

is a Hamiltonian of a free meson field.
Turning in (7)-(ll) to the coordinates of the centre of masses of two nucleons r
and R by the formulas
r = r,-r2,

R = (r, + r a )/2,

(12)

and performing the scale transformation
qk -> £l/2qk,

u>k - » e i / i ,

(13)

we can write Hamiltonian (7) as

H = -f-A
- -mA r + ^ E
4ra R

M f l ) W 2

According to [4], we can present the radius - vector of the centre of masses of two
nucleons in the form:
R = ro + q,
(15)
where r0 stands for the fluctuating part of the coordinates of the centre of masses
and q is the translation - invariant part. We replace qk by new complex coordinates
of the field Qk such that
qk = (Uk + eQk)e-^"\
(16)
The new coordinates must meet three additional conditions

EKA

= 0,

(17)

k

where vk — complex numbers, satisfying the relations vk = v*k, are chosen to obey the
orthogonality relation

/Y,K'kf'vlUk = 6ali,

(18)

k

where ka,k^ are the components of the vector k.
Relations (15)-(18) present the canonical Bogolubov-Tyablikov transformation in
the limit of strong coupling [4]. Turning in (14) from the variables R,qk to new
variables ro,q,Qk, and taking account of (17) we write (14) as:
H = H0 + eHl+e2H2
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+ ---.

(19)

Taking into consideration that in such a transformation q appears in the transformed
Hamiltonian only in the form of canonically - conjugated momentum p= —id/dq:

which is the total momentum of the whole system (nucleons plus the meson field),
we present the wave function of the system as:
t = t™ei'Z>>Sl'Q*''*{r,r0,Qk),
2

$ = $o + e*i + £ *2 + • • • •

(21)
(22)

Accordingly the terms of expansion (19) do not contain q and have the form:

no = -^-ATD--AT+
4m

(23)

m

+ £ AxkUkcikr>2 + £ A2kUke~ikr'2 +
k

k

2

+\ £ * l + 5 X>»i
*•

L

k

k

(24)
vkU*k k

-(Sk

+ iv'k

In (23), (24) we replace the vector of the total momentum P by the vector I = e2P,
it is appropriate to consider I as a zero-order quantity to obtain the momentum
dependence as early as in zero approximation.
Bearing in mind that the form < H\ > linear with respect to Qk, P'K turns to
zero:

j

= 0,
u--,Qk,---,QN)

(25)
(26)

and setting coefficients of Qk, P'k equal to zero, we obtain the following equations for
unknown Uk and S*:

Alk J IV-oWlV^A + A2k J \Mr)\2e-ikr/2<Pr +
+"kirk - (sk + ivt(ik)) £ 1,(57 - ivi(n))(ki)v; = o,
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(27)

MSI - •'»*(/*)) = -iUk{kC),
where the vector C is determined from the condition:
i

(28)

0.

(29)

It follows from (23)-(29) that coordinates r0 and r divide, and the Schroedinger
equation in zero approximation changes into:

{

(30)

}

where
n = Unc{r) = nifaaMnn)

+ n2(r,a2)(T2T2) + UU(T,<TU<T2){TUT2),

(31)

where
E ^

n12(r, tn, <T2) = - E

2

/ ^ ^

"¥T(*I*)

2

' ) | V r ' ,

(32)

V»*) 2 / e*<'-''>/a|^,(r')| W .

(33)

In particular, (31)-(33) yield for the total isospin, equal to zero:
3 P

r

e-f\r-r'\/2

Hnc = ~^-2 j ^'Wm^rKoVr,)-—^,

(34)

where a is the unit vector.
In [5] the Bogolubov - Tyablikov strong - coupling method was used for the case
of scalar interaction. According to [5] the potential of scalar interaction lie is written
as:
2o 2 r

d3r'\Mr') , 7
'
I" ~ " I
where g is the constant of interaction with the scalar field. In what follows we shall
take into account both the contributions into the interaction, putting in (31)
n n O (r) = - 2 £1 -

n(r) = Ilnc(r) + Ilo(r).

3

(36)

Differential equations for binucleon

The Schroedinger equation for binucleon with potential (35)-(37) can be presented in
the form of variational principle with the functional:
h2 t
n2 r e-kcV-r'\/2

/

|VV|W

h I J^-Mr)\2Mr')\2dVdV' e-*nc|r-r'|/J

62

(37)

where
12

kc = He,

-

J

(38)

knc = H = /**,

(39)

He is the scalar meson mass, /*„ is the pion mass. Variation of functional (38) with
respect to 4> leads to Schroedinger equation (30) with potential (35)-(37). For numerical calculations it is convenient to express integrodifferential equation (30) as the
following system of differential equations:
• 2/ 2 m(crV r Ilnc)V 1 - mW4> = 0,
(40)

or, replacing fine by line such that

we can rewrite (40) as:

+ ifhntlnci' - m\W\y- = 0,
= -4TTV'2,

tine =

(42)

-

4

2

a

The system of differential equations for bipolaron (42) is the nonlinear threeparameter eigen value problem. Numerical integration of (42) was perform in [5] in
the limit knc —> oo. In particular it was shown that the bounding energy determined
by (37) is close to deuteron bounding energy if 4irhC/g2 ~ 8.5. In this limiting
case only spherical - symmetry solution of (42) exists. This led to zero quadrupole
moment. Thus the solution of (42) for finite fcne is an actual problem. We showed
that for finite values of knc the critical values of knc and ks exist. The particlelike solution of (42) exists only for parameters greater
than the critical values. The
detailed investigation of (42) is the feather problem of our investigation.

4
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POLARIZATION PHENOMENA IN KNOCK OUT
REACTIONS AND THE STRUCTURE
OF THE DEUTERON
V.M.Kolybasov
P.N.Lebedev Physical Institute, 117924 Moscow, Russia

Abstract
Basic picture is given for polarization phenomena (spectator polarization
asymmetry for the case of polarized target.etc.) in quasi-free processes. It can
be used as simple and universal starting point for polarization investigations.
The generalization of Treiman-Yang test serves for the identification of the
reaction mechanism. The expressions for above-mentioned characteristics show
the way to obtain new information on Z>-wave deuteron function and thereby
to refine tensor terms of NN-potential.

1.

Introduction

Generally two goals are persued by nuclear reaction studies: (i) the: investigation of
the nature of the process, its mechanism, plausible parallels with elementary par
tide and atomic physics interactions, etc. (ii) obtaining of the new information on
nuclear structure and on properties of elementary particles. It especially applies to
direct reactions which involve only few degrees of freedom. The polarization quantities, which have the interference nature, are mostly sensitive to small components
of nuclear wave functions as well as to small admixtures; in the amplitude due to
various reaction mechanisms. This fact determines the particular importance of their
investigations.
We shall now discuss the knock-out (and of similar type) reactions on deuteron.
Here the polarization phenomena can be used, on the one hand, as the additional
test for the mechanism1 and for searching the kinematical regions where quasi-free
processes dominate. On the other hand, these phenomena are very sensitive to the
ratio of D- and 5-wave deuteron functions. Their investigation can give a new
detailed information on /?-wave deuteron function thus opening fresh opportunities
for improvement of tensor terms in the potential of nucleon-nucleon interaction.
Our main purpose is to present a simple basic picture of polarization features for
quasi-free scattering case describing a direct reaction as elementary process (elastic
scattering for knock-out reaction) proceeding on virtual nucleon in some nontrivial polarization state determined by the properties of nuclear vertex d •-» np. This
approach was developed earlier in Ref.2"4 and the result, was partly presented in
Ref.5. The advantages of the picture are universality, simplicity and understanding
on qualitative level. It can be used as starting point for polarization investigations.
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Certainly, in reality one also must take into account the contribution of more complicated processes and in some cases it strongly affects the picture6.
We shall see that the polarization characteristics are extremely sensitive to the
ratio of D- and S-wave deuteron functions £ = w/u. It gives possibility to find
this ratio in wide region of nucleons relative momentum. The same information can
be obtained from some binary and inclusive processes (see, for example, survey7).
The difference is due to the fact that one must know the reaction mechanism to
extract unambiguously the information on (. Due to poor kinematics there are only
few possibilities to test independently the mechanism of binary or inclusive process.
Contrary to that there are many criteria for the mechanism of direct many-particle
nuclear reaction for exclusive case1. So in principle the information from knockout reactions is more reliable. Certainly, for that purpose we need out-of-plane
experimental investigation.

2. Quasi—free scattering approximation
In the quasi-free scattering approximation the amplitude of the reaction
A + x-+B + y + z,

(1)

is given by the graph of Fig.l:

where FJJ**1' is the amplitude of the process
A^B

+i

(3)

with pole denominator, and fj££ is the amplitude of the process
» + x -+ y + z,
fik are spin projections on z axis.

Figure 1: Pole graph corresponding to the quasi-free process.
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(4)

In the deuteron case (A = d) the vertex F can be expressed in terms of S-wave
(u) and D-wave (w) functions in momentum space
W

(P)

(5)

where n is the unit vector in the direction of relative momentum of two nucleons
which coinsides with the direction of spectator momentum in lab. system. It follows
from eq.(2) that the expression of the form of

appears in the calculation of cross sections, where gw>,/ is the spin density matrix of
particles i formed in the decay (3). (Unessential now spin indices of particles x, y
and z are omitted.) Therefore the reaction (1) can be considered as the process (4)
on particles i (nucleons in our case) having some effective polarization P e // which is
determined by the properties of the nuclear vertex (3). In particular, P e // = 0 for
the case when target nucleus A is not polarized and the polarization of spectator B
is not detected because of the lack of pseudovector direction peculiar to the vertex
(3) in nonrelativistic case. It is the reason for the isotropy of Treiman-Yang angle
distribution in direct nuclear reactions with spin—1/2 particle transfer. The matter
is that the Treiman-Yang angle actually coincides with the azimuthal angle of the
process i + x —> y 4- z in its c.m.s. system. Let us see it in detail. Fig.2 shows
the kinematics in antilaboratory system i.e. the rest system of x particle. The

Figure 2: Kinematical picture in antilaboratory system.
Treiman-Yang angle is defined as the angle between the planes (p^, p'B) and (p'y, p'z).
The transition to the c.m.s. system of the process (4) can be performed by the
boost along the direction of pj. The plane of particles y and z momenta does not
change under this transition as initially three momenta pj, p^ and p^ lie in one plane
(Py + Pz = Pi)- The initial position for counting the Treiman-Yang angle as well as
azimuthal angle of the process (4) is given by the plane (P'AIPB) which coincides with
the plane (px, ps) in laboratory system. So the rotation over Treiman-Yang angle
is equivalent to the rotation over azimuthal angle in c.m.s. system of elementary
reaction (4). An asymmetry in azimuthal angle is connected to P e // and analyzing
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power of the reaction (4) with respect to the polarization of particle i which will
be denoted as P;. For this reason the relations for asymmetry, which will be given
below, can be considered as the generalization of the Treiman-Yang test. If we know
Pi from the data on reaction (4), then it will be enough to know P e // to calculate the
asymmery in the reaction (1) with polarized target.

3- Asymmetry and recoil polarization
Two directions enter in the estimation of the effective polarization P e // of transferred
nucleons: deuteron polarization Pj and laboratory spectator momentum n. One can
make two pseudovector combinations of these quantities: P j and (nPj)n, and in
general case3
P.// = APt + B(nPd)n.
(6)
The estimation of another characteristic, which we consider presently, i.e. spectator
polarization P B in reactions with unpolarized target and beam, can be carried out
as follows. Starting from the formula (2), we obtain the terms of the type /Wl(/(,;)*,
which can be expressed through the differential cross section of the process (4) and
analyzing power P; of the process in respect to particle i polarization. Thus we again
have two directions: P, and n and, respectively, two pseudovectors: P, and (nP,)n.
Hence it follows that in general case
P B = CP, + D(nP,)n.

(7)

Each of the expressions (6) and (7) contains two terms with different directions. The
ratio of these terms can be varied by changing the kinematical experimental conditions, and it gives large possibilities for unambiguous determination of the coefficients
A, B, C, D and also of the regions where quasi-free scattering dominates.
The results for A and B are
(u + w/V2)(u s/2w)
2
+ 2 +E
'

_

where quantity E is related to possible tensor polarization of deuterons:
E = 1/

-i=w2)Y2M(n)t2iM.

(uw

(9)

Here t2M are the components of the second rank polarization moment.
The results for the coefficients C and D are
1
3
D

=

2\/2

2y/2* uw
3 u2 + w2
UU>

-
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1 w2
3 u2 + w2 '

+
W

2

(10)

300

100

400

p, MeV/c
Figure 3: Coefficients C and D of eq.(7) for the effective polarization of knocked nucleons
as functions of spectator momentum: solid lines - for deuteron function in Paris potential;
dotted lines - for Bonn potential with pd = 4.38 %; dashed lines - for Bonn potential with
pd = 5.61 %.
One can see that the coefficients A,B,C and D are extremely sensitive to the ratio
of D and 5-wave deuteron functions £ = w/u.
Fig.3 shows the coefficients C and D for various deuteron functions.
The most evident candidates for investigations are the reactions (p,2p) and (p, pn)
at energies about several hundreds MeV, where P, ranges up to 0.4 -¥• 0.5 and the
polarization effects are sizable. However the developed approach can also be applied
for the reaction (e, ep) but only in the case of polarized electrons where P , must be
substituted by corresponding coefficient in correlation term.
Note that the modulae of the coefficients A, B and {A + B) can in some cases be
greater than unity and it is of interest for using polarized deuterons as the source of
polarized neutrons.

4- Recoil polarization in general case
Expression (6) gives spectator polarization P # in reactions with unpolarized target.
Now we present the expression for general case when deuteron has vector and tensor
polarizations:

P B = (( u - \/2wfP, + 3tu(\/8u - w)(P;n)n +
3(u - V2w)(u + ~)Pd + ^ ( u + ^
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3£)

,

(11)

where the quantity E is defined in (9), and the vector M, connected with the components of tensor deuteron polarization, is more convenient to express in cartesian
coordinates (now we shall denote the analizing power of the process (4) with respect
to particle i polarization simply as P ) :
M,

=

6(a + b)2TlpPp - 126(a + b)(nP)Tp,np
-126(a + b)(TpknpPk)n, + 12ab{Tpknpnk)P,

.

2

+2Ab (nP){Tpknpnk)n,.

(12)

Here
to

_ sw

One can see a variety of combinations in above expressions. Their investigation
can evidently give a complete information on the ratio of S and D deuteron functions.
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MOVING TRIANGLE SINGULARITIES:
THE POSSIBILITIES FOR OBSERVATION IN
DEUTERON REACTIONS
V.M.Kolybasov
P.N.Lebedev Physical Institute, 117924 Moscow, Russia
Abstract
If the amplitude of direct nuclear reaction (or its fastly varying part) is
dominated by the triangle graph then it can be identified observing the picture
corresponding to so-called moving triangle singularity: the form of the distribution with respect to the invariant mass of several final particles must change
with momentum transferred from initial fast particle to final one. The possibilities for observation are discussed using two reactions: (i) deuteron break up in
the A-isobar region of two proton mass and (ii) 77-meson production pd —> pdrj.

1.

Introduction

A number of examples is known when the amplitude of the nuclear reaction is determined by the pole graph, especially in the region of small spectator momenta (see,
for example, Ref.1'2). There is a model-independent test for a dominant part of pole
mechanism - so-called Treiman-Yang test3. An isotropic distribution with respect to
Treiman-Yang angle gives a brilliant qualitative evidence for the pole mechanism. Up
to now the situations with more complicated graphs an- rather different. There are a
few cases where we can believe that a triangle graph gives a major contribution in the
region of large spectator momenta, for example in d(TT~,ir~p) reaction at 1 GeV/c1
and in stopped antiproton capture pd —> p, 2w+ 3w~ in five-pion channel2. But this
supposition is based only on undirect and model-dependent evidences. No qualitative
criteria were ever applied in these cases.
On the other hand, this topic has a great importance for nuclear and particle
physics. The matter is that many of the theoretical approaches actually proceed
from the supposition on dominant role of one or a few mechanisms (graphs) in the
amplitude or at least in its fastly varying part. Confidental isolation of the contribution of triangle graph would give strong support to such concept. In addition, it
would make possible to obtain off-mass-shell elementary amplitudes.
For that reason it would be highly desirable to have some distinct qualitative
indication of triangle mechanism. Such indication is known over a long time4"6. It is
the picture of so-called moving complex singularities: The triangle graph of Fig.la has
a singularity of logarithmic type in the variable W - invariant mass of the particles
4 + 5 + • • • + n situated in complex plane whose position depends on the value of the
variable q - three-momentum transfer from x to z. So the position and width of the
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bump of the distribution with respect to W must change with q. The picture, as we
shall see later, is very distinct and its experimental observation would give a bright
qualitative characteristic of the triangle graph dominance.

2. The amplitude of a triangle graph
Let us consider the general form of a triangle graph (Fig.la), introduce some notations
and give the expression for corresponding amplitude M&. Let e be the binding energy
in the vertex A—» 1+3 (that is in our cases deuteron binding energy),
K2 = 2m, 3 e,

q=

px-Pz-

Figure 1: Triangle graphs: a) general form; b) for the process pd -* ppn; c) for the process
pi -* pdi).
It is convenient to introduce dimensionless variables A and £ which in nonrelativistic case are connected with q2 and W via simple expressions5'6:
A=
t - H^l

(mi + m 2 ) 2

K2

VflA

— Till — TT12

W

'

(1)

(2)

In terms of these variables triangle singularity is situated at
{A = A - 1 + 2iy/X

(3)

and the expression for the amplitude M^ of the graph of Fig.la has a universal form
which is especially simple in coordinate space. If we take into account nuclear form

71

factor in the vertex A —• 1+3, then 6 ' 7
oo

M A ~ f tj>(r)ji(\/\Kr) exp(-AKr
o

+ iBK,r)r dr .

(4)

Here V"(r) ' s a radial part of wave function of particles 1 and 3 in nucleus A, I is their
orbital momentum, ji - spherical Bessel function.
At£>0
A = 0, fl = v ^ , a t £ < 0
A = v ^ ? , B = 0.
If the particle 2 is not stable but is the resonance with the width F (for example
A in Fig.lb) one can take it into account by introducing dimensionless variable

The expression for A/A (4) remains the same but with modified A and B:

Atf>0
at { < 0

B = [(( + VFT7)/2Y",
A = p/2B,
A = [(-£ + >/FfP*)/2]1/2, 5 = /»/2i4.

In the case of pd —» pdr; reaction (graph of Fig.lc) we must use relativistic kinematics for pion, but it can be shown that the expression for triangle graph has the
same form (4) if we slightly change the definitions for variables ( and A:

(7)
Now ip(r) has a meaning of deuteron function, and dominant contribution is from the
state with I = 0.
The expression (4) is derived for constant vertices 1 + 2 - » 4 + 5 +
h n and
3 + x —> 2 + z. So for real comparison with experimental data the results for | M A | 2
must be multiplied by the cross section of the process 3 + a: —> 2 + 2 at the same initial
kinetic energy and given q2, and by the cross section of the process 1+2 —> 4+5+- • -+n
at given invariant mass W (more exactly by corresponding amplitudes squared).
Universal picture of \M&\2 was recently presented in Ref.7 devoted to S-hypernuclear systems production (see Fig.2 in Ref.7 for the case of 12C reaction). We have a
clear bump in the distribution with respect to £ and the position and width of the
bump distinctly vary with changing of A. In what follows we shall give two other
similar examples.
A question arises why the distinct picture yet is not observed. There are three
reasons: (i) practically no special investigations were made for that purpose; (ii) it is
a rather hard task due to the width of the bump and due to the fact that the region
of small relative momenta of final particles is needed where a strong intersection can
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be with the effects of final state interactions. Besides, one must also take into account
the physical background due to other mechanisms; (iii) in most cases we have not
only the triangle graph of Fig.la but also corresponding pole graph which imitates
rather close qualitative picture in terms of £ and A variables.

3. The process pd —>• ppn in A-resonance region
Let us consider the process pd —* ppn in the region where the invariant mass of two
final protons W is close to the sum of nucleon and A-isobar masses (so-called Aresonance region). Experimental investigations (see, for example, Ref.8) have shown
a distinct bump in W distribution and it seems probable that the triangle graph of
Fig.lb gives dominant contribution. The crucial test would be the investigation of
W distributions at various values of momentum transferred from initial fast proton
to final fast neutron (up to now there are only global data). Theoretical predictions
for the amplitude squared of Fig.lb graph for various q% are shown in Fig.2. (The
curve for q2 = 0.01 (GeV/c)2 is shown only in illustrative purposes as this value of q2
cannot be achieved experimentally).

I^A| 2 , 0.08rel.unit
0.06
0.04
0.02

-50

0

50
E, MeV

Figure 2: |Af^|2 for the process pd —> ppn in A-isobar region of two-proton invariant mass
for q2 = 0.01 (GeV/c)2 (x); 0.12 (GeV/c)3 (a); 0.25 (GeV/c)2 (O); 0.37 (GeV/c)2 (+) and
0.50 (GeV/c)2 (dashed).
Here E is the difference of two-proton mass and the sum of masses of nucleon and
A-isobar:
E = W-(mN + m*).
(8)
One can see a clear picture of moving bump but the width of the bump is rather
large.
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4. The process of 77—production pd —• pdrj
Another interesting example is given by the process of ^-production in pd collisions
in the channel pd —> pdr). The graph of Fig.lc with virtual pion can give here large
contribution at energies not very far from threshold. The graphs of such type were
earlier successfully applied to the pd backward scattering 9 ' 10 and become very popular
recently for the processes with large momentum transfer. The reason is that actually
these graphs give simplest representation of two-nucleon mechanisms of interactions.
Moreover, contrary to free NN interaction, here the exchanged pion can be in some
cases on mass shell. Fig.3 shows | M A | 2 as function of invariant mass of (r)p) system
W for different values of q. We see distinct bump whose position and width evidently
change with q, being at the same time inside available physical region even for initial
energies of about 1.2-5-1.3 GeV.
Another item is whether the mass of transferred particle can be determined from
the experimental data. Fig.4 shows the results for | M A | 2 at fixed q = 0.9 GeV/c
but for different masses of transferred particle (0.14 GeV - pion mass, 0.80 GeV near p-meson mass and two intermediate values). Here we also see rather optimistic
picture: the peaks, corresponding to different values of transferred particle, are well
separated.
Author is indebted to Professors O.D.Dalkarov, Bo Hoistad, T.Ericson, S.Kullander,
I.S.Shapiro and C.Wilkin for stimulating discussions.

rel.unit o.i

\
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0.05

1.5

1.55

1.6

1.65
1.7
W.GeV

1.75

1.8

Figure 3: |M A | 2 , corresponding to the graph of Fig.lc with pion exchange, for q = 0.7
GeV/c (x); 0.8 Gev/c (•); 0.9 GeV/c (O) and 1.0 GeV/c (+).
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| M A | 2 , 0.08

rel.unit

0.02

1.5

1.6

1.8

1.7

1.9

W.GeV
Figure 4: |M A | 2 , corresponding to the graph of Fig.lc, for q = 0.9 GeV/c with exchange
of particle with mass 0.14 GeV (x); 0.36 GeV (D); 0.58 GeV (<0) and 0.80 GeV ( + ).
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ABSTRACT
Some predictions of dibaryon states - nonstrange as well as those with large values
of strangeness - appearing within the chiral soliton approach are discussed. The
possible existence of narrow radiatively decaying dibaryons is pointed out.

1. The effective theory of chiral fields proposed at first in [1] provides an
attractive possibility to describe not only mesons and baryons but also baryonic systems starting from few basic ingredients. The existence of bound states of skyrmions
opens wide prospects for application of this theory also in nuclear physics [2]-[6].
Baryonic systems appear in this approach as quantized bound states of skyrmions
with baryon number B = 2,3 and more.
The characteristic feature of the chiral soliton approach applied to baryonic
system (nuclei) is the absence of nucleons individuality in the mass and baryon
number distributions of bound skyrmions. The peculiarities of this distributions their topology - are defined by baryon number of the system, and there is no trace
of separate nucleons within these distributions. The nucleons individuality should
be restored - according to the present understanding - when nonzero modes quantum corrections, vibrational, breathing,etc., are taken into account. Calculations
performed by a number of authors [7, 8] confirm this point of view.
The quantum numbers of the system - its isospin T, angular momentum J and
SU(3) representation to which it belongs - are defined by means of the procedure of
zero modes quantization [9] used also for the description of the spectrum of baryons,
octet and decuplet first of all.
This procedure leads to the following mass formula [4, 5]:

Md is the classical mass of the soliton calculated by means of the energy
functional minimization, or by solving the Euler- Lagrange equation. N is the so
called right isospin fixed for each 5f/(3)-multiplet of baryonic system. In 5C/(2)-case
it should be substituted by observed isospin T. The contribution depending on
"strange" inertia 0s is universal for all minimal SU(Z) representations for which the
maximal hypercharge of the system, or triality (p + 2q)/3 coincides with its baryon
number. There are two such representations for B = 1, octet and decuplet, and 4 for
'Supported in part by Russian Foundation for Fundamental Researches, grant 95-02-03868a
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the case B = 2: antidecuplet, 27-, 35- and 28-plets; p = 0, q = 3; p = q = 2; p = 4, ? = 1;
p = 6,? = 0 correspondingly, p,q are the numbers of upper and lower indices in the
tensor describing 5(7(3)-multiplet, N = p/2. The universality of this contribution is
due to the cancellation of Casimir operators of SU(3) and Sf7(2) groups, and it means
that there is no mass splitting due to 6s between minimal multiplets with the same
B-number.
The term AM(Y, T) includes the flavor symmetry breaking terms in the lagrangian of the model. It describes the mass splittings inside SU(S) multiplets of
baryonic systems (or baryons), depends on the strangeness content of the state, SC,
and equals in the hamiltonian density to
AM(y, T) = 1(1 - cosX)[mlFZ + sin*v(m\F*K - m ^ ) ]

(2)

X is the soliton profile, and we use the values of constants FK = 236 Me V
FT = 186 M«V, e = 3.46 corresponding to "slow" rotator approximation.
In the collective coordinates approach to the quantization of zero modes,
when we start from nonstrange SU(2) skyrmions SC = \sin2v,where v is the angle
of rotation into "strange" direction. This expression should be averaged over the
baryon (baryonic system) wave function in the Sf/(3)-configuration space, but it is
evident that in this picture SC cannot exceed 0.5.
Eca, is the so-called zero points fluctuations energy, more accurate, its difference in vacuum and in the presence of the soliton. It should be calculated together
with nonzero modes quantum corrections and this is most nontrivial problem in
skyrmion theory, being not solved completely up to now [9]. The estimates of the
Casimir energy made for B - 1 case [9] as well as for the case of 5O(3) B = 2 soliton
[10] have shown that it is of reasonable scale and can provide the agreement with
data in the absolute values of baryon masses.
2. In the SU(2) case the expression (1) simplifies since the term depending on
6s as well as AM can be omitted (really they make some almost constant contribution) and N should be substituted by observed isospin T. We discuss here some
states (T, /) with lowest values of T, J because they have more chances to be stable
relative to the strong interactions. At first we discuss states with the odd sum T+J
allowed by Finkelstein-Rubinstein (FR)-type constraint [11, 5].
The deuteron-like state (0,1) has the energy by about 30 MeV lower than that
of (1,0) state - JVJV-scattering state, in qualitative agreement with the fact that the
deuteron exists in the nature but not dineutron. This property observed at first in
[12, 4] takes place in all known variants of chiral soliton models and comes from
the fact that the orbital inertia 6 j is greater than isotopic inertia 6 T for the B = 2
soliton which has torus-like form [4].
The bound B = 2 skyrmion also with zero modes quantum corrections should
not be identified with real nucleon-nucleon states: they have considerably smaller
dimensions, first of all. According to the present understanding the real nuclei can
be obtained when nonzero-modes quantum effects (vibrational, breathing, etc) are
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taken into account. This can be done together with the calculation of the Casimir
energy only, and meets now the difficulty that the effective field theory is not renormalizable. To avoid this problem we shall make everywhere the renormalization of
masses of dibaryons in such a way that the mass of (0,1) state is shifted to the right
place. This is the only but crucial assumption of our approach.
The binding energy of the deuteron is then 30 MeV, and this number gives the
estimate of the accuracy of the approach.
The (2.1) state has the energy by HOMeV above NN-n threshold. It can decay
strongly and can reveal itself as some broad enhancement in corresponding cross
section.
The (1,2) and (0,3) states can be 1 i) 2 and 3D2 states of NN system with energy
by 180 and 230 MeV above threshold. They can decay strongly into JVJV system in
D-wave, or into final NNjr-state.
All states with higher values of T and J can decay strongly into NN or NN it,
NNirt... final states and by this reason are not very interesting.
3. Let us go now to FR-forbidden states, in particular to the states with
positive parity and even sum of T + J. The lowest lying state with T = J = 1 has
energy by only (50 - 60) Me V above AT TV-threshold. Since the decay into TV TV-final state
is forbidden by the Pauli principle it can decay only electromagnetically into NN-y
final state. The simple dimensional and phase space estimate of the width is [13]:
4a ,
„»/»
I V - . ™ , = -,r« u5V-m3/2

(3)

where a = 1/137 is the electromagnetic constant, M is the mass of the decaying
state, u is the photon energy, (50 -60) Me V, r0 is the radius of the electromagnetic
transition, of the order of the soliton radius r,, about 0.5 - 0.9Fm depending on the
particular variant of the model. Formula (3) gives the estimate F =0.1 eV. However,
the nucleon-nucleon final state interaction can increase this estimate by 1-2 orders
of magnitude.
The (0,2) isosinglet state can be the 3D2 state of two-nucleon system and
therefore decay strongly with energy release of about 90 MeV.
The (2,0) state has the energy by 50 MeV. above NNit threshold and also can
decay strongly. Therefore, the (1,1) state is the only narrow exotic nonstrange state
predicted within the chiral soliton approach.
The problem is however, with B — 2 (0,0)-state. This state is the lowest
state of the theory, and should be even below the deuteron in energy. All states
with B = 2 should decay then finally into this (0,0) state. Since it is not so, there
should be some reason which forbids the existence of (0,0) state, or there should be
no coupling between FR-forbidden and FR-allowed states. The latter case is not
interesting from physical point of view.
4. When SU(3) collective coordinates quantization scheme is applied to
the bound states of SU(2) skyrmions the predictions for the spectrum of strange
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dibaryons with strangeness down to -6 appear in quite natural way [13]. The components of antidecuplet, 27-, 35- and 28-plets with largest values of strangeness have
the quantum numbers of £=, HE, £2E and fiQ systems and can decay strongly into
these final state. The energy above threshold is not large, especially for 5 = -1, -2, -5
and -6 states, generally not more than (30-40) MeV. In view of some numerical inaccuracy of calculations, just about 30MeV there is a chance that some of these states
are bound relative to the strong interactions.
The other approach to the problem of existence of strange dibaryons' was
developed recently by Schwesinger et al.[15]. The authors started from large distances where dibaryon system can be described in the factorization approximation
and found that deuteron-like dibaryons can exist with strangeness down to -4, the
contribution to the binding energy from flavor symmetry breaking terms being increased with increasing - 5 . Here I would like to stress that [14] and [15] represent
different approaches - from small and large distances - to the same problem, and
finally the results of both should converge.
There are also some strange FR-forbidden states, the lowest in energy is
that with S = -2,T = 0,J = 1 belonging to 27-plet. Its decay into A A final state
is forbidden by the Pauli principle, but decay into AA7 is allowed with the energy
release about 170MeV. The expected width of this decay can be about (10- 100) eV
according to the above formula (3).
The other possible FR-forbidden state is (-2,2,1), also belonging to 27-plet of
SU(3). It can decay strongly into AEJT final state with
the energy release about
160 MeV.

The (-4,1, l)-state belongs to 27-plet and is analogous to S = 0(1, l)-state, but
it can decay into final EEir state with energy release about 70MeV, i.e. it has width
characteristic for strong interactions.
The same holds for (-4,0,0) state which belongs to 35-plet and is above HH7rthreshold by 60 MeV.
The consideration of vibrational and breathing modes of bound skyrmions
also leads to predictions of some dibaryon states. In particular, the states with T = 0
or J = 0 and negative parity can be obtained [16] which cannot be obtained when
only zero modes of skyrmions are considered. The state found by Schwesinger and
Scoccola [16] has J = 0, T = 2 and negative parity. It is about 50 MeV above A'JVI
threshold and can decay strongly.
5. The other branch of predictions for dibaryons with large strangeness
content can be obtained starting from new local minimum found recently [17].
The parametrization used in [16] is
U = U{u,s)U(u,d)U(d,s)

(4)

where one of SU(2)-matrices, e.g. U(u,d) depends on two parameters:
U(u,d) = exp(-iaA 2 )exp(-t'6A 3 )

(f>)

and describes relative local orientation of both strange H = 1 solitons in isospace.
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We started from two B = 1 hedgehogs U(u,$) and U(d,s) located in corresponding SC/(2)-subgroups of SU(%) in most attractive relative orientation and at the
distance near the minimum of the energy. Further minimization allowed to obtain
the configuration of molecular (dipole) type of SC = 0.5 with good accuracy, and the
binding energy equal to approximately half of that of the S£/(2)-torus. The inclusion of flavor symmetry breaking (FSB), or kaon mass, into the effective lagrangian
increases the absolute values of B = 1,2-solitons masses (from 1702.5 MeVto 1983 MeV
for B = 1 solitons), but it makes weak influence on the binding energy: it decreases
from 73 AteVto60MeV for FSB-case, FT =93MeV, e = 4.12 in this case.
The quantization of new dipole-type configurations should be done similar
to the quantization of bound SU(2) skyrmions. New quantization condition should
be found instead of well known Guadagnini's one [18] which fixes the position of
the quantized state, or the 5(7(3) multiplet along V-axis in the (Y,T) plane.
Further calculations of the properties of strange' skyrmion molecules are in
progress now.
6. To conclude, the characteristic feature of chiral soliton models is the
prediction of the existence of rich spectrum of dibaryons, nonstrange as well as
with large values of strangeness, up to diomega. The observed enhancement of
strangeness production in heavy ion collisions in comparison with cascade models
estimates can be, at least partly, due to production and subsequent decay of big
amount of dibaryons, tribaryons.etc, with large values of strangeness. If they
are unstable relative to strong interactions it will hopeless to try to observe them
directly.
Few of them can be very narrow, with a width about (1 -100)eV. However,
if the Casimir energies of FR-allowed and FR-forbidden states are different - it is
really most probable situation, since FR-forbidden states have considerably smaller
dimensions than FR-allowed states and Casimir energy depends on the dimensions
of the system [9, 10] - this can shift FR-forbidden states above in energy and make
them also unstable relative to strong interactions.
The experimental situation with observation of narrow dibaryons as well as
results of other theoretical approaches to B = 2 systems were not discussed here
because it demands separate careful consideration.
I am indebted to Bernd Schwesinger and Boris Stern for fruitful collaboration.
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Abstract
Two experiments presently running in the PSI WA2 polarized neutron beam line are devoted to the
measurement of 2- and 3- spin observables in np elastic scattering for lab. kinetic energies from 260 to
550 MeV in the angular range from 60 to 180 degrees centre of mass. The aim of the experiments is the
determination of the five isospin l=0 nucleon-nucleon scattering amplitudes in a model-independent way.
Preliminary results for A,™,,, Konno, K^im, KoSSO and NMkn spin observables are presented.

1. Introduction
It is important to have a clear understanding of the nucleon-nucleon interaction,
as it is related directly to a variety of topics in both particle and nuclear physics. The
nucleon-nucleon elastic scattering is one of the most basic reactions involving the
hadronic interaction. It can be described for each isospin state l=0 and 1=1, by five
scattering amplitudes which are complex functions of the angle and energy. A complete
study of the elastic nucleon-nucleon interaction can be performed by measuring enough
spin observables, to be able to reconstruct directly in a model-independent way all the
scattering amplitudes[1]. The p-p and n-n scattering amplitudes are pure 1=1 channels,
whereas the n-p scattering amplitudes are a mixture of the l=0 and 1=1 channels. At
intermediate energies, a wealth of new data on p-p spin observables has permitted a
determination of the 1=1 amplitudes up to 2.7 GeV [2,3,4]. In contrast, the lack of n-p
data has not allowed to perform so far a reliable l=0 amplitude reconstruction.
The aim of our two experiments [5] performed with polarized and liquid hydrogen
targets, respectively, on the polarized neutron beam line NA2 at Paul Scherrer Institute
is to measure more than 11 spin dependent observables in n-p elastic scattering for
kinetic energies betwen 260 and 550 MeV in the centre of mass angular range from 60
to 180 degrees. This extensive serie of measurements will allow to complete the n-p
data base and to perform a direct reconstruction of the l=0 amplitudes at different
angles and energies. The large number of spin observables obtained will allow to
remove possible ambiguities. Furthermore, such overdetermination is of great
importance to limit systematic uncertainties. Preliminary results obtained for 2-spin
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Fig. 1: Lay-out of the PSI Nucleon Area (NA). 1: proton beam axis. 2: PIREX, target for proton irradiation
experiment,
3: spin rotation solenoid, 4: target N, neutron production target, 5: proton beam dump.
6: neutron collimator, 7: neutron beam axis,
8: spectrometers 1 and 2 for neutron-proton scattering,
9: monitor for the intensity distribution of the neutron beam, 10: PIF, proton irradiation facility,
11: experimental area NA2, 12: facility for proton irradiation therapy.

NEUTRON COUNTER

Fig. 2. Schematic lay-out of Experiment 1. The first level trigger condition is given by X.S
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V n.Na

observables Aoonn , Konno , Kosko , KOSso and for the 3-spin observable,
presented.

Noskn , are

2. Polarized Neutron Beam

The PSI NA2 polarized neutron beam is created in the charge exchange reaction
C(p,n)X by 590 MeV longitudinally polarized protons (typically 80% polarization)
incident on a carbon target (see Fig.1). The neutron beam is shaped with a 2 m long
iron collimator at 0° to the incident proton beam. It was found that the transfer of
polarization was most efficient using longitudinally polarized protons [6].
Produced neutrons have a continuous energy spectrum, consisting of a
quasielastic peak around 540 MeV, and a broad continuum at lower energies [5],
Monitors for neutron intensity, neutron polarization and beam profile are installed. The
polarization of the neutrons can be rotated into different orientations, vertical (/?),
longitudinal (k), and sideways (s), using a set of dipole magnets. The neutron beam
polarization is reversed every second by flipping the polarization of the protons at the
ion source. The polarized neutron beam has unique features: (a) continuous energy up
to 590 MeV; (b) polarization between 15% at 260 MeV and 40% above 450 MeV; (c)
intensity 5x 106 tils cm2 at 13.7 m from the production target with a 10 \iA polarized
proton beam. The neutrons energy is measured for each event by the time-of-flight
(TOF) method using the rf-signal from the accelerator operating in the 50 MHz (20 ns)
mode.
3. Experimental Arrangements
Two experiments are installed, one behind the other, which can be performed
simultaneously [5].
Experiment 1. The up-stream experiment is devoted to the measurement of 1-, 2- and
3-spin observables for tip elastic scattering on a polarized proton target (or CH2
target), which is located 13.7 m from the neutron production target. The scattered
neutron and recoil proton are both detected and the polarization of the recoil proton is
measured (see Fig.2). The 100 cm 3 polarized proton target works in frozen spin
mode[7]. Dynamic polarization of the target is achieved in a 2.5 T high-homogenity
superconducting solenoid. A holding field of 0.8 T is generated by superconducting
coils located inside the dilution refrigerator cryostat. It allows the polarization vector to
be vertical or horizontal. A relaxation time longer than 1000 hrs was achieved with a
polarization value between 60 and 80 %. The scattered neutrons are detected by a
hodoscope made of 11 plastic scintillator bars of 8x20x130 cm3. Each bar is viewed by
two photomultipliers. The horizontal coordinate of the detected neutron is given by the
time difference between the two PM's. A polarimeter detects the recoil proton and
measures its transversal polarization through a scattering on carbon plate (5 or 7 cm
graphite). The proton's trajectories before and after the second scattering are detected
by multiwire proportional chambres (MWPC) with 2 mm wire spacing. A hardware
second level trigger, associated with the chambers, rejects (if applied) within 2 jisec the
events with a rescattering angle 9C < 3°. Both neutron detector and polarimeter are
installed on movable platforms allowing to cover a large angular range. Two settings
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Fig. 3. Schematic lay-out of Experiment 2.
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Fig. 4. Preliminary results for the
Aoom parameter as a function of
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dots). Other available data from
TRIUMF [8] in this energy bin
are shown as crosses. Phase
shift predictions from Amdt[9]
(dotted line) and Saclay-Geneva
[10] (full line) are also displayed.
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data.
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have been used, corresponding to 60 to120 degrees and 100 to 160 degrees in the
centre of mass (cm.) system.
Experiment 2. At the second experimental target station a liquid hydrogen target is
installed at 24 m from the neutron production target. This experiment is devoted mainly
to the measurement of 2-spin parameters Konno and KOkko in np elastic scattering
between 150 and 180 degrees in the centre of mass system. At those large angles the
energy of the scattered neutrons is too small to be detected. That is why the
measurement is based on the detection of the recoil protons alone, and a good particle
identification is crucial to suppress the background. Therefore, a magnetic spectrometer
analyses the momentum of the produced charged particles. Together with their TOF a
very good particle identification is obtained by the determination of their mass. Using the
known energy of the incident neutron, a kinematical constraint is then applied to the
identified protons to separate the elastic events. A polarimeter, located behind the
magnetic spectrometer, measures the transverse components of the particle's spin (see
Fig.3). This experimental configuration allows to analyse longitudinal components of the
spin, since the horizontal spin components (s and k) of the analyzed particles are
rotated around the vertical field of the magnet. Both the spectrometer and the
polarimeter are equiped with drift chambers. Scintillation counters in front and behind
the magnet are used for triggering and for time-of-flight measurement of the recoil
particles. The analysis of the measured spin transfer parameters is in progress, but no
results can be given at present. However, due to the mass identification explained
above, a clear separation of the deuterons from the dominating elastic protons was
achieved and the analyzing power of the inelastic np->n°d channel could be measured
for the first time. In the data analysis, the np->7t°d kinematics can be reconstructed
from the measured deuteron momentum and the incident neutron energy. Two different
angular settings were used to measure the complete angular distribution.
4. Preliminary Results
The general expression for the differential cross section of elastic scattering with
polarized beam and polarized target is given in ref. [1] in terms of spin observables Xsrt,t.
Indexes denote the spin orientation of the scattered (s), recoil (r), beam (b) and target
(t) nucleon. Our apparatus allows to measure Xorbt observables, where the index o
means that, the polarization of the scattered neutron is not detected. Data taking with the
full set-up for both experiments has started in 1993 and has been completed in summer
1995. For experiment 1, the spin dependent parameter results are binned in 8° c m .
angle intervals, and the incident kinetic energy was grouped in 5 bins, namely between
230-290 MeV (=260 MeV), 290-350 MeV (=320 MeV), 350-430 MeV (=390 MeV), 430510 MeV (=470 MeV) and 510-590 MeV (=550 MeV). Expected statistical accuracy is
the following: <0.03 for the spin correlation parameters Aoonn , Aooss , AooSk and Aookk,
<0.04 for the depolarization parameters DonOn , DOSOk and DOSOs , <0.04 for the spin
transfer parameters Konno , Kosso , Kosko , and finally 0.08 ~ 0.12 for the 3-spin
parameters N o s s n , N0Skn, Nosns and Nonkk- Preliminary results for the Aoonn parameter as
a function of the c m . angle at 320 MeV incident kinetic energy are displayed in Fig. 4.
Other available data from TRIUMF [8] at 325 MeV and phase shift (PSA) predictions by
Arndt [9] and Saclay-Geneva [10] are also shown. Preliminary results for the 3-spin
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parameter N oskn at five incident kinetic energies 260, 320, 390, 470 and 550 MeV are
shown in Fig. 5. The full line is the Saclay-Geneva phase shift prediction [10].
Preliminary results for Konno , Kosko and Kosso at 550 MeV are shown in Fig. 6 as well as
PSA predictions. One notices that very few experimental results existed around 550
MeV. All the PSA predictions have been obtained without including these data.
As a byproduct of the elastic n-p scattering experiments we present here
examples of the measurement of the analyzing power Aoono of the inelastic reaction
np->%°d. In Fig.7 the analyzing power is shown at one of the 12 measured neutron
energies as a function of the c m . angle of the deuterons. At low energies, the whole
c m . angular range was obtained with one angular setting while at higher energies a
second angular setting was necessary to cover region around 90°. The quoted errors
are statistical only. The data are still preliminary. Contributions from the np->dy
reaction may contribute at our lowest energies close to the dn° threshold, where the
dn° cross sections are small. But here the kinematics of the two reactions are quite
different, and they could be separated by the reconstructed missing mass of the it 0 and
the photon, respectively. At higher energies, this separation does not work any more.
But due to the larger dn° cross section with respect to the dy one, the contribution from
the latter is below 2% and has been neglected. For comparison, we also show in Fig.7
by a dotted line the analysing power of pp—> dn*, which was measured earlier. Our
data are in accordance with this, as expected, if isospin invariance holds.
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ABSTRACT
The tensor analyzing power T 2 0 for the reaction dT + 1 2 C —» p(0°) + X has been measured in
the region of proton internal momenta k in light-cone dynamics up to 1 GeV/c. Measurements have
been carried out at Dubna Synchrophasotron with polarized deuteron beam at deuteron momenta
up to 9 GeV/c. When k increases the experimental values of T20 have a tendency to approach the
value (—0.3) obtained by the calculation based on the reduced nuclear amplitude method in which
the quark degrees of freedom are taken into account.
The investigation of the deuteron structure at small internucleon distances
(high internal momenta) is one of the most interesting subjects in nuclear physics.
At small distances the wave functions of two nucléons in deuteron overlap each other
strongly and the quark-gluon degrees of freedom are expected to emerge rather than
the nucleon-meson degrees of freedom. The internal structure of the deuteron has
been studied at short distances in the reactions d + A—» p + X at 0° 1 ~ 8 , 7d —• pn ,
10
u
in inelastic and elastic (ed) scattering at a large angle and in (dp) elastic back12
ward scattering . The Dubna group has measured the cross section of the forward
breakup reaction d + C —» p + X with 8.9 GeV/c unpolarized deuteron beam at the
proton momenta in the deuteron rest frame up to 0.58 GeV/c (in light-cone frame "*
the corresponding internal momentum k=1.2 GeV/c). The momentum spectrum obtained in the experiment was not well reproduced by the models using conventional
wave functions 1 4 1 5 . On the contrary, the model with the hybrid deuteron wave
function 2 1 6 including a small amount of six-quark admixture, described the data
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satisfactorily. This model also described Tjo data obtained in the experiments at
Saclay "*4 and Dubna "*. In accordance with the maximum deuteron beam momenta
available at Saclay ( 3.75 GeV/c) and Dubna (9.0 GeV/c), the deuteron stripping process can be studied in dp —» p(0°)X reaction up to internal momenta k of 0.57 GeV/c
and 1.04 GeV/c, respectively, and up to somewhat smaller momenta in dA —* p(0°)X
reaction 17. The first measurements of TJO performed at Dubna by the ALPHA
group 5 contained rather large errors at k higher than 0.70 GeV/c. Recently, new
measurements of Tjo have been performed by the ANOMALON group at Dubna,
with the smaller errors 6 . TM up to k=0.82 GeV/c was found to be still negative and
more similar to the QCD prediction
than to the calculations with conventional
wave functions. A crucial test to determine which of theoretical approaches is more
adequate to describe T20 behaviour at the highest internal momenta should be made
at k>0.80 GeV/c where the calculations of T20 with conventional wave functions give
considerably different values of T20 against the QCD prediction.
In this paper we report the results of the tensor analyzing power T20 measurement for reaction dT + " C —• p + X by detecting the protons emitted at forward angles
0 p < 1.3°. The goal of the experiment was to measure T20 with a good accuracy up
to the highest k available with the polarized deuteron facility of JINR(Dubna) Synchrophasotron. The measurements have been carried out at 4.5, 6.5 and 7.5 GeV/c
of beam line momenta for the emitted protons. To vary the internal momentum k at
fixed beam line momentum we changed the momentum of the incident tensor polarized deuterons from 6.0 GeV/c to 9.0 GeV/c. Table 1 shows the set of the kinematical
conditions, under which we took the data: these are incident deuteron momentum
Pd and secondary beam line momentum PL- The momentum k, called internal momentum in light-cone dynamics, is expressed by the following formula '
.

with m^ = k\ + m£ where kj. is the proton transverse momentum. Its mean
weight value is estimated as kj. ~ 0.04GeV/c for our beam line angular acceptance. The light-cone variable a is the part of the deuteron momentum carried
by the proton in the infinite momentum frame 20 21 and is expressed by formula:
a = (Ep + Pp)/(Ed + Pd). At low internal momenta the value of k is close to the
proton momentum in the deuteron rest frame q. The longitudinal component of
q is obtained by the Lorentz transformation of the laboratory proton momentum:
q,, = 7 (P|, - 0Ep) with 7 = Ed/md and 70 = P d /m d , where PN = Ppcos0p ~ PP;
P p and Ep, Pd and Ed are the momenta and energies of proton and deuteron, respectively. The calculated values of internal momentum k|| and momentum of proton in
the deuteron rest frame q|| corresponding to the kinematical conditions under which
the data were taken are also given in Table 1. In this paper we prefer to use variable
"k" as widely applied in analysis of the relativistic bound states 13 18 19 22 .
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Table 1. Kinematical conditions of data taking.

No.
1
2
3
4
5
6
7
8
9
10

P d (GeV/c)
9.00
8.90
8.70
9.00
8.41
8.00
7.80
9.00
6.85
5.97

P L (GeV/c)
7.50
7.50
7.50
6.50
6.50
6.50
6.50
4.50
4.50
4.50

k|| (GeV/c)
0.814
0.855
0.949
0.455
0.600
0.725
0.806
0.000
0.299
0.524

qN (GeV/c)
0.493
0.505
0.528
0.347
0.416
0.464
0.497
0.000
0.252
0.382

The polarized deuterons at the Dubna Synchrophasotron are provided by the
POLARIS ion source 2 3 . The POLARIS possesses the ability to operate either in
the vector or tensor polarization modes and repeat pulse by pulse the combinations
of three polarization states "+", "0", " — " where "+" and " - " denote positive
and negative polarization states and "0" denotes the unpolarized state. A negligible
depolarization at the Synchrophasotron was confirmed experimentally in the vector
polarization mode 2 4 . For TM data taking we used "+" and "—" polarization states in
the tensor polarization mode. Typical beam intensity was ~ 2 • 109 deuterons/pulse.
The values of the deuteron beam polarization components were measured by detecting (dp) elastic scattering at 3 GeV/c with the fast two-axm-beam-line polarimeter ALPHA 2 4 . The tensor and admixture vector polarizations of the beam were:
p+ = +0.543 ± 0.013(stat.) ± 0.022(syst.), p+ = 0.222 ± 0.007(stat.) ± 0.004(syst.)
for "+" polarization state and p^ = -0.709 ± 0.013(stat.) ± 0.028(syst.), p~ =
0.200 ± 0.010(stat.) ± 0.004(syst.) for " - " polarization state. To estimate the systematical errors for the measured p* and pu values we took total uncertainties for
the known analyzing powers Ay and Ay, for (dp) elastic scattering 2 5 . T M for the
reaction d1 + 1 2 C —> p(0°) + X is derived from the differential cross sections defined
by the formula,
(2)
+

where <r and <r~ are the cross sections for positive and negative aligned beams, <r° for
unpolarized beam and (ho = Pzz/v^ is the beam alignment in spherical form. Then
TOT is reduced to

TT^T-

(3)

where n + and n~ are counts of the detected protons normalized by the deuteron beam
intensities for positive ("+") and negative ("-") alignments.
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The stripping reaction dT + 1 2 C —> p + X occurred in the carbon target located
at the beam line focus F3 ( see Fig.l ). The target was 30 cm ( 50 g/cm 2 ) along
the beam and 6 cm across it, while the beam spot at F3 did not exceed 3 cm. The
beam position at F3 was under control of a multiwire ionization beam profilemeter
and was found stable within i l m m in the data taking time. The deuteron beam intensity was measured by an ionization chamber placed in front of the carbon target.
The quadrupole magnet located 4.5 m downstream from F3, accepted the particles
emitted at angle 0 P < 1.3°. The beam line, consisting of bending magnets (Bl, B2,
B3) and quadrupole magnets, selected the particles with the required momentum;
the momentum bite of the beam line was ±2%.

FJ

Fig.l: Schematic layout of the beam line and spectrometer ANOMALON.
B denotes the bending magnets. F3, F4, F5 and F7 are the focusing points. SP40 - analyzing
magnet; PC1-7 - three-dimensional (X,U,V) MWPCs and PC8.9 - two-dimensional (X,Y) MWPCs;
S2,S3,N1,M1,TX2 - trigger and TOF scintillation counters.

Two independent TOF counter systems were used for particle identification.
The TOF counters were placed at F4, F5 and F7. The particles which passed through
the beam line were detected by the magnetic spectrometer ANOMALON 2 6 located at F7. A momentum resolution of the spectrometer was equal to 0.76% for
7.5 GeV/c protons. The event trigger logic of data acquisition was made according
to (Nl • Ml • S2 • S3) • (TX1 • TX2) where Nl, Ml, S2 and S3 were trigger counters
located at F7. Four-fold coincidences Nl • Ml • S2 • S3 formed a beam particle signal.
TX1 and TX2 were TOF counters; the first one was located at F4 and the second
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at F7. These TOF counters were used to suppress the deuteron events at the stage
of fast triggering. To select the proton events the final particle identification was
carried out by another TOF counter system: the start timing signal of TDC was fed
from TOF counter Nl located at F7, and the stop timing signals were sent from two
TOF counters N2 at F4 and M2 at F5. This system gave us two TOF timings: one between F4 and F7 (72m) and the other - between F5 and F7 (45m). In the off-line
analysis the correlation of these TOF timings was examined and the uncorrelated
events were discarded. A typical two-dimensional plot of TOF (72m) versus momentum is shown in Fig.2. One can see that protons are clearly separated from deuterons.

170

,9000
.MOO1*

MO

;»oo'

TOF
(TOC channel)

momentum
(MeV/c)

Fig.2: The two-dimensional plot of TOF versus momentum for the detected events at the deuteron
beam momentum 8.7 GeV/c and the beam line momentum 7.5 GeV/c. The TOF time scale (one
digit of the TDC) was 220 ps/channel.

To derive k dependence of TM we divided the events obtained with the given
deuteron and beam line momenta into several k bins (typically into three to five with
bites of 50 to 80 MeV/c). For some k bins we have obtained data at different deuteron
momenta Pa. The T20 values corresponding to the same k bins but different Pa, are
displayed in Fig.3. One can conclude that there is no indication that T20 depends on
Pd, in accordance with the observation made in 4 . The events for the same k bins
were combined and the T20 values were calculated. The final TJO values are shown in
Table 2 as a function of k, q and a and plotted in Fig.4 with the data of other groups
and theoretical predictions. Our data are in good agreement with the ALPHA group
data 5 in the region where they overlap and the Saclay data 3 below k=0.50 GeV/c.
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We have not observed the structure in the region around k=0.54 GeV/c which is seen
in Saclay data 3 . We suppose that this structure is a result of the interference of two
processes: deuteron stripping reaction and backward (dp) quasielastic scattering 17.
For this reason, the Saclay points at k > 0.50 GeV/c should be excluded from the
comparison with our data.
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Fig.3: TJO for the same k bins at different deuteron beam momenta P<j . The error bars display
statistical errors.

Our data in the high internal momentum region, k > 0.85GeV/c, have shown
a tendency to approach the QCD motivated asymptotic prediction ( T20 —* —0.3 ) 18
based on the reduced nuclear amplitude (RNA) method 27 (Fig.4, arrow 5). Curves
1,2 and 3 are the results of calculations 22 by relativistic treatment using conventional
wave functions: 1 - spectator mechanism with the Reid soft core wave function, 2 calculation with the Reid soft core wave function taking account of final state interaction (FSI), 3 - calculation with the Paris wave function taking account of FSI. All
of them indicate the sign change of T20 at k below 0.95 GeV/c. On the contrary, our
results show that T2o still remains negative even at k=1.00 GeV/c. Curve 4, being
in an agreement with our data up to k=0.70 GeV/c, is the result of the calculation
with allowance for the composite 6-quark component 22 28 .

95

Table 2: T 20 as a function of k, q, and a. jk denotes uncertainty of k due to our momentum
resolution for breakup protons.

k (MeV/c) 6k (MeV/c) q (MeV/c)
47
7
47
10
275
235
11
269
325
12
301
375
330
425
13
14
358
475
15
383
525
17
406
575
427
625
19
447
21
675
23
465
725
25
481
775
29
500
840
521
920
35
1000
38
539

0.2
T20
0

0.4

a

0.500
0.640
0.664
0.686
0.706
0.726
0.744
0.761
0.777
0.792
0.806
0.818
0.833
0.850
0.864

T 2 0 ± stat. ± sys.
-0.083 ± 0.027 ± 0.003
-0.833 ± 0.057 ± 0.033
-0.810 ± 0.047 ± 0.032
-0.790 ± 0.072 ± 0.032
-0.600 ± 0.056 ± 0.024
-0.583 ± 0.049 db 0.023
-0.663 ± 0.053 ± 0.027
-0.572 ± 0.060 ± 0.023
-0.506 ± 0.062 ± 0.020
-0.570 ± 0.093 ± 0.023
-0.601 ± 0.057 ± 0.024
-0.520 ± 0.053 ± 0.021
-0.453 ± 0.048 ± 0.018
-0.400 ± 0.063 ± 0.016
-0.351 ±0.116 ±0.014

q,GeV/c

—1—

a+op(tf)+x

-0.5-F
O-SACLAY-87
+ -ALPHA-88.90
D-ANOMALON-93^
• -PRESENT DATA

0.2

0.4

0.6

0.8 k.GeV/c

Fig.4: T ] 0 as a function of k and q. Closed squares are the present results. Crosses and open squares
are Dubna data from 5 and 6 , respectively. Open circles are data from 3 . The curves and the arrow
are explained in the text.
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To conclude: for the first time the tensor analyzing power TM has been measured for the reaction d* + 12 C —+ p(0°) + X in the region of proton internal momenta
in light-cone dynamics up to 1 GeV/c. The results have shown a tendency of T20
approaching the asymptotic prediction (—0.3) obtained in the calculation based on
the QCD reduced nuclear amplitude method where the quark degrees of freedom are
taken into account.
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ABSTRACT
The calculation of the magnetic moment of the deuteron in the framework of the Bethe-Salpeter
approach is performed. The rclativistic corrections arc calculated analytically and estimated numerically. It is shown that the main contributions are due to partial waves with positive energies
and P-waves. A comparison with the non-relativistic schemes of calculations including mesonic
exchange currents is made.

1.

Introduction

The relativistic description of the deuteron has a long history. This problem still remains
present although non-relativistic schemes of calculations are widely used to analyze reactions
with the deuteron. There are different approaches which take into account relativistic effects. They can be separated into three groups: (i) the Bethe-Salpeter approach (Ref.1), (ii)
a reduction of the Bethe-Salpeter equation (quasi-potential, light front dynamics), and (iii)
prescriptional treatments.
The Bethe-Salpeter approach is the most consistent one. However, it contains some
difficulties that do not allow to establish a direct link to the non-relativistic calculations - e.g.
the absence of a non-relativistic reduction of arbitrary kernels or the problem to interpret the
abnormal parity states.
Non-relativistic calculations with mesonic exchange currents give a reasonable description of the electromagnetic processes of the deuteron (e.g. elastic scattering and electro disintegration). It is important to note that those mesonic exchange currents treated in a nonrelativistic framework are partially included in the above mentioned relativistic calculations (i)
and (ii) without additional assumptions. This has been demonstrated e.g. in Ref.2 for the
electro disintegration of the deuteron in the formalism of light front dynamics.
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Here, we present the investigation of a simple electromagnetic property of the deuteron,
the magnetic moment, in the framework of the Bethe-Salpeter approach, and show the connection to the results of a non-relativistic calculation.

2. Basic definitions
The main object of the Bethe-Salpeter approach is the vertex function r(P,p) which
obeys the Bethe-Salpeter equation,, here written within the matrix formalism:

r(P,P) = if ~-t

v(P,

where u(p,it)r' 1 ' ® F' 2 ' is the interaction kernel, and S'1', S'1' are Feynman propagators. The
vertex function for the deuteron can be decomposed into basis states of definite values of orbital
momentum L, spin S and />-spin (Ref. •4 ). The general form in the rest frame is given by

where ga are radial functions, and FjJ, (p) are spin - angular momentum parts.
In order to exhibit the p-spin dependence, the spin - angular momentum functions fjf (p)
may be replaced via TaM(p) = r j / " " ( p ) , where

(p) =

(3)

rt;- + (p) =

m-p,

1-WMfrfl

-"-P-

with d € {£, 5, J } , m is the nucleon mass, p = 7,,?^, and f j , given by

ft
ftfi -

There are eight states in the deuteron channel (instead of two in the non-relativistic case),
viz. 3 5+ + , 3Dt+, 3S~, 3D~, 3 /Y, 3Pf, lPf, 1P? (notation: 2S + 1 LJ 1 «). The normalization
condition for this function, can be written as:
P+
P_

=
=

(4)
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introducing pseudo-probabilities P o that are negative for the states 3 Sf , 3D~, 3P{, 3P°, *Pf,
l
Pf, and positive for 3 S, + + , 3Df+ (Ref.3). The calculations with realistic vertex functions give
the following values:
- 6 • 10"* -0.88 • 10"2 -2.5 • 10"2 Ref.3
[%] 5.1
-3.4 10"4
- 9 10"2
-2.4 10"2 Ref.5
It is obvious that the main contribution to the normalization is due to the states with positive
energies, and the contribution of the P—states is larger than that of the negative energies states
by at least one order of magnitude.
3.

The calculation of the magnetic moment

The matrix element of the electromagnetic current to evaluate the magnetic moment of
the deuteron is given by

(Pti'\Jw\PU) = ^ j

d*PTr{ru.(P',p')S<l\^ + jOfotfV) - 7 l ^ j 7 1 fJV)lnr(J>ri}, (5)

where <SM(P,p) = S { 1 ) (j + p)TM(P,p)5<2)( j - p), the isoscalar form factors of the nucleons
are given by F^'^q1), and p' = p + q/2, P' = P + q. The magnetic moment then is evaluated
via
l m y{M'=+l\Jt\M
= 0)
6
Ho = — J T V 2 hm

2

/r-;—

2

<

( )

2

with rf = —9 /4M . Since the integral (5) vanishes at q = 0, we expand the integrand of
(5) in powers of y/ij. This is done in the Breit system. Hence the vertex functions should be
transformed from the rest system to the Breit system using the following formulae

where A(P<B)) = (M + P^o)/y/2M{EW
+ M), and the vectors P<B>, P ' <fl), p(B), p* <B> are
connected with the respective vectors in the rest system by
The Lorentz transformation matrix £ is of the form

(

rnj
0

1

o o -y/fj
0

0

o o i o
-y/ij
0 0 y/TTrj

From (7) it follows that p1 <°) = Cpf <B> = £(p'B> + \qB) = £2p<°> + \CqW. To simplify
notation the vector p (0) will be denoted as p(°> = p = (po>Pi,Pv)Px)- The components of the
vector p' ' 0) = p* are then given by
p'o = (l + 2v)po- 2Vi7v/f+"7P, -Af^,
Pi = Px, P i = p » ,
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(9)

With the help of the transformations (7), the integral (5) may then be written as

(10)
where the wave function 9u(P^°\p) and the vertex function fw(/ p '°',p') are taken in the
deuteron rest frame.
It is obvious from (10) that the sources of ^/rj terms may appear in (i) the matrix A(P' fl) ),
(ii) the propagator 5 ( 1 ) (|P ( 0 ) + p1), and (iii) the vertex function fM.(P<°),p'). In detail this
reads for the matrix (i)

( +/^

- £ ( ™ - 970),
(11)-

and for the propagator (ii)

The corrections due to the vertex function (iii) may be separated into (a) corrections
due to the radial wave functions, and (/?) due to the spin - angular momentum function. This
will be demonstrated in the following using only one component of the vertex function (2), i.e.
'\)rM.(p').

(13)

For the radial part we get the following expansion

PO, IP'I) = S(PO, \P\) + Vnp,{-^

+^ p a

The spin - angular momentum part can be written (e.g. for the 3 i3,

TM.(p) = N(E')(m - fl)f (p^Hm +

state) as

ft),

(15)

where

(16)

and corrections to f(p',£) can be calculated using (16)-(17).
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4.

Results of calculations
The general formula for magnetic moment can be written as
y. = /i+ + /ij_ + / i j - + /i 3 ,

3
/»+ = (ftp +

)(P

+P

)

^

+

1

K- = - ( / * , + M»)fts,~ + A S i - + i(/«p + /XBJAB,- - I ^ B , - + B.7-,

where ^ 3 is term which contains ({3 Sf+,3 S~ ,3 Dj" + , 3 D") - {3Pf,3 P?,1 Pf,1 P,0)) transitions
(Ref.6) and il o are the relativistic correction terms, viz.
3V

l Z ^ i / / ' D * + _ Z 2 . / / D * + _ m u'Dt*

1.

qni

l

/\

2 m

\p

3 na l l > *

and //°'° (//"'° = i/°) are integrals of the form -^j^ J dpo|p|3d|p| with the integrands given
by (compare with Ref.7)

po,IPI)],

« ° ° ' = ( ^PO ) K ( P » - 1PI)«.'(PO.IPI)

) [*(

, IPI)]

The relativistic corrections R^ can be estimated numerically for a separable model
(Ref.8). They are smaller than the dominant terms by at least one order of magnitude. Taking
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into account different orders of pseudo-probabilities one gets
A^,

(18)
3

CNR = (t*p + l*n) ~ ^P

A

^

+

+

1
V" ~ 2

)(P

The contribution R+ is negative and A/ii_ is positive. An estimation gives the following
results
R+/l*NR = -(5.8 - 11) x l<r 2 %,
5.

AH-ZHNR

= (0.01 - 0.03) % '

(19)

Conclusion

We have shown that the expression for the magnetic moment in the Bethe-Salpeter
approach can be written in a form closer to non-relativistic calculations. The additional terms
in equation (18) can be considered as relativistic corrections to the non-relativistic formula.
The experimental value of the magnetic moment is known with a high accuracy: y.CIV =
0.857406(1). The non-relativistic value reflects only the D-state probability. Whereas in the
relativistic corrections P-states play the dominant role.
The magnitude of the corrections can be compared with the contributions of mesonic
exchange currents to the magnetic moment as extracted from Ref.9 The main contribution
is due to the pair term, which leads to A/I/HNR = 0.21 — 0.22% for different forms of the
Bonn potential. The close size of this correction as compared to (19) may be considered as an
indication that both corrections are of the same physical origin.
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ABSTRACT
Measurement of the ratio R = Y((j>ir'*'ir~)/Y(uir+ir~) for annihilation of stopped
antiprotons in a gaseous and a liquid hydrogen target is presented. It was found that
deviation from the OZI rule increases with decreasing dipion mass and it depends on
the target density.

1.

Introduction

In recent experiments with stopped antiprotons at LEAR (CERN)
strong
violation of the Okubo-Zweig-Iizuka rule was discovered. The ratio of the yields
of <j> and LO mesons R(<f>X/u)X) is about 30- 50 times larger than the OZI prediction
s)

On leave of absence from Sahid Beheshty University, Dept. of Physics, 1983Ą Tehran, IRAN
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R(<t>X/uiX) « I • !IT 3 . It was found K 5 that the degree of the OZI rule violation
strongly depends on the quantum numbers of the initial state.
A number of-theoretical models were developed for explanation of these data.
The approaches based on the traditional concepts seem to be unable to reproduce
all features of the 0 production observed now (for review, see ' ) . At the same time,
unconventional ideas like polarized intrinsic strangeness in the nucleon 8> ' offer a
rather natural explanation of the observed facts and suggest a number of new effects
to be measured.
Especially high OZI rule violation in two-body reactions NN —* 0(u)X was
seen for the processes where the mass of X was small (A" = 7 and TT). For annihilation
at rest decreasing of the mass X means an increase in the momentum transfer to 0.
So we would like to investigate if the degree of the OZI rule violation depends on the
momentum transfer, i.e. on the mass of the system created with the 0 meson. For
that the reactions
p + p — > <j> + TT+ + 7r+

p + p —> U + TT + TT~
+

(1)
(2)

+

were chosen, and the ratio R = > («!>7r ;r~)/y'(u.'7r jr~) was measured for different
invariant masses of the dipion system.
It. was found that the deviation from the OZI rule increases with decreasing
dipion mass and il depends on the target density.

2.

Data handling

The data of the antiproton annihilation at rest were obtained using the OBELIX
spectrometer on the M2 beam line of LEAR. The detailed description of the OBELIX
can be found elsewhere
and only a brief review is done here. The experimental
setup consists of a number of subdetectors arranged around the Open Axial Field
Magnet. The Time Of Flight (TOP) system contains two coaxial barrels of plastic
scintillators for charged particle identification and trigger. The Jet Drift Chamber
(JDC) provides geometry reconstruction of the event and particle identification by
ionisation loss measurement. The High Angular Resolution Gamma Detector is assigned for registration of neutral particles.
For investigation of reactions (l)-(2) it is necessary to register events with 4
charged particles. The trigger, based on the TOF system, was used for selection of
events witli 4 hits in the inner barrel of the scintillator counters and 3-4 hits in the
outer one. A sample of data assigned for investigation of <j>—meson production was
collected using also a "slow particle" condition - at least one time difference between
hits in the inner and outer barrels must be greater than 8 nsec. This condition was
used to enrich the experimental sample by charged kaons.
Data wen1 taken for two targets: liquid hydrogen and gas at 3 atm pressure.
In the former case annihilation occures mpinly from S-wave initial states and in the
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Figure 1: The A' + A' and w+ir x° invariant mass spectra for the reactions
pp —+ K+ I\'~K+~~
(a,b) and pp —> 2-K+2K~K° (c,d) for stopped antiproton annihilation in liquid target (a.c) and gas target (b,d).
latter one annihilations from S- and P-waves are possible with approximately equal
probability. For annihilation in liquid target we accumulated 16 • 106 events with"the
"slow particle" condition and 1 • 106 - without it. For the gas target we collected
1.5 • 106 and 3 • 106 events, respectively.
The following criteria were used for event selection. The event should have
4 tracks reconstructed in JDC with correct charges. A cut on the track length was
imposed. Data samples with the "slow particle" trigger condition were used to select
events with 1\+ K~w+1>~ in the final state. Two kaons of the opposite charge should
be recognized by dK/dx and TOF. Finally events were submitted to the kinematical
fit to fulfill hypotheses pp —> K+K~n+w~ (4C fit) at the confidence level CL = 5%
and pp —» 7T+7r~7r+7r~7r° (1C fit) at the confidence level CL = 10%.
For the liquid target sample 59299 A'A'TTTT events and 127904 5TT events were
selected. For the gas target sample the respective numbers were 7015 and 230769.

3.

Analysis of data

The A'+A'~ and 7r+7r~7r° invariant mass spectra for the selected events are
presented in Fig.I Oiie can see clear signals from <f> and u> mesons.To estimate the
total number of o (^') mesons, the corresponding part of the invariant mass spec-
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Figure 2: Background free TT+X invariant mass distributions for the reactions
pp —> <j>ir+w~ (a,b) and pp —> OJTT+X (c,d) for stopped antiproton annihilation in
liquid target(a,c) and gas target (b,d).
trum was approximated by the sum of the Breit-Wigner function with fixed 4>(UJ)
width smeared by the Gauss distribution and the polynomial function to describe the
background. We obtained mj, = (1019.1 ± 0.5) MeV with an experimental resolution 04 = (3 ± 1) MeV and mw = (781 ± 1) MeV with an experimental resolution
<7W = (18.9 ± 0.1) MeV.
Background free ir+ir~ invariant mass distributions for reactions (1) and (2)
are shown in Fig.2 a)-d). For reaction (1) of ^-meson production this spectrum was
obtained by subtraction of events from the bins near the <j> peak.
For reaction (2) of uj-meson production the so-called A-subtraction procedure
was used **. The u> decay amplitude is proportional to the parameter
,

IPVXPVI2

where p are three-momenta of the charged pions from the u decay in its rest frame, and
A' is the maximum possible value of \pw- x pr\ | 2 . The distribution of this parameter
for the events from the w decay is proportional to A, while for the background events
it is expected to be flat. We separate the events into two samples: one with A < 0.5
and the other with A > 0.5. Subtracting a spectrum with A < 0.5 from A > 0.5 one
can obtain a background-free distribution.
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The spectrum of invariant mass of TT+T in reaction (1) shown in Fig.2 a,b)
reveals absence of the events in the p peak. That is consequence of our apparatus
acceptance. Charged kaons with a momentum less than 200 MeV/c do not arrive at
the JDC. As a result, we are not able to observe high values of MTlr created with <j>.
The dipion mass distributions in reaction (2) are shown in Fig.2 c,d). They
dominate by the peak from p meson production which is especially strong for annihilation in gas. In the case of antiproton annihilation in liquid one could also see
remnants of the /2(1270) peak truncated by the phase space. These distributions
are rather similar to the ones measured in the previous experiments which studied
reaction (2) for annihilation in the liquid
and gas
target.
One could see in Fig.2 c,d) that at small masses MTT < 500 MeV the invariant
mass distributions are rather flat. This interval is also suitable, from the point of
view of our statistics and apparatus acceptance, for detection of pions created with
<j> mesons in reaction (1).
So we determine the ratio R = Y(<f>Tnr)/Y(uTnT) (where Y is the yield of (j>- or
uj-mesons) for dipion system masses within the interval 300 MeV < Mvn < 500 MeV
and compare it with the same ratio for total yields of <j> and u mesons produced in
reactions (l)-(2).
The efficiencies of registration of reactions (l)-(2) were determined from the
Monte-Carlo simulation. Simulated events were reconstructed and analysed using the
same selection criteria and kinematical cuts as for experimental events. To calculate
the detection efficiency for reaction (1) the phase space distribution of the dipion
mass was assumed without taking into account the <f>p channel. We cannot exclude
such events from the experimental sample and therefore the Y(<j>Trir) value is less than
the total yield of <pinr + 4>p. For the reaction with uirw production, the registration
efficiency practically does not depend on the dipion mass and y(o>7r7r) is the total
yield of unrir + up final state.
In Table 1 we collect the information about the number of events Nev selected for each reaction, registration efficiencies e, yields of (f> and u meson production
(multiplied by 104) and the corresponding ratios R (multiplied by 103). These values
are given for all events, without any cut on the dipion mass, and for events with
300 MeV < M™ < 500 MeV. One can see that for all events of reactions (l)-(2)
the ratio R is in agreement with OZI rule prediction as in the case of annihilation
in liquid as for annihilation in gas. However for small masses of the dipion system
the ratio R is greater than the value obtained for all events. It is interesting that for
annihilation in gas at small dipion masses the degree of OZI rule violation is greater
than for the same sample of events of annihilation in liquid. In both cases it looks as
if the OZI rule violation increases with decreasing mass of the system created with <j>.
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Table I. Yields of <j> and u; meson production in reactions (l)-(2) for annilihilation of stopped antiprotons in liquid and gas targets (preliminary, only statistical
errors are taken into account)
Y-104

-V,,.

«</

103

R(<PH • 1 0 3
Ph. sp. corr.

U>7T+7r~

W5T + 7 T -

<j>n+7rWTT + TT-

U)3T + 7 r ~

4.

Liquid H2
All events
853±94
1.08 ±0.03 3.5±0.4
4.9 ± 0 8
320-12± 1541 4.60± 0.41 719±74
300 \UV < M r * < 500 MeV
108±(i7
2.29 ± 0.09 0.7±0.1
16.5 ± 3 .5
1918±244
l.67± 0.40 42.4±6.5J
H, <it 3 atm
All events
292 ±4 3
1.24±0.02
3.7±0.5
5.9 ± 0 . 9
71(>40±1011 3.80± 0.20 628±34
300 MeV < Mnn < 500 MeV
104±23
2.41±0.06
0.7±0.2
29.3 ± 8 .6
2701 ±578
3.74± 0.26 23.9±5.4

10.3 ± 1.6 •

20.4 ± 4.3

12.5 ± 2.0

36.2 ± 10.6

Discussion of the results

Values of the total yield for reactions (l)-(2), shown in Table 1. are in general
agreement with the results of the previous measurements. Thus, the yields of the
u>7r+7r~ for annihilation in liquid and gas were measured • 12 to be Y(liquid) =
(660 ± 60) • 10-' and Y{yus) = (682 ± 74) • lO" 1 .
The yields of <f>-K+x~ shown in Table 1 are slightly less than those measured
l n
by Y(liquid) = (1.6 ± 0.9) • 10~4 and Y(gas) = (5.4 ± 1.0) • lO" 4 . The reason is
a lack of 4>p channel discussed above.
The measurements of the ratio R((p/u>) for small dipion masses were performed
for the first time and it is important to demonstrate that an increase of the OZI rule
violation with decreasing dipion masses is not an artefact of. say, difference in phase
space volumes. Dilferent forms of such correction have been discussed (see and
references therein). The last column of Table 1 contains ratios R corrected for the
difference in the phase space V for reactions with 4>KK and U)7T7T.
RWHrk.Sr.Corr. =
One could see that after this correction the degree of the OZI rule violation only
increases.
The corrected values of H are compared in Fig.3 with the results of other
measurements of the ratio in the binary reactions of antiproton annihilation at rest.
Indeed, some apparent dependence of the degree of the OZI-rule violation on the mass
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Figure 3: The ratio
H = cpX/ojX • 103 for different
reactions of pp annihilation at
rest as a function of mass M
of the system X. The crosses
indicate the result
of this paper.
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of the system created with <p is seen. However, one should be cautious interpreting
this dependence because different binary reactions were measured for different initial
states. Thus, the <jr/finalstate for annihilation in liquid produces mainly from the 'So
initial state, whereas the <^>T channel comes from 3 Si initial state. An indication that
we observe not simple dependence on a kinematical variable as momentum transfer
is the fact that the ratios R for annihilation in gas and in liquid are different.
The observed increasing of R at small dipion masses could be explained as
a manifestation of different spin structure of the amplitude of <j> and u) production.
The conservation laws unambigously couple the spin-triplet 3 Si initial state with the
4>(u>)%% final stale when two pions are in the S-wave relative to each other. The
spin-singlet initial '.S'o state couples with 4>(U))K-R system when two pions are in the
P-wave, i.e. to the <j)(u)p final state. The partial wave analysis of the <j>inr channel
demonstrates that in the S-wave the production of <j> mesons is completely dominated
by the spin-triplet J Si initial state, whereas for ix> meson production both 3 Si and 'So
states are important . S o the measured ratio R for annihilation in liquid is
11 =

Y(wp)

(3)

It is clear that at small dipion masses, far from the p peak, this ratio should increase.
So for annihilation in liquid, at small dipion masses, we in fact measure the
ratio Rs = \ (O(K + -x~ )s)/ Y(u)(ic+ir~)$) for annihilation from the 3 5i state. We have
verified that decreasing of the dipion mass interval to 300 MeV < M** < 400 MeV
not changed the value of the ratio R within the errors. So the OZI-rule violation for
annihilation from the 3,S"i state exists but it is rather modest: Rs & 16 • 10~3. It is
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interesting to understand why this value is different from the ratio observed for the
fa0 channel, which also conies from 3S\ but the degree of the OZI rule violation is
substantial: R(<f>vo/unr0) « 100 • 10~3 l~5'.
There are two possible reasons for different degree of the OZJ rule violation.
It may be connected with the mass difference between the systems produced with <j>,
reflecting in this way possible dependence of the OZI rule on the momentum transfer.
Or it may be connected with the different quantum numbers of the system created
with <)>. The 7r7r system in the relative S-wave is a scalar Jpc = 0 + + , so our results
could be interpreted as follows. When <j> is created from the 3Si initial state with
a scalar 0 + + , the OZI rule violation is less than in the case of (f> production with a
pseudoscalar 0~ + .
The best way to clarify this problem is to perform direct measurements of
t-dependence of the differential cross sections of <J>TT and u>7r channels.
In conclusion, the measurement of the ratio R = Y(<j>TC+Tr~)/Y(uic+w~) for
annihilation of stopped antiprotons in gaseous and liquid hydrogen target is presented.
It was found that deviation from the OZI rule increases with decreasing dipion mass
and it depends on the target density.
We would like to thank the technical staff of the LEAR machine group for
their support during the runs.
We are very grateful to J.Ellis and D.Kharzeev for interesting discussions.
The JINR group acknowledges the support from the International Science
Foundation, grant No. ML9300.
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An impulse approximation for structure function F\{
9
in the Bethe-Salpeter formalism
V.V. Burov and A.V. Molochkov.1
BLTP, Joint Institute for Nuclear Research, 141980 Dubnn, Moscow region, Russia.
Abstract
A covariant approach to calculate nuclear effects in deep inelastic scattering on
deuteron in the Bethe-Salpeter formalism is proposed. In our approach we obtain the
hadron tensor and structure function Ff in an impulse approximation.

1

Introduction

Recently the interest to the Bethe-Salpeter formalism (BSF) [1] has grown up as to
a covariant way to calculate various processes on light nuclei. First of all it serves for
investigation, in framework of quantum field theory, of properties of a nucleus such as its
mass, electromagnetic form factors and other dynamical characteristics [3, 4, 5]. On the
other hand these are expressed in terms of existing solutions of the Bethe-Salpeter equation
(BSE) in the bound state region. The solutions of the BSE ha.ve been found in an effective
model both with the separable form of the NN-interaction [5] and a realistic meson-exchange
potential [4, 6]. So we hope that the BSF points towards investigation of the relativistic
nuclear structure in hard processes on light nuclei.
In present talk we propose a relativistic covariant consistent approach based on the BSF.
The aim is to investigate relativistic nuclear effects in deep inelastic scattering on deuteron.
As long as we have to deal with a nuclear model in which it is impossible to regard subnuclear
dynamics we target our calculations at separation of the effects from the subnucleon scale
in terms of on-mass-shell amplitudes of nuclear constituents.

2

Basic formalism

It is well known that the cross section
for deep inelastic scattering is proportional to the lepton and hadron tensors
in one photon approximation:

All information about target and its nuclear properties is concentrated in the
hadron tensor, which is proportional to
the sum of matrix elements of transition from -y*D state to all possible
physical states. Via optical theorem we
1

E-mail address: alexm@thsunl.jinr.dubna.su

Figure 1: Diagram schematically representing deep inelastic process.

can obtain W^ by means of a simpler object — the amplitude for forward Compton scattering on deuteron:
Wlu,(P,q) = ± Pl , ' l ) -

(1)

Starting from the definition for T^(P, q) as T-product of electromagnetic currents averaged
over the deuteron states:

(2)

*) Ju (0)) \D),

j

we calculate this matrix element in the BSF. This yields an expression for Compton amplitude in terms of deuteron states and electromagnetic two-nucleon vertex [3]:

P, k2)r(P, k2).
Here S^2\P,k)

(3)

is the direct product of the exact nucleon propagators:

where k is the relative momentum of nucleons inside deuteron. The letters a, j3,6,7 denote
the spinor indexes.
Two new objects appear in expression (3). It is deuteron vertex function T(P,k), and
Mandelstam vertex A ^ q , P, k\, k2). The first one describes the deuteron state in terms of
virtual nucleon states:

T(P, k) = Sm~\P,

k) j dAxdiXeikle'px(Q\T(xP(X - x/2)^{X + x/2))\D)

and satisfies homogeneous BSE [1]:

Ts(P,k) = - / —— Gt(P,k,k')Si2){P,k')Ts(P,k').

(A)

The kernel of equation, Gi(P, k, k'), is irreducible by Bethe-Salpeter [1, 2] truncated part, of
the exact two-nucleon Green function. All existing solutions for this equation have been found
in one common approximation, namely the ladder form of the kernel, which corresponds to
picking only g2- terms in its expansion in perturbation theory series. Thus we perform all
our calculation in this approximation as well.
The solution of eq. (4) is defined up to a constant. Inasmuch as BS-vertex function
doesn't have probabilistic interpretation, we have to normalize the solution on some physical
grounds. One way is to use the covariant normalization of the deuteron electromagnetic
current at zero momentum transfer:
{D\J,.(0)\D) = 2iP..

(5)

Hence one can obtain the following normalization condition for BS-vertex function in the
ladder approximation:
d4k "

, „ ,„„,/>
P
P
' " ' ~'TT + ^/Tw^tTr + k)]aySgs(— — k)r.ys(P. k) = —2iP.,.
2
2
2
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(6)

This condition along with (4) gives inclusive description of BS-vertex function. Here we do
not intend to discuss aspects of solving the BSE, since a good account may be found in [4, 6]
and in the talk of Kazakov K. et al. in the present proceedings.
The other new object in (3) is ihe Mandelstam vertex Aul,(q, P, k\, k2). It is defined by
interaction of the virtual photon with system of two nucleons:
(7)
Here Gzuu is the exact two-nucleon Green function with insertion of the electromagnetic
operator:

Ge^fa.P,*',*) = i f d4xdiyd4y'd4Yd4Y'e-'k!'+'k'>''e-'<*e-p(Y-Y">

(8)

The solution of equation (7) can be found in terms of expansion in perturbation theory.
Doing so in (7) we obtain the following relation for <7n-term:

/ f e S r i
"1+12+"3="

\

)

\

J

, * ' ) - (9)

)

Choosing only zero order term we immediately obtain the corresponding term for

-'(y + *)S-'(y - *)
+ Gf)hJP,

q, k)(2w)4S4(k

-k'-

Two summonds are zero order of Mandelstam vertex corresponding to interaction with single
isolated nucleon (a) and with two nucleons simultaneously (b), respectively. The term of
order g2 for Ge^ depends on A^J contribution and on g2 part of A^,,, what gives following
expression for the latter:

<r 2 (f

+ k)s-i{P

_ k)G^jp,

-

5->(y + k)S-^

-

5-'(y + *)$-'(£ -k)J

P

-k)J
P

q, k,

k')s-\^

^iG{-:\P,k,k")K^{P,q,k",k')S-\^
f A^hn

- k')S~\^ + k')
P

~y^}{P,9,*,k")G?\P,k",k')S~^

P

- k')S-\t-

+ k'y

When combining (10) and (11) we observe that A ^ is equal to the truncated irreducible
part of G6lll/.

Inasmuch as we work in the ladder approximation, it is enough, for consistency, to take
only first two terms for K^. Substitution of them in (7) gives us Compton amplitude
on deuteron in terms of the BS-vertex function and perturbation expansion of the exact
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a)

b)

c)

d)

Figure 2: Feynman diagrams for Compton amplitude on deuteron in approximation up to g2.

Figure 3: Example
of the reducible diagrams.

two-nucleon Green function with insertion:

T

The obtained result allows us to calculate Compton amplitude on deuteron with the
help of Feynman diagram technique. Indeed, calculation of all objects in a unique field
theoretical model for deuteron allows us to use Feynman diagram technique to define both
G6(il/ and Gi. Enlarging this technique with a new element corresponding to BS-vertex
function and introducing a rule for elimination of reducible graphs, we obtain Feynman like
technique for calculation of amplitudes on deuteron in framework of the BSF. An example
of such diagrams in the isoscalar meson nucleon theory is presented on fig.2. Elimination of
reducible diagrams stems from fact that Mandelstam vertex is the irreducible part of G^^.
The reducible graph can be defined as a graph which is equal to one of smaller order in g2.
An example of reducible diagrams is shown on fig.3.
In general case we can highlight two groups of diagrams, and therefore corresponding
amplitudes turn to a naive convolution and nonconvolution parts. On fig.2 the naive convolution approximation exhausts itself by a) and c) diagrams. Diagram a) is a representative of
the relativistic impulse approximation which is nucleon part of the convolution approximation, diagram c) is mesonic exchange current contribution which is non-nucleon part. The
nonconvolution correction consists of pure nucleon and mixed terms. The nucleon terms
are presented by b), d), e) diagrams. Here we can suppose that d) and e) correspond to
interaction corrections to the impulse approximation in particular, and can be cast into the
convolution form in the Bjorken limit as it was shown in nonrelativistic consideration [7].
Role of b) and f) terms and its possible behavior are not so clear and under investigation
now. The nonconvolution non-nucleon part comes in only at next order.

3

The deuteron structure function F^ in the impulse
approximation
Now we consider the deuteron structure function F® in the impulse approximation. In
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view of obtained results in the previous section we can write Compton amplitude on deuteron
as follows:

The representation of Feynman propagator for the nucleon through the complete set of
solutions for Dirac equation
p_

m

2

E2-J

(ko-E)

E^f

(ko + E)

'

E = Vk2 + m2
gives us the following form of Compton amplitude which connects it with the corresponding
elementary amplitudes:

TN9S

~ ^
3Vci

/ 7 r" (~0 2m «i ("" + k )[ r /i(?)7p
27r

(

)

2

— r f(9)]tt,a 3 U a' (— + k )

^^
2

( ( T + « + ?) - m 2 )

2

+

IN

IE / (gi (-0w.l(-f - k)[r^)|±^-^Lr,(9)]aia2<(-f - k)
;f+fc)o)2

/^'iS

(13)

Inasmuch as the highlighted amplitude has azimuthal symmetry, it is proportional to 6" .
It is also symmetrical under exchange s —» — s in the unpolarized case. Thus we can rewrite
(13) in terms of the nucleon amplitude for the unpolarized scattering:

5,a'

l
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That leads us to an analog of the convolution formula for Compton amplitude and via optical
theorem we can obtain the same formula for the hadron tensor:

(15)
where the distribution functions are expressed via BS-vertex function:

Obviously, here appears separated contribution of nucleon states with the positive and negative energy. The corresponding elementary amplitude has the form, as it is shown above,
similar to the on-mass-shell nucleon and antinucleon amplitudes but with dependence on
time component of the nucleons relative momentum.
As the first raw approximation we can make the most common substitution — to insert
on-mass-shell amplitude for the nucleon and try to obtain deuteron structure function FP
in Bjorken limit. To be exact we'll write our expressions in the rest frame of the deuteron,
and with orientation of the virtual photon along z-direction:
PD =

(MD,O),

<y«s(go,0,0,<7o)-

(16)

In case of on-mass-shell amplitudes we can have representation of the deuteron and nucleon
hadron tensors through scalar structure functions JF\ and Ftf.

P. - ^ \ ) F2[x). (17)
Projecting the hadron tensor on g^ we get F2:
aglu,(,q)

2()

If we introduce an auxiliary variable y = | £ , then the convolution formula for the deuteron
structure function can be obtained as follows:

?(xD) = jdyF? ( ^ ) j J?L(f>HMD,k) + f»(MD,k))y6 (y -

(18)

This formula has clear physical sense — it is the structure function of the physical nucleon
in a certain state multiplied with probability of this state. Thus the distribution function
must be normalized as a number of nucleons inside deuteron, i.e. baryon number:
/ fN(y)dy = 2.
Jo
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(19)

1.30
Figure 4: Ratio of the deuteron
and isoscalar nucleon structure
functions. Curve 1 corresponds
to calculation in the impulse approximation with on-mass-shell
kinematics for the elementary
amplitude, curve 2 corresponds to
the off-mass-shell one.
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If we rewrite the normalization condition for BS-vertex function with the help of trivial
transformations we can obtain the following condition for fN in system (16):

It is clear that it corresponds to baryon sum rule.
Fig.4. displays numerical results for the ratio -fa in the effective model with the separable
interaction [5]. Curve 1 corresponds to the relativistic impulse approximation. You can see
that it doesn't have EMC-like behavior. It means the obtained result accounts for only
effects of Fermi motion.
How can we take into account off-mass-shell effects? It was shown in [7] that in the
nonrelativistic case the impulse approximation does not include any off-mass-shell effects.
They were ensured by interaction corrections. Thus our result, in the approximation with
on-mass-shell amplitude, is in qualitative agreement with the nonrelativistic one. And we can
take into account off-mass-shell effects by means of interaction corrections. These corrections
are connected with # 2 -order of the nucleon part of nonconvolution terms. However in the
relativistic case effects coming from off-mass-shell kinematics also contribute, what appears
as dependence of elementary amplitude on time component of the relative momentum of
nucleons. If we suppose that we can handle with such an amplitude as on-mass-shell one
and neglect off-mass-shell corrections in relation (17) [8], we obtain the convolution formula
for the structure function in the form similar to the obtained above, but with definition of y
depending on time component of nucleon relative moment. In this case we have EMC-like
behavior (curve 2 at fig.4.), with maximum deviation at medium x is about 2%. However
changing definition of y leads to changing of the normalization condition for fN and then
to violation of baryon sum rule. It shows up numerically as deviation of the ratio at x = 1
from 1. This deviation is about 1%.
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4

Conclusion

In present talk we have propose the covariant approach to calculate nuclear effects in deep
inelastic scattering on deuteron. This approach is based on the Bethe-Salpeter formalism.
It is shown that in framework of this approach Compton amplitude on deuteron can be
expressed in terms of solutions of Bethe-Salpeter equation and expansion in perturbation
theory series of two-nucleon Green function with insertion of electromagnetic operators.
The convolution formula for the deuteron structure function F^ is derived. It is shown
that the impulse approximation for the structure function F2D with on-mass-shell kinematics
for nucleon amplitude does not describe EMC-like behavior of the ratio R = -jjfc. Application
of off-mass-shell kinematics gives similar behavior though it leads to violation of the baryon
sum rule.

5
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ABSTRACT
The Balmef-like mass formula obtained from the first principles was applied for
systematic analysis of gross structure of all known hadronic resonances. The accuracy
of the mass formula is surprisingly high. We have demonstrated that the dimension
analysis, the principles of similitude and automodelity, the methods of analogy can put
some bridge between the different branches of physics.

We develop
the following general physical conception of resonances: the
periodic motion and refraction of waves in the restricted region of space are responsible
for creation-of resonances in any resonating system. This conception is considered
here for quantum mechanical systems, whose wave nature plays a decisive role in our
approach. Within the R-matrix formalism we put at the boundary of this region a
condition of radiation of physical particles which can be observed at large (asymptotic)
distances and require proper matching of the corresponding "external" wave functions
with the "inner" part of the wave function of the considered system. This "inner" part
can be constructed by using any reasonable existing model and must be projected at
the boundary into physically observed states for matching with the "external" part.
The new quantization condition for asymptotic momenta of decay products of a
resonance was obtained in the framework of this conception. It results in the Balmerlike mass formula used in our study; its accuracy is surprisingly high and unusual
for this branch of physics. Following the outlined conception we carried out the
systematical investigation of the gross structure of spectra and mass distributions of all
known hadronic resonances starting from light mesons and ending with bottomonium
resonances. We have used a simplified version of the strength function method in this
study.
Regular periodic structures in distributions of invariant masses of resonances
are established. They have the period Am ~200 MeV in regions of the light unflavored, i\) and T mesons and Am wlOO MeV for baryon resonances. Such regular behaviour of the invariant mass of resonances is due to an emergence of manydimensional closed orbits where some states have regions of high amplitude as in the
standard nuclear physics.
We found also that the charmonium and bottomonium systems might have
"molecular - type" states in three-meson (1 ) decay channels. They should play
an essential role in understanding of mass distributions of the if) and T mesons. The
main characteristic feature of these states is that the relative momentum in any their
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binary subsystems is very low: ~ 100 MeV/c. Therefore this is the typical low energy
phenomenon.
The asymptotic quantization condition can be obtained by applying the Rmatrix "* formalism to particle reactions . According to these papers, one can assume
that the resonating system having several two-particle decay channels is free at relative separation r > r0 in the center of mass; hence the following logarithmic radial
derivative of the internal wave functions can be introduced:
dr

H

which should be calculated in the framework of some microscopic models, for example,
modern quark models.
For simplicity, let us consider only systems with one dominating open channel.
As has been argued in the papers
, the decay of hadronic resonances can be
considered in a full analogy with open classical electrodynamic resonators and the
mathematical formalism given in this excellent monograph can be used. Therefore the
boundary conditions for the emitted waves must be written as follows (the conditions
of radiation):

= f,

h\l)(Pr)

(2)

where h\1](Pr) = J^H^+\(Pr)
are the spherical Riccati-Hankel functions. We
assumed that / = 0 for the well isolated resonances. Such surface waves localized at
r = r0 have exponentially small absorption (for r < r 0 ) in full analogy with the waves
in the "whispering gallery". This phenomenon is very close to the phenomenon of
the full refraction of the waves on the boundary separating two media with different
refraction properties. Rainbow effects ° and open resonators ' can be considered as
other examples of such kind. It means that nuclear and hadronic resonances have the
same physical origin: emergence of well-localized surface waves with wavelengths of
order r0.
The new quantization condition for asymptotic momenta P of decay products
of a resonance was obtained in the framework of this conception (see for details ref.9):
Pr0 = n + 7,

(3)

here Pr0 — n + 1/2 may be interpreted as a radial quantization and Pr0 = ' may bo
considered as the well-known Bohr-Sommerfeld orbital quantization. It results in the
Balmer-like mass formula used in our study:

mn{R) =

v

+

+

v

2

+

/ ? +(
r
V
o

where 7 = 0 or 1/2, R labels the resonance, while the indices 1 and 2 refer to the
constituents 1 and 2 observed in the 2-particle decay of the resonance R —» 1 + 2.
respectively.
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Formula (4) describes the gross structure of the resonance spectrum with
reasonable accuracy because of the relation Am, < F that is valid in all investigated
cases of strong decays R —> 1 + 2. The leading term of the mass formula describes
only the "center of gravity" position of the corresponding multiplets and thus the
gross structure of the hadron and dibaryon resonances. The fine structure in each
multiplet is determined by residual interactions and corresponding quantum numbers
that are not contained in the approach
. Therefore, the condition Am, < F is to
be considered as an empirical fact. Further we neglected the contribution of Aron to
mass of resonances.
Let us consider the quantization of the hydrogen - like system. The kinetic
energy of the system in nonrelativistic limit can be obtained from (4):
|2

(5)
where mi2 is the reduced mass of system and I = Pr = m^vr = nh is the adiabatic
invariant. The electrostatic force between the nucleus and the electron binds the
hydrogen -like system. Equating the magnitude of the Coulomb force to the centrifugal
acceleration (the classical equation of motion), we obtain
= -T = ™\2<* =
r
r*
r

=
mT

7 =

v

(6)

roH

The second and the last forms may be solved to determine the allowed values for r,
yielding
r=

j =
r = n'a0
7)
m\2e
rnue
where ao is the Bohr radius by definition and is given by ao = fi2/ra12e2.
The total energy of the system is the sum of the kinetic and potential energy
£

T +

y

=

(8)

2
r
1r
2n2a0
Thus, one concludes that the mass formula (4) for resonances in the nonrelativistic
limit is reduced to the Bohr result or to the Balmer formula.
It is easy to obtain useful relations using (3) and (6) for 7 = 0
Ac
v
a=-.n— = " - ,
\D

C

r
T— = n,

(9)

XD

where A<? and A/j are the lengths of Compton and de Broglie waves respectively.
It means that the Compton and de Broglie waves play a fundamental role in the
quantization of electronic orbit in hydrogen - like atom. Such quantization is possible
only if the ratio of the Compton wave length to the de Broglie wave length (v/c) is
commensurable with the fine structure constant a. The ratio (9) can be interpreted
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Figure 1: Spectra of the D, D', D",... (rhombus) and B, B*, B**,...(circles).
as a definition of a similitude parameter for hydrogen - like atom where r is the Bohr
radius while AD = h/P = h/mv is the de Broglie wave length.
The hypothesis of automodelity introduced in elementary particle physics in
ref. I" means that some physical observables are invariant in respect of the transformation of the momentum space P, —» £P,. Further development of the principles of
similitude and automodelity were achieved in ref. H devoted to the relativistic theory
of dynamical system. Let us rewrite (4)

mn{R) =

(10)

Here Xp/Xc, TQ/XC are similitude parameters. The magnitudes of invariant masses of
resonances at the given value of the similitude parameters remain fixed for different
values of other parameters (at ro/Ajj 3> 1). This is the automodelity of the second type. The invariant masses of resonances are changing as a homogeneous function

mn{R) -* (mn(R),

(11)

under scale transformation P —• £P, m, —* ^m,. This is the formulation of the principle of automodelity for hadronic resonances decaying to two particles with the equal
masses.
It was shown
that the magnitudes of invariant masses of resonances at the
given value of the similitude parameters ro/Arj (AD is the de Broglie wave length)
remain fixed for different values of other parameters (ro/Xo 3> 1). This is the automodelity of the second type. Therefore we assumed as a working hypothesis that the
resonances are the result of interplay between the "effective size" (r 0 ) and wavelength
of the system. We have demonstrated 1 - 4 that this hypothesis does not contradict
with the existing experimental data; it is useful for systematic analysis of hadronic
resonances and for predictions of new resonances. We have established the similarity
of spectra between different systems. As example we show on Fig.l experimental
spectra of the D, D*, £>",... and B, B", B",... taken from talks M.Feindt, J.Bartlet
and G.Sciolla given at Hadron'95.
The appearance of the puzzling electron-positron peaks in heavy-ion collisions
has been studied intensively since the first observation at GSI, Darmstadt . Later an
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Fig.2 Values of momentum P calculated from formula (4) using experimental masses
for pp, 7T7T, and e + e~ - systems.
unexplained structure in the coincidence spectra of electrons and positrons following
positron scattering on atomic electrons was found
(see for details review paper )
but such structure was not observed in free positron-electron scattering. The origin
of this phenomenon remains unknown while many speculative models were developed.
Another puzzling peaks in the pion-pion system (so-called ABC particles) in
reactions of type a + b —• a' + b' -f- (inr) were observed in different laboratories (see
review paper 1 5 ). According to this review the existence of 4 resonance - like states
for TTTT system at 315, 455, 550 and 750 MeV are not excluded by experiments carried
out so far. Again, such peaks were not observed in free pion - pion scattering. Note
that the ABC particles were never predicted by theoretical models except of our
prediction 4 of a resonance at 360 MeV (at least, we could not find corresponding
references).
There are tremendous number of examples in the nuclear physics, when two
particles display resonances-like structure in presence of a third particle (particles) but
no such structure appears when the third particle is absent. For example, the proton
- proton or proton - deuteron scattering at low energy does not display pecularities
but in the company with a third particle (p + n —> (pp) + ir~, d + d —> (pp) + nn,H + 6
He —* a + t) resonance-like structures were observed . Two-particle resonance
- like structure does indeed depend on the physical properties of the third particle,
dynamical conditions of reactions,
etc. It is not surprising that experimental
groups claimed the observation of different two particle resonances for the same pair
of particles (but in different environment) using different reactions. This is a result of
the coherent enhancement of amplitudes for resonances in different binary channels.
The presence of a third particle change dramatically the resonance property of two
particle subsystem.
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We should like to say that we will try not to present a quantitative fit to the
experimental levels because of present uncertain knowledge about properties of the
various e + e~ states. We do not know even relative angular momentum for the e+e~
states. We will try to give a description of the gross structure for such states using
the similitude principle
for the mass spectrum of the narrow dibaryon resonances,
dipionic resonances and resonances in the e + e~-system in the external field of the third
(heavy) partner. We have found from the comparison of experimental data between
P(pp) and P(e+e-) that
P(pp)=i20P(e+e~).
(12)
We evaluated the magnitude of P(e+e~) from experimental data for pp and pp with
the help of eq. (12) (see Fig.2). One can see the similitude of momentum spectra
for the dibaryon, dipionic (e+e~-resonances. Further we calculated masses of (e + e~)
-system using formula (4) and magnitudes of P(e + e~) extracted from eq. (12). The
results of our phenomenological analysis of mass spectrum for e + e~ resonances are
presented in Table 1. The scaling parameter £ was taken equal to 420 for systems
e + e~ and pp and £ as 1 for systems pp and 7T7r.
Table 1. Spectrum of the invariant masses for e+e~ resonances (keV).
theory 1172 1260 1375 1497 1568 1657 1749 FsTS 1932 202!) 2131
exp
1380 1498 1575 1652 1738 1837 1917
We can conclude that the decay of a resonance into two particles obeys to the
similitude principle according to which the Compton and de Broglie wavelengths have
to be commensurable independently on a particular form of the interaction.
The Balmer-like mass formula (4) was applied for systematic analysis of gross
structure of all known hadronic resonances starting from dipion and ending with
charmed hadronic resonances. The accuracy of the mass formula is surprisingly high
and unusual for this branch of physics. It means that equation (4) could be useful
at least for prediction and estimation of the invariant masses of unknown resonances.
We can say that the correspondence principle between old classical and new quantum theories plays an outstanding role in the interpretation of the results and this
"correspondence" allows us to go even into fine details. We have demonstrated that
the dimension analysis, the principles of similitude and automodelity, the methods of
analogy can put some bridge between the different branches of physics.
Application of these lessons to the e + e~ puzzle is as follows: we assume that
+
e e~ - pair decay occurs in the vicinity of the Coulomb field of a third heavy positively
charged partner; in other words we consider e + e~ resonance in the presence of external
Coulomb force (the same model for two pions (ABC-effect), two protons and so on in
presence of third particle).
The presented approach allows us to describe without free parameters both
narrow dibaryon resonances and wide resonances (A-isobar and ^'(1440) resonance).
The explanation of this phenomenon is very simple based on usual quantum mechanical methods and can be understood in a full analogy with the a - decay.
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Therefore we can conclude that the classical and quantum mechanical principles
are sufficient for explanation of small widths of dibaryon resonances, the e + e~ puzzle
and ABC-effect. That means that new quantum numbers new particles or other
exotics are not necessary.
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Abstract
Preparation of experiments on pd-interaction with high momentum and energy transfer to the deuteron at the oooled proton synchrotron COSY is described.The development of t^hi <I.I,M1>IIIII>WI nniifthe spectrometer ANKE to be
positioned at the internal beam in the ring mainly determines the status of the
program. Deuteron break-up with cumulative proton emission will be studied
^xdustvetjf in the collinear geometry.The possibilities of studying subthreshold
Reproduction and multiple meson production on the deuteron target is under
investigation at present.
The experimental program for deuteron break-up study at the cooled proton synchrotron COSY is based on the proposal [1] approved in the IKP KFA Jiilich and the
JINR. The experiments will be performed at the internal beam with a deuteron gas
jet target of a storage cell type. Polarized protons and deuterons can be used. Taking
advantage of the Zero-Degree-Spectrometer ANKE one will be able to carry out measurements exclusively in the "collinear geometry": the proton ejected backwards at an
angle of about 180" should be registered in coincidence with the proton ejected close
to the zero angle. Since momentum of the backward proton can be measured up to the
kinematical limit, the study of the process
p + d^>p + p + n

(1)

can be treated as a study of the simplest cumulative process. A two-particle differential cross section, vector and tensor analyzing power, spin-correlation asymmetry are
expected to be investigated . All the quantities will be measured in a rather wide
range of initial energies and momenta of both the proton ejectiles [2, 3]. It gives hope
to get in the same experimental conditions an array of the comprehensive data — exclusive, spin-dependent, extended over a significant kinematical area. The data should
be wittingly redundant for the analysis in terms of the plane-wave approximation to
give a basis for a more profound analysis of the "elementary cumulative process". The
problem of clearing up the mechanisms of the cumulative processes is still of significant
importance . Its importance for the deuteron break-up case may be obviously seen
from the recent papers [4, 5].
The theoretical analysis [6] done for the deuteron exclusive break-up in collinear
geometry for ANKE conditions at COSY have been developed recently. The model is
changed significantly: it is rewritten in the framework of Stapp's covariant formalism
[7] and successfully used [8] for description of the Gatchina experiment [9]. The model
employs three mechanisms : one-nucleon exchange (ONE), double scattering (DS) and
delta-isobar excitation in the intermediate state (DEL) .The calculations confirm the
conclusion [6] about dominance of the last two mechanisms. By way of example, the
differential cross section dsa/(dpi,dtii,d[lf) at 2 GeV, fif, = 180°, $7/ = 5° contains the
ONE contribution of 18% for momentum of the backward proton pj = 0.38 GeV/c,
and only 10% for 0.46 GeV/c. Moreover, delta-excitation of one of the nucleons of the
deuteron in the intermediate state is expected to be the main cause of the break-up
in the conditions : the sum of ONE- and DS-contributions is about 55% of the cross
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section for 0.38 GeV/c momentum of the backward emitted proton, and only 20decisive
factor.The relative role of the mechanisms in governing the vector and tensor analyzing
power is rather complicated and changes drastically with changing of the observation
conditions, promoting desirable separation of the mechanism contributions. In all the
cases considered the sensitivity of the observables to the form of the .YTV-potential
is rather weak. Thus, one should expect that just the interactions in the hadronic
system with the baryon number two, that arises at high momentum-energy transfer
of the projectile to the deuteron, and not the ground-state structure of the deuteron
dominate the break-up under the chosen conditions. Right this dynamic structure of
the deuteron is a main object of the study [2, 10].
The status of the facilities to be used for the measurements is as follows. COSY
Jiilich is a proton synchrotron and a storage ring, using electron and stochastic cooling
for a proton-momentum range from 0.27 to 3.30 GeV/c [11]. The accelerator complex
has been designed for the use of the internal and external targets. The spectrometer
ANKE [12, 15] is aimed at experiments using the internal beam and thus the main
advantages of COSY. Substantial progress has been achieved [16] wjth the accelerator
complex since its inauguration in April 1993. In July 1993 protons of 270 MoV/c
were focused at the focal plane of the BIG KARL magnet spectrometer installed at
one of the external beams, and the first events initiated by the internal beam of 1.2
GeV/c were obtained at the internal set-up EDDA. In September 1993 acceleration
of 3 x 1010 protons to a momentum of 1.4 GeV/c could bo realized, and electron
cooling reduced the momentum spread of the internal beam from dp/p = 10"' to
10~4. First extraction of the 1.4 GeV/c beam could be observed in December 1993.
In September 1994 acceleration to the design value of 3.3 GeV/c could be realized.
Meanwhile extraction to the BIG KARL spectrometer was improved to 2 x 10!) protons
per spill at a spill length of 2 s and a cycle time of 7 s. With the hydrogen-cluster
target of the internal experiment COSY-11, using one of the bending dipole magnets of
the ring as a spectrometer magnet, the flat-top-time at 1.2 GeV/c proton momentum
has been measured as 5 min for a decrease in beam intensity of 18%.
For the spectrometer ANKE thorough optimization of the magnets and the power
supply for the central spectrometer dipole magnet to be ordered in addition to the
existing one was performed in 1992. The full design of these basic parts of the spectrometer was accomplished in 1993 [13, 14]. However, the complete funding of the
facility could not be achieved earlier than the end of 1994, and therefore the magnets
and the power supply could be ordered only in May 1995. The two outer beam bending magnets will be delivered in March 1996. Magnetic field measurements shall Inperformed upon delivery with the use of the existing power supply and the field measuring device made available by GSI Darmstadt. Delivery of the central spectrometer
magnet and its power supply is foreseen for May 1996 and will be followed by the field
mapping measurements. The vacuum chambers and the movable support system with
its rails will be completed by the end of 1996. The device for the unpolarized solid
strip target is ready and at the moment used in the internal experiment COSY-13.
Thus, the facility can be moved to the measuring position for final commissioning and
first tests in early 1997. First measurements with nonpolarized protons and deulcroiis
using, e.g., polyethylene foil targets can be carried out. in late 1997 or early 1998.
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The basic concept for the detector set-up and its main components [10] was accomplished in 1993. For the studies of p-d interaction it consists of two groups
the Forward Detector (FD) and the Backward Detector (BD) systems. The FD [17]
measures track coordinates of ejectiles produced in the target in forward direction
within the cone of about 10° with momenta 0.8—3.8 GeV/c separated by the central
spectrometer magnet. Sufficiently good identification of protons with momenta <1.5
GeV/c can be obtained in the FD from the time-of-flight data on the protons emitted
in coincidence backward and forward into both FD and BD systems. The BD [18, 19]
provides track coordinates of particles emitted backward from the target within the
cone of about 15° with momenta of 0.25 to 1.0 GeV/c analyzed by the first dipole
magnet. The protons are identified and separated from electrons and pions by the
dE/E and range data in the 3-layer scintillation-counter hodoscope [20].
For higher momenta of forward emitted protons, only the Cherenkov-counter technique is appropriate for particle identification. One of the options is the use of silica
aerogel radiators.To produce them, a special chemical process box was put into operation at the Laboratory of Nuclear Problems of JINR in 1994. The first 60 x 60 x 30
mm 3 samples of satisfactory optical quality were produced in the middle of 1995. In
parallel, a box for housing a 30 1 autoclave, made available by the Bologna University,
is being prepared.* Since production of the necessary quantity of aerogel-radiator material, its assembly in the counter system and tuning is a complicated procedure, we
are investigating a possibility of using simpler and cheaper Cherenkov detectors with
total internal light reflection for particles to be separated [21, 22].
The status of the detector manufacturing is as follows. For the BD, multiwire drift
chambers including data-acquisition electronics and a scintillation-counter hodoscope
are ready by about 60% .For the FD, a 2-layer scintillation-counter hodoscope is under
design and the first module of 3 multiwire proportional chambers is ready. These
chambers have to meet rather hard requirements concerning coordinate accuracy and
particle flux, i.e. high count-rate capability. Tests of a prototype chamber module have
shown encouraging properties [17]. However, these fast chambers need adequate dataacquisition electronics providing track selection within 10—15 ns. Possible solutions
are under investigation.
First design studies for the storage cell of the gas target and the vacuum chamber,
allowing space for possible future detectors around the target, are in progress in KFA
Jiilich. The choice among various possible versions of the components for the atomic
beam source, supplying the beam of polarized H or D atoms into the feeding tube of the
cell, will be done before the end of 1995 in collaboration with the groups at JINR and
SPINS Gatchina and using experience of groups employing polarized gas-cell devices
at the Indiana University Cyclotron Facility and the VEPP-3 electron-storage ring in
Nobosibirsk. At COSY first attempts to inject, accelerate, and store protons of vertical
polarization will be started in 1996.
The GEANT simulation of angular-momentum acceptance and momentum resolution of the set-up has shown [17, 23, 24] that they meet requirements of the planned
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experiments. In particular, the expected missing-mass resolution in the process
p + d-*p + p + X

(2)

should be sufficient to separate process (1) from the break-up accompanied by meson
production [24]. The code of the Rossendorf Collision model [25] was used as an event
generator for processes (1) and (2) in the collinear geometry.
The cumulative break-up is only one among the channels where high momentumenergy transfer from the proton projectile to the deuteron takes place and cooperativetype behaviour of the few-nucleon system may be expected [26]. One of the channels
is A'-meson production at energies below the threshold for production in free protonnucleon interaction. Study of the subthreshold K+-production on deuterium has been
considered in the frame of the ANKE program [27]. Differential cross sections of the
two-particle channel
p + d -» K+ +3 HeA
(3)
in the energy range 1.13—3.0 GeV was calculated [28] recently. Another channel of interest is meson production on a deuteron target, accompanied by fast deuteron ejection
at small angles [26]. An attempt to estimate the cross section of such process was made
[29]. There are two options for forward emission of a fast deuteron — fragmentation
of the proton projectile at the deuteron without break-up of it and deuteron excitation
with subsequent "cooling" by meson production to the ground state. A possibility of
separating these two mechanisms is under investigation.
The investigation was supported by RFFR grant 93-02-3745 and INTAS grant No
93-3661 .
* All the work is performed in a close collaboration of the JINR physicists (
A.I.Filippov, V.P.Zrelov et al. ) with the colleagues from the Komensky University in
Bratislava ( J.Ruzhicka, V.Fainor et al.).
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ABSTRACT
A novel (P-even, T-odd) type of time-reversal invariance test is discussed The
parity conserving, time-reversal violating observable is the total cross-section
asymmetry A
of proton-deuteron scattering. This observable constitutes a true null
test of time reversal invariance and therefore allows to improve the accuracy by orders
of magnitude. The measurement is planned as an internal target transmission
experiment at the cooler synchrotron COSY-Julich.

1.

Introduction

From a general experimental point of view polarization observables allow for
precision experiments in particular, since no absolute cross-sections have to be
measured. All polarization observables are calculated from relative differences of
cross-sections. Furthermore, by reversing the spin alignment, the sign of the polarization observable changes,too, but the sign is kept for all error contributions that
are not related to the spin alignment. Since the spin alignment can only be changed
sequentially, this method constitutes a correlation in the time domain. By means of
this method systematic error contributions can be suppressed substantially
For symmetry tests the accuracy of an experiment can be further improved if
a null-experiment can be conceived, which means that some observable must vanish
in case the symmetry in question holds. For instance, the longitudinal analyzing
power k^ is null if parity holds. Since parity violation is the signature of the weakinteraction, tiny differences of Az from null reveal the effect of weak-interaction
admixtures in strong-interaction phenomena. It has been shown1- 2 that the accuracy
of these parity-violation (PV) tests could be improved to some 1CT8, superior by
orders of magnitude with respect to the accuracy level of ordinary non null-test
scattering experiments.
For this reason, it is attractive to devise a true-null test for time-reversal
invariance (TRI). In this respect the term "true" stresses the concept that the
intended test has to be completely independent from dynamical assumptions. Thus,
the interpretation of the results of these tests is neither restricted by, nor subject to:
Final state interactions, certain tensorial interactions or, Hamiltonians of a certain
form. True null-tests are based only on the structure of the scattering matrix as
determined by the general conservation laws.
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A demonstration of this concept gives the scattering of spin 1/2 particles. For
a reaction with two particles in and two particles out there are - in a naive way of
counting - 256 pure experiments3, one of which is the unpolarized cross-section.
Only when PV invariance is to hold, 128 of these observables become null. Hence,
any of these 128 observables constitutes a pure P-odd, T-even null-test. Demanding
that in addition for these observables TRI and the generalized Pauli-principle hold,
reduces for identical particles the number of different observables to 25. These 25
observables are built-up by bilinear products of 5 complex independent amplitudes.
In case the independence of these amplitudes does not longer refer to parity and/or
time-reversal invariance, further amplitudes have to be considered, which in turn
increase the number of observables accordingly.
But there is a decisive difference between the PV and TRI observables. Due
to the antiunitarity4 of the time-reversal operator, which implies that for the time
reversed reaction the in- and outgoing particles have to be exchanged, there is no
true TRI null-test for observables depending bilinearly on amplitudes3, since different observables have to be compared. Even for an elastic scattering process, which
is its self-conjugate, this statement is true. Examples are the P-A tests in p-p
scattering6.
2. Time Reversal Invariance Tests
There are two types of TRI tests. P-odd, T-odd tests like the test of the
electric dipole moment of the neutron7 or P-even, T-odd tests like the P-A experiments. Since for the latter experiments two quantities have to be compared, the
accuracy is at the 1(T2 level. This level of accuracy is only improved by detailed
balance experiments8, for which an improved sensitivity to TRI effects is calculated
from the presence of Ericson fluctuations. Therefore, a P-even, T-odd null-test
should improve the accuracy for this type of TRI test substantially. Table 1 gives
some examples of TRI- and PV-tests.
3. The Observable of Interest
The prove of the non-existence of true TRI null-tests depends crucially on the
assumption that the observables are built-up bilinearly from amplitudes. Not included in this prove are observables, derived from forward scattering, which depend
via the optical theorem only linearly on amplitudes. On this basis, Conzett14 could
show that a transmission experiment can be devised, which constitutes a true TRI
null-test. He proposed to measure the total cross-section asymmetry Ay ^ of vector
polarized spin 1/2 particles interacting with tensor polarized spin 1 particles.
A transmission experiment involving polarized particles is described by the
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Table 1. Comparison of accuracies of time-reversal invariance and parity-violation tests

Measurement

Remarks

Type

Electric dipole moment of the neutron
Y~Y correlation in 57 Fe
P-A in p - p scattering
Detailed balance in p+ 27 AL~ 4 He+ 24 Mg
n-transmission through 139 La
n-rotation in 139La

gpr* 10"U
o T <. 5-10"6
g T * 3-10"2
a T ~g T <. 10"3
Hope for enhancement
Enhancement ~ 105

PT-odd
T-odd
T-odd
T-odd
PT-odd
P-odd

7
9
6
8
10
11

Az
Ay m

Error: 6(A^ - 2-10"8
This experiment

P-odd
T-odd

12
13

in p - g scattering
in p - d scattering

Ref.

g: strength of T^ NN potential
a: strength of an effective T ^ N-core potential

generalized optical theorem 15 :
o r = 4it/*//«(7>p-F(0))

(1)

with: o T is the total cross section, k the wave number, p the density matrix, and
F(ft) the scattering amplitude matrix for scattering at angle ft. The density matrix
p reflects the experimental set-up, whereas the scattering matrix F(0) of the forward scattering amplitude contains the physics, which is to be probed. In the
following it is shown, which observable conserves parity but violates time-reversal
and that the time reversed situation is tested by flipping spins.
The discussion of the parity conserving TRI (P-even, T-odd) observable
follows the arguments of Ohlsen 16 . It is discussed in the projectile helicity frame.
According to Ohlsen, the symmetry character of a polarization observable with
n, = rix+ny+i^ indices can be determined by "counting rules". 1^,1^, and n, are the
numbers of x, y, and z indices of the observable in question.
In detail the following counting rules apply for a P-even, T-odd, and R z -even
(invariant under rotation around the z-axis) quantity:

137

Time-reversal
Parity conservation
R, invariance

: nx
has to be odd
: nx+n2 has to be even
: a,+n«, has to be even

(2)

The minimal configuration fulfilling these conditions gives:
n

x = "y = "z =

l

(3)

For a two particles in and a two particles out reaction with a proton being the
projectile, the target has to be at least a spin 1 particle, in order to offer a tensor
polarization P xz aligned in the x=z direction. Deuterons fulfill this requirement.

a)

b)

hr

c)

d)
P

Fig. 1

>-

*

P-

Pictorial demonstration that a time-reversed situation is prepared by either a proton or a
• deuteron spin-flip, a) The basic system is shown, b) The time reversal operation is
applied (momenta and spins are reversed and the particles are exchanged). In order to
have a direct comparison between situation a) and b), two rotations R y (it) or R^it) by
180° around the y- or x- axis are applied, leading to the situations c) and d), respectively.
This is allowed, since the scattering process is invariant under rotations.
O means proton spin up (y-direction), ® proton spin down, and <=> stands for the
deuteron tensor polarization
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Thus, the quantity of interest is the total cross-section asymmetry AyXZ for protondeuteron scattering. Ayxz is measured by flipping the spins of the interacting
particles. By flipping the spins in this particular system the time reversed situation
can be prepared in two ways. This is shown in Fig. la-c by reversing all momenta
and spins and exchanging the in- and out-going particles.
It can be shown14 that the quantity of interest Ayxz is proportional to the
transmission asymmetry AT yxz , which in turn is the relative difference of the
transmission factors T+/~. The superscripts + and - characterize mutually timereversed situations that are prepared by the proton and deuteron spin alignment.
4. The Experiment
This experiment, which is approved by the COSY program advisory committee, is planned to be performed as an internal transmission experiment. Thus, a
pure, but -in contrast to solid-state targets- low density polarized atomic beam
target can be used, since the low density is compensated by the multiple turns the
internal COSY-beam takes through the target. Basically the experiment needs
equipment only that is provided for other experiments. In this context are essential:
A polarized ion-source for protons, the polarized proton beam in COSY, an atomic
beam source producing tensor polarized deuterons for internal target experiments,
and an on-line current monitor of high precision that is a standard diagnosis device
for the operation of COSY.
A standard sequence of the experiment will be: i) prepare on a random basis
the polarization state of the ion-source and target, ii) fill the ring with the polarized
beam, iii) accelerate this beam, and iv) let the proton beam circulate through the
atomic deuteron beam-target, measure continuously the drop of the proton beam
intensity, and calculate the transmission factor T + or T~, respectively.
So far the error analysis and reduction are concerned this experimental
approach has several advantages. Since the time reversed state can be generated by
even two spin configurations of beam and target, more artificial parameter correlations can be introduced than for instance in measurements of parity violation (PV)
in p-p scattering1. In PV measurements these artificial correlations as well as the
spin-flip are used to reduce systematic error contributions due to parameter fluctuations. Another advantage of the observable of interest AyXZ is, that all observables
are suppressed which are not Rz- or P-even. Furthermore, the proton polarization
p z is very well prepared, since it has to be aligned to the magnetic field of the
dipols in the COSY-ring. In the end, the most probable observable, which could
fake a P-even, T-odd effect, is the asymmetry Ay which is sensitive to proton and
deuteron y-vector polarisation. Thus, special attention has to be payed to the
alignment of the atomic beam target and to the production of vector polarized
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deuterons. It can be shown that none of these error sources discussed so far dominates the precision of the experiment at the 10~6 level.
In summary, this access to precision TRI measurements is based on two
novel ingredients. Firstly, the discovery that the total cross-section asymmetry Ay xz
constitutes a true TRI null-test, and secondly that a synchrotron ring not only can
serve as an accelerator, but also as an ideal forward spectrometer as well as a
detector.
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Abstract
Deep-inelastic neutrino-deuteron scattering is considered in the covariant approach
in light-cone variables. The deuteron structure function Fj'fXjQ2) in the relativistic
impulse approximation is calculated o*n the basis of the relativistic wave function. The
results are compared with available experimental data. The nuclear effect of relativistic
Fermi motion described by the ratio RpN — Ff /Ff is estimated. The dependence
of the ratio on x and Q2 and of the Gross-Llewellyn Smith integral SGLS(X,Q2) on x
and Q2 is considered.

1

Introduction

The CCFR collaboration has recently reported new high statistics data on the nucleon
structure function Ffc(x,Q2) [1, 2]. The experiment has been carried out with a neutrino
beam at the Fermilab Tevatron. The data together with the previous ones [3, 4] make it
possible to analyze in detail the (^-dependence of the nucleon structure function within
the framework of QCD and to verify the Gross-Llewellyn Smith (GLS) sum rule [5]. The
theoretical analysis of the data was made by the members of the CCFR collaboration [6]
by direct integration of the Altarelli-Parisi equation [7]. The (Revolution of the moments
of the structure function F^1 based on the solution of the corresponding renormalizationgroup equation was determined in [5, 8]. The method of SF reconstruction over their Mellin
moments based on the SF expansion over Jacobi polynomials [9, 10, 11] was used in [5].
The method was shown to be very effective to control higher perturbative QCD corrections
1
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and to investigate sensitivity of the parameter Ajjg to them. The QCD analysis of the data
[1, 2] presented in [6] and [5, 8] has not taken the nuclear effects into account.
Note that the nuclear effects themselves (Fermi motion, off-mass corrections, shadowing,
etc.) are very important to extract nucleon deep-inelastic structure functions (F^1,g^, F^1)
from experimental data for the deuteron and heavy nuclei. They should be included into
the joint QCD analysis of nucleon structure functions.
In the present paper, the covariant approach in the light-cone variables and the deuteron
model [12] are used to consider deep-inelastic neutrino-deuteron scattering and to estimate
the nuclear effect in this process. This covariant approach is based on the relativistic
deuteron wave function (RDWF) with one nucleon on mass shell. The RDWF depending on one variable, the virtuality of nucleon k2(x,k±), can be expressed via the Dpn
vertex function Ta(x,k±). We have calculated the deuteron SF F®(x,Q2) and compared
results with available experimental data [4]. The dependence of the structure function ratio
Rp/N(x,Q2) = Ff(x,Q2)/Fi'(x,Q2)
on x and Q2 is investigated. This ratio characterizes
the nuclear effect in the deuteron for v + D —> fi~ +X process. The ratio R^N is practically
independent of Q2 over a wide kinematic range of x = 10~3-0.7, Q2 = 1-500 (GeV/c)2. We
have supposed that the ratio R]? reproduces approximately the ratio Rp and the former has been used for QCD analysis of experimental data of the CCFR collaboration. The
Q2-dependence of the GLS sum rule is verified with the nuclear effect taken into account.

2

Model of Relativistic Deuteron

The cross section of deep-inelastic neutrino-deuteron scattering in a one-photon approximation is expressed via the imaginary part of the forward scattering amplitude of the virtual
W-boson on the deuteron, WjJ. The latter is related to the deuteron structure functions
F^u, Q2) as follows
W° = -{g^ - q^/q2)

• F° + P;Pl • F2D/v + it^p O " • F°lv.

(1)

Here q,p are the momenta of W-boson and deuteron, M is the deuteron mass, Q2 =
2

-q

> 0, v = (pq),pl = pM - q»(pq)/q2.

In a relativistic impulse approximation (RIA) the forward scattering amplitude of the
virtual W-boson on the deuteron A^v is expressed via a similar scattering amplitude on the
nucleon A^ as follows
(2)

Here T(si,ki) is the amplitude of forward N — D scattering and the notation si = k2 =
(p —fci)2is used. Integration is carried out over the active nucleon momentum kj. Integral
(2) is calculated in the light-cone variables (k± = k0 ± k3,k±). The integral is not zero if
the region of integration on k+ is restricted
0 < k+ < p+ - k+.

(3)

Taking into account only a nucleon pole in the unitary condition for the amplitude T(si, ki)
and the relation between the RDWF and vertex function Fa(A:i): i>(ki) = Ta • (m +.fci)~1,
the antisymmetric part of the deuteron tensor W^, we can write as
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(4)

- k+) Sp{w^

• ^"(ki) • (m + ifc) • 0"(A,)}.

(5)

Here the ^-function and light-cone variables are used. The tensor paj is the symmetric part
of the deuteron polarization density matrix. The symmetric part of the deuteron tensor W®u
is expressed in a form similar to (4,5). The vertex function Ta{k{) is defined by 4 scalar
functions a,(fcj) and takes the form [13]
Ta{ki) = kia[ai{k2) + a2(k2){m + fci)] + ^a[a3{k2) + a4(k2)(m + ki)].

(6)

nas

The relativization procedure of the deuteron wave function 4>a
been proposed and the
scalar functions a/(ib2) have been constructed in [14]. The functions a, were parametrized by
sums of pole terms. Some pole positions and residues were found from the comparison of our
RDWF with the known nonrelativistic one in the nonrelativistic limit . For the latter the
Paris wave function [15] was taken. The other parameters were fixed from the description
of the static characteristics of the deuteron (electric charge - GC(Q) = l(e), magnetic (j m (0) = (ic(e/2M) and quadrupole - GQ(0) = Qr>(e/M2) moments) in the relativistic
impulse approximation.
The calculation of (5) in the light-cone variables gives the final expression for the deuteron
SFF 3 D
F?{a,Q2)=

P dxd2k±

A(z,/fc x )-F 3 N (a/a;,<2 2 ).

(7)

Ja

The nucleon SF is defined as F3N = (F^ + F3"")/2, a = -q2/2{pq).
The function
A(x,k±) describes the left (right)-helicity distribution for an active nucleon (antinucleon)
that carries away the fraction of deuteron momentum x = kj+/p+ and transverse momentum
&j_. It is expressed via the RDWF ipa(k\) as follows
A ( i , fcx) oc Spirit)

• (m + *) • 0*(*,) • q • a*" •7 s • pl$ • f^qV],

(8)

where p^p is the polarization density matrix for an unpolarized deuteron.

3

Structure Function F3D(x,Q2)

In the relativistic impulse approximation the deuteron SF Ff is defined by equation (6). We
calculate F^ using the RDWF [14]. The parametrization of the nucleon SF F$ and parton
distributions are taken from [8, 16, 17, 18]. The <52-dependence of parton distributions has
been obtained by solving the QCD evolution equation in the NLO [16, 17] and LO [18]
approximation. The <32-dependence of SF F^(x, Q2) has been found in [8] from the Q2evolution of the SF moments by solving the corresponding renormalization-group equation.
Figure 1 shows the dependence of xFf(x,Q2)
on x at Q2 = 3, 10,500 {GeV/c)2. The
displacement of the curves to a low i-range with increasing Q2 is observed. The SF TF 3 D
decreases for x < 0.1 and increases for x > 0.1 with growing Q2. The experimental data for
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xF3 [4] at Q2 = 3,11 (GeV/c)2 are shown in Figure 2,too. Since errors are large,agreement
between the calculated results and experimental data is to be considered reasonable. We
would like to note that the general shape of the deuteron SF is similar to the nucleon one.

4

Nuclear Effect in the Deuteron

The nuclear effect in a deuteron for u + D —> fi~ + X process is described by the ratio
Rp/N(x,Q2) = F°(x,Q2)/F?(x,Q2).
Figure 3 shows the dependence of the R°'N ratio on
x. It has been found that the ratio RF' is practically independent of the parametrization
of the parton distributions [16, 17, 18] and nucleon SF [8] over a wide kinematic range of
x = 10~3 - 0.7, Q2 = 1 - 500 (GeV/c)2. The curve has an oscillatory feature and cross-over
point x0 : RF^N(x0) = 1 , x0 — 0.03. The effect of relativistic Fermi motion decreases with
x when x < 6 • 10"3.
Thus, the obtained results give evidence that the function RF is defined only by the
structure of the RDWF and it can be used to extract the nucleon F^1 and neutron F£
structure functions from the experimentally known deuteron and proton ones
F?{x, Q2) = [R^ix)]'1

• F3D(x, Q2).

(9a)

F3"(x, Q2) = 2 • \BZ'N(x)))1 1 • F3D(x, Q2) - F3p(x, Q2).
(96)
The obtained results (Fig.2) clearly demonstrate that the nucleon SF F^ extracted from
deuteron data can be modified by nuclear medium.
The performed analysis of the nuclear correction for the nucleon SF also allows one to
consider the nuclear effect on the GLS sum rule [19]:
SGLS =

D

2

F3 (x,Q )dx.

T

(10)

JO

In the parton model the nucleon SF is expressed via the valence uy,dv parton distributions xF3 = xuv + xdy and the sum rule (10) can be written as follows
SGLS(X,Q2)=

f\uv(y,Q2)
Jx

+ dv(y,Q2)}dy.

(11)
X

The value of the integral (11) tends to the parton model prediction SGLS( ) —> 3 as
1-.0.
Figure 3 shows the dependence of the GLS integral SGLS(X, Q2) on x for Q2 = 3 and
500 (GeV/c)2. The integral increases with Q2 for x < 0.01 and decreases for x > 0.01.
It should be noted that the obtained value of SGLS(X,Q2) at x = 10~3 is lower than that
expected from the GLS sum rule. For Q% = 3 and 500 (GeV/c)2 we have obtained SGLS(X =
10"3) = 2.41 and 2.66, respectively. The CCFR group result at the scale Q2 = 3 {GeV/cf
is SGLS = 2.50 ± 0.018(s*a<) ± 0.078(syst) [2].
We have used the result on the RF' ratio to estimate the nuclear correction to the GLS
integral
2

SGLS(X, Q

) = I' [ / C M f 1 • ff(y, Q2)dy.

(12)

Jx

It was found that the correction (8S/S)GLS, where SSGLS = SGLS{Q2) ~ SGLS3
to the nuclear effect of Fermi motion is less than 1% for x < 0.4.
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5

The QCD Analysis of xFf Structure Function and
GLS Sum Rule

In this section we perform the QCD analysis of the xFf° experimental data [1, 2] taking into
account the nuclear effect ratio. We consider as a first approximation, that R)?e' = R]?' =
R. Experimental high-statistics data on the Rp (x, Q2) = F^/Ff ratio are required for a
more detailed analysis of the nuclear structure function xF*.
We shall use the method based on the SF expansion over a set of Jacobi polynomials.
This method has been developed in [9]-[ll] and applied to analyze the xFf* data of the
CCFR collaboration in [10, 11, 20, 21]. We would like to emphasize that an attractive
feature of the method is the possibility to evoluate SF both for high Q2 > Ql and low
Q2 < Qjj regions. Using a simple shape of the SF at fixed momentum transfer Q\
xF3N(x, Ql) = Ax\\

- *) e (l + 7*),

(13)

and including the experimental points with Q2 > 10 (GeV/c)2 into the analysis in order
to avoid the HT and TMC contribution, we have in the NLO of QCD determined the free
parameters A,b,c,7 and Ajfg. The results are presented in Tables 1 and 2 for different points
Ql
- Table 1. The results of the NLO QCD fit of the CCFR xF(' SF data for / = 4, Q2 >
10 (GeV7c)2, with the corresponding statistical errors; Xd.j. i s the x2-parameter normalized
to the degree of freedom d.f.. Expansion over 12 Jacobi polynomials is used
R=l

R = Fi'</F£
Ql (GeV/c)2
3
5
10
100
500

xh.

77.8/60
77.2/60
75.7/60
74.8/60
75.3/60

SGLS

202±26
202±33
204±36
207±34
206±35

2.346
2.371
2.413
2.527
2.595

xh.

74.6/60
74.1/60
73.8/60
75.0/60
76.8/60

SGLS

206 ±
209 ±
211 ±
211 ±
209 ±

35
33
36
34
30

2.414
2.454
2.504
2.642
2!719

The results corresponding to Ql = 3 and 5 (GeV/c)2 should be considered as a QCD
extrapolation to low O2 range.
A stable value of A^L is in agreement with the result of [5] and is not sensitive to nuclear
effects. The value of the GLS sum rule is calculated for different points Ql as a first Mellin
moment of the quark distribution
SGLS(O,Q2)=

f

Jo

x

—Ax\\-xy{\

(14)

The systematic error of SGLS is about ±0.2. (For more details of the fit procedure see in
[5]-)
The Q2-dependence of the GLS sum rule is in qualitative agreement with perturbative
QCD predictions and with the results of [5| with fixed 7 and equal to 0. The QCD prediction
for Q2 dependence of Sgg> is S%Zf{Q2) = 3[1 - s(Q2)/x + O(s2(Q2)) + O(l/Q2)\. For
Q2 = 3 and 500 (GeV/c)2 and the corresponding value of AJ±L taken from Table 1 S^LS
has been found to be 2.665 and 2.846, respectively. These values are higher than the results
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presented in Table 1 for the corresponding values of Q2 and AJ^, and the situation is
in qualitative agreement with the results of [5]. One can see from Figure 4(a,b) that the
Rj? ratio applied directly to the parametrization of SF obtained in [8] without taking
nuclear effect into account slightly changes the GLS sum rule. At the same time, the results
presented in Table 1 show that the QCD analysis with the Kp ratio taken into account
affects considerably the GLS sum rule over a wide region of Q2 and especially at high Q2.
The difference 6SGLS{Q*) = Sgz$(Q2)-S%£%>''/F* (Q2) characterizes the contribution of
the nuclear effect and increases from 0.057 to 0.124 while Q2 changes from 3 to 500 (GeV/c)2,
respectively.
This fact is strongly related to a complicated behaviour of the ratio R at small x and a
large contribution of this region to the GLS sum rule.
Table 2. The parameters of the SF distribution xFg(x,Q2)
at Q2 = 3 (GeV/c)2

A
b
c
7

R = F£'IF3
7.311 ± 0.187
0.852 ± 0.012
3.298 ± 0.055
-0.079 ± 0.074

= Ax\\

- x)c{\ - fx)

R = 1
6.898 ± 0.250
0.819 ± 0.019
2.491 0.111
-0.867 ± 0.067

Conclusion
We have considered deep-inelastic neutrino-deuteron scattering in the framework of the
covariant approach in light-cone variables. The spin-dependent structure function F^(x, Q2)
has been calculated and compared with experimental data. The results are in reasonable
agreement with the data. The effect of relativistic Fermi motion in the deuteron described
by the ratio Rp
is estimated. It is an important argument that the nuclear medium
alters considerably the structure of a free nucleon in the process. The. proposed procedure
of extraction of the nucleon F^{x, Q2) and the neutron F£(x, Q2) structure functions takes
correctly into account the nuclear effect of relativistic Fermi motion and can be used to
analyze other experimental data. The QCD analysis in the NLO approximation of the
CCFR data for the structure function Ffe with the nuclear effect of Fermi motion taken
into account has been performed. It was found that the nuclear effect negligibly changes
the value h-j^g and considerably affects the GLS sum rule over a wide region of Q2 and
especially at high Q2. Therefore for the QCD analysis of SF and precise determination of
the GLS sum rule which is important for comparison of higher order perturbative QCD
predictions [22], the nuclear effect should be taken into account in addition to a higher twist
contribution and target mass corrections.
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Figure 1: Deep-inelastic deuteron structure function xF®(x,Q2). Theoretical results have
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Abstract
A method of direct determination of the deuteron D-state probability from
the experiment, based on the d f p —> ppn reaction analysis is suggested. Ising
the known results on the vector analyzing power in elastic JV.iV-scaUering, the
values of the overall imcleon polarization and the deuteron vector polarization
have been obtained. The probability of the deuteron D-state is estimated to be
wD = 0.078 ± 0.046.

1. Introduction
The research of deuteron structure, in connection with fundamental quantum
chromodynamics (QCD) problems is of eminent interest, namely at small distances
(< l . / m ) or at large internal momenta (> 0.2 GeV/c), when its size becomes less
than that of the free constituents, nucleons overlap and may form a droplet of quark
matter. The transition to the QCD level description requires the full understanding
of the differences between the real deuteron characteristics and the predictions in
terms of nucleon physics.
The deuteron structure can be experimentally investigated by measuring the spectrum of spectator nucleons p(k), which can be in impulse approximation directly
related to the deuteron wave function (DWF) 'l'(fc) in momentum representation
p(k) - t!2(k) — u2(k) + w2{k), where u(k), w(k) stands for the S- and D-states,
respectively, and k is the momentum of the nucleons inside the deuteron. The small
k ( < 0.2 GeV/c) behaviour of the u(k) and w(k) functions can be theoretically pre-
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dieted using various NN potentials with nuclear core (Reid, Bonn, Paris) and supposing point-like nonrelativistic nucleons '. The 5-wave is dominant in this region.
This approach becomes unreliable at large k { > 0,2 -S- 0.3 GcVjc) because of possible
internal nucleon structure effects, relativistic corrections, etc. In the frame of nuclear
core hypothesis the /?-wave domination at nucleon momenta of 0.3 -r 0.6 GeV/c and
oscillating u(k) behaviour with zero crossing at k — 0.4 GeV/r have been predicted
3
. Another u{k) behaviour with filling the dip at 0.1 GrV/r and a decreasing Dwave dominance is predicted in this region by alternative deuteron models such as
bag models, quark counting rules *'. This structure of the DWF is rather untrivial
since the total D-wave contribution nip = J w2(k)dk = 0.04 4- 0.08 is small and not
precisely determined 2 .
However, the real u(k.) and w(k) structure in this region has not yet been checked.
Since the D-wave predominance leads to a strong cross section dependence on the
orientation of the deuteron spin, so polarization experiments with deuterons seem
to be very important. They enable to measure not only the summary momentum
distribution p(k) but also to obtain the D/S-stnte ratio .r(k) = u(k)/w(k) at any
internal momentum and thus to separate the u[k) and w{k) contributions. So. the
existing uncertainties concerning the /J-state contribution at distances below 1.5 fm
and especially inside the core can be overcome.
In this paper the relation between the deuteron polarization and the polarization
of its constituents will be investigated. The former depends on D/.S'-state ratio x(k).
Based on this relation an experimental method for determination of the deuteron
D-state probability has been proposed. This method has been used in the studv of
the direct break-up reaction d t p —> (}nt)p induced by a vector polarized deuleron
beam.
2. Nucleon Polarization in Polarized Deuteron
The D W F expressed in the momentum representation has the following structure:

M denotes the spin projection to the quantization axis and k is the nucleoii relative
internal momentum. The radial dependences of .S1- and /J-slate are explicit Iv expressed by the functions * 0 (k) = u(k)/k and $2(k) = w(k)/k. The last parts inclmlithe angular dependence expressed by the spherical harmonics Y';A((-). d>). spin information on DWF and the coupling of the orbital angular momentum L with the spin
S = 1 described by Clebsh-Gordan coefficients. The triplet spin function \,' with the
projection /< expresses the coupling of two i spins - proton and neutron ones:

Xf1 =| p >±| n >*,

X? =

~(\ p >+ | „ >- + | ,, >

where | ;» > * , ! n > * are proton and neutron spinors with ±- projections. Th
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normalization condition is:

J(u2(k) + w2(k))dk=l.

(2)

The probability densities pji, = | tfji, | 2 of the deuteron in M = + 1 , 0 , - 1
magnetic substates can be obtained from the equations (1) by use of the ortogonality
conditions and taking into account the relations:

where p* are the probabilities for the nucleon to be found with spin projections

\

(4)

with ^2(6) = |(3cos 2 0 — 1). One obtains thus the relation between pj1 and p*.
Let us consider the deuteron in a magnetic field H. In a coordinate system with
the quantization axis parallel to H (axis of symmetry) two independent parameters:
Pf = (n+ — n_)/(n + + n0 + n_) - the vector polarization and
P/j = (n + + n_ — 2no)/(n+ + n 0 + " - ) - the tensor polarization,
expressed in terms of deuteron populations n+,no,n_ in magnetic substates M =
+ 1,0,-1, respectively, are enough to describe the polarization state of this system.
Taking into account these populations and the distributions of probability densities pj1 in individual states (3), (4) one can calculate the relative numbers of nucleons in the states with spin projection +^ and — | denoted as N+ and /V_, respectively. Then the constituent nucleon polarization can be obtained from the definition:
P^ — (N+ — N_)/(N+ + N-) and one arrives to a general relation between the deuteron
polarization and the polarization of its nucleons:
pN(k
z[

9) =

''

WW
P2[/

+ V2x(k)P2(6) + P2{6) - 1/2]
(>

The polarization P^ of nucleons inside the deuteron depends on the internal
motion in the nucleus (momentum k, polar angle 0) and on the polarized deuteron
beam characteristics (vector P* and tensor Pfz polarizations). Formula (5) can be
simplified if only vector polarization is present, as it is in the present experiment. The
predictions for angular and momenta distributions of relative nucleon polarization
from two widely used nucleon-nucleon potentials - the Bonn (the first version) 5 and
the Paris ones 6 are represented in Fig.l.
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Figure 1: The angular vs momentum dependences of the relative nucleon polarization
for Bonn and Paris DWF's.
Integrating the number of nucleons over the full solid angle, just suitable in case
of bubble chambers, the expression for momentum dependence of the relative nucleon
polarization is as follows:
(6)

The results of calculations with all three Bonn potentials, Paris one, GartenhausMoravcsik (GM) r and a simple OPE potential 8 are presented in Fig.2.
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Figure 2: Relative nucleon polarization predicted for different DWF's.
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One can see that Pf/P 2 d is close to unit up to 0.06 -r 0.07GeV/c for all DWF's.
The following integration over the nucleon momenta leads to the overall polarization
of the nucleons in the deuteron:
/ 2

z

2

It can be seen that if the vector polarization of the deuteron and that of the
nucleons are known, one can determine the probability of the D-state component of
the DWF. Note that the presented method does not depend on the concrete form of
the DWF.

3. Experimental Results
A possible method of the deuteron D-state probability determination consists in
the study of the d f p —> (pn)p break-up reaction which proceeds mainly like a
quasifree NN- scattering. The detection of these events is practically without losses,
due to the accelerated deuterons. The data have been obtained by means of the lm
hydrogen bubble chamber of LHE JINR irradiated by vector polarized deuterons at,
3.34 GeV/c. Thus the condition of 47r-geometry was fulfilled and the expression (7)
may be used. The set of data consists of 31,150 events.
The nucleon polarization can be experimentally measured analysing the azimuthal
asymmetry of the recoiled nucleons from the quasifree nucleon scattering on the proton target. As it can be seen from Fig.2 Pf « P^ for small k and therefore one can
within the same experiment determine both parameters - the overall nucleon and the
deuteron polarizations.
To determine the nucleon polarization it is necessary to know the analyzing power
A of the d | p —> (pn)p reaction. They are simply related by Pz = -^, where f
is the azimuthal asymmetry of the polarized recoiled particles. Using the results
on polarization in pp- and np- elastic scattering at our kinetic energy from 9 , 10
and equality of the analyzing power and polarization for elastic scattering one can
determine the analyzing power of the studied reaction assuming quasielastic processes.
The analyzing power of the dp —» (pn)p reaction has been calculated in two steps.
Polarizations have been averaged separately in both pp and np reactions over the
four-momentum transfer squared. Finally the searched analyzing power is obtained
by weighting the pp and np averages with the numbers of quasifree pp and np events
from the d f p —> {pn)p reaction.
The analysis was performed for a) all events and b) events with spectator momenta
k below 0.065 GeV/c,
because the deuteron and nucleon vector polarizations as
shown before are approximately equal in this region. The mean values of analyzing
powers are:
- Aa = 0.3296 ± 0.0117 for the a) sample,
- Ab = 0.3320 ± 0.0124 for the b) sample.
The azimuthal distribution of the recoiled nucleons for these two samples are displayed
in Fig.3a and Fig.3b, respectively.
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was fitted to the data, where < describes the asymmetry related to the vector polarization and coefficient C is connected with the deuteron tensor polarization. The
results of the fit are shown in table 1.

Table 1
Parameters
(

c

X2IND

all events

A- < 0.065(7< Y/c

1,508 ± 17
0.143 ±0.015
0.009 ±0.016
0.70

567 ± 11
0.162 ±0.020
0.018 ±0.020
0,17

The corresponding polarizations for this two samples are:
- the overall nucleon polarization P? = 0.434 ± 0.04 1 (a) and
- the deuteron polarization I"! = 0.488 ± 0.061 (b).
One can now estimate the deuteron D-state probability from (7):
wi, = 0.078 ± 0.046.
Note that the analyzing powers An and At, are practically equal, so, one does not
need to evaluate polarizations to obtain w/). The full experimental verification ol the
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predicted momenta and angular dependences of the nucleon polarization especially
near the kinematical limit is of great interest.
4. Summary
• relative nucleon polarization inside the deuteron has been derived and discussed,
• a method of direct determination of the deuteron D-state probability was proposed.
• on the basis of d \ p —> (pn)p reaction analysis a method of the WD estimation
was demonstrated and the possibility to use the presented method in a full solid
angle experiment.
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ABSTRACT
We present the results of the measurement of the spin transfer coefficient K„„ and the
polarization Py of the reaction pp —• <¿T+ at energies Tp > 1300 MeV • These data
show a strong dependence of the angular distributions with energy and a structure
around y/s = 2.65 GeV which has been already observed in other observables (cross
section and analyzing power Ayo). At Tp = 1300 MeV the data disagree with the
prediction of the last phase-shift analysis.

1.

Introduction

Pion absorption and production are fundamental processés at intermediate
energies. Understanding the irNN interaction is of main importance not only from
the point of view of pion absorption itself, but also in order to explain the behavior
of the total cross sections for NN —* NN data, to understand the structure and the
role of higher baryonic resonances, to clarify the problem of dibaryon resonances and
so on.
Since the process TTN —y N on a free nucleón is kinematically forbidden, the
deuteron is the simplest system on which this process can happen. In the last few
decades there has been a considerable amount of data accumulated for pp —* dn+
(n+d ~+ pp) reaction, mainly up to Tp — 800 MeV, that allowed to perform several
partial-wave analysis (see for instance ref. and references therein). In this range
of energy, pion absorption dominates via the /*-• wave rescattering (mainly via an
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intermediate TV A state). At higher energies many wN resonances play an important
role in this process.
We present here the results of a new measurement of the spin transfer coefficient Knn and the polarization Py of the reaction pp —> di:+ at energies Tv >
1300MeV, where the data are scarce. The results of the first phase of the analysis, i.e. the differential cross section and analyzing power Ay0 have already been
published .

2.

Experiment and data analysis

The experiment was performed at the SATURNE-2 synchrotron. A polarized
proton beam of intensity (2 — 5)1O10 protons per burst was incident on a LH2 target
4 cm or 10 cm thick. The polarization of the primary proton beam was monitored
by measuring the left-right asymmetry of pp-elastic scattering from a thick CH2 foil.
The proton beam polarization varied between 70 and 80% depending on energy.
The momentum of secondary particles was analyzed in the magnetic spectrometer SPES4 ^, and the deuterons were identified by time of flight. To measure the
polarization of secondary deuterons, the polarimeter POMME was placed at the
focal plane of SPES4.
Polarization data for the deuterons were obtained at 6 incident proton energies:
1.3; 1.6; 1.7; 1.88; 2.1 and 2.4 GeV. Angular distributions were obtained in the angular
range allowed by the energies where POMME had been calibrated (up to 700 MeV) 4 .
Therefore, only for Tp = 1.3 GeV it was possible to cover all angles up to 90°.
Since the incident proton beam was polarized vertically, the deuteron angular
distributions in POMME were fitted with the function:
N{6, <I>) = NO- t[B) • \ao{6) + 2ai{e)cos(<j>) + 2a2(9)cos(2cf>)},

(1)

with 6 and <j> the deuteron polar and azimuthal scattering angles, respectively. Since
POMME analyzing powers T2o and T2\ are essentially zero , one could take ao(6) ~ 1
and the deduced deuteron polarizations were, with good approximation:

The parametrizations of the efficiency t(9) and the analyzing powers iT\\{8) and
T22(0) were taken from the calibration of POMME 4 .
Using the values of the deuteron polarizations Re^t^) and 7?e(tj2) for each
state of proton polarization and the existing analyzing power Ayo , Knn and Py
- pyy and / « - jw,) were extracted.
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3.

Results and discussion

The preliminary results of the measurement of Knn and Py are presented in
Figs.l and 2, respectively. At small angles, the spin transfer coefficient Knn shows
a very rapid variation with energy: at Tp = 1.3 GeV Knn is negative, around Tp =
1.7— 1.8 GeV it changes sign and at Tp > 2.0 GeV Knn has very large positive values.
The pp —> dv+ process can be described in
terms of 6 independent helicity amplitudes.
But
in the collinear geometry
{6* = 0° or 180°) the number of independent ampli-0.25
tudes is restricted to 2, A
and B. At zero degree the
cross section, a f» A2 +
2 • B2 , shows the presence
of structure around -^/s =
2.65 GeV. Because oKnn =
2 • Re(AB') at zero degree,
the change in sign of Knn
requires a significant change
in relative phase of A and B
at 1.7-1.8 GeV.
At the lowest energy (Tp = 1.3 GeV ) we
0.25 compare these results with
the results of a partial-wave
0 r
analysis 1 ( Fig. 3). There
-0.25 is the strong deviation in
the absolute values of re-0.5 sults as well as in the shape
60
90
120
150
180
of angular distribution. On
the other hand, the high
0 B , degree
value of Py is in good agreement with the results obFig.3 Comparison of analyzing power Ayo , spin
tained for t'Tn in the intransfer coefficient /<"„„ and polarization P° at
+
verse reaction n d —t pp at
1300 MeV with prediction of partial wave analysis .
T, = 450 MeV 5 .
As it was pointed out in ref.6, this observable is very sensitive to the partial
wave 'So, lD2 and XG^. A high value of Ps in this region can be related with the
dominance of a particular partial wave. For Knn the prediction of the partial-wave
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analysis disagrees with our data, even in the shape of the angular distribution. It
should be noted that the values of Knn and Py near 6 = 90° are consistent with zero,
as is required by the symmetry of the initial state of the reaction.
Tensor spin observables P^-P°x and P^-P^x at Tp = 1300 MeV are presented
in Fig.4. In spite of rather big error bars because of low value of analyzing power
T22(9) of POMME , these data also can be used as an input for the partial-wave
analysis.
The pp —» dtr+ reaction at en1.2
ergies higher than the A excitation
PMy_p y
region was analyzed within a rela0.8
7
tivistic meson rescattering model .
0.4
The experimentally observed dip in
0
the forward cross section was ex\
plained by taking into accont the
-0.4
\ k
leading 7TJV partial waves. It was
-0.8
found that the JV(1680) F15 res-1.2
onance can affect the cross section significantly. This theory is
1.2
in fair agreement with the data on
P*t r w
0.8
the analyzing power Ayo. The au0.4
thors claim that taking into account
the two-meson exchange diagrams
0
and the excitation of higher res-0.4
onances like P u (1440), D13(1520),
-0.8
/333(1600) would improve the agreement.
The structures observed
-1.2
in the vicinity of invariant mass
0
20
40
60
80
100
2.4 GeV and 2.65 GeV can be re&„ degree
lated with dibaryon resonances arising in the framework of cloudy bag
Fig.4 Tensor observables of the deuteron
model ' . The existence of dibaryon
P^ - P°xx and P^ - P*x for pp -»<**+
resonances around \/s = 2.4 GeV
reaction at Tp = 1300 MeV.
was also discussed in refs. > .
On the other hand, these structures were explained within framework of JVA
threshold effects model 12 . It was shown that the JVA thresholds due to with opening
of higher orbital momentum channels are approximately the same as the masses of
proposed dibaryon resonances.
It should be noted that states arising in dibaryon models 8l 9> 10 and JVA excitation model have the same quantum numbers as the partial waves that dominate
in Py. To understand whether these structures are signals of quark degrees of freedom or complicated mechanisms without invoking exotics it will be necessary to have
predictions for measured spin observables within the framework of these models.
i

tt'
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4.

Conclusions

We presented here the preliminary results of a measurement of the spin transfer
coefficient Knn and polarization Py, performed at 6 incident proton energies between
1.3 and 2.4 GeV. These data show a strong dependence of angular distributions
on energy. The structure observed before in the behavior of the cross section at
y/s = 2.65 GeV is also present for Knn at small angles. At Tp = 1.3 GeV our data
disagree with the existing predictions of the last partial-wave analysis.
The results of measurements of the tensor observables up to Tv = 1300 MeVis
will be very important for improvement of partial-wave analysis in this energy domain.
With the availability of a new tensor and vector high energy deuteron polarimeter
HYPOM 14 , the measurement of a number of additional (tensor) polarization observables, for this reaction, will be possible, at Td > 800 MeV, for deuterons which are
going in the forward hemisphere in the center of mass. In principle, these measurements could allow to clarify the structures around y/s = 2.4 GeV and y/s = 2.65 GeV
and to extend the partial wave analysis up to the maximum energy of SATURNE.
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of R.A., D.A.H. and L.G.G. was made possible by grants from the Natural Science and
Engineering Research Council of Canada and by a Nato collaboration grant. V.P.L.
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SPIN CORRELATIONS IN THE dp-* zHe7r° AND
dp -> zHerj° REACTIONS
Lady gin V.P. and Ladygina N.B.
LHE-JINR, 141980, Dubna, Russia

ABSTRACT
We propose to measure spin correlations C/V,N,O,O due to the transverse polarizations
of both colliding particles in the dp —• 3He7r° and dp —* '^Herf reactions at LHE
Accelerator Complex.
These measurements could allow to perform the complete experiment in case of collincar
kinematics and direct reconstruction of amplitudes describing these processes. The values of these polarization observables at threshold are predicted.

1.

Introduction

Meson production and absorption belongs to the most fundamental reactions
in the intermediate energy physics. On the one hand, since the absorption of meson
is kinematically forbidden on a free nucleon and strongly suppressed in nuclei by the
momentum conservation, this process requires the participation of at least two nucleons; on the other hand, this process is sensitive to large-momentum components in (lie
relative wave function of the nucleons and therefore may have a sensitivity to small
relative distances, where non-nucleonic degrees of freedom may become essential.
The pion absorption on two nucleons is the dominant mode. The isoscalar
absorption is stronger by an order of magnitude than the isovector one '• a . This
mechanism dominates mainly via an intermediate AN state and masks the NNcorrelations. But information about TV TV-correlations may be obtained from studying
of processes, when pion ' is absorbed on the isovector pairs of nucleons '• ''• 4 , which is
not mediated by the A resonance or from measurements of polarization observables,
which depend on interferences between diagrams with 7VA and NN intermediate
states 2> °.
In case of ?;-meson production the situation is much more complicated in sense
to extract the information on the short-range N N correlations, since even at. threshold
the role of 3-body forces is non negligible .
But in any case these processes provide an important information about,
and NN" correlations.
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2.

The dp —>3//e7T°(r/°) in collinear geometry

In the general case there are 6 complex amplitudes to describe the dp —>
*HC-K°(T]0) processes. But one gets only 2 independent complex amplitudes A and B
for these processes in collinear geometry 7 .
Expressions for cross section, tensor analyzing power and spin correlation parameters have the following form through these amplitudes *:
%

(1)

|Ap-|B[ 2
Co,NN,O,O -

M | 2+

2jZ?|2

(2)

- 22- ReBA"
ReBA
CN,N,O,O

=

_l_ 01 D12

|A|2+ 2|fi|2

(4)

-3where L, N and S are longitudinal, normal and sideways polarization of particles,
respectively.
The observables CV,N,O,OI CN,S£,O,O and CO,JVN,O,O a r e related as follows:

Note, it is necessary to perform the measurement of the C/v,/v,o,o to obtain the
relative sign of the moduli of A and B even in the case when A and B are in phase,
what means ReAB" = ±\A\ • \B\ and CN,SL,O,O = 0. Note that the spin correlations
CN,SL,O,O and CN,N,O,O are the most informative polarization observables because they
are the interference terms of two amplitudes in contrast with the others and can be
more sensitive to the smallest amplitude.
3.

Experimental situation for dp —> 3HeX(X

= ir, rj)

3.1. Pion absorption. The deuteron is the simplest system on which pions
can be absorbed. In the last few decades the reaction 7r+d —+ pp (and the timereversed reaction pp —> dir+) has been extensively investigated, including polarization
observables, and several partial-wave amplitudes fits have been published to date
(see for instance ref. and references therein). Pion absorption on isoscalar pair of
nucleons dominates mainly via an intermediate ./VA state. At higher energies many
TTN resonances play an important role in this process. We would like to note that in
the collinear geometry for this reaction we also have only 2 independent amplitudes
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and knowledge of cross section , spin transfer coefficient Knn
and tensor analyzing
power of deuteron at zero degree could allow to reconstruct both amplitudes.
The absorption on isovector pairs besides being an order of magnitude weaker
than on isoscalar pairs ' is an interference between NN and NA intermediate
states and could provide information about N./V-correlations at short distances. A
partial-wave analysis
performed for time-reversed reaction pd —+ (pp(1So)x~)p
demonstrated the dominance of 3 5i amplitude across the A region. At higher energy
this reaction should carry information on the NN* correlations 1 3 .
From 7r absorption on 3He near threshold, it is known that S-wave pions are
absorbed mainly on a pairs of nucleons with isospin T = 0 and T = 1. The large
negative T20 measured at threshold is a direct evidence for the two-body absorption
of stopped pions taking place primarily on pairs of nucleons with isospin zero. This
measurement allowed one to estimate that the capture of pions on isoscalar nucleon
pairs in 3He is more than an order of magnitude stronger than on isovector pairs^,
what is in agreement with results obtained from measurements of cross section of
pion absorption at rest
and in flight .
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Fig. 2 Prediction for CN,N,O,O at 6 = 0°

in case A and B amplitudes are real.
The point is the value of
threshold.

The measurements of differential cross section and the recent measurements
of both the cross section and the tensor analyzing power T20 near threshold allow
one to reconstruct the moduli of 2 independent amplitudes in this region. To obtain
the relative phase of these amplitudes it is necessary to perform the investigation
of such polarization observables as deuteron-proton spin correlation between both
polarized particles or polarization transfer from polarized deuteron to 3He. The
measurement of such observables near threshold allows one to obtain the relative sign
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of the coupling constants for absorption on isoscalar (go) and isovector (<;i) nucleon
pairs.
In order to get agreement with measured tensor analyzing power T20 at threshold of the dp -+ 3 Heir" reaction , using realistic wave functions of deuteron and 3He
with D- waves, and the 5-wave ir~ 3He —> nd branching ratio , the authors could
extract numerical values of g0 and g\ coupling constant.
Using the values of these constants and completely symmetrical 3He and
deuteron wavefunctions one can obtain the value of CN,N,O,O = 0.333 ± 0.026. For
realistic wavefunctions with D- waves one gets C/v,/v,o,o = 0.289 ± 0.023. CitL,o,o is
close to zero for both cases .
The value of CJV,N,O,O can be predicted up to sign ambiguity, but the negative
value of Cpi,N,0,0 at threshold is more favorable, when go and gi are assumed to have
the same sign in order to avoid a strong suppression of the n — d branching ratio. One
can see also that CN,N,O,O is very sensitive to short-range NN- correlations. At higher
energies the P-wave contribution dominates and masks NN- correlations. But, on the
other hand, due to this fact pion production on heavier nuclei can be described within
phenomenological pp —> dw+ model . It is necessary also to include in calculations
the 3-body mechanisms " found being very sufficient above threshold *. Predictions
for spin correlations CX,L,O,O and CN,N,O,O are presented in Fig.l and Fig.2, respectively.
3.2. 77 p r o d u c t i o n . Due to the 77 isospin this process at threshold is dominated mainly via an intermediate 5n(1535) resonance. Thus, in contrast to the w
case, the low energy rj-3He interaction is very strong and provides information on the
NN* interaction.
From the ratio of cross sections for np —> dr)° and pp —* ppq°
one can
estimate that the absorption oh the isoscalar pair of nucleons is also stronger by an
order of magnitude than on the pair with isospin T = 1.
Note that the dp —>3Heq° reaction having the same spin structure as dp —*
3
Heir° is also defined by 2 amplitudes in collinear kinematics. Within two-body
absorption approach
the 77- meson at threshold can also be absorbed on a pair of
nucleons with isospin T = 0 and T = 1.
If we neglect the D- waves in the deuteron and 3He, difference between S*
and S waves in the 3He and u, rj exchange diagrams, A and B amplitudes of the
dp —* 3Herf process will correspond to pure TT- and p- contributions, respectively.
The relative phase between A and B amplitudes corresponds to the mixing parameter
between 7r- and p- exchange graphs. The spin correlation CJV,JV,O,O takes the following
form:
CJV,JV,O,O = (0-694 ± 0.052) • cos6,

(7)

where the cosS is mixing parameter between TT- and p- contributions .
Of course, to describe this process it is necessary to add to this simplified model
3-body mechanisms , strong FSI due to large complex rj3He scattering length
and so on.
Calculations performed within 2-step model, using amplitudes of pp —> dir+
and -KN —* r)N subprocesses 2 4 ' , are in good agreement with experimental data on
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the energy dependence of cross section and its angular distribution , but, unfortunately, cannot reproduce measured polarization observables . The most intrigue
prediction of this model is the existence of quasi-bound r)3He state near threshold
and measurements of C/V,AT,O,O could clarify this point.
The production of 77 meson is very interesting because its wave function has
a large ss component and in principle comparison of 77 and JJ' production can be
used to test Okubo-Zweig-Iisuka rule. On the other hand, the ratios of 77/77' and u>/<^>
production in the dp —» 3HeX are well reproduced within 2-step mechanism 24 .
4.

Conclusions

Measurements of C/v,/v,o,o (in addition to measured T?a and differential cross
section) realize the program of complete experiment in the case of collinear kinematics
(for dp —> 3//e7r° and dp —*3Her]° reactions).
From measurement of C/v,/v,o,o at threshold where two-body absorption of pions
dominates, it is possible to remove the sign uncertainty between g0 and g\ coupling
constants.
Measurements of C/v,/v,o,o f° r dp —*3He.T}° could clarify the role of three-body
mechanisms in the meson absorption and production; the role of 7r,p,7/,w exchanges;
the possibility of existence of quasi-bound ?/3//e state; the dynamical role of ss quarkantiquark pair in the 770 wave function.
We propose to measure the spin correlations CN,N,O,O '" t' 10 dp —• AII Fir" and
3
dp —> Her)° reactions at LHE Accelerator Complex using both polarized deuteron
beam and proton target as the first step in the studying of the coherent, meson production in the dp —»3HeX process. The measurements of spin correlations for exotic
resonant-like scalar states
to understand the features of nir interaction; for vector
UJ and <j> mesons production to study the origin of strong OZI-rule violation ^9 and so
on are also proposed within framework of this program.
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Abstract
In this work' the analysis of the deuterons spin polarizations in accelerating
complex Nuclotron is made. Beams depolarization degree in Linac, in injection
canal, in Nuclotron ring [1] and in the beam transportation canal to target is calculated.
It is shown that the main depolarized effects are: those, which appear because
of the equilibrium polarization directions dismatching and effect of crossing the
spin resonances, connected with correcting elements and Nuclotron ring structure
imperfection.
Linac, injection and transportation canals. During deuteron's beam passing along
the acceleration tract the direction and degree of polarization are changing. By special including of elements with magnetic and electric fields it is possible to get every polarization
vector direction you want. The more difficult task is beam polarization degree controlling,
which connects with particles trajectories dispersion in inhomogeneous electromagnetic
fields.
If beam polarization vector U =< S > (5 — unit vector which shows every particle
spin direction, angular brackets mean the average value of particle's distribution in the
beam) direction does not much differ from one, which is determined by unit vector n (S =
n + A5),the depolarization degree D is determined by dispersion of transversal to n
components of spin vector:
D ~ i [< (A5X)2 > - < ASj. >2]

A5 X = AS -

n(ASn).

Dynamics of unit polarization 3-vector during the motion in external electric and
magnetic fields is described by quasi-classical Thomas' equation [2]:
dy~'
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where "frequency" of precession fi is determined by electromagnetic fields' structure and
derivative is got with respect to y-coordinate along equilibrium particle trajectory.
For depolarized influence studying of acceleration tract section it is convenient to
count particle's spin motion relatively spin of particle,which is moving along the central
trajectory of the beam, for example, along the acceleration system axis. "Central" particle
spin rotates with angular velocity Hc. Three orts, which are connected with central
particle spin, rotate with the same velocity. Therefore, arbitrary oriented central particle
spin keeps basic orts projections during the motion through accelerating tract segments.
When particles pass this segments, only deviated from central orbit spins of particles are
changing with angular velocity w = fi —fic.This let us describe so-called dynamical beam
polarization, which is connected with spin precession frequency's differences on particles
trajectory. Thus beam polarization degree depends as well on the initial polarization
direction as on the place of beam output in injection canal. If it is necessary, the choice
of magnetic optic may minimize linear accelerator's segments and input-output canals
depolarized investment.
Let $ - rotation angle of particle, deviated from central trajectory. In linear approximation
= / wdy ,
= * x n.
Jo
Maximum and minimum of beam depolarization degree in dependence of polarization
orientation n in moment of coming in the segment are determined by characteristic values
of depolarization tensor T^:
D=

8ik-

T«=-2

Particularly maximum beam depolarization degree in linac in time of * j , = 0 attains in
case of it's initial orientation n directed along the equilibrium particle trajectory, and
minimum if beam polarization is transverse:

In linear approximation angle
ities.
D, '

£»min = i min(<

tf*

^ r a a x — t-j [

:

~f.

;

is described by coordinates values and input linac veloc-
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In fig. 1, 2, 3 there are maximum and minimum depolarization degrees in LA-20,
correspondingly, in dependence of the initial longitudinal motion phase y>o (equilibrium
longitudinal motion phase <p5 = 31.5°); the emittance tx = iz for initial beam size aXlZ =
0.5; input beam size ax = a. for emittances tx<z = 50TT mm mrad. So the depolarization
degree maximum
in time of emittances (x,z = 5O7r initial beam sizes ox,z = 0.5 and
longitudinal motion equilibrium phase ip, — 31.5° will not exceed 0.13%.
In fig.4 it is shown depolarization degree dependence on emittance c* = tz in injection
canal in time of initial beam input size <rx(0) = crz(0) = 0.5cm and in fig.5 the depolarization degree dependence on input size <TXIZ in time of emittance £* = tz = 457rmm mrad.
In fig.4, fig.5 there are also shown depolarization degree dependence in time of vertical
polarization in entrance of injection canal. So the maximum depolarization degree in
injection canal in time of emittance (Xt, = 457T mm mrad and initial beam sizes ffxz = 0.5
will not exceed 0.25%.
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Fig. 5

In fig.6 it is shown depolarization degree dependence on emittance tx = tz in transportation canal in time of initial beam input size ax{Q) = <T2(0) = 1.5 cm and in fig.7
the depolarization degree dependence in transportation canal on input size aXtZ in time
of emittance t x = Hinnm mrad and (z = 2Qirmm mrad. So the maximum depolarization
degree in injection canal in time of emittance tx = llfl" mm mrad, it = 20TT mm mrad
and initial beam sizes ax_z = 1.5 will not exceed 4-10~4%.
For optimal conditions polarization keeping guarantee in time of deuterons acceleration
in Nuclotron it is necessary to conform the direction of equilibrium polarization on canal's
exit with vertical equilibrium polarization direction in Nuclotron's entrance. In existing
scheme the deuteron beam, getting from POLARIS source |3), is vertically polarized on the
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LA-20 entrance (flo = Iluf"). During beam transportation from LA-20 to Nuclotron mean
velocity vector experiences rotations in injection segment magnets, after which the angle
between the orth et and vertical line is near 6 ~ 13°. At the same angle the direction of
beam i-oscillation rotates. For the beam polarization direction matching it is necessary
that the polarization direction in canal entrance occurs at the same angle 13°. It would
provide vertical direction of the polarization in Nuclotron. It is possible to realize the
13° rotation by longitudinal field in source POLARIS solenoid before the injection in the
linear acceleration. In other case it will the additional beam depolarization, connected
with coherent polarization rotation in injection canal, appear. It's value will be D « ^- w
2.5%.

2. Nuclotron
It is known, that difficulties of the beam polarization II keeping are connected with the
crossing of spin resonances. The spin orientation after every resonance crossing determines
by it first orientation and the velocity of crossing. If the crossing is fast, the longitudinal
direction of spin is keeping. If the crossing is slow, the longitudinal oriented spin turns
over. In the intermediate situations the spin orientations significantly moves aside from
the field direction.
Because of the frequency precession and resonances power dispersion (which calls
a knealing of precession phases around the field) the most stable appears polarization
directed along the field. With necessity it means fast or slow crossing of each resonance.
Resonances are determined by the condition:
u w uk = ke + kxvz + kzuz
where kg, kx, A:r integer numbers, ux, vz - betatron movement frequencies.
In table 1 there are shown Nuclotron possible spin resonances till second order (in
the region of beam energy changing from 5 MeV/n to 6 GeV/n and orbital movement
frequencies ux ~ 6.8, vz ~ 6.85,).
During the process of spin resonances crossing the main parameters are power of the
according Fourier-tune perturbation w and velocity of crossing e :
=

1
—

r2T
'
I
/
{Wa - I. ( l ) T ) l ' X p (l

\dO

Kz= f Kz M.
Jo

where Kz - vertical magnet field in units of mean field on the orbit, 9 - common azimuth.
If the velocity of crossing is high, we may get estimation for resonance power which
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contribution on the depolarization degree is less than 1%. So in time of field growing in
dipoles by 1 T/sec we have in Nuclotron ring: w < ypy- ~ 1.4 • 10~5.
Linear resonances. In ideal structure with superperiod p in linear approximation by
equilibrium orbit deviation it is possible an existence of the intrinsic resonances with
numbers u = kp ±u2. Intrinsic resonances are connected with betatron movement perpendicular to orbit plane. Other resonances appear because of ring magnetic structure
distortions which connect with inaccuracy of creating and installing structure elements,
non-linear effects of spin and orbital motions and with correcting and functional elements
(dipoles, quadrupoles, sextupoles and so on) including. In linear approximation to resonances connected with structure twisting concern:
• u = kg — integer resonances,
• v = k ± uz — uon-superperiodical resonances (k / np),
• v = k ± vx — resonances of x and z oscillations link.
Resonance powers in time of small orbital motion perturbation z"+gzz, — Q are equal
= T-B I " <2^exp x(i vkKz) dO,
lit ti

F=

H

expl-z

where

'

JO

q0

)

dO-

qo

V 2 + qq~)

qo

exp

spin response function, which is determined by ideal ring structure with radius R and
superperiod p. (look fig.8, fig.9) Here z — vertical motion coordinates, fz — Flocuet
function, gz — magnet ferocity, ^ — anomal part's quota of hiromagnetical ratio.
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Second order resonances. In next approximation the accounts of the resonances tunes
becomes unwieldy in common case and here it is necessary to take in a care the next expansion terms of field, connected to deviation from the central orbit, the next order spin
perturbation resonances (so-called combinational resonances). The very different contribution of separate terms may help to do our calculations more simple. The most valuable
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contribution makes the linear part of the lattice magnetic field. Such expansion uses
degrees of small ratio of beam size r to magnet aperture A of system elements (by
r/A degree). Usually the beam size is near one centimeter;and aperture,some decimeters.
The next by value contribution make expansions by angles and phases scattering of
beam particles (by degrees ^ , ~, ^ E ) . Usually this expansion parameter is extremely less
and is about 10~3. Such approximation make combination spin resonances.
In accordance to this we need first of all taking care of expansion terms, near to the
central orbit of field.
Modulation resonances. For polarization saving during the acceleration the "slow"
frequency precession modulation may occur very significant because of the synchrotron
energy oscillations. The accounting of modulation leads to division of every resonance on
the row of satellite one.
If there is a fast crossing of the main resonance (|wt| 2 <C v), and all the most powerful
satellite resonances are passing during energy high-hill flowing the synchrotron modulation accounting docs not change the beam resonance depolarization degree. Thus the
depolarization degree during acceleration in Nuclotron is particularly constant with synchrotron modulation regard. The powerful resonance influence in time of u = 1 may be
the exception. In this case its w/, will be reduced approximately by one order because of
satellite resonance occurrence. Except the way of this dangerous resonance compensation
we may premedical increase this resonance power so, that it is passing adiabatic. It may
be done, for example, by special longitudinal field (HyL « 2T-m) addition in Nuclotron's
straight interval where beams equilibrium orbit is not disturbed. With such field value it
happens vertical polarization overturn after resonance crossing because of sharp satellite
resonance power fall.
Table 1
k

kx

kz

V

E [GeV/n]

Dn,%

De,%

-7

0
1

1
0
2
1
0
0

-0.15
-0.20
-0.30
-0.35
-0.40
-0.60
-0.65
-0.70
-0.80
-0.85
-0.95
-1.00

0.005
0.37
1.02
1.35
1.68
2.99
3.32
3.65
4.30
4.63
5.29
5.62

—
—
—
—
—
—
—
—
—
0.73
—
40
40.73

8
8
0.5
0.5
0.3
0.1
0.1
0.1
0.3
0.3
0.06
9
27.26

-7
-14
-14
-14
13
13
13
6
6
-1
-1

0
1
2
-2

-1
0
-I
0
-1
0

-1

-2
0
-1
1

0

MToro:

Depolarization degree in Nuclotron.
Calculations, which were ma.de for Nuclotron, had shown, that nonlinearity of field
during field-power increasing with velocity 0.6-15 T/sec did not practically change the
beam depolarization degree(L) < 1%). Among non-perfection resonances in Nuclotron
the most powerful is one v = — 1 with energy 5.6 GeV/n the crossing of which without
using special measures may particularly depolarize the beam.
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Particularly in all range of energy, big influence on the beam polarization make correcting
elements in the ring.
In table 1 there are data about beam depolarization degree during resonances crossing with
velocity 1 T/sec where Dn, Dc are according beam depolarization degrees connected with the
lattice nonperfectionalities and fields of correcting elements (the dipole, the quadrupole, the
sextupole and so on).
For resonance v = -1 compensation it is necessary to introduce some dipoles in responce
function maximums and adjust them to minimize the depolarization. The compensation near
injection energy is made by some quadrupoles. Their parameters could be calculated in condition
of resonance power minimization: co = O.
3. Slow o u t p u t . In time of beam withdrawal it appears a task ot beam polarization
keeping in stationary conditions, when spin and orbital motion frequencies don't change
much. Spin resonance power u?t which may depolarize the beam in precise resonance
will be 10"9 by time of T = 10. In real accelerator even this resonance power cannot
depolarize the beam, as it is impossible to make spin resonance conditions with direct
accuracy. Limitations are connected with frequencies dependence on oscillation amplitude
and with synchronous power oscillations. Especially significant is an effect, connected with
movement frequency chromaticism.
Accounts show that resonances with betatron movement frequencies are not dangerous
in time of crossing. In all regimes the resonance v = — 1 is dangerous.
Table 2
k.

_7
-14
6

6
-1

I
1
-1
I)
0

0
1
0
-1
0

V

E [GeV/n]

D, %

-0.20
-0.35
-0.80
-0.85

0.37
1.35
4.30
4.63
5.62

16
0.7
4
1.5
100

-1.00

1.5 - 10-*
0

io- 5

5.-10"6
4-10" 3

In time of beam output from Nuclotron such situations appear, when spin and orbital
motion frequency particularly don't change. Such situation appears also during experience
with intrinsic target. Beam depolarization degree in stationary conditions depends on
nearness to spin resonance (D ~ £~2). Maximum effect appears when particles are in
resonance aria.
In table 2 there are information about beam depolarization degree on main resonances
in stationary conditions, which is called by synchronous modulation and amplitude oscillations frequency dependence. t\% — the value of resonance adjustment, when contribution
in depolarization degree I) is equal 1%. In this table results is taken in account the compensation of resonances power, which is made by correcting elements.

175

References
[1] A.M.Baldin et al. IEEE Trans.Nucl.Sci., NS-30, No.4, 1983, p.3247.
[2] L.H.Thomas. Nature, 1926, v.l 17, p.514.
[3] A.A.Belushkina et al. The Proceeding of 7-th All-Union Particle Accelerator Conference, v.2,
Dubna, 1981, p. 114.

176

RU0010084

One spin pion asymmetry
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Abstract
We report the results of the first measurements of the vector analyzing power of
inclusive pions produced in the reactions of polarized deuterons with different (H and
C) targets near the 90° in the laboratory system at incident beam momenta from 3 to
9 GeV/c. The measurements were performed at JINR Dubna Synchrophasotron.
The large values of the vector analyzing power and the different signs of the 7r+ and
7T~ asymmetries have been observed in t h e d | + .ff —> ir* + ... reactions at relatively low
beam momenta and for a pion momentum in the range 300 4- 350 MeV/c. The nonzero values of the vector analyzing power were also obtained in the d] + C —» TT± + X
reactions. The results of Monte Carlo simulations indicate the strong influence of the
intermediate A-resonances on the value and the sign of the analyzing power.
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1. Introduction
In the beam energy range from pion production threshold up to 1 GeV the single pion
production channel in the JVf+JV —• N+N-\-T±<0
were extensively studied [1]. The discovery
of dramatic structure in the spin dependent proton-proton observables just above pion
threshold has aroused interest in the spin effects in pion production mechanisms. In these
experiments the large value of the vector analyzing power Ay for backward pion production
wasobserved. They provided accurate data to understand the reaction mechanisms and to
constrain the models of strong interactions at intermediate energies.
The studies of polarization phenomena in p — p [2, 3, 4] and p — A [5] reactions at high
energies show that one spin pion asymmetry (or analyzing power) does not vanish with
increasing transverse momentum pr and scaling variable xp• Asymmetry measurements in
the p | + p -* w±fi + X inclusive processes performed at CERN [2], BNL [3] and Fermilab
[4] show that asymmetry is similar to zero up to xp — 0.3 and then increase linearly up to
the absolute value of 40 % near XF — 1. It was, also, observed the correlation between the
asymmetry sign and pions charge [4]. Large one spin asymmetries have been also measured
in pi + d —> 7r, K + X reactions at proton momentum of 11.75 GeV/c [5].
In order to explain these results and asymmetry mechanism, considerable theoretical
work has been undertaken. The large number of theoretical models based on spin-dependent
mechanisms of the quark interactions [6, 7, 8] has been developed. Results of these studies
indicate that the asymmetry could be a consequence of orbital motion of the valence quarks
in a polarized proton [6]. In the frame of the parton model, asymmetry is related to the
spin-dependent parton distributions [9], parton cross-sections [10] and parton fragmentation
functions [11].
In [12] the mechanism, based on the quark interaction with the nonperturbative vacuum
fluctuations of gluon field, was proposed [13]. As a result of such an interaction, the spin
of polarized quark flips and simultaneously qq-paiv is produced. The spins of the sea pair
quarks are directed opposite to the spin direction of the valence quark. The sign of the
orbital momentum of the qq-p&ir is denned according to the total momentum conservation
law. It is proposed that in pp interactions this mechanism contribute at high energies and
for high PJ (xp —+ 1, pr > 1 GeV/c). By using relativistic nuclei beams these conditions
can be reached kinematically. Because of this, the significant effects in the "cumulative"
region (the region kinematically forbidden for secondary particle from nucleon - nucleon
collision) are expected. Relativistic beam of polarized deuterons at the LHE JINR Dubna
Synchrophasotron opens the possibility to answer the questions about the spin effects in the
transition region from nucleon to quark degrees of freedom and to investigate the behaviour
of asymmetry in the cumulative region.
The main goal of this experiment is to study of the vector analyzing power (Ay) in
the energy region where we are expected the transition from nucleons to quarks degrees
of freedom. In the following sections we discuss the experimental method and present the
results of measurements of the Ay in the df + H —> x* + X and <2"f + C —-> v^ + X reactions
near the 90° in the laboratory frame at incident beam momenta from 3 to 9 GeV/c.

2. Experimental method
The experiments were carried out at the Laboratory of High Energies (JINR). Figure 1
shows the experimental setup for measurement Ay. We used the magnetic spectrometer
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DISK and a polarized deuteron beam in the momentum range from 3 to 9 GeV/c delivered
by the Dubna SYNHROPHASOTRON.

2.1. Beam
Polarized deuterons were produced by the source "POLARIS" [14]. The intensity of the
beam was in the range 108 -j- 5 • 109 particles per spill. The beam width of about 7 mm
full width at half maximum (FWHM) was determined by the coordinate detector placed
in front of the target. We have used three spin state method (no rotation of apparatus)
where the beam polarization direction was changed after every spill in order to minimize
the systematic errors in the experiment.
The measurements of the polarization of the deuteron beam have been performed by the
ALPHA setup [15]. The typical values of the parameters for the "up"( + ) and "down"(-)
states of the beam polarization are given in
Table 1.
Table 1. The parameters of beam polarization states
p% = 0.210 ±0.010 p+z = -0.712 ± 0.028
tensor
polarization p'z =0.202 ±0.018 pzz = 0.686 ± 0.021
pz = 0.43 ± 0.03
vector
Pzz - 0
polarization p'z = -0.47 ± 0.03
Pzz - 0

2.2. Target region
A schematic view of the target, magnetic spectrometer "DISC" and the monitoring
system is shown in Fig.l. During the experiment we used carbon 12C target with effective
thickness of 5.6 g/cm2 and liquid hydrogen target. The flask of the liquid hydrogen target
was built using a thin (0.35 mm) Mylar and measuring 70 mm in diameter. The flask was
surrounded by low density insulation and kept in vacuum.

Fig. 1 Experimental layout.
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A relative intensity of the secondary particles has been measured by the scintillator
telescopes (M+10, M-10, MPI3) while the ionization chamber (NT) monitored an intensity
of the primary beam.

2.3. Spectrometer
The detailed description of the magnetic spectrometer "DISC" is given in [16], so only
a brief description follows. The angle, at which the measurements have been performed
(78° and 90° in our case), was defined by the position of the magneto-optical channel of the
spectrometer consisted of the analyzing magnet (Ml) and the doublet of quadruple lenses
(Ql, Q2). Input angle acceptance of the spectrometer was fi(p) = 6-10~4.sr. The momentum
of the secondary particles was determined using the value of magnetic field in the gap of
the analyzing magnet. The momentum resolution was Ap/p = 0.086. An identification of
secondary particles have been carried out using : a) the time of flight (TOF) informations
on two bases - between scintillator counters SI and S3 (length of 3.8 m) and between S2 and
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Fig. 2 The TOF spectra of positively charged particles (p = 400 MeV/c) from a) d\ - H
and b) d] — C collisions on the 3.8 m base length.
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S4 (0.97 m); b) the ionization losses in scintillators S2, S3, S4 and c) intensity of Cherenkov
radiation of particles in two hard radiators (Cl and C2). The typical TOF spectra of
positively charged particles having momentum of 400 MeV/c on the 3.8 m base length are
shown in Fig.2.
2.4. The vector analyzing power determination
In accordance with the usual conventions [17], a Cartesian coordinate system was assumed with z-axis along the incident beam momentum, y-axis was denned to be normal to
the scattering plane and parallel to the direction of incident deuteron spin and x-axis to
define a right-handed coordinate system. Than, the pion production cross-section may be
written in the form:
a(6f = <ro(0) • (1 + \v%Ay(d) + \pzzAyy{6)),

(1)

where "+", "-", "0" denote the corresponding beam spin states, cro(8) is the pion production cross-section for the unpolarized beam, Ay(9) and Ayy(6) are the vector and tensor
analyzing powers of the reaction, respectively and 8 is the angle at which the measurement
is performed. A Cartesian description of the beam polarization states p^ and pf z was also
used where Z was related to the deuteron source coordinate system. For tensor polarization
of the beam (1) can be solved for Ay(0):
2
4m
f
Pzz
(<0Y
v[)
{
~i' PzPzz-PzPzzK<<>)

,\
'

Pzz
+

f<0)[

[
zPzz-PzPzz
<
P+PzPzz-PzPzz
<ro(<>)

while for the vector beam polarization, where pzz ~ 0 we have:

Because the Ay is measured by means of ratios of pion production cross-sections, it is not
necessary to perform the measurement of absolute value of beam intensity. However, in order
to avoid influences of "false asymmetries" and others possible systematic uncertainties, the
accuracy and stability of the beam and secondary particles relative intensity monitoring are
essential. It is estimated that the systematic error on Ay in our experiment does not exceed
(2-5)% . In particular this conclusion is based on the direct high accuracy measurements of
Ay of the protons production. In the region where expected value should be zero we have
got the value of Ay equal to 0.005 ± 0.026.

3. Experimental results and discussion
3.1. The vector analyzing power in the d\ + H —* TT* + X processes
The Ay of positively and negatively charged pions with momenta in the range 300 -f350 MeV/c as a function of incident beam momentum are shown in Fig.3a. The measurements were performed at angle of 90° in the laboratory system. The large value of Ay at the
level of about 40 % has been observed at relatively low beam momenta. The asymmetry
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Fig. 3 a) The dependence of the Ay of positively and negatively charged pions from the
reactions d\ + H —> TT* + X, (pw = 300 -f-350 MeV/c), as a function of incident beam
momentum;
b) MG calculated relative contribution of different channels of pion production in the
d + H —» ir~ + X process, (pd = 4 GeV/c), as a function of pion momentum;
c) the same as in b) but for Pd =9 GeV/c.
sign is a function of pion charge and Ay values decrease with increasing beam momentum.
Figs.3b and 3c show the Monte Carlo (MC) calculated relative contribution of different
channels of pion production in the reaction d + H —> w~ + X, for $„ = 90° at two beam
momenta - 4 and 9 GeV/c. We have used MC code [18] which very well describes the
experimental results (multiplicities, pj spectra, cross-sections) in the hadron-nucleus and
nucleus-nucleus interactions at intermediate and high energies f 191. As it can be seen in
Figs.3b and 3c, the behaviour of Ay could be connected with the mechanisms of pion production. At 4 GeV/c beam moirfentum, where large Ay has been observed in the experiment
(Fig.3a), the negatively charged pions are produced mostly through the A°-resonance chan-

182

100
80
60
40
? 20
** 0
-20
-40
-60
-80
-100

(90°) + X
p,= 6.5 GeV/c

_L

100

150

1

I

I

200

0.2

I i

1

250

'

300

•

350
.)

0.3

•

i

*

400

7T~

'

450

500

550

600

P n (MeV/c)

0.4

b)

D

0.5

0.6
(GeV/c)
Pn

Fig. 4 a) The dependence of the Ay in the reaction di + H ~^> ir~ + A', (;v = 6-5 GeV/c).
as a function of pion momentum;
b) the same as in Fig. 3b but for pd = 6.5 GeV/c.

nels. At 9 GeV/c beam momentum (small Ay region) pions predominantly originate from
the "direct" processes. The similar picture can be drawn up for positively charged pious
where, at low beam momenta, dominate A ++ -channel of 7r+-meson production. In short,
the results of MC simulations indicate that the pion analyzing power is strongly affected by
the contribution of the intermediate A-resonance states.
Fig.4a shows the Ay 7r~-meson , measured at beam momentum of 6.5 GcX'/c. as a
function of pion momentum. The vector analyzing power sign is negative. Absolute value
of Ay for 7T~-meson reaches ~ 50 % at pn = 200 MeV/c and decreases with increasing pion
momentum. Such a behaviour of Ay coincides with suppression of "resonance" channels of
7r~-meson production (Fig.4b).
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Fig. 5 The dependence of the Ay in the d] + H —> JT* + X reactions on pion momentum
at beam momentum of 8.9 GeV/c.

The next set of the data, taken at 8.9 GeV/c beam momentum, is shown in Fig.5. The
vector analyzing power of inclusive pions is similar to zero at low pion momenta. Especially interesting is the behaviour of the Ay at higher pion momenta. There are theoretical
arguments [20], based on relativistic deuteron model [21], that for the pion momentum of
about 600 MeV/c the Ay should starts changing the sign as a result of the influence of the
deuteron D-wave. Moreover, these kinematical conditions correspond to the "cumulative"
region where, due to nonperturbative quark interactions, the rise of the absolute value of
asymmetry is expected. Neglecting
some indication of such a behaviour, to answer this
very important question better experimental information is needed.
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Fig. 6 a) The dependence of the Ay in the d\ + C —> TT+ + X reaction as a function of pion
momentum at pd = 3.8 GeV/c;
b) MC calculated relative contribution of different channels of pion production in the
d + C —> TT+ + X reaction as a function of pion momentum at pj = 3.8 GeV/c.
3.2. The Ay in the d] + C -> TT* + X processes
In the case of carbon target at beam momentum of 3.8 GeV/c, the positive value of the
Ay for 7r+-meson was observed and its value is ahout few percents (Fig.6a). Comparing
the results of MC simulations presented in
Fig.6b with the corresponding results for a
hydrogen target, one could expect the similar effect (large value of the Ay) because the A ++ channel of pion production dominates in both cases. However, high background produced
by the target fragmentation in the d\ — C collision, in addition to the significant pion
rescattering in nucleus, hardly suppress the observation of the effect.
At beam momentum of 6.5 GeV/c, the Ay for 7r+-meson is close to zero in the pion
momentum range from 200 to 400 MeV/c (Fig.7a). The Ay for Tr'-meson for 300 MeV/c
pion momentum has the value Ay = (2.2±1.1)%. In this kinematical region the A~-channel
of 7r~-meson production dominates (Fig.7b). It should.be noted that the sign of the Av for
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Fig. 7 a) The dependence of the Ay in the <ff + C -> ir* + X reactions as a function of
pion momentum at pi = 6.5 GeV/c;
b) the same as in Fig.6b but for 7r~-meson and at 6.5 GeV/c beam momentum.
7r~-meson differs from the corresponding one observed in the hydrogen target case. It could
indicate that the type of.the intermediate A-resonance state involved is essential for the
sign of the pion analyzing power.
The signs of the Ay for pion observed in the experiment and MC calculation of the most
important pions "sources" in the corresponding kinematical regions are presented in Table 2.
Table 2. Signs of Av in the d\ + A - t ir(90°) + X process
reaction

d't+C

<

AZ~

+ (A ++ ) -(A°)
+ (A ++ ) + (A")

As can be seen, the Ay sign is strongly correlated with the type of the resonance involved.
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4. Conclusions
The vector analyzing power in the d f +H —> TT* + X and </ f + C —» TT* + A" processes
has been measured for the first time. The experiment was performed at JINR Dubna
Synchrophasotron using the polarized deuteron beam with momenta in the range from 3 to
9 GeV/c. The results can be summarized as follows:
1) The large value of the vector analyzing power (up to 50 %) in the d f +H -+ TT* + .V
processes at deuteron momenta pj = 3.5 -f- 6.5 GtV/c and for pn = 300 -f- 350 MeV/c has
been measured. The different asymmetry signs, positive for x + and negative for 7r~, were
observed. The absolute value of Ay decreases with increasing beam momentum p d and pion
momentum p T ;
2) Positive sign and non zero values (~ 5 %) of the Ay for pion in the d f +C —> JT+ + A'
process at beam momentum pa = 3.8 GeV/c were found;
3) The results of simulation show that resonance channels of pion productions play an
important role in kinematical regions where Ay has a significant value.

Acknowledgments
The authors would like to thank the members of the ALPHA group, the staff of the
LHE accelerator complex and the "POLARIS" source. Special thanks go to our colleague
D. Salihagic for help during the MC simulations. This work was supported in part by the
Russian Foundation for Fundamental Research, Grant No. 95-02-05061.

References
[1] A.D. Hancock et al., Phys. Rev. C, 27 (1983) 2742; T.S. Bhatia et al., Phys. Rev. (',
28 (1983) 2071; Y. Terrien et al., Phys. Lett. B294 (1992) 40; C. Comptour. DAPNIA/SPhN 94 05, Saclay, 1994.
[2] J. Antille et al., Phys. Lett. B94 (1980) 523.
[3] B. E. Bonner et al., Phys. Rev. D41 (1990) 13; S. Saroff et al., Phys. Rev. Lett. 64
(1990) 995.
[4] D. L. Adams et al., Phys. Lett. B261 (1991) 201; D. L. Adams et al., Phys. Lett. B264
(1991) 462; D. L. Adams et al., Z. Phys. C56 (1992) 181; D. L. Adams et al.. Phys.
Lett. B276 (1992) 531.
[5] W.H. Dragoset et al., Phys. Rev. D18 (1978) 3939.
[6] Liang Zuo-tang, Meng Ta-chung, Phys. Rev. D42 (1990) 2380; FU Berlin preprint.
FUB-HEP/91-8;
C.Boros,Liang Zuo-tang, Meng Ta-chung, Phys. Rev. Lett. 70 (1993) 1751.
[7] X.Artru, H.Yabuki, J.Czyzewski, Preprint LYCEN/9423, TPJU 12/94, May 1991.

187

[8] J. Antille et al., Phys. Rev. D23 (1981) 1227; Phys. Rev.D24 (1981) 2419.
[9] D.Sivers, Phys. Rev. D41 (1990) 83; Phys. Rev.D43 (1991) 261.
[10] .). Szwed, Phys. Lett.BlO5 (1981) 403.
[11] J. Collins, Nucl. Phys.B396 (1993) 161.
[12] N.I. Kochelev, M.V. Tokarev, Phys. Lett. B309 (1993) 416.
[13] A.E. Dorokhov, N.I. Kochelev, Phys. Lett. B259 (1991) 335;
A.E. Dorokhov, N.I. Kochelev, Yu.A. Zubov, Int. J. Mod. Phys. A8 (1993) 603.
[14] A.A. Belushkina et al., JINR, E13-80-500, (1980), Dubna
[15] V.G. Ableev et al., Nucl. Instr. and Meth. A306 (1991) 73.
[16] G.S. Averichev et al., JINR Rapid Communication N4-[37]-89 (1989), Dubna.
[17] G. G. Ohlsen, P. W. Keaton Jr, Nucl. Instr. and Meth. 109 (1973) 41.
[18] N.S. Amelin et al., Yad. Fiz. 52 (1990) 272.
[19] S. Backovic et al., Phys. Rev. C46 (1992) 1501.
[20] M.V. T6karev, G.Skoro, JINR Preprint, E2-95-501, Dubna, 1995.
[21] M.A. Braun, M.V. Tokarev, Particles and Nuclei 22 (1991) 1238.
[22] G. Agakishiev et al., Proc. Int. Symp. "DUBNA DEUTERON - 93", Dubna (1994)
354.
[23] V. Flaminio et al., Preprint CERN-HERA 84-01, Geneva(1984).

188

RU0010085
INVESTIGATION OF DP -» Pn+NN

REACTION

V.V.Glagolev, M.S.Khvastunov, S.A.Kushpil, N.B.Ladygina,
R.M.Lebedev, G.D.Pestova
Joint Institute for Nuclear Research, Dubna, Russia

J.Hlavacova
Technical University, Kosice, Slovak Republic

A.K.Kacharava, M.S.Nioradze
High Energy Physics Institute, Tbilisi State University, Tbilisi/Georgia

K. U. Khairet dinov
Lebedev Institute of Academy of Sciences, Moscow, Russia

G.Martinska, J.Urban
University of P.J.Safarik, Kosice, Slovak Republic

B.Pastircak, L.Sandor
Institute of Experimental Physics, Slovak Academy of Sciences,
Kosice, Slovak Republic

T.Siemiarczuk
Institute for Nuclear Research, Warsaw, Poland

ABSTRACT
The reaction dp —• pr+nn has been investigated at the incident deuteron momentum of 3.34 GeV/c in 4T geometry. Contributions of different vertices were separated. .

1.

Introduction

In this paper we present experimental results on the production of A ++ (1232)resonances in the reaction
d + pt-*w++p
+X
(1)
at deuteron momentum 3.34 GeV/c. Analysis was based on statistics of 20800 events
obtained by means of the 100-cm hydrogen bubble chamber of LHE JINR.
Cross-section of processes with production of two pions is strongly suppressed
at given energy.Therefore not registered in reaction (1) particles X are two neutrons.
Fig.l shows the momentum distribution of protons from reaction (1) in the rest
frame of the incident deuteron. Two groups of events corresponding to the typical
spectator and nonspectator proton distributions are clearly seen. Ratio of numbers
of events under these peaks is coinsided with ratio of np —* ?r + nn and pp —» ir+pn
experimental cross sections at incident nucleon momentum 1.67 GeV/c. This fact
points out that the reaction (1) mainly must be proceeded over quasi nucleon-nucleon
interactions. Therefore we assume the reaction (1) with neutron- spectator in final
state is actually reduced to the process:
Pd+Pt

-> ?r+ + p + n.
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(2)

Spectrum of protons

0.0

0.2

0.4

0.6

0.B

1.0

d+p-p+it*+x

\2

1/1 1.6

1.8

p.Gev/c

Fig.l Spectrum of protons from the reaction dp —* pw+X .
A similar reaction for free proton-proton interaction
>n++p + n

(3)

was experimentally studied in the wide energy range [1]"[2]. It was shown that this
reaction is mainly going over the production of A ++ (1232) resonances decayed into
p and TT+ pair
p + p—> A + + + n .
(4)
Our attention was focused on the comparison of this reaction with the investigated one
Pd + p ( -> A + + + n.
(5)

2.

Experimental results

We have analyzed the reaction (1) with neutron-spectator in final state. The
two dimensional plot of dependence of two neutrons effective mass denoted as missing
mass mx is given in Fig.2 for reaction <f + p —t n+ +p + X .
The concentration of events in two regions is clearly observed. The effective
mass mwp is grouped in the range of the A ++ (1232)-resonance mass.
Let us consider the diagrams corresponding to two possible reaction mechanism
of the A ++ -production in dp-interaction in the framework of OPE model (Fig3).
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Fig.2. Missing-mass mx versus effective mass mnp of the (JT+J>)- system in the
reaction d + p —> ir+ + p +
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Pp.-^»

1 1—V-

Fig.3. Diagrams showing A ++ (1232)-resonance production through a one pion
exchange mechanism : a) in proton vertex, c) in deuteron vertex.
Momentum kinematical diagrams in center of mass : b) reaction p& + pt —> v + A + +
(proton vertex), d) reaction pu + pt —» A + + + n (deuteron vertex).
From this Fig.3 it is seen that the A ++ -resonance can produce either in 'protonvertex' (Fig.3a) or in 'deuteron-vertex' (Fig.3c). Neutron kinematically related to
the A + + is emitted towards neutron-spectator ( 0 ^ | M = 0°) (Fig.3b) or in opposite
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direction ( 0 ^ n , = 180°) (Fig.3d) in the center mass frame of interacting protons.
Effective mass of two neutrons corresponding to these different reaction kinematics
for an upper and lower bound curves (Fig.2) looks as follows:

where indices ns and n denote neutron-spectator and reaction product neutron, respectively. All events in Fig.2 have been divided into two groups by mx :
a) mx < 2GeV/c2 ,events connected with the 'proton vertex' (see Fig.3a),
b) mx > 2GeV/c2 ,events connected with the 'deuteron vertex' (see fig.3c).
The approximation was used in this paper: proton pj and neutron n, fly out
in the direction of the primary deuteron and share its momentum equally between
themselves. In the limits of this approximation missing mass- effective m n in reaction
(2) was calculated.
For further analysis 15500 events from reaction (2) with effective mass of neutron in the range 0.83-1.03 GeV/c2 were selected. From these events 7900 get into
'proton vertex' events and 7600 into 'deuteron vertex' events. The neutron effective
mass distributions obtained for these two groups are different.(Fig.4)

600 -

200 -

0.85

0.90

0 95

1.00

1.05

2

Mn.GeV/c

Fig.4. Missing mass distributions in the reaction pi + pt —> 7r+ + p + n: a,b)
events corresponding proton and deuteron vertices respectively.
It should be noted that the widths of effective mass distribution of the irpsystem for these two groups are the same.(Fig.5a,b).
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Fig.5. Effective mass m^p distributions in the reaction p^ + pt —> TT+ + p + n :
a,b) events corresponding proton and deuteron vertices respectively.
Fig.6. Dalitz plot projections (mj p , mj n ) for the events corresponding proton
vertex.
The Dalitz plot projections for proton-vertex events are given in Fig.6. These
distributions for deuteron vertex events are similar to those shown in fig.6. One can
see that 7r+-meson and proton p only interact in the final state.

3.

Conclusion

There exists possibility to divide the contributions of different vertices in the
reaction dp —> A + + n n . 0 n e can separate all A + + into equal groups:
a)A + + excited in the deuteron-vertex on the proton from this deuteron, and
b ) A + + generated in the proton-vertex.

This work has been supported in part by Russian Foundation for Fundamental
Research under grant No. 93-02-3961.
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ABSTRACT
Results for T20 of the inelastic (d, d')X scattering at 0° at energies above the Athreshold are presented. It is observed that T2o is negative; its absolute value is small
at low energy transfer Q (the single pion production and A-excitation region) and
rises almost linearly to | T2o I— (0.4 - 0.6) at energy transfers Q ~ 1 GeV where
heavy nucleonic resonances can be excited. No significant dependence on the type of
the target and on the initial energy was observed; it appears that the 4-momentum
transfer squared, t, is an adequate variable for analysis of this reaction.

Introduction. Characteristics of broad hadronic resonances excited in nuclei and the related nuclear medium response on high energy excitations have been
discussed intensively during the last decade^.
The main interest and at the same time the main difficulties of these studies, is
related to the fact that the behaviour of nuclear matter at high excitation energies is
governed not only by its nucleonic degrees of freedom, but also by the internal degrees
of freedom of the constituent nucléons. When the energy "pumped" into the nuclear
medium is close to the characteristic energy of excitation of the internal degrees of
freedom of a nucléon, these can no longer be treated independently. Such excitations
reveal themselves as nuclear A^ —* N*.. transitions followed by radiation of particles.
The non-trivial difference between resonance excitation off a free proton and
off nuclei was first observed in experiments measuring inelastic charge-exchange cross
sections; it was shown that the properties of A - excitations of nuclei cannot be described in the picture of quasifree production . Non-quasifree'mechanisms observed
in inclusive experiments were confirmed in exclusive experiments but a number of
theoretical uncertainties still persist 4 .
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These new mechanisms can be "filtered • ' by changing the initial energy
and the quantum numbers in the initial state by choosing different projectiles (a, 3He,
t, d, p). In this respect inelastic (d, d') scattering is as promising as the (a, a') reaction
with coherent pion production and excitation of the Roper ,/V*( 1440) resonance 7 . For
example, excitation of A "in the target" is forbidden by isospin conservation both in
the (d,d') and (a, a') reactions: A can be excited only "in the projectile" 5 ' '.
Another interesting feature of both p(d,d') and p(a, a') reactions at energy
transfers sufficient for excitation of the JV"(1440) resonance, is the A - JV*(1440) interference. This effect appears, as pointed out in ref.1 and confirmed in recent analysis8
of the published p(a,a') data, because the Af*(1440) has a rather big branching ratio
for decay into the N + v channel.
Studies of polarization effects in the excitation of broad resonances in the
nuclear medium can bring new valuable information. A difference between proton
and nuclear targets could be expected for some polarization observables, but only
a few of them were measured . An example of the use of the (d,d') reaction with
polarized deuterons as a filter of specific reaction mechanisms is given in ref.11.
The experiment was performed at the Laboratory for High Energies at the
Joint Institute for Nuclear Research (JINR). The ALPHA-setup (shown in Fig.l) was
used in the same configuration as in a concurrent investigation of deuteron breakup
and p(d,p)d backward elastic 13 .
S01-02
PC PC

S41-42

Figure 1: ALPHA-spectrometer at the VP1 beam line. PC: multi-wire proportional chambers;
S01-02,Stl-St3, Sll-12, S31-32.S41-42: scintillation counters of the TOF-system; SI, S2, SAB1-2:
trigger scintillation counters; M2: the analysing magnet. The TOF-base between Sll-12 and S41-42
was about 50 m.
Here only the key points of the experiment are outlined. T h e measurements

were done using the tensorially polarized deuleron beam of the Dubna Synchrophasotron. The sign of the beam polarization was changed in a cyclic fashion, "burstafter-burst", as (0,—,+), where "0" means absence of polarization, "—" and "+"
correspond- to the sign of Pzt = v2p2o\ the quantization axis was perpendicular to
the plane containing the mean beam orbit in the accelerator. The polarization of
the beam was measured with the ALPHA-polarimeter before and after data taking; averaged values of the polarization are: pl~) = —0.822 ± 0.007 ± 0.008 and
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= +0.800 ± 0.011 ± 0.024 where both statistical and systematical uncertainties
are shown. Other beam parameters (positions and widths of the beam spot at control
points etc.) were monitored by the beam control system of the accelerator.
The 30 cm liquid hydrogen or 5.7 cm carbon targets (T) were placed at the
focus F3 of the slowly extracted beam (Fig.l). The deuterons scattered at 0° and the
unscattered part of the primary beam entered the beam line VP1; dipole magnets
placed between the foci F3 and F4 (not shown in Fig.l) removed the unscattered
particles while the scattered deuterons were transported to the ALPHA-spectrometer.
The momentum acceptance of the setup was Ap/p ~ ±5%. The measurements were
performed in several steps by changing the magnetic field in the spectrometer and the
VP1 beam line tuning, for a continious coverage of the momentum spectrum.
Data analysis and results. The tensor analysing power T20 can be calculated
directly from the numbers n± of "good" events detected for the " + " and "—" modes
of the beam polarization, normalized to the corresponding monitor numbers:
T20

=

2(n_ — n + )
/1 \

TZ]—

4
— —TT)

n_ — n +
rri— '

(1)

(the last part of the Eq.(l) is valid when | p 2 j* |c^| p2o' I)'
We estimate the overall systematical uncertainty in T20 as (TT20,ayst — 0.05
which is about the same size as the typical statistical uncertainty.
The data for T2o are presented in Fig.2 as a function of the energy transfer
Q = Ed — Ed', where Ed is the energy of the projectile and E# the energy of the
scattered deuteron. The resolution on Q wasCTQ~ 15 MeV.
The systematic uncertainty of the "zero-point" of the Q-scale was <JQ,ay,t ~ 20
MeV, i.e. the data shown in Fig.2 might be shifted as a whole within this corridor.
The main features of the data are the following:
1) 720 is negative and increases almost linearly in absolute value when Q increases.
2) T20 is small and compatible with zero in the region of coherent pion production
where the 4-momentum transfer squared is small: | t |< 0.05 GeV 2 /c 2 . It significantly
differs from zero in the region of the JV*(1440) resonance excitation and above.
3) I ^20 I becomes relatively big at large Q (about 0.4 to 0.6 at Q ~ 1 GeV).
4) There is no visible difference between the p(d,d')X and C(d,d')X data at 0°.
These features indicate that T20 in the inelastic (d, d')X scattering at 0° is not
highly sensitive to nuclear medium effects in excitation of broad nucleonic resonances.
Perhaps the deuteron form factor determines most of the overall Q-dependence of
T2o, as it appears to be the case for the general trend of the cross sections 6 . For
example, the p(d,d') scattering at low Q (i.e. low | t |) should be determined by
the coherent pion production via the A excitation in the projectile . The qualitative
picture of ref. explains this process as coherent scattering of a virtual pion on the
deuteron; one could then understand the smallness of T20 at low Q as resulting from
dominance of the S-wave part in the deuteron forme factor at small \ t \. On the
other hand, the Z)-wave contribution is significant at | < | ~ 0.2 — 0.4 GeV^/c* so that
significant T20 could be expected within this range of t-values, as is observed (Fig.3).
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Figure 2: Tensor analysing power of the C(d, d/)X (squares) and p(d, d')X (full circles) inelastic
scattering at 0° versus the energy transfer Q defined In the text.
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Figure 3: Data for p(d, d')X inelastic
scattering at 0° in dependence on 4-momentum transfer squared, t, at initial
deuteron momenta of 4.495 GeV/c (full
circles) and 5.532 GeV/c (squares).
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In this case the 4-momentum transfer squared, t, should be the1 adequate variable for
analysis of this reaction.
Study of the energy dependence of Tm in a bigger energy interval from the
TV* (1440) threshold (Saclay synchrotron energies) to the highest Dubna energies and
in a wider Q interval would be interesting in this respect.
A better theoretical input is necessary to answer questions about the mechanism of this reaction. In particular, the role of interference between the Roper and A
resonances as well as sensitivity of the data to the parameters of the Roper resonance
need to be understood. In the perspective of further experiments with the Movable
Polarized Target17, recently installed at the Laboratory for High Energies, it would
be important to have a better understanding of what one could expect to learn from
additional data on spin transfer coefficient or spin-spin correlations in this reaction.
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ABSTRACT
In the fixed-centers approximation the amplitude of the pion interaction with the light nuclei 3H and 3He, including pion multiple scattering,
is obtained. The NN interaction is neglected and for the xN interaction
only the contribution of the P33 state is included. The nuclear coordinate
wave function was taken as a sum of Gaussians. The differential cross sections and asymmetries for elastic *~3H {*+iHe) process at the lab energy
T<r=180 MeV are calculated. The results are compared with experimental
data.

1

Introduction

The investigation of the structure of light nuclei requires its reliable
theoretical description. From this point of view reactions with pions
in the vicinity of delta resonance possess two big advantages.
First, in the vicinity of delta resonance, the TTN interaction is well
approximated by P33 wave, i.e., essentially is reduced to a separable
form.
Second, the pion mass is considerably smaller than the nucleon's
one. Therefore one can hope that a reasonable approximation might be
to take the limit mT/i7ijv -+ 0, that is the fixed nucleons approximation.
In this limit the amplitude of NN interaction vanishes.
It is well-known, that it gives the accuracy about 10 - 20 percents
for ?rd interaction [1]. Of course, the accuracy is decreasing with the
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increase of momentum transfer. But, for that, in the fixed nucleons approximation the amplitude is well defined at small internucleon
distances, so that no cutoff is needed. With the recoil taken into account, the diagrams diverge at high momenta. Thus a better accuracy
is achieved for the price of introducing a cutoff parameter.
In the first paper of this series [2], a model based on the fixed
-centers approximation for calculations of elastic x3H and n3He reactions with account of multiple pion rescattering, was introduced.
This model and its application to polarized target is briefly described
in Sec.2. In Sec.3 the numerical results and comparision with experimental data is presented. Some discussion is contained in the
Conclusion.

2

General Formalism

In the fixed-centers approximation the determination of the amplitude
of the interaction with a nucleus is reduced to a summation of the
diagrams shown in Fig. 1.

+

'W

i

+ ••• +

Fig.l. Graphic representation of successive resc&tterings of the r meson
with production of the A33 resonance. The dotted lines correspond to
the 1 meson, thick lines correspond to the A33 resonance, and thin lines
correspond to nucleons.

The exact treatment of these graphs requires the introduction of
216 amplitudes. In fulfilled calculations the spin-tensor interaction in
the elementary block of Fig.2 was replaced by an averaged one.
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Fig.2. Graphic representation of the potential Wit,. The notation is the
same as in Fig.l.

As a result,' the number of independent amplitudes is reduced to
twenty seven. The basic Paddeev-like amplitudes are M,* where i and
k refer to the number of the initial and final nucleons (i,k=l,2,3). Each
Mik is 3x3 matrix in both spin and isospin. The final linear system of
equations for amplitudes M(k is the following
Mik = R,P^8ik

+ RrY: PUWuMlk.

(1)

Here Ri(E) = (m A - mN + ej - fco - tO)"1 and k0 is pion energy. PW
are projectors onto states I=J=3/2 for the system of pion plus the ith
nucleon.
The "potentials" Wik describe intermediate pion propagation, they
are complex:
3(2TT)2 J a V + m% - (feo - €by - tO'

«!-•«,.

(3)

The solution of equation (1) provides us with scattering amplitudes
with given total spin and isospin and spin-isospin variables of pairs of
nucleons. For 7r A amplitudes with a given value of the total isospin T
we obtain the equation

5=1/2,3/2

,.x

x(exp(t(E - V
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Here (M,*) are the amplitudes averaged over spin and isospin of the
H(3He) nuclei. To make the integrations over Xi and x 2 possible we
take the coordinate wave function $ of the ground state of 3H or 3He
as a sum of Gaussians

3

aj^xl).
;=1,2

(5)

i<k

The number of Gaussians chosen was 1 and 2. In the first case a\
was fitted to the observed radius (r2). With |\?| 2 given as a sum of
two Gaussians the parameters a3- were chosen to give the best fit for
the elastic cross - section at large angles.
The formulas for the cross-section and the asymmetry may be represented in the form similar to the case of xN interaction.
(6)

Here

2, cos <5, cos 62).

The function D is a result of the integration over angles in the
equation (4) and it can be expressed as a series in the spherical Bessel
functions:
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(10)

where t = k cos 6(x - 2x2 cos 02), a = kx sin 6, b = 2fcx2 cos 6 sin 6%,

K = t-H.

(11)

In this expression 0, is the c m . angle of the pion.
The differential cross - section on the unpolarized target is given
by the following expression
a(T)|2 cos2 6t + |6<T)|2 sin2 *„)•

(I 2 )

The asymmetry for the polarized target is
_ erf -o-1

3

.

2sin0,cos0,Im(q( r )5*( r ))

.

.

Numerical results and discussion

The calculations are rather complicated and require much computer
time. Since we neglected the Coulomb interaction, all results listed
below also refer to the elastic reaction %+3He with a different value of
binding energy ej. The results depend on it weakly.
In Fig.3 the calculated cross-sections are shown for the reaction
n~3H for pion lab. energy Tx — 180 MeV with different numbers
of the pion rescatterings taken into account and the wave function
given as a single Gaussian (j==l, (r 2 ) 1 / 2 =2.2, ax =0.0688705 and N =
0.147807-02 in eq.(5)). The calculated cross - sections are considerably
less than the experimental ones at large angles.
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Fig.3. Differential cross section foi the *~3H
elastic scattering (or TV =180 Mev in the
lab system with | * | 2 taken as a single Gaussian. The dash dotted carve corresponds to
one rescattering of the x meson, the dashed
curve corresponds to two rescatterings of the
* meson, the solid curve corresponds to all
rescatterings of the T meson taken into account, respectively. The experimental data
taken from Ref.[3] are shown by crosses.

The same cross-sections with the wave function given as a sum of
two Gaussians are shown in Fig.4 (j=2, (r 2 ) 1 / 2 =1.87, at =0.07, a 2
=0.97 and Nt = 0.111-02, N2 = 0.118+01 in eq.(5)). Now the agreement of our calculations with experimental data is considerably better
than with a single Gaussian. Nevertheless, it is not possible to adjust
the parameters to reproduce the position and depth of the dip in the
cross section.

Fig.4. Differential cross section for the x~3H
elastic scattering for Tw =180 Mev in the lab
system with [9\3 taken as a sum of two Gaossians. The dashed curve corresponds to two
rescatterings of the x meson, the long dashed
cnrve corresponds to three rescatterings of
the x meson, the solid curve corresponds to
all rescatterings of the * meson taken into
account, respectively. The experimental data
taken from Ref.[3] are shown by crosses.

In Figs .5 and 6 the calculated asymmetries are shown for the re-

205

action ir~3H for pion lab. energy T» = 180 MeV with the coordinate
wave function chosen as a single Gaussian and a sum of two Gaussians, respectively. For the coordinate wave function given as a sum
of two Gaussians the results are considerably better than in the previous calculations in [5]. However, one notices a shift in the angular
behaviour of the asymmetry, which vanishes at 0, = 90°, whereas the
experimental one crosses the axis at the angle 0x ~ 70°. This shift
is evidently explained by our pure P-wave approximation for the 7riV
- interaction, in which the non flip amplitude vanishes at 0r = 90°.
Taking into account the S - wave part of the nN - interaction will undoubtedly correct the angular behaviour, but it requires a considerable
complification of the calculation.

Fig.5. Asymmetry for the reaction *~3H for
pion lab. energy Tr= 180 MeV with | ¥ | 2
taken as a single Gaussian and with all reseatterings of the pion taken into account (the
solid curve). The experimental data on the
•K*3He elastic reaction are taken from Ref.
[4]. The dash dotted curve shows the results
of the previous calculations in Ref. [5].

Fig.6. Asymmetry for the reaction x 3H
pion lab. energy T , = 180 MeV with |
taken as a sum of two Gaussians. The
tation is the same as in Fig.5.

To see the effect of pion rescatterings in Figs.7 and 8 the calculated
asymmetries are shown for the elastic reaction ir~3H for pion lab. en-
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ergy TT = 180 MeV with two and three pion rescatterings taken into
account and the coordinate wave function given as a single Gaussian
and a sum of two Gaussians, respectively. It is worth to note that in
our formalism the asymmetry entirely depends on multiple scatterings
and vanishes if we consider only one rescattering (impulse approximation). One observes that the relative role of rescatterings strongly
depends on the form of the wave function. In particular, with the
wave function taken as a single Gaussian, the asymmetry calculated
with two or three Tescatterings has a different sign from the one with
all rescatterings taken into account. For a wave function as a sum of
two Gaussians the effect of high order rescatterings is not so dramatic,
but it is still very essential.

-i.0

Fig.7. Asymmetry for the reaction jr 3 if for
pion lab. energy 7V= 180 MeV with | * | 2
taken as a single Gaussian. The the solid
carve corresponds to all rescatterings of the x
meson taken into account. The dashed carve
corresponds to two rescatterings, the long
dashed curve corresponds to three rescatterings rescatterings of the * meson taken into
account, respectively.

Fig.8. Asymmetry for the reaction r 3H for.
pion lab. energy Tw= 180 MeV with | * | 2
taken as a sum of two Gaussians. The notation is the same as in Fig.7.

The deviation from the experimental data at large angles is obviously connected with the approximation of fixed nucleons which be-
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comes invalid for large momentum transfers. A rigorous consideration
of the nucleon recoil requires a relativistic treatment and leads to enormous complication of the calculation. As is well known, it is difficult
to get a good agreement for the large angle scattering even for nd
elastic scattering [6].

Conclusions
1. The behaviour of the elastic cross - sections at angles larger than
~ 70° depends strongly on the form of the wave function $ .
2. The angular behaviour of the asymmetry is very sensitive both the
high order rescattering and the form of wave function.
3. To obtain the correct angular behaviour of the asymmetry it seems
to be necessary to take into account the S-wave for the tN - interaction.
Acknowledgements. The authors are grateful to Prof. D.Dehnhard
and members of his experimental group for kindly presented data on
asymmetry in the x +3 ffe elastic reaction.
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SIX-QUARK CONFIGURATIONS IN THE NN
SYSTEM CORRELATED WITH EXPERIMENT
V. S. Gorovoy and I. T. Obukhovsky
Institute of Nuclear Physics
Moscow State Univeisity, Moscow 119899, Russia

Abstract
The nucleon-nucleon interaction at short range is analyzed in terms of sixquark configurations on a base of numerical solutions of modified RGM equations. It is shown that in low partial waves L=O,1 the system has a two-channel
character: the NN channel and the inner six-quark state ("bag") with specific
color-spin structure. Starting from this analysis it is shown that polarization
observables conld be a good tool lot investigation of a quark structure of the
denteron.

1

Introduction

Now it is still impossible to deduce the nucleon-nucleon interaction, nucleon-meson
form factors and other hadron properties directly from the QCD and we are forced to
use for these purposes models inspired by QCD (effective colorless field, constituent
quarks, chiral solitons, etc.). In our opinion the quark model approach to the intermediate energy nucleon-nucleon dynamics is mote appropriate than the standard
meson-exchange diagram technique, which is inefficient in this area because of a large
uncertainty of meson-nucleon form factors and a basic inadequacy of the meson perturbation theory. Considering nucleons as three-quark clusters we can reduce complex
problems of nucleon-nucleon and meson-nucleon dynamics to more simple ones that
could be solved with well-known algebraic methods of the nuclear clustering theory1"3) .
On a base of the quark-model approach it was previously shown4"*) that in the
NN system at short range (in low partial waves L = 0,1) the excited six-quark
configurations s*p3 (L = 0) and s3p3 (L = 1) play a key role because of their nontrivial permutation symmetry (Young schemes [42]x and [32]JT correspondingly). The
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point is that in these configurations the every color-spin (CS) state from ClebschGordon series of inner production of color (C) and spin (S) Young schemes
= [42]cs + [321]cs + [2>]cs + l^cs
J

i

+ [l8]c5

+ [214]c5 ,

S=l,
s = 0

satisfies the Pauli exclusion principle in all spin-isospin channels (S,T)=(1,O), (0,1),
(0,0), (1,1). So we can construct a fully antisymmetrised (over quark permutations)
nudeon-nucleon wave function at short range on a base of excited configurations only.
On the contrary the Pauli principle constraints ("Pauli blocking") play a crucial role
for non-excited configurations s*(L = 0) and 5*p(L = 1). It is a consequence of a
very simple permutation symmetry of configurations ss and j 5 p (Young schemes [6]x
and [51]x) at which most of CS states from Eq.(l) do not satisfy the Pauli exclusion
principle.
The significance of excited six-quark configurations for NN interaction at short
range was confirmed by many authors (see e.g. Ref.7) with resonating group method
(RGM) calculations at law energy Eua, < 0.5 GeV and by our modified RGM calculations') in a large interval of energy 0 < EM < 1.5 GeV. However it is still
impossible to correlate excited (s^p2, »3p3) o r non-excited (s 6 , j 5 p) configurations
with any observable effects. This is a general problem of "visualization" of quark
degrees of freedom in nuclear phonomena at intermediate energy.
In this report we should like to show that in experiments with polarized deuteron
beams there is .a possibility to observe effects which is connected with specific spin
structure of excited six-quark configurations in the deuteron. The non-excited configurations could be correlated with observed structures in the energy dependence of
spin asymmetry of NN scattering cross section at intermediate energy as it was shown
in works.8'9)

2

Modified RGM approach

As it was said above in the lowest six-quark configurations st[6]xL=0 and sip[51\xL=l
most of the CS states from Eq.(l) are forbidden and the excited configurations
sipi[42]xL=Q and s3p3[32\xL=l play an important role in the NN interaction at short
range. If allowed states in the configurations s 6 and s*p (e.g. a*[6]x[23]csLST=010
in the 3S\ channel) do not play a crucial role in the NN dynamics at short range we
can isolate them in the NN function (in the first approximation), and the remainder
would be a nodal NN wave function. It could justify a good description of the NN
scattering in terms of Moscow potentials with forbidden states in low partial waves
L = 0, l 10>xl ) and show that there is a simple origin of the repulsive core in the NN
system independent of the form of qq interaction and just as a consequence of the
Pauli exclusion principle. To verify such picture of NN interaction at short range the
sophisticated numerical RGM calculations were recently made.6)
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The large basis of six-quark configurations was incorporated into the RGM wave
function by using the two-centered shell-model basis,
| Sl(R)S3_(R)[fx)[fcs)LST

>=\ S3+S3_{f}LST > , {/} = {[fx),[fcs]}> (2)

where S±(R) = ^/"exp[-^E? =1 (r 1 T y)3]- The trial wave function of our modified
RGM is taken in the form of an integral over the generator coordinate R and a sum
over Young schemes /
**™(1,2,...6) = £ f^(R)[lfx(R,R)]-h
/ o
X/(fl) = * / ^ + Uf"W$x^

| S3+(R)Sl(R){f}LST > RdR,

(3)

R) + cot6LJfx(k, R)),

(4)

where Njx{k, R) and Jfx(k, R) are generator coordinate analogies of spherical Bessel
functions ni(kR) and ji(kR), which correspond to free asymptotics of NN scattering.
In the Eq.(4) the UfH is a unitary matrix of transformation from Young schemes
{/} to quantum numbers of the NN channel. Coefficients xj and phase shifts 5L
are unknown values, which must be calculated by the solution of the RGM equations
at fixed energies of the NN system EHU = k2/mn = k7/3mq The ^-functions in
the trial functions Eq.(4) incorporate six-quark shell-model configurations J6[6]x{/},
sV[42]*{/}, etc., to the RGM wave function Eq.(3). It is well known,12) that twocentered configurations Eq.(2) in the limit R —• 0 become standard shell-model states
with the same Young schemes {/}:
3
a
LST
lim P
(I1/ JH II SS3+tmS
<R\i f\LST •>JSJ
(R)S_(R){f}LST
>- IJ (' a*'W*{f}
AA2]x{f)LST

> >' *f
Ux\ = [6],
...
t if [fx] = [42] (5)

We reduce the RGM equations to a system of linear algebraic equations for xj and
cot 6i and the solution of the modified RGM equations has a form of a superposition
of the six-quark configurations »6 and s*p2 and the asymptotical RGM states in the
NN channel
,2, ...,6) r=0 = xff(k)

| s'WxWcsLST

+ £*§&[/«](*) I >V\V]x[fcs]LST

= 010 >

= 010 >

fcs

{iV(l,2,3)iv-(4,5,6Xl - e-&)[nL(kr)+cot6LjL(kr))}
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(6)

3

Analysis of the N N wave function at short range
on a base of microscopical calculations

The model of interaction. We make use of the quark Hamiltinian

where V*, a = OGE,..., Ch. are effective g<; potentials of perturbative QCD interaction
V

=- « ^

- ^ ( 1 + |^l)«(rtf) - ^ f c , ) ] ,

(8)

phenomenological confinement

and non-perturbative QCD motivated
(») instanton-induced (//) interaction13)
(9)

where pc = 0.3/m is the instanton radius and y is an adjustable parameter, and
(ti) effective interaction of quarks with it and a mesons inspired by NJL (NambuJona-Lasinio) model of spontaneous breaking chiral symmetry (SBCS),
HCH. = 9rqtF{Q)$(o + i75rr)V-.

(11)

where form factor F(q) is of the form F(Q) - [1 +E*=i c*%£$$ t h a t i s convenient
for coordinate representation of Vfjh\ As usual mff = 2m,, m, = |mj», ach. =
'-hfimS^ (I) 2 4 ^ 4 ^ " = Q076- ^ parameters of interactions in Eq.(8) -(11), a,,
gc, y and Vo, were fitted to the spectrum of non-strange baryons of positive parity
with two variants for xqq form factor F(Q):
(a) a "hard" form factor with momentum cut off at Qc « 1.5 GeV/c,
(b) a "soft" form factor with Qc ss i w 0.6 GeV/c (in this case the form factor F(Q) approximates the function "'l^j where m,(Q) is the momentum dependent constituent quark mass from Diakonov's theory of light quarks in the instanton
vacuum14)). Without any additional fitting of parameters we obtained not so bad
description of the 3Si phase shift of NN scattering in a large interval of energy
0 < E < 1 GeV (see fig. 1).
In contrast to the earlier RGM calculations in which authors considered only low
energy NN scattering up to 400 MeV our approach was constructed to be feasible
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for intermediate energy applications too (for example the baryon spectrum in table 1
covers the range at least 0.5 — 1 GeV in mass).
Table 1. Two variants of quark-quark potentials
Parameters of interaction
r.m.s.
Baryon spectrum
b
N NIX NIX A
A"
9c
y
Var.
(MeV)
(fm)
(a) 0.42 49.4
(b) 0.44 152.6

26.0
144.6

3. 0.54 939 1437 1703 1230
7. 0.56 939 1449 1715 1230
Exp.: 939 1440 1710 1232
±40 ±30 ±2

1863
1839
1600
±150

1
-30

0.0

0.5

1 .0
Flab, GeV

Fig. 1: 3Si phase shift of NN scattering. RGM calculations (var. a), solid; dynamical
reconstruction on a base of Moscow potential,11) dots; phase analysis from Ref.ls)
Of course it would be unreasonable to expect a quantitative description of NN scattering above 0.5 — 1 GeV in any quark microscopical approach. But we can make
some qualitative analysis of behavior of the system at short range on a base of microscopical calculations and it would help to develop a reasonable phenomenological
potential model, which takes into account quark degrees of freedom.
NN short range behavior. The results on the NN wave function in an overlap
region are shown in fig. 2 (a) and (b). The NN component of the six-quark wave
function can be obtained by projecting the RGM solution Eq.(6) into the NN channel
by using the fractional parentage technique (f.p.c.)1'2'*)
!, 2,..., 6)
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(12)

The $jw( r ) i s suppressed at short distances (see fig. 2 (a)) and looks like a wave
function of a standard phenomenological potential model with the repulsive core.

IOOOM«V

, at
-a*

lOOOMeV

w
7*, fm

r,fm

Pig. 2: Results of RGM calculations') at energies £io4=5, 200 and 1000 AfeV. Projections of the ¥JJ/Y* into NN channel: (a) full function $£y, (b) reduced function
$NN (solid) and s* configuration (dots).
However, if we subtract the contribution of the configuration ss (the first term at
the r.h.s. of Bq.(6)), we obtain a nodal wave function
N(1,2,3)N(A,5,6)
m

= 010 >]

(13)

with a stable position of the node at distances r » b w 0.5-0.6 fm in a large interval
of energy 0 < E < 1 GeV (see fig.2 (b)). The $NN(r) is orthogonal to the inner 05"
state originating from the configuration »6[6]x, which is not in essence the NN state:
this configuration has approximately identical projections into any one of possible
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baryon-baryon channels of given 5 and T (7VW,AA, CC, etc.). The P-wave has
also a nodal NN structure at short range (after subtraction of a contribution of the
configuration j 5 p from the full wave function * ^ * = i ) Then we can identify the function $j^?(r) a* " a t r u e NN state" in the open NN
channel and the configuration $6 as "a six-quark bag state" in the closed channel.
From our microscopical quark calculations it follows (see fig. 1 and 2 (b)) that we can
describe a repulsive core behavior of the NN phase shifts in 5 and P waves taking
into account only the open NN channel with its nodal wave function at short range
and using (as the first approximation to NN interaction) in this channel an attractive
NN potential with the forbidden 05 and I P states ("Moscow potential" 10 ' 11 )). But
to take into account a specific non-local character of the NN interaction at short
range we have to make use of a coupled closed channel (as a second approximation)
with its symmetrical six-quark wave function. Note that the closed six-quark channel
is orthogonal to the NN state of the open channel. Now on a base of this consideration theie is proposed a new (more adequate than standard OBEP or Moscow10-11)
potentials) phenomenological description of the NN interaction at short range.16)

4

Six-quark structure of the deuteron

The deuteron 5-wave function consists also of two orthogonal components: (i) the
inner part, J 6 bag (closed channel), (ii) the outer part, an orthogonal to the s* bag
nodal NN wave function. The deuteron D wave is another NN component, connected
with s* bag through the qq tensor forces and with 5-wave NN component — through
the tensor force of the pion-exchange potential. Table 2 represent the full solution for
the deuteron S and D waves on the basis of 13 quark configurations.
Table 2. Quark configurations in the deuteron
S wave:
Conf.

[G]x
[fcs]

[Acs
0.155

f.p.c.
NN
AA

N'N

11
,/[

«

45

0

[42) x L=0

[6] x L=0

[Acs

-0.019
/-L
^

[42]cs
-0.115

[321] cs
0.042

[Acs
0.052

[313]c5
-0.01

[214]C5
0.004

y^

0

/-i
v»

A3

V 33S

0

.,/& V ^
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^

wave:
Conf.

[42],Z,=2

[G]XL=2

Ucs)
*•,
,f.pc.

[313]cs

-0.023

Pic*

-0.011

0.009

[214]cs
-0.002

0
0

0

0
0

0

[?*\cs

[42] C5

[321] C5

0.007

0.045

0
0

41
0

The solution differs from standard NN models of the deuteion in baryon-baryon
(BB) and partial wave composition and has a non-tiivial spin structure. This is
essential foi deuteron bieak-up reactions and we expect that new spin structure of
the deuteron wave function could be observed in experiments with polarized deuteron
beams.
New features of the deuteron wave function

1) Non-nucleon components. Calculation of the overlap integral
£?2(456) | *6,(12...6) >

(14)

by means of f.p.c. technique ' ) results in the following spectroscopic factors for A A,
N*N,...etc. components in the deuteron: SAA = / I *AA(»") \2 <Pr = 0.02, S w . w =
/ I $N'it{r) \2 <&T = 0.006,...etc. A momentum distribution of these components
*BiB2(k) = (5j)r/*fliBj(r)e'kr(ir3 could be observed in deuteron break-up reactions
as momentum distribution of the baryon-spectator.
2) Partial wave structure. P-wave components. In the six-quark deuteron
the nucleon-spectator can originate not only from NN component but also from N*N
component in which N* is the negative parity resonance JVJ_(1535) and the nucleon
is in a P-wave state.8'17'1') In the six-quark deuteron there are two different P- (N'N)
states:
a) lP* state t»0(r) (with S=0) in the configuration 5 V[51]*[2 2 l 2 ] cs LST=100; by
our results its probability is very small, < 10~s, and this configuration has a zero
projection into NN channel;
b) 3/\* state vx(r) (with S=l) in the configuration aV[42M42]cs.LST=010 with
a probability of w 0.5%
In the deuteron break-up reaction the outgoing nucleon at fixed angle 8 "remembers" a partial wave and spin structure of the deuteron (if the initial deuteron is polarized). Fourier transform of the wave functions of S- and D- waves in the deuteron
(u(k) and w(k)) and P-wave functions (vo(k) and «i(fc)) are used in relativistic impulse approximation (RIA)1*) to define the differential cross section (see details in
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Ref.1*-17'19))

the T30 analyzing power
_

1

- «,»(*) + Cofl (vl(k) - 2v\{k))

(16)

and the coefficient of polarization transferred

+ cof,

(17)

in the inclusive reaction of the deuteron break-up on nuclei at intermediate energy.
Here C o // is a unknown coefficient 0 < Cojj < 1 that takes into account off-shell
effects in the N*N channel. We choose an extreme variant of P-wave structure of the
deuteron with vo(k) = v\(k) (microscopic calculations give us fo « 0, but these calculations are not adequate to the problem in the case of configuration $*p>[51]xL='l,
which has a minimal coupling with NN channel)

Pig. 3: Inclusive cross section of the deuteron break-up at the Dubna energy
8.9 GeV.vs) Calculations: six-quarks RGM without P-wave contribution (lower solid)
and with P wave (upper solid), «o = «i; Paris potential (dashed); Bonn potential
(dots). Stripes show the region in which COjj in Eq. (16) varies from 0 to 1.
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In figures 3, 4 and 5 there is shown the observable of Eq. (15)-(17), calculated
with our deuteron wave functions v, w, VQ and v\ (solid curves).

0.5

• Punjabi a i d .
« AMeevetal.
L Aonostol.

.--—
/

y

0.0

-0.5
-1.0
-1.5
0.0

0.2

0.4

0.6

0.8

1.0

k. GeV/c
Pig. 4: The TM data.31"33) Calculations: six-quarks RGM without P-wave contribution (upper solid) and with P wave (lower solid), vo = fi; Paris potential (dashed).

o Ku«hn

OJ)

OJ

0.4

0,«

k. GeV/c

Fig. 5: Polarization transferred data.34"*7) Calculations: six-quarks RGM without
P-wave contribution (lower solid) and with P wave (upper solid), «o = v\\ Paris
potential (dashed).
Note that in the RIA a momentum q = {<?||,qi} of the proton-spectator in the
deuteron rest frame is correlated with light-front (l.f.) variables x, kj. = q± (or l.f.
momentum k = {k^, k±}) through the equation1*)
(18)
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5

Conclusion and outlook

The NN interaction at short range (in S and P waves) is significantly non-local
but this non-locality can be effectively described with the orthogonality condition to
the most symmetrical (in X-space) configurations, se[6]xL = 0 and ssp[51]xL = 1.
These configurations are not in essence NN states and they have a specific color-spin
structure. So some non-tiivial effects could be observed in polarization experiments
on the deuteron ( or in NN scattering) at intermediate energies. We have above
demonstrated that polarization data are sensitive to the inner quark structure of the
NN system.
This approach would be useful for example in description of "structures" observed
in transverse or longitudinal spin asymmetry of the TV TV cross-section at intermediate
energies A<TT = <r(|t) — ^(TT)) &°L = o{*Z) ~ a(Z) a r | d could be considered as a
development of the well known models.8'9)
One can suppose that the quark Hamiltonian (16) gives an adequate description
of the closed six-quark channel and the interaction that couples it to the open NN
channel, but we expect that parameters of qq interaction in the six-quark system
are not exactly identical with one of the three-quark system and an investigation of
this problem on a base of a quantitative model of NN interaction would be very
interesting.
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ABSTRACT
The differential cross sections for 3He(7,p)d and the asymmetry coefficient in the
reaction with linearly polarized photons are calculated at photon energies E-, < 300
MeV taking into account the off-shell (OS) effects in one- and two-nucleon photoabsorption. The role of the D-component of the 3He wave function (WF) in 3He(e, e'p)d
is studied within the plane wave impulse approximation (PWIA).

1.

Introduction

Over the past several years, the polarization phenomena in disintegration of
lightest nuclei by photons and electrons have been the subject of intensive experimental and theoretical studies (see, e.g., review1 and references therein). These
investigations have been carried out to gain a deeper insight into the reaction mechanisms and to obtain additional information on electromagnetic (EM) properties of
bound nucleons and nuclear structure.
Recently, the polaxization observables for 73He —* (pn)ps ec have been calculated in the framework of the quasideuteron model. It has been shown that the
contribution of the direct A-excitation enhances the differential cross section of
the reaction at E~, = 300 MeV changing the sign of the beam asymmetry in the
entire interval of the proton angles. The analysing power Ay has proved to be highly
sensitive to the model of the initial pair WF at photon energies below and above the
A-resonance region.
There has been a great deal of efforts aimed at exploration of the spindependent asymmetries in quasielastic scattering of longitudinally polarized electrons
from a polarized 3He target. New data on the transverse AT< and transverse-longitudinal ATU asymmetries for the reaction have been obtained at the MIT-Bates Linear
Accelerator Center in ref. ' . The model dependence of the data interpretation has
been scrutinized3' 4 within the PWIA. According to the calculations5' 6 , the theoretical uncertainties for AT turn out to be comparatively small, making possible to
extract a value for the neutron magnetic form factor (FF) . In contrast to AT>, the
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variations of ATU with NN potentials, parametrizations of nucleon FF and singlenucleon oiF-shell (OS) prescriptions hinder from reliable extraction of the neutron
electric FF under the kinematical conditions .
It has been demonstrated7 that a proper kinematic conditions may be chosen
to suppress the proton contributions increasing thereby the sensitivity of the quasielastic asymmetry to the neutron electric FF.
The 3He(e, e'n) reaction offers another possibility to research into the EM
properties of the neutron. First measurement of the corresponding asymmetries has
been carried out at Mainz8.
This report carries on the investigations of the
3
(1)
7 + He->p + d
reaction mechanisms with studying the OS effects. Our previous calculations9 of the
3
He two-body breakup by electrons have been extended and the role of the D-waves
of 3He WF in 3He(e, e'p)d has been analysed within the PWIA.
2.

Off-shell effects in two-body breakup of 3 He by linearly polarized
photons

The amplitudes of (1) are calculated in this work with the nuclear EM current
including contributions of convection, magnetic, SO currents and x-meson exchange
currents (TT-EC).

The one-nucleon current employed here has been derived in Ref. ' ^ relying
on the unitary transformation method. In this current the nucleon EM FF depend
on the argument (p' — p)£, where p(p') is the four-momentum of the initial (final)
nucleon. Since in the framework of the formalism with nucleons on their mass shell
the energy in intermediate states is not conserved, (p' — p)*4 can be replaced by the
four-momentum transfer QM = (w, Q) only in the quasifree peak. Thus, for example,
the charge density for the ath nucleon is given by

«(ft' + Pa " <M ((^+<J " E^f - Q2),

(2)

where Fi is the Dirac nucleon FF, E2. = M2 + k2, M is the nucleon mass. It should be
noted that OS effects in one-nucleon current ' " ' 11 have been found to be important
in investigation of the d(e, e'p)n reaction mechanisms (see the contribution of Mel'nik
and Shebeko to the Symposium).
To satisfy the continuity equation with the NN interaction approximated by
the one-pion-exchange potential (OPEP) and the charge density (2), TT-EC should
consist of terms
where J^(Q) ~ i[r(a) x f(/3)],, J%(Q) ~ r.(a),r,(/9), and J%{Q) ~ ?(a) • f(fi).
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For the matrix elements
P/3 Jap(Q)

PcP

where ka = pQ' — pa, the leading Q/M order can be derived from the corresponding
expressions in refs. 12 " 14 . The result can be written as

^))

-F(a)v,(kp)

S{a) a(/3) • kp + F(0)Vir(ka)

(3)

<?(/?) ff(a) • k \

with

\ {F?{{EP,

Efj^f

Q) + fi((£ fc+<J

EPaf

Q)

(4)

and

where f*NN is the pseudovector TrAf coupling constant, mT is the pion mass, F^ is
the isovector nucleon FF, FwNN is the TTNN FF. If the arguments of the EM FF in 3
are replaced by Q 2 , the model 12 " 14 of the TT-EC will be recovered.
The present calculations have been performed in the framework of the approach 1 ' ^ using the convenient parametrization of the 3He WF for the Reid soft
core (RSC) potential. The final state interaction (FSI) effects are neglected.
The phenomenological monopole form is taken for the irNN FF .FV/vwC^2) =
(AJ - m«2)l(hl + k2). The value of the cut-off parameter A2 = 1.2 GeV is chosen
since for this value OPEP reproduces the tensor component of the RSC potential in
3
Sj - 3 Dj states 17 .
For the nucleon EM FF the dipole parametrization and the scaling rule are
used.
As seen in Fig. 1, OS effects noticeably decrease the differential cross section
of (1) at Ey > 150 MeV, compensating the contributions of TT-EC (cf. solid and
dotted curves at E^ - 250 . . . 300 MeV).
Detailed analysis shows that at E^ < 300 MeV (except for the forward and
backward angles) the arguments of the nucleon EM FF in expressions for one- and
two-nucleon contributions to the amplitudes of (1) can be approximated by —E2
and then FF may be taken out of the nuclear overlap integrals. This results in the
negligible influence of the OS effects on the energy and angular dependencies of the
beam asymmetry. One can expect also that the OS effects will manifest themselves
in calculations with the exact WF for the final state of (1).
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3.

On sensitivity of the beam-target asymmetry in 3 He(e, e'p)d to the
.D-components of the 3He wave function

A detailed outline of the formalism developed for the description of the electron
scattering with inclusion of spin degrees of freedom has been given in Ref.1. Some
general formulae for the beam-target asymmetry A! in the reaction can be found in
there . As was pointed out , the asymmetry A! has many common properties with
the polarization transfer in d(e, e'p)n. Thus, for coplanar geometry the vector A! lies
in the reaction plane
*oA'Xs = VM^ {&V* cos <j> + v / 7 + 7 £*'2) R,
where the angle 4> between the scattering and reaction planes takes on values 0 and n.
The Mott cross section (the cross section for 3He(e,e p)d with unpolarized particles)
is denoted by <TM(<TO). The structure functions (SF) E/y and the kinematic factors
i/, f and R are denned in Ref.l.
To separate the contributions of the interference SF £'/'* the azimuthal (with
respect to the angle i^) asymmetry A' can be considered. It is known from studying
polarization phenomena in the deuteron electrodisintegration that the number of SF
is reduced in the parallel kinematics. Indeed, in this kinematics, E'/ = Ej = 0 and
each component A'xz is determined by only one SF.
In PWIA SF E'j is determined by the interference of the convection and magnetic currents, while £j includes only the contribution of magnetic one. It can be
shown, that to this approximation these SF are expressed in terms of two nuclear
overlap integrals
ASMdmp[Pd) = W
M

<t>'UiM(p)^s=i,Mmp(p, -Pa)dp,

(6)

J

where >PsMmr(4>MdM) denotes the 3He (deuteron) WF, Pd is the deuteron momentum,
Md(rnp) is the projection of the deuteron (proton)spin. In turn, each asymmetry A'x t
is a product of the two factors. One of them, a'x z, determined by the EM interaction
while the other, a'xz, by nuclear structure properties, viz.,
Functions a'xz, which may be named 'reduced' asymmetries, are determined by
a'x(Pd) = -3Alh(Pd)/p(Pd)

and a'z(Pd) = -3(A^(P,) - A]_,(Pd))/p(Pd),

(7)

where the proton momentum density distribution of 3He for the two-body breakup
process is given by p{Pd) = 3 ( ^ i ( P i ) + A\_^{Pd)).
Being determined by the ratio of the Dirac and Sachs proton FF i^f/G^,
functions a'x2 might also depend on the recoil momentum Pd when the OS effects are
taken into account. Nevertheless, these effects are not appreciable.
Retaining only the contributions of the 5"-components of the deuteron and 3He
WF, one can see from (6) that A\_i = -y/2A2ok and arrive at

224

a'APd) = -ct.[Pi) = - 1 / 3
regardless of the NN potential model used in the calculation of the WF.
Fig. 2 shows that the inclusion of the .D-waves qualitatively changes the
behaviour of a'xz. So, one can hope that the investigation of the beam-target asymmetries in 3He(e, e'p)d will bring additional information on the structure of3He.
Surely, the effects of the meson exchange currents and FSI may correct the
results obtained in the PWIA. In particular, FSI was proved23' 2 4 to play a significant
role in the exclusive electrodisintegration of 3He under various kinematic conditions.
Studying of the TT-EC role in the reaction is in progress now.

10-2
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Fig. 1. The differential cross section and the beam asymmetry £ for reaction (1) at the proton
emission angle 9P = 90". Solid and dashed (dashed-dotted and dotted) curves are calculated with
the convection, magnetic and spin-orbit currents (with T - E C included). Dashed and dotted curves
are obtained taking into account OS effects. Data points A , o and • (° and •) in the left (right)
part are from Ref.18"20 (Ref.21' 2 2 ) , respectively.

Fig. 2. 'Reduced' asymmetries a't
and a'x. Solid and dashed curves
are calculated with the S- and Dcomponents of the deuteron and3He
WF. Dotted lines are obtained with
the S-waves in these WF.
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ABSTRACT
The method and device for deuteron beam polarization monitoring and measurement are presented.
For this goal the measurement of quasielastic proton-proton scattering at a hydrogen containing
target (CH2) was used. The measured proton polarization is directly related to the polarization of
the stripped neutrons and to the vector polarization of the extracted deuteron beam. The polarimeter
was investigated at the deuteron beam with the intensity of about 2 • 109 particle per spill and in the
beam momenta region from 3.0 to 9.0 GeV/c. The presented method is faster than the earlier used
measurements of the asymmetry of elastic p-d scattering and allows to obtain the information on the
beam polarization practically on-line .

Introduction
The measurement of the difference of np-scattering total cross-sections (Aa^iip))
in pure longitudinal spin states 1 was carried out at the polarized deuteron beam of
JINR Synchrophasotron. New beam polarimeter, based on the measurement of the
quasielastic pp-scattering asymmetry, was installed at the extracted beam line to control the stability of the beam polarization and to measure the value of deuteron vector
as well as proton polarizations. This method was used earlier at SATURNE II polarized deuteron beam 2 ' 3 in the energy region 7j < 2.3 GeV. It is based on the fact
that the polarizations of protons and neutrons in the deuteron are equal. It is also
assumed that in the kinematical and energy range of the experiment the asymmetry
for quasifree scattering on polarized nucleons in deuterons is the same as for free polarized protons. This condition is trivially satisfied if there's no difference in analyzing
power for scattering of free nucleons and of quasifree nucleons in deuteron. This is in
fact found to be the case for pp-scattering in the region up to ~ 1 GeV per nucleon.
After dividing the asymmetry t^p measured in experiment , by analyzing power for
scattering of free protons we can obtain a value of the polarization of protons into the
deuteron which is expected to be close to the value of deuteron vector polarization'1.
The latter was independently checked in our experiment by means of measurement of
the dp elastic scattering asymmetry 5 .
The main equations which describe the process of elastic nucleon-nucleon scattering
are presented below:
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(PT + PB)PPP + CNNPBPT],

(1)

where Pj and PB are the target and beam polarizations and Ppv is the pp-elastic
scattering analyzing power (polarization).
If PT — 0, which is true in our case,
£ppW =

= P

P

(2)

^

and

The main advantages of the used method are:
1. The possibility of the on-line measurement of the stability of the deuteron beam
polarization during the whole run.
2. The calculation of the beam polarization needs the information on the values of Ppv
only. The last one was carefully measured many times and can be extracted from
the results of these measurements as well as from phase shift analysis calculation
with the high precision6'7.
3. The measurement of the polarization of the quasielastic scattered protons allows
to measure directly the polarization of the proton inside the deuteron which has
to be equal to the polarization of the neutrons.

Experimental setup, results and discussion
The polarimeter was installed at the extracted polarized deuteron beam of JINR
synchrophasotron at F4 area. It consisted of eight scintillation counters C\ — Cg and
detected the scattered and recoiled particles from hydrogen containing target. The
fourfold coincidences defined the right and left scattering events. The arms of the polarimeter were installed at the angles corresponding to the elastic pp-scattering kinematics. The CH2 and carbon targets were used. The thickness of the CH2 target
along the beam was 5mm; the thickness of C target was chosen taking into account
contamination of the carbon into CH2 target. The experimental setup is presented in
Fig.l. The main parameters of the polarimeter are listed below:
Polarimeter main parameters

L

Distance to the determining counters
Size of the determining counters

Sci,s

Angular resolution
Solid angle

u>

A0
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188 cm
5 x 5 cm2
1.5"
7 • 10"4

Fig.l. Schematic layout of the polarimeter
The measurements were carried out at four polarized deuteron beam momentum
values (3.0, 3.84, 6.64, and 9.00 GeV/c). The last of these momenta corresponds to
the proton energy of 3.66 GeV which is considerably higher than the energy where
the quasielastic pp-scattering was used before for polarization measurement. The polarimeter was settled at 8°ab for the two higher momenta and at 14°a(, for the two
others. The chosen angles correspond to the maximum values of pp-elastic scattering
analyzing power6'7. The right-left and up-down asymmetries (the latter for both arms
of polarimeter) were measured at transversely polarized deuteron beam with up- and
down-oriented vector polarization. Obtained results are shown in Fig.2 where presented is the correlation of normalized number of events per spill for left and right
polarimeter arms for both orientations of the beam polarization. The events in the
region close to the left corner belong to the pp-quasielastic scattering at carbon nuclei.
Fig.3 presents the left-right asymmetry from quasielastic pp-scattering at the same
beam. Both figures display data at Tp = 2.5 GeV.
Numerical results of our measurements are collected in Tab.l. The good agreement
of the results for left-right and up-down ; asymmetry is found and gives evidence of
the low instrumental asymmetry of our measurement. The last column of the table
presents the result of proton beam polarization calculation. The results of PB at
ppp = 1.5; 1.92 GeV/c were corrected for asymmetry due to pp-quasifree scattering
from carbon using the R.ef.3 results for this correction. The independent measurements
at C target were not carried out during the run.
Table 1. Asymmetry (left-right and up-down) for quasielastic pp-scattering
e'r
|| Tp(GeV) Kb
PB
14
0.246±0.016
3.00
0.83
0.58
3.84
1.20
14 0.2201±0.0015 0.2227±0.0015
0.60
6.64
2.51
8 0.1435±0.0015 0.1432±0.0015
0.58*
9.00
3.66
8 0.0801±0.0022 0.0813±0.0020
0.50*

W (GeV/c)

1

the asymmetry from scattering on carbon was not subtracted.
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The independent estimation of the beam vector polarization was made at pd =
3.84 GeV/c using the measurement of pd-scattering asymmetry. Obtained values are
0.53 ±0.03 and 0.54±0.03 for different signs of the beam vector polarization. The small
discrepancy between these numbers and our data presented above is under discussion.
As one of the possible reasons for it, the precision of used pd-analyzing power data
could be mentioned.

{N/M)R
0.3

0.2

Fig.2. Correlation of the normalized event numbers for left and right polarimeter
arms. Data from quasielastic pp-scattering at T, = 2.5 GeV and CH% target for
deuteron beam with up- and down-oriented vector polarization.

-0.25

0.25

0.5

Fig.3. Left-right asymmetry from quasielastic pp-scattering for deuteron beam with
up- and down-oriented vector polarization.
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The measurements of asymmetry of pp-quasielastic scattering were carried out during the whole A<T/,(rcp) experiment. The data on the stability of the deuteron beam
polarization were obtained for three different beam momenta. The polarization 'history' of this run is presented in Fig.4 depending the record numbers. As the result ,the
highest level of the pp-scattering asymmetry instability can be estimated as At < 0.01.
This estimation corresponds to the polarization instability less than 0.04 for the proton
(or neutron) beam polarization at Tp = 2.5 GeV during the run.
Mymmetry
0.2

0.16
Tp-8.8 Go
Tp.3.a a«v

0.1

0.05

o

eoo

1000

isoo

2000

2500

run number

Fig.4. Beam polarization monitoring (history) of the A<7/,("p) measurement at JINR.
Summary.
T h e on-line polarimeter for monitoring and measuring the vector polarization of
polarized deuteron beam was installed and tested at JINR synhrophasotron. It was
shown that the polarimeter based on the measurements of quasielastic pp-scattering
asymmetry can be successfully used in the momentum region up to pj = 9 GeV/c.
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ABSTRACT
The nuclear effects in the spin structure functions of the deuteron g\ and 62a r 0
estimated in a fully covariant approach of the Bethe-Salpeter formalism. The construction of the relativistic wave function of the deuteron is discussed in detail. Numerical
results for the spin structure functions g\ and b2 are compared with nonrelativistic
results and relativistic corrections are discussed.

1.

Introduction

In this talk we present results of an investigation of the spin structure functions
(SF) of the deuteron in the Bethe-Salpeter (BS) formalism and the operator product
expansion (OPE) method. The approach was elaborated in Ref.1' . All calculations
are made in the following well-defined approximations:
1. the ladder approximation for the BS equation;
2. twist-2 approximation in the OPE method.
The deuteron is considered as an "exactly" solvable model in the effective
meson-nucleon theory . Our consideration of the SF is limited with the impulse
approximation.
This research is motivated by a number of experiments on deep inelastic scattering (DIS) of polarized (unpolarized) leptons on light nuclei being carried out in
SLAC, CERN, DESY and GEBAF.
2.

Basic Formalism

In the one photon approximation the DIS cross section can be calculated in
terms of the hadronic tensor W^ which is the imaginary part of the amplitude for
forward, virtual Compton scattering off the deuteron, 2rW)iu(P, q) = ImTM1/(/3, q),
\P,D)C.
"'Permanent address: Far Eastern State University, Vladivostok, 690000, Russia.
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(1)

We work in the rest frame of the target, PM = (Md,0), and orient the momentum
of the virtual photon opposite to the z-axis, q*1 = (u,0j_, — |q|). As usual, we define
the invariant variables: the square of the transferred momentum, Q2 = —q2 > 0, the
virtual photon energy, v = P -q/Mj, and the Bjorken scaling variable, x = Q2/2Mcii/.
The hadronic tensor can be decomposed into independent SF which in the
Bjorken limit (y —> oo, Q2 —> oo, x € (0,1)) depend on x only, resulting in scaling
SF. Our further considerations are performed in the Bjorken limit. There are eight
independent SF for the deuteron, as a spin one target, altogether4. It is convenient
to classify the scaling SF in terms of helicity amplitudes for the forward Compton
scattering, 7A + deuteronx —»-yl + deuteron^:
hxM,XM=e?W)il,(P,q)el

(2)

where A and M are the spin components of the virtual photon and the deuteron
along the quantization axis, and ex is the polarization vector of a helicity A photon:
4 = T^(O,I,±«,O), < = ^jHql.o.o.i/).
We are interested in the spin SF of the deuteron which in the Bjorken limit
are characterized with pf(i) and bf(x) . These functions are two features of the spin
effects in the deuteron. While gi(x) measures the spin distribution of nucleons, bi(x)
reflects the dependence of the nucleon momentum distributions on the spin projection
of the deuteron. In all it is sufficient to calculate three helicity amplitudes, h++t++,
h+ — ,+— and h+o,+o, and

we

find

Si(s) = ~^lm(h++.++

- / l +-,+-)i

(3)

6 2 (i) = - — Im(2/j +o , + o - /»++,++ - h+-,+-) •

(4)

Since in the DIS kinematics the behavior of the Tuv is controlled by the behavior of
the product of the currents in Eq. (1) in the vicinity of the light cone, £2 =0, it can
be derived from Wilson's operator product expansion. The product of two operators
is expanded in sets of local operators with the increasing order of their twist. The
lowest twist accounts for the leading contributions in the Wilson's series and therefore
gives rise to the leading twist SF, i. e. g\ and 62. Structure function gi(x) can be
determined by measuring the DIS cross section for a polarized beam to scatter from
a polarized target, whereas b2(x) can be determined for an unpolarized beam, we
need to calculate both the symmetrical, T ^ } = (Tlil/ + Ti/fi)/2, and antisymmetrical,
T^,,] = {T^-Tuli)/2, parts of the Compton amplitude. In the OPE of the helicity
amplitude h+M,+M in the leading twist order receives contributions from vector (V)
and axial-vector (A) operators with twist 2

E

(
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^

Y

^

(5)

where a stands for fundamental fields of a theory under consideration, E'an are the
coefficient function (being c-numbers) and QyJ1-'*11' ; s a set of twist two operators
totally symmetrical over Lorentz indices. The explicit form of the operators is to be
constructed from the field entering the Lagrangian of the theory.
At present time it is impossible to calculate both pieces appearing in the
OPE (5). If either is calculated in a self-consistent way, the other remains to be the
unknown element. We are interested in the investigation of the nuclear structure
in DIS processes, hence we examine the matrix elements in Eq. (5). To this end
one needs a field theory within that the deuteron bound state is well described and
the explicit form of the operators are then found. We apply the effective mesonnucleon theory with renormalizable interactions to the OPE method. For example,
the nucleon operators of the second twist are:

(6)

TT
,

(7)

where N is the spinor nucleon field. The matrix elements of the operators in Eq. (6)
and (7) with the BS amplitudes for the deuteron can be calculated explicitly. On
the other hand, the coefficients E\ n cannot be calculated in such approach and
they are new constants to be determined from an independent experiment, e.g.
from DIS off free nucleons. In the impulse approximation E'a n are identical to moments of the SF of the physical nucleon, £ ^ n = Mn(Ff) and Efin = Mn(fff) with
l

.

M n (/) = Jdxx"~1f(x). The corresponding moments of the pf and if in the ladder
o
approximation have the form
Mn(g?) = Mn(g?)B%?,

(8)

2M n (6f) = Mn(F2D)&ZD+, + Mn(F2B)e»l?,

n = 2,4,...

(9)

where 0 ^ n are the reduced matrix elements: (P|Cw...Mn(0)|P) = ©n{P^ . • • P^}.
The last term in the r. h. s. of Eq. (9) is the contribution of meson exchange currents
which will not be considered here.
3.

The bound state wave function

Our next point concerning the description of the state vector \P) is the homogeneous BS equation. We use the matrix representation of the BS amplitude for the
deuteron2 which is denoted by x(p; P)- In the momentum space the BS equation for
the bound state in the ladder approximation reads
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K(t,p)=(El-S-M*H)2-t*Ml

(11)

where A(p) = p — m and p, = (f,p) is the 4-momentum of the ith nucleon expressed
in terms of relative 4-momenta p, p' and the center-of-mass (c. m.) momentum
P = (Mi,O): pi = P/2 + p and p 2 = P/2 — p; )ia is the mass of the relevant meson
and FQ stands for the interaction vertex between the nucleon and relevant boson,
XB = g%/{^)2 (ffs denoting AWB-coupling constant).
The BS amplitude x a n d its conjugate \ satisfy the normalization condition
given by the matrix element of the electromagnetic current in the impulse approximation

j^{p-P)(m-j>l)}=2P,.

(12)

The BS amplitude is parametrized using the decomposition in terms of the complete
set of Dirac matrices
X(P; P) = 75P + 757°A° - (7-V) - 7*(7-A) - 2*7°(7-fo) " 2 7 ° 7 S ( r f ) ,

(13)

where P, A0 are the scalar and T°, T and V are vector functions depending upon the
relative 4-momentum p in the c. m. frame. The angular dependence for an angular
momentum J = 1 and its projection M owing to the rotational invariance of Eq. (10)
is expressed in terms of the spherical and vector spherical harmonics. For example.

P(e, p) = P,(e, |p|)Y1JM(np), f (t, p) = £ Tt(£, |p|)Y^(n p ).

(14)

L=0;2

The corresponding equations for the radial functions can be found by the partial wave
decomposition of the kernel in Eq. (10). The basis states (13) employed so far are
not traditional to discuss the properties of the deuteron. It is more convenient to
introduce the basis labeled by J , L, S and p. In spectroscopic notation of Ref.0 we
have the eight coupled states
YT = (v°s,vet,v<,,v°,u+,u-,w+,w-),

(15)

which are connected with the adopted states
tfT = (A?,T?,P 1 ,V ) ,X 0 + ,X-,X+,X 2 -),

(if,)

where X* E\/5(T ± A/2), with the orthogonal transformation. While the odd states
in relative energy are not mixed

tf = A?, «f = 2iT?,
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(17)

the even states are connected with the matrix
U =

-I

0

o
\

Jl

-4.

V 3
2
3

x/3
2_
x/3

2

73

/I

V - 7 S V3

2

0

where rj= |p|/m.
The BS Eq. (10) is solved numerically using standard methods. The kernel of
the equation is the one-boson-exchange potential, consisting of the exchange of w, rj,
6, a, u> and p mesons. The pion-nucleon interaction is taken to be of the axial-vector
type. The cutoff A at high momenta is introduced. This is done by inserting a formfactor Fs{t) = (tig — A2)/(t — A2) at the meson-nucleon vertex. The Wick rotation is
applied, yielding the nonsingular two-dimensional integral equation. The eigenvalue
problem for the deuteron mass in Eq. (10) can be reduced to the eigenvalue problem in
the space of the coupling constants. The input coupling constants Ag and the masses
of the exchange bosons /*s are taken to be the same as in Ref. . The parameters
reproduce phase shifts for the elastic NN-scattering up to i?Lab < 250 MeV and they
are the unique ones known in the literature.
The positive-energy components of the wave function, u + (e, |p|) and w+(t, |p|),
can be compared with those obtained from nonrelativistic (NR) calculations. To
do this we consider the question of the magnitude of probabilities of the various
components. By the use of the matrix (18) the integrand in Eq. (12) takes the form
(19)
where ui is the diagonal matrix
(20)

Each integral in Eq. (19) defines the probability of the relevant component. The
numerical values are given in Table I. As a result we see that an admixture of the
negative-energy amplitudes reinforces the contribution of the positive-energy states.
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Table I. The probabilities of the components of the BS amplitude
State
P*(%)

3O+

95.014

State
Pa{%)

-0.010

3 c-

5.106

-0.002

-0.003

3 no
M

1 Do

3 pe

-0.082

-0.015

-0.008

• " 1

The values of the probabilities for the relativistic components are small and close
to those in Ref. . The Z)-state probability of the BS wave function is compared
with Pgs = 4.8 % of Ref.5, PD ~ 4.3 % of Bonn 6 and PD = 5.9 % Paris 7 potentials.

0.5

1.0
p. GeV

Figure 1: The module of 3 5j" and 3Df components of the deuteron waVe function.
For comparison the correspondent components of the NR wave functions of the Bonn
and Paris potentials are plotted.
Additionally, the various static characteristics of the deuteron were calculated. The
calculation of the quadrupole moment and the magnetic moments does not contrast to
the values of the NR nuclear potential models for the same values of Pp. A thorough
analysis will be reported elsewhere.
We found that the positive-energy states 3Sf and 3D+ correspond to the NR
states. Not looking for the exact analytical correspondence, we can employ Eq. (19)
and define the following quantity: u + (|p|) = i/jrfeai + |u+(e, |p|)| 2 and tu + (|p|) =
yjfdeu+\w+(e,\p\)\2

with w+ = 1 - 2EP/Md, for 3 S+ and 3£>+ components. The
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dependence of such functions on |p| is shown in Fig. 1. Then we tentatively introduce
Z)-wave with inclusion of the negative-energy states: w = yw+2 + w~2 + u~2 + . . .
(dotted line labeled as Bethe-Salpeter-II on
Fig. 1). This amplitude changes its
sign what is the feature of the Z)-components of a deuteron wave function. Numerically the corresponding curves are in a reasonable agreement in the NR region, up to

4.

The spin structure functions

To calculate the SF of the deuteron we use the OPE within the effective mesonnucleon theory. The matrix elements of the operators are calculated according to the
Mandelstam prescription

(p\o^-^(()\P) = l*vWx^ViY)K££l£w-

V\Y- Y')x-,eW,Y'), (2i)

where Aw•"'*" is the Mandelstam vertex corresponding to the given operator. Neglecting "off-mass-shell" corrections9'
and working in the impulse approximation,
the Mandelstam vertex of the operators (6) and (7) can be written as follows
-pV- 1

{7

J«

(22)

}

where the kinematical variables are defined in the c. m. system and DIS kinematics is
used, p + = po ~\- Pz a n d pq = up+. The matrix F + corresponds to the spinor structure
of the operators: T^ = -y° + 7 3 and T\ = 75(7° + 7 3 ). Then the reduced matrix
elements can be obtained
^ Y

(23)

•
+""',

(24)

M=0
P;

P)(m -

?r

P2 ))

,(25)

M=l

Applying the inverse Mellin transform to Eq. (24) and Eq. (25), spin SF gf and b%,
are cast in the convolution form
1

9?{x) = Jjf%?(t)9?Wt),

1

*?(*) = Jd(AfN/D(OF»(x/(),

X

(26)

X

where g^ and F^ is the SF of the isoscalar nucleon. The effective distribution functions / S p/ n D (0 and AfN/D{() are defined with the moments (24) and (25), respectively.
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Their first moments measure the dependence of the momentum distributions on the
nucleon and deuteron spin
(27)

Using the distribution functions /spl-n (£) and AfN!D(£) and the realistic parametrization of the nucleon SF <n and F2 , we calculate the SF of the deuteron.

5.

Results

The numerical results of the SF are shown in Fig. 2. The nuclear effects in
b® and g® calculated within the NR approach of Ref. are presented as well. The
magnitude of b%{x) on Fig. 2a is small and about the same in different models, the
order of magnitude is of |p| 2 /m 2 . The source of the effects in b% is the interference of
the S- and D-waves in the deuteron wave function. The NR calculation for g^ includes

j
; Bonn ( I A •• ml)

id'

a)

b)

Figure 2: The spin SF of the deuteron: a) b%(x) calculated in the relativistic and
NR approaches; b) the ratio of g^(x)/g^(x)
calculated in the rolativistir and NR
approaches.
the effects of Fermi-motion of the polarized nucleons (dotted curve on Fig. 2b). Fermimotion of the polarized nucleons with the binding effects (dashed curve Fig. 2b). The
ratio in the interval 0.2 < x < 0.7 is governed by the distractive contribution of the
D-wave admixture which generates a polarization of the deuteron along the z-axis
even though the nucleons have their spin aligned in the opposite to the polarization.
The "poles" of the ratio on Fig. 2b are by no means the nuclear effects and are the
consequence of nodes of the parametrization of the g^(x)11.
All curves in Fig. 2b
tend to the limit 1 — \PD as x —> 0.
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6.

Summary

In summary, we have considered a relativistic description of DIS scattering on
the deuteron within the BS formalism and the OPE method. The leading twist spin
SF gP and bP are calculated in terms of the Mandelstam vertices and BS amplitude
which is the solution of the spinor-spinor BS equation with a realistic meson exchange
potential. We show the obtained amplitude provides an appropriate description of
static properties of the deuteron. It is found that the results for the SF in the
relativistic impulse approximation agree with the previous NR calculations motivated
by the nuclear physics.
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Abstract
We present a new measurement of the spin-dependent structure function gf of the
deuteron in deep inelastic scattering of 190 GeV polarised muons on polarised deuterons. The first moment T*, evaluated at Q\ = 10 GeV2 — 0.034±0.009(stat.) ±
0.006 (syst.), is below the Ellis-Jaffe sum rule prediction by three standard deviations. Using earlier determination of Tf, we obtain Tj - T? = 0.199 ± 0.038 in
agreement with the Bjorken sum rule.

Introduction
In order to test the Ellis-Jaffe sum rule [1] , and the more fundamental Bjorken
Sum Rule [2], a set of measurements of spin- dependent structure functions was undertaken at CERN [3] and SLAC [4] using a polarised lepton beam and a polarised
nucleon target.
In this paper, we report on the new CERN measurement of g%, where longitudinally polarised muons of 190 GeV were scattered from longitudinally polarised
deuterons in the kinematic range 0.003 < x < 0.7 and 1 GeV2 < Q2 < 60 GeV 2 . The
result also allows to determine the fraction of the nucleon spin carried by. quarks.
Beam
The /i + came from the decay in flight of ir and K produced by protons of the SPS
on a beryllium target. The intensity was 4.5 x 107 per spill at an average momentum
of 190 GeV. Each fi momentum was determined with an accuracy of Ap/p = 0.5 %
in a magnetic spectrometer upstream of the polarised target. The beam polarisation
was measured by two methods, sharing alternatively most of the same experimental
set-up, and located just after the main experiment. The first method [5] is based on
the positron energy spectrum of the decay in flight of the beam muon : /x+ —> e + i/ e i^.
This spectrum has a shape which depends in a known way on the beam polarisation
and of the variable y = yMichel = Ec/E^ where E^ is the energy of the decaying muon
and Ee the energy of the produced positron:
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To derive the theoretical spectrum from the observed one, a very detailed MonteCarlo is needed. It should reproduce accurately the geometrical acceptance and the
local efficiencies of all the detectors.
The second method uses elastic scattering of muons off polarised electron [6].
The experimental asymmetry is Atxp = Pex PM x A^ where A^ is known from QED
[7]:

The longitudinally polarised electrons come from magnetised ferromagnetic target.
The electron polarisation is Pc = 0.0834 ± 0.0008 along the field direction. The
direction of polarisation is changed every burst by changing the magnetic field.
j4e»p = (JVf — Ni-)/(N'f + N^) where the N's are the number of events in each y bin
normalised for the beam flux.
Both final results take account of bremsstrahlung contamination and of radiative
corrections. The two methods introduce very different systematic errors. The two results for beam polarisation, (-0.803 ± 0.029 ± 0.020) [5] and (-0.785 ± 0.025 ± 0.029)
(preliminary) are in agreement, and agree also with the value estimated by beam simulation (-0.78 ± 0.05).
Target
The polarised target consists of two separated cells oppositely polarised and set
in the same cryostat and in the same magnetic field of a superconducting solenoid. The
two cells are 65 cm long and are separated by 20 cm along the beam. Each cell is filled
with deuterated butanol.
The material is polarised by Dynamic Nuclear Polarisation
(DNP) [8]. The spin directions were reversed every week via DNP, and every five
hours by rotation of the magnetic field direction. An average polarisation difference
between the upstream and downstream target cells of 0.97 was obtained throughout
the data-taking [9]. The polarisation measurements accuracy was APT/PT = 5.4%.
The dilution factor f(x) ~ 0.20 is the fraction of scattering events from deuterons.
Due to the so-called "EMC effect" applied on the carbon and oxygen nuclei of the
butanol,. the dilution is a slightly varying function of the Bjorken parameter x. The
probability of the deuteron to be in a D-state is asumed to be u>o = 0.05 ± 0.01 [10].
Analysis
To measure the trajectory of the scattered muon more than 150 planes of proportional chambers, drift chambers and streamer tubes were installed before, behind
and inside a spectrometer magnet . The muon was identified as a track behind a 2
m thick iron absorber to stop electrons and hadrons. The angle and the momentum
of the scattered muon were determined with average accuracies of 0.4 mrad and
1.3 GeV, respectively. The interaction vertex was reconstructed with a resolution
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of 30 mm (0.3 mm) parallel (perpendicular) to the beam direction, allowing to attribute without ambiguity each event at the correct target cell. The trigger systems
were based on scintillator hodoscopes and veto counters and are the same as used
previously in our measurements with a proton target [11].
The asymmetry Ad = (<r^ — a^)/(cr^ + <r^) of the cross sections for antiparallel (tl) and parallel (tt) longitudinal spins of the muon and deuteron and the
structure function gf are related to the virtual-photon deuteron asymmetries Ad and
Ad by [12]:

Ad = D(Ad+r,Ad)

and pf = _ £ L ( A ? + 7 ^ ) .

(3)

The contribution from the quadrupole structure function due to the nonzero tensor
polarisation of the deuteron is expected to be small in our kinematic range [13]. The
coefficients i], 7 and D depend only on kinematic variables (and for the depolarisation
factor D also on the unpolarised structure function R).
For the unpolarised structure functions F2 and R we used the parametrisations
by the NMC [14] and SLAC [15], respectively, where R is the same for the proton
and for the neutron. The average of the free nucleon structure functions is related to
the deuteron structure function gf = \{g\ + g")(l — §W£>), neglecting off-mass-shell
effects in gf [16]. In this region the factors JJ and 7 are also small and we neglected
the contributions from Ad to Eqs. (3).
Events were selected by applying cuts which ensured that the beam flux was
the same for both target cells and to minimise the size of kinematic smearing effects
and radiative corrections. In total 6 X 10* events from the new measurement were
used in the analysis.
Results
The asymmetry Ad was extracted from combinations of data sets taken before
and after a reversal of the target polarisation [11]. In the evaluation of asymmetries the
muon fluxes, the amount of target material and the acceptances for the two target
cells cancel. Radiative corrections were applied to compute Ad from the measured
asymmetries [17] and they were found to affect Ad by less than 0.003 in the entire
kinematic range.
The results for Ad(x) at the average Q2 of each x bin are shown in Fig. 1,
including data taken previously with a beam of 100 GeV [3]. The contributions to Td
from the measured z range, and from the extrapolations to 0 and to 1, are:
/ " 7 9f (*, Ql)d* =

00358 ± 0.0087 ± 0.0051

{Q20 = 10 GeV1)

(4)

.003

L

gd{x,Ql)dx

= -.0028

±0.0016

(5)

gd{x,Q20)dx

=

±0.0010

(6)

0.0006
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The result for the first moment then is: F? = 0.034 ± 0.009 ± 0.006. The Ellis-Jaffe
sum rule (calculated at 2nd order corrections in a.) gives (T^EJ = 0.070 ± 0.004
which is three standard deviations above the measured value.
To test the Bjorken sum rule [2], including perturbative QCD corrections for
four quark flavours [19] and up to third order in a,, we combine our results for Ff and
for Fj = 0.136 ± 0.011 ± 0.011 [11] taking into account correlated errors and obtain:
F^-FJ

=

0.199 ±0.038

(Exp

FJ-F?

=

0.187 ±0.003

(Theory Q*o = 10 GeV1).

Q*o = 10 GeV)

(7)
(8)

The two values are in agreement
The sum FJ + F" = 2Ff/(I — 1.5ui£>) is used to determine the contributions to the
nucleon spin from the sum of the quark spins (AE) and from the strange quark spin
(As). The QCD corrections [18] were calculated using four quark flavours. Neglecting
possible contributions from gluons and charm quarks, we obtain:
A'S = Au + Ad + As
As

=
=

0.20 ±0.11
-0.12 ±0.04.

(9)
(10)

These results are inconsistent with the Ellis-Jaffe assumption of As = 0 which gives
AE = 3F - D = 0.579 ± 0.025 [1].
Results from this experiment and from the SLAC E143 experiment are compared in Figs. 1 and 2 and are in good agreement. The data from both experiments are
complementary: the former have higher average Q7 and extend to smaller z, while the
latter have smaller statistical errors. Using all available data from both experiments
and evaluating g* at a common Q\ = 5 GeV2 we obtain Ff = 0.031 ± 0.006 which
gives AE = 0.18 ± 0.07 and As = -0.13 ± 0.03.
The spin-dependent structure function of the neutron, g", was determined by
combining our results on g* and g\ [11] (Fig. 2). Our data at small x are more negative
than expected from Regge-type extrapolations from the common region. This explains
[20] most of the difference between our result for Y\ and that of SLAC E142 [21].
Conclusion
Our new measurement of the spin-dependent structure function gf from polarised deep inelastic muon-deuteron scattering, now clearly displays negative values
of gf at small x. The result for the first moment Tf disagrees with the Ellis-Jaffe
prediction by three standard deviations, but confirms the Bjorken sum rule.
In order to increase statistic at very low x, and check the validity of the invariance of g\'n versus Q2, the SMC experiment has improved the set-up (e.g. adding
micro-strip detectors). New data on deuteron were taken in 1995, and new data on
proton will be taken in 1996.
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Figure 1: The asymmetry A\ as a function of Bjorken x at the average Q2 of each x
bin. Errors are statistical. The size of the systematic errors is indicated by the shaded
areas. Results from the SLAG E143 experiment [4] are shown for comparison.
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Figure 2: Tie spin-dependent structure functions (a) gf(x) and (b) 9i{x), as a function
of Bjorken x evaluated at a common Q\ = 5 GeV. Errors are statistical. Results from
the SLAC E142 [21] and E143 [4] experiments are shown for comparison.
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ABSTRACT
The proton and deuteron structure functions F$ and F^1, and the structure function ratio F"/Fj are measured in inelastic muon scattering with an
average beam energy of 470 GeV. The data were taken at Fermilab experiment
665 during 1991-92 using liquid hydrogen and deuterium targets. The F2 measurements are reported in the range 0.0008 < x < 0.6 and 0.2 < Q2 < 75 GeV2.
The E665 data overlap in x with the HERA data, and there is a smooth connection in Q2 between the two data sets. At high Q2 the E665 measurements
are consistent with QCD-evolved leading twist structure function models. The
data are qualitatively described by structure function models incorporating the
hadronic nature of the photon at low Q2. The structure function ratio is preseateias a function of XBJ for XBJ > 10~6. The ratio F"/Ff is found to be
constant, at a value of 0.935±0.008±0.034, for x < 0.01. The deviation from
unity could be interpreted as evidence of nuclear shadowing in the deuteron.
No significant dependence of the ratio on Q2 is found.

1.

Intro duction

Fermilab experiment 665 is currently the highest-energy muon scattering experiment in the world. The experiment took data in the 1987-88, 1990 and 1991-92
fixed-target runs.
The experimental apparatus has been described elsewhere.110 It consists of a
beam spectrometer, an open geometry forward spectrometer, and a muon detector.
The momentum resolution a(l/p) of the beam spectrometer is « 0.8 x 10~5 (GeV/c)"1
and that of the forward spectrometer is « 2 x 10"5 (GeV/c)"1 . The data used for
the structure function and the structure function ratio measurements are from the
1991-92 run. A muon beam of mean energy 470 GeV impinged on cryogenic liquid
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hydrogen and deuterium targets, and on an evacuated vessel. The various targets
were cycled into the beam with a frequency of approximately once per minute. This
procedure greatly reduces the systematic uncertainty in the ratio measurements, due
to the cancellation of time-dependent corrections. The empty target data are used to
subtract the contribution of the out-of-target scatters on a statistical basis.
The trigger system includes two kinds of muon triggers, the small angle trigger
(SAT), and the set of large angle triggers (LAT). In addition a trigger (CAL) based
on the calorimeter signals was available. The small angle trigger used a floating veto
so that it could also trigger on events where the scattered muon remained within the
phase space of the beam. The trigger acceptance extended to scattering angles as
small as 1 mrad.
2.

Structure Functions F£ and Fj

In the single photon exchange approximation the double differential cross-section
for lepton-nucleon scattering can be written as
d(-Q-*)d(lnx)

~

i r a

^

pF r, Qo ' v i 1 v
^

X

Mxy

y ~ ^ +

i

y2(1

2(1 + R(x, Q2))

]

(1)

where E is the incoming lepton energy in the lab frame, and — Q2 is the square of
the 4-momentum transferred from the lepton. In the lab frame v is the lepton energy
loss, x = Q2/2Mu = XBJ is the Bjorken scaling variable, and y — u/E. aem is
the electromagnetic coupling constant and M is the nucleon mass. F2{x,Q2) is the
structure function of the target nucleon and R(x, Q2) is the ratio of the longitudinal
to the transverse virtual photon cross-sections.
2.1. Motivation
The behavior of the structure function F2 is expected to be different in the
small and large Q2 limits. In the limit Q2 —» oo we expect approximate scaling due
to point-like photon-parton interactions, with an increase at low XBJ and logarithmic
scale dependence introduced by QCD radiative effects. In the QCD-improved parton
model, photon-nucleon scattering at lower Q2 may have a significant contribution from
"higher-twist" effects in addition to the QCD radiative effects. Higher twist terms may
formally be defined as terms inversely proportional to increasing powers of Q2 in an
expression for the photon-nucleon cross-section. These terms can be interpreted as
the photon scattering off multi-parton states, or as the struck parton re-interacting
with other partons in the nucleon.
Apart from the QCD-improved parton model, the photon-nucleon scattering
process has also been described in the nucleon rest frame, in which it occurs mainly
due to the interaction of the hadronic component of the photon with the nucleon.
Furthermore, the Vector Meson Dominance (VMD) model states that the spectrum
of the hadronic component is dominated by the low mass vector mesons, resulting in
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a strong Q2 dependence (through vector meson propagators and the gauge invariance
constraint) and only a weak XBJ dependence at fixed Q2. In the photoproduction limit,
Iimg2^ o F2 = (T7jvQ2/4Tr2a, where the factor of Q2 is obtained from gauge invariance
and cr-fN is the real photon-nucleon cross-section.
The Generalized Vector Meson Dominance (GVMD) model includes the contribution of higher mass states. In GVMD, the high mass hadronic components of
the photon would correspond to highly virtual qq states, corresponding to spatially
small color dipoles. The dipole field would reduce as the dipole shrinks with increasing
Q2, resulting in a diminishing cross-section with the nucleon. This is the idea of the
"shrinking-photon" or "color-transparency", which restores the scaling behaviour of
the structure function at high Q2 in GVMD (for a review see 2 ).
The measurement of the structure function extending from low to high Q2 can
help to illuminate the transition in the photon-nucleon scattering mechanism between
the high and low Q2 limits.
2.2.

Experimental Issues

In order to extract the structure function from the event rates, the absolute
luminosity, radiative corrections and apparatus effects must be known. The apparatus acceptance, trigger and reconstruction efficiencies, and smearing corrections are
calculated using a Monte Carlo simulation of the detector. The simulation is tuned
extensively and validated by performing many cross-checks against the data. The absolute luminosity is calculated by measuring the length, temperature and pressure of
the liquid targets, counting the total number of beam muons, and using the random
beam trigger method for normalization.
The experimentally measured quantity is the total muon double differential
cross-section. In order to extract F2, electromagnetic radiative corrections must be
applied, and R must be known. For the analysis presented here, radiative corrections
are calculated by the computer program FERRAD35 3 according to the formulation
of Mo and Tsai. 4 The input F2 is constructed from published fits5"7 to SLAC, DESY,
Daresbury and NMC data and the low Q2 interpolation at high W2 of Donnachie
and Landshoff.8 R is taken as Rsiac? The H2 a nd Di event rates are corrected and
normalized using an event-by-event weighting procedure. A fit to the resulting F2
measurement is used to constrain the input F2 in the low x range of the E665 data
[x < 0.05). The detector acceptance and the radiative correction is recalculated in an
iterative procedure until convergence is achieved.
Events used for the structure function measurement are required to have the
beam energy between 350 and 600 GeV, v > 35 GeV, Sis/i; < 0.5 and the energy of
the scattered muon greater than 100 GeV. As we have not yet fully understood the
detector efficiency at large scattering angles, we have also required that 6,cat < 20
mrad in this analysis. This removes some data at high x and Q2, where the statistical
precision was low to begin with. SAT events are used for the analysis. The kinematics
of the event are determined from the 4-momenta of the beam and the scattered muon
at the reconstructed vertex. The details of the structure function analysis may be
found in 10 .
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Fig. 1. Fj as a function of Q2 in XBJ bins. The errors shown are the statistical and systematic
uncertainties added in quadrature, but the normalization uncertainty is not included. On the
left, the E665 data at low x are compared with model calculations of Donnachie-Landshoff
(DL), Badelek-Kwiecinski (BK) and the MRS(A) parton distributions. On the right the
E665 data at higher x are compared with the NMC data.

2.3.

Results

The F2 results for the proton are shown in figure 1. The errors shown are the
statistical and kinematics-dependent systematic uncertainties added in quadrature,
but the overall normalization uncertainty of 1.8% is not included. The statistical errors
are 3-5% at low x and Q2, and 20-30% at the highest x and Q2 of the data. The total
kinematics-dependent systematic uncertainty varies between ~2-10%. This includes
uncertainties in the trigger efficiency ~ l - 5 % , reconstruction efficiency ~l-8%, effect
of energy scale uncertainty ~0-4%, radiative correction ~0-3%, effect of variation in
Rsiac <3%, and binning errors which are typically less than 1% (except edge bins). The
maximum radiative correction is ~45% and agrees with the calculation11 using the
method of Bardin et alto ~ 2 % . The difference between the Mo-Tsai calculation and
the Bardin et al calculation is included in the systematic uncertainty, as is the change
in the radiative correction due to variation in the input F^ due to measurement error.
The difference between F^ obtained using R,iac and other functions for R (R = 0,
RQCD, using the modified low Q2 MRS(A) parton distributions12) is typically small
except at low x and high y where it is up to 10%. The results for the deuteron F2 are
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similar, but with smaller statistical errors. The overall normalization uncertainty in
F$ is 1.9%.
The measurement covers the range 8 x 10~4 < I B J < 0.6 and Q2 > 0.2 GeV2.
In figure 1 on the left, the data in the low x range are compared with three structure
function models. The MRS(A) curves are computed12 by performing QCD evolution
of leading-twist parton distributions both up and down in Q2 from Ql = iGeV2.
The Donnachie-Landshoff (DL) model8 performs a phenomenological interpolation
between the real photoproduction data and the NMC data below Q2 of 10 GeV2.
It is designed to reproduce F? in the photoproduction limit, and approach a scaling
function at high Q2. The Badelek-Kwieciriski (BK) model13 merges the contribution
from the p,w and <f> to F2 with the partonic contribution using GVMD ideas. The
MRS(A) curves are unable to reproduce the magnitude and slope of the data at
low Q 2 . Assuming that the difference is due to the higher-twist contribution, the
comparison indicates that the higher-twist contribution is negative at low Q2, and
that it grows in magnitude with decreasing x and Q2. The DL and BK models, which
incorporate the hadronic nature of the photon at low Q2, give a fairly good description
of the data.
In figure 1 on the right, the E665 data in the higher x range are compared with
the NMC data. 7 When a certain x bin is split by either experiment, the multiple data
points are shown in that bin. Assuming only an overall normalization difference, the
two measurements are consistent within normalization uncertainties.
The XBJ values at E665 are comparable to those obtained at HERA and extend
to lower values than those achieved at previous fixed target experiments. In figure 2 on
the left, a subset of the E665 proton data is plotted in the corresponding x bins with
the ZEUS data. 14 The BK model calculation is used to guide the eye in connecting
the data from the two experiments as a function of Q2 in each x bin. The plot shows
that the data from the two experiments connect smoothly in Q2. The x dependence
at fixed Q2 (and hence the W dependence, where W is the photon-nucleon c.m.s.
energy) is weaker at low Q2 that it is at high Q2.
In figure 2 on the right, the virtual photon-proton cross-section (computed from
F2 using the Hand convention for the photon flux K — w ~^f ) is shown versus Q2
in bins of W. The Q2 dependence becomes weaker as one goes from high to low Q2.
This is another way of visualizing the transition from the partonic to the hadronic
scattering mechanism. The DL model which incorporates this transition is able to
reproduce the trends in the data.
In figure 3 we show the logarithmic partial derivatives of the proton F2 with
respect to Q2 and x respectively, holding the other variable fixed. On the left, at fixed
x, dlnFg/dlnQ2 is shown versus x, for the E665 data and the DL model. The data
follow the trend in the model in the approach to the photoproduction limit (value
of 1.08 obtained from8), however the slopes in the data tend to exceed the model
prediction. On the right, dlnF^/dlnx at fixed Q2 is shown versus Q2, along with the
photoproduction limiting value of -0.08 (obtained from8). The typical value of the
slope (~ -0.3) observed in the higher Q2 HERA data is also indicated (see12 for a
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discussion). The x dependence at fixed Q2 (hence the W dependence) of the E665
data is bounded by the higher and lower Q2 measurements, thereby measuring the
transition between the two.
3.

Structure Function Ratio F?/F%

The neutron cross-section is assumed to be the difference of the deuteron and
the proton cross-sections. In the parton model with the assumption of sea isospin
symmetry, the neutron-to-proton structure function ratio is expected to approach
unity as XBJ —> 0. One can obtain a prediction for the value of the Gottfried integral
to be 1/3, where the Gottfried integral SG = ${F% - F?)dxBj/xBj. Therefore it is
interesting to measure the structure function ratio at low XBJ. Regge phenomenology
also predicts that F% — F£ should behave as -JxB • at low XBJHowever, the measurement is made with deuterons and not with free neutrons.
One might expect nuclear effects in deuteron, leading to shadowing in deuteron with
respect to proton. These effects may be anticipated due to the hadronic nature of the
photon at low Q2, or due to recombination of partons from different nucleons. Hence
one is motivated to measure the deuteron-to-proton cross section ratio at low XBJ and
Q2 where these effects are likely to manifest themselves.
3.1. Experimented Issues
For the extraction of the ratio the following cuts are made on the H% and D2
data samples: 0.1 < y < 0.8, v > 40 GeV, Svjv < 0.3 (and Sx/x < 0.5 for the CAL
trigger), Q2 > 0.1 GeV2 (SAT) or Q2 > 0.001 GeV2 (CAL), and 380 GeV < v < 650
GeV.
Three different methods are used to extract the structure function ratio, each
method giving the best result in a different range of XBJ- In the first method, SAT data
are used and radiative corrections are applied to the ratio <xn/<rP) in a manner similar to
the absolute F2 measurement. This method is restricted to the range XBJ > 8 X 10~4 to
avoid the muon-electron elastic scattering contamination peaking at XBJ = Tne/mp =
0.000545.
The second method uses the electromagnetic (EM) calorimeter to identify and
remove the fi — e elastic scatters and hard muon bremsstrahlung events. It uses the
properties that (i) the production angles involved in these events are typically small,
and (ii) all the energy loss is electromagnetic and hence is detected in the calorimeter.
The spatial spread of the energy deposited in the calorimeter (should be small), and
the energy of the largest calorimeter cluster normalized to v (should be large) are
used to identify electromagnetic background events. The SAT events surviving the
cut are used to measure o^/ay,, and extend the measurement from the SAT data down
to the lowest available xBj of 10~4.
The third method uses the calorimeter trigger data, which extends down to
xBj > 10~6 since the trigger makes no minimum muon scattering angle requirements.
The trigger is constructed such that only the signals produced in the outer regions
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of the calorimeter are used to define the trigger. Some vertical and horizontal spread
in the calorimeter energy flow is required. This construction selects hadronic event
topologies and is very efficient at rejecting fie and hard muon bremsstrahlung events.
3.2. Results
The neutron to proton structure function ratio F£/F% is directly related to the
single photon exchange cross-section ratio oVi/^p if Rp is assumed to be equal to R"
(the R difference is measured9 to be consistent with zero in part of the kinematic
range covered by this measurement). The ratio F^IF* is shown in figure 4a) for the
three techniques. The results from the three methods are consistent with each other
in the regions of their respective overlaps. The curves shown are the predictions16
with and without nuclear shadowing effects in the deuteron. The experimental error
bars shown are statistical only. The total systematic uncertainty is less than 3.5%,
including uncertainties in the relative normalization, trigger acceptance and the effect
of analysis cuts. These uncertainties are determined from the data using monitoring
triggers and Monte Carlo studies. The details of the structure function ratio analysis
may be found in17 .
In figure 4b) the ratio F^IF^ is shown as a function of x, using the technique
with the smallest systematic uncertainty in each x bin. The data in the different XBJ
bins cover different ranges of Q2. The average Q2 for the XBJ values of 5 x 10~6,
2 x HT4 and 1.5 x 10~2 are 0.004 GeV2, 0.25 GeV2 and 2.4 GeV2 respectively. The
result from the NMC data re-analysis18 is also shown. There is good agreement in the
region of overlap, while the E665 measurement extends three decades lower in XBJ.
The average value of the ratio F£/F£ is 0.935 ± 0.008 (stat) for xBj < 0.01. The
deviation from unity may be due to shadowing and is consistent with model calculations of shadowing in the deuteron.15'16 Using the model15 to correct the deuteron
data, can reduce the Gottfried integral by 12% compared to the value extracted without shadowing corrections.18 The measurement may also be interpreted as a difference
in the proton and neutron structure functions. If this is the case then, using the measured Q2 dependence (figure 5) to extrapolate the ratio to Q2 = 4 GeV2, the Gottfried
integral gets a positive contribution of ~ 0.03 per decade in XBJ, down to XBJ ~ 10~4.
4.

Summary and Conclusions

We have presented measurements of the proton and deuteron structure functions
F2 in the kinematic range x > 0.0008 and Q2 > 0.2 GeV2. These are the first precise
measurements of F2 at such low x and Q2. The data were obtained using a muon
beam of average momentum 470 GeV, and liquid hydrogen and deuterium targets at
the experiment 665 during 1991-92 at Fermilab.
The E665 measurements have a significant overlap in x and Q2 with the measurements from NMC. In the region of overlap the two measurements are in good
agreement. The E665 measurements also overlap in x with the HERA data, the E665
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and Thomas [16], with (solid line) and without (dashed line) shadowing effects, b) F2"/Ff =
2F$/F% - 1 as a function of a;, the NMC results from [18] are also shown. The hatched area
represents the magnitude of the systematic uncertainty.
data being at lower Q2 at fixed x. There is a smooth connection in Q2 over a large
range between the two data sets.
The E665 data show a transition in the nature of the photon-nucleon interaction
when Q2 ~ O(0.5 GeV 2 ). While perturbative QCD evolution-based models give a
good description of the data at higher Q2, they fail to describe the data at lower Q2.
Thus the data can be used to quantify the higher-twist effects as a function of x and
Q2. Models that incorporate the hadronic nature of the photon at low Q2 are able
to describe qualitatively the W and Q2 dependence of the data. We find that at low
Q2, the W dependence of our data is stronger than that of real photoproduction and
hadroproduction cross-sections, but weaker than the W dependence of the high Q2
HERA data. Thus the data provides a measurement of the transition between high
and low Q2 in both the W and the Q2 dependence of the photon-nucleon interaction
mechanism.
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Results on the neutron-to-proton cross-section ratio ffn/<rp are presented in the
range xBj > 10~6 and Q2 > 0.001 GeV2. The average value of the ratio is below
unity ( 0.935 ±0.008(stat)±0.034(syst) ) for xBj < 0.01, and is consistent with model
calculations of shadowing in the deuteron. 15 ' 16 There is no evidence for a significant
Q2 dependence of the ratio.
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ABSTRACT
The use is emphasized of the ppr piocess as a laboratory to study among others, relativistic effects and role of non-nudeonic degrees of freedom below the pion
threshold.

1.

Introduction

The proton-proton bremsstrahlung (pp7) process is unique since it is the simplest process where one is sensitive to the off-shell nucleon-nucleon T-matrix. The
off-shell point where the T-matrix is measured is determined by the particular kinematics (energies and angles) one has selected and can be choosen more-or-less at will.
Originally the pp7 reaction was proposed as a means to distinguish different potentials which give the same on-shell phase-shifts. As shown in Refs. ' 1 and also in
another contribution to this conference3, the sensitivity to the various potentials is
vanishingly small below the pion threshold (Ep < 280MeV). This has for a long time
diminished the interest in the basic nucleon bremsstrahlung process.
More recently the interest has been stirred again. The availability of excellent
facilities to perform the difficult high-precision polarization experiments necessary
to probe possible relativistic and non-nucleonic effects predicted by the theory is
one reason for the renewed interest. There is also a more utilitarian -aspect; the
bremsstrahlung process can be used as a probe of the reaction mechanism in heavyion reactions. In this contribution only the first point will be addressed, while the
latter is the subject of two other contributions ' to this conference.
2.

Relativistic effects

In calculations of the T-matrix one is almost forced to make a 3-dimensioned
reduction of the fully-relativistic 4-dimensional Bethe-Salpeter equation to make the
problem numerically tractable. This 3-D reduction is not unique and a myrad of
different quasi-potential (q-p-) approaches are commonly being used. In the present
consideration I will limit myself to one particular widely used approach, the equal
time approximation, and show that observables in the pp7 reaction are sensitive to
this approximation. The arguments presented are however more broadly applicable.
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In the q.p. approximation one assumes that the interaction V(^/s,\p\,ko,k)
depends only on the total energy y/s, the relative momentum in the initial state |p|,
and the 3-momentum transfer k, but is independent of the energy transfer fco- With
this assumption one of the integrals in the Bethe-Salpeter equation can be performed
analytically and the equation reduces to a 3-dimensional equation. Evaluating the
potential at fco = 0 and treating the propagators exact gives the equal-time (e.t.)
approximation. For elastic scattering this approximation has been tested explicitely
and found to agree very well with the full calculation. The reason might be that the
potential is evaluated at fco = 0 which is -on average- correct for elastic scattering.
In bremsstrahlung one could expect violations of the e.t. approximation if
applied in the usual way. As an example one may consider the case in which the
photon is emitted at 6 = 0" and the protons at equal angles with respect to the beam
(see Fig.(l)). Reflection symmetry dictates that the energy e of particle 1 equals that
of particle 2 in the- cm. system. Energy conservation for particle 2 gives E = ko + e.
Total energy conservation gives IE = q + 2e and from which it follows that the energy
transfer ko = q/2. The energy of the emitted photon, q, is related to the emission
angles of the protons (see also Fig.(2)). By varying the kinematical conditions the
energy and momentum transfer in the interaction region can be tuned to be most
sensitive to the approximations made in the 3-d reduction scheme. For rescattering
diagrams the kinematics is not this simple, but since their contribution is in general
small, this should not confuse the picture.

Figure 1: Bremsstrahlung kinematics in the cm. frame for the particular case that
the nucleons are emitted at equal angles 6\ = — 62 and the photon is at 8 = 0°.
To indicate the possible size of these relativistic effects we have tested the
effect of the e.t. approximation in a model where the T-matrix is approximated by
a pseudo-vector one-pion-exchange. In this simple one-boson-exchange model the
full-relativistic calculation, obeying gauge invariance, can readily be done. The e.t.
approximation can be obtained if the T-matrix is evaluated in the cm. system of
the two on-shell nucleons for zero energy transfer and subsequently boosted using the
appropriate Lorentz transformation.
In Fig.(2) the calculated differential cross sections at 8y = 0° for the full model
and in the e.t. approximation are compared for 9i = 62. As mentioned the energy
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Figure 2: The top panel shows the dependence of the cross section on the proton
angle for the kinematics of Fig.(l) (0y = 0°). The corresponding photon energy in
the center of mass system is shown in the middle panel. The bottom shows the
relative difference between the full relativistic calculation and the one using the q.p.
approximation. Results are also presented for photon polarizations in the reaction
plane (#//) and perpendicular to it (R±). For relativistic kinematics elastic scattering
occurs at an angle smaler than 45° at which angle the photon energy vanishes and
the cross section diverges because of the 1/w dependence of the matrix element.
of the photon, shown in the middle panel of the figure, is strongly dependent on the
proton angles. With increasing proton angles one approaches the elastic scattering
limit (at 6\ = 6i as 45") where the energy of the photon vanishes (see also Fig.(2)).
At low photon energies the cross section, shown in the top panel diverges because
of inverse-energy dependence of the matrix element for the process. The relative
difference between the full (oy) and the q.p.-model (<rw) calculation,
R =

(1)

indeed vanish at the largest proton angles, in agreement with the argument presented
in the above. At the smallest angles where still the coulomb interaction can be
ignored, about 6°, the two calculations differ by as much as 25% !
The effects of the q.p. approximation are strongly enhanced when polarization
degrees of freedom are considered. To demonstrate this also the ratio's similar to
Eq. (1) but for the production of photons with linear polarizations in the reaction
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plane, (R//), and perpendicular to it, (R±), are also given in Fig.(2). While the polarization is close to impossible to measure for real photons, the above considerations
are also valid for the case of virtual bremsstrahlung where the azimuthal angular
distribution of the electron-positron pair is a direct measure of the linear polarization
of the (virtual) photon .

280MeVpp,«,.4-10°
opep

£0.5
0.0
=•100

r
0

20

40

60 80 100 120 140 160 180
Photon 3

Figure 3: Dependence of the cross section ratio on photon angle. In this case the
photon energy is almost constant.
In Fig.(3) the calculated differential cross sections for the full model and in the
e.t. approximation are compared for different photon angles at fixed angles for the two
protons. The difference between the calculations is of the order of 15% at forward and
backward angles. Since the photon energy is not strongly depending on its emission
angle this relativistic effect is thus not only photon-energy dependent but is in addition
sensitive to the particular kinematics used. In the general case different diagrams
contribute to the full matrixelement, each corresponding to a different energy transfer.
This in principle allowes for the selection of a particular kinematics in which one is
most sensitive to the approximations made.
For the simple case in which the T-matrix is modelled by a pseudovectorone-pion exchange the effect of the e.t. approximation is sizable. If the T-matrix
is extended to a more general one-meson exchange model, preliminary calculations
indicate that the sensitivity seems to diminish. Calculations using a realistic T-matrix
are presently under investigation. It is to be expected that the results obtained for
the e.t. approximation hold more generally for any 3-dimensional reduction scheme,
even though the details may be different.
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3.

Non-nucleonic degrees of freedom, the A-isobar

Another interesting aspect that can be investigated in Bremsstrahlung is the
role of non-nucleonic degrees of freedom. A priori one might estimate that the Aisobar, being about 300 MeV heavier than the nucleon, will have a negligible effect in
reactions below the pion-production threshold. Using the example of nuclear compton
scattering8 we will show this simple estimate to be incorrect. The effect of the Aisobar can be sizable, even below the pion threshold and thus has to be considered.
On including the A-isobar in the calculations the cross section for p-p-bremsstrahlung
is affected by about 30%24' 2 5 . Meson exchange currents are of a similar magnitude
and tend to cancel the effect of the A-isobar .
3.1.

The role of the A-isobar in nuclear Compton scattering

To investigate the role of the A-isobar a quantitative investigation is presented
of nuclear compton scattering including explicitely nucleonic and A-isobar degrees of
freedom8. We use a fully relativistic description, where the spin-| A-isobar is
described in the effective-lagrangian approach.
3.1.1.

Treatment of the A-isobar

The model for the A used is similar to that of Olsson and Osypowski12. The
differences are minor and concern only the treatment of the 'off-shell parameters' and
the 'dressing' of the A propagator. In this section we briefly summarize the model
lagrangian and conventions.
The Rarita-Schwinger propagator of the field i/>" is given by

3-

3M

In the general case, when the particle is off-shell (p2 ^ M2), the field if>" constains
beside the spin-| field also two independent auxiliary spin-| components. Thus, generally, a calculation involving intermediate A excitations also contains effects arising
from the off-shell spin-| contributions15. In the present calculation this spin-| sector is kept and appears to be crucial to be able to reproduce the Compton-scattering
data.
The form of the effective nucleon-A interaction lagrangian was thoroughly
discussed in connection with pion photo- and electroproduction 12> 13< 14 > 16> 1 7 . For
real photons its electromagnetic part is usually written as follows,

261

h.c,

(3)

where m is the nucleon mass, N and if)" stand for the nucleon spinor and the A
vector-spinor fields respectively, F"* is the e.m. field tensor, and T3 is the third
component of the | —» | isospin transition operator.
The tensor 0a»»(z) w a s introduced in the lagrangian originally by Peccei16. In
it most general form it reads
®ap{z) = (&* - (* + \Yiv-1fi) •

(4)

where z is the so-called off-shell parameter. Thus, in general, every coupling to the
A-isobar contains an additional parameter z (the coupling to the spin-1 components).
In the present fully-relativistic calculation of Compton scattering all Feynman
diagrams at the tree level, shown in Fig.(4), are taken into account. The decay
width of the delta is included via a complex self energy in the spin-| sector of the
propagator.

*. > /T\ /T\

/7\

Figure 4: Tree diagrams for Compton scattering on the nucleon. The double line in
diagrams c and d denotes a A. The dotted line in diagram e denotes a pion.
3.1.2. Compton scattering from the proton
Recently data of excellent quality have become available from the Saskatchewan
Accelerator Laboratory at energies ranging up to the A-resonance9. These data exhibit some striking features, such as the near vanishing of the forward-angle cross
section at EM, « 150 MeV and a forward-backward symmetry in the cross section
at Ekb « 280 MeV, see Figs. 5 and 6. In our calculation these features in the cross
section appear to result from a strong interference between diagrams with a nucleon
and those with a A intermediate state. These are thus a clear sign of the important
role played by the A-resonance
The data can be reproduced by several different sets of parameters with a
similar quality. Two typical parameter sets are; set#l : G\ = 4.2 , Z\ = 0.1 , Gi =
4.0 , z2 = 2.25 and set#2 : Gx = 4.3 , zx = 0.1 , G2 = 6.0 , z2 = 1.55. The
off-shell couplings play an important role. The pion i-diagram Fig. (4e) interfers
destructively, in line with the observation made in Ref. .
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Figure 5: Differential cross section in the c m . system at fixed angles. Parameter set
# 2 has been used for the -yNA interaction. The contribution of the diagrams with a
nucleon are indicated by the short-dashed line, those with a A intermediate state by
the dotted line and their sum by the long-dashed line. The total cross section (solid
line) includes also the pion diagram. The data points have been taken from9.

3.1.3.

Low-energy limit, electric and magnetic polarizabilities

The coefficients in a low-energy expansion of the CS differential cross section
are related to the polarizability of the nucleon, see e.g. Refs. ' 2 0 . At low photon
energies w the cross section can be written as a series expansion in powers of w 11 ,
given to second order by
(5)

where a = 1/137 is the fine-structure constant, 6t is the scattering angle in the lab
system and a, /3 are the generalized electric and magnetic polarizabilities respectively.
The cross section for a structureless nucleon is given by (da/dQi)Bora.
In our model we can make a similar expansion of the cross section and by
comparing the coefficients, obtain analytical expressions for the polarizabilities in
terms of the vertex parameters. Up to order w2 in this expansion only the nucleon-A
interference term contributes. The pure nucleon contribution is already contained in
the first term of Eq. (5), since we have not included any off-shell formfactors 2 1 . The
pure A-term contributes only to higher orders.
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Figure 6:
Same as Fig.(5) but
at fixed photon energy.

Photon angle e ^

From the present calculations we obtain a + j3 = 19.7(20.3) x 10~4fm3 and
a - 0 = 3.8(3.7) x 10~4fm3 for parameter set#l (#2) respectively. The most recent
experimental values for the polarizabilities range from about22' 23 d — J3 = 7.5 x
10-4fm3 to about9 a - /3 = 5.5 x 10"4fm3. The sum d + $ ~ 14.2 x 10"4fm3 is
determined from the total pion photoproduction cross section by a dispersion sum
rule 10 - 11 .
Analyzing our results for sets #1 and #2, one can see that the value of the
electric polarizability is in a good agreement with the data, while the magnetic polarizability is slightly over-estimated. Since in our calculations these polarizabilities are
entirely due to the effect of the A-isobar this shows that even well below threshold
its effects are noticable.
3.2. The A-isobar in NN bremsstrahlung
The above example of nuclear Compton scattering shows that the effect of
the A-isobar on the calculations may be much larger than expected on the basis of
energy arguments. At the pion-threshold at 0" the effect of the A is large enough
to completely cancel the nucleonic contribution. Even well below threshold the A is
shown to be responsible for the well known nucleonic polarizabilities. The example of
nuclear compton scattering thus shows that the inclusion of the A-degree of freedom
is crucial. In Refs.24' 25 ' 26 recent calculations are presented in which the excitation
of the A resonance is taken into account, going beyond the born approximation and
including the proper interference effects. One major complication is that the T-matrix
for A excitation below the pion threshold is unknown and model estimates have to
be used. The bremsstrahlung process can thus be used to extract data on this N-A-T
matrix. In the following the results of Ref.24 will be discussed in more detail.
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In the calculation of the N-A T-matrix the approach of Ter Haar and Malfliet27
is used. The A is coupled to the nucleon via the NATT and the NA/> vertices. The
T-matrix is obtained by solving a 3 dimensional reduction of the Bethe-Salpeter
equations in which only positive energy propagators for the nucleon and the A are
retained. The width of the A is included by the A-selfenergy calculated from the
N-pi loop diagram, reproducing the P33 phaseshift. The resulting T-matrix describes
NN phase shifts up to 1 GeV quite satisfactory. In addition it predicts the (NN-NA)
T-matrix.
The NA7 vertex was chosen similar to that of the previous section. However
since only positive-energy spin-| propagators are considered the off-shell parameters
do not enter.
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Figure 7: Calculated cross sections and analyzing powers for pp-bremsstrahlung in
coplanar geometry. The results of the calculation with only nucleon intermediate
states is given by the dotted line. The results including the A are given by the solid
and dashed curves, corresponding to different parameters in the NA7-vertex.
In Fig.(7) the results of the calculations are compared with the data from
Ref.28. Including the A-degree of freedom in the calculation increases the cross section by 30% at certain angles. The absolute magnitude of the A contribution is
small and its large effect on the cross section is due to the strong interference of the
A contribution, predominantly of magnetic origin, with the large nuclear magnetic
contribution.
In Ref.26 the same large effect of the A-degrees of freedom in the calculation
is observed. In addition the effect of magnetic meson-exchange currents have been
considered. Again the absolute magnitude of this meson-exchange contribution is
only small but interferes rather efficiently with the main amplitude of the process.
This interference happens to be such as to almost balance the effect due to the Aisobar. The resulting cross section is almost equal to that of a calculation in which
these two effects have not been taken into account.
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4.

Conclusions

The process of bremsstrahlung, in particular pp-bremsstrahlung, forms a very
sensitive probe of effects which are often ignored because they are difficult to calculate
and are estimated to be small. In bremsstrahlung some of these intrinsically small
effects are enhanced as a result of strong interference effects with the main amplitude
or by choosing the most appropriate kinematics.
In most T-matrix calculations some kind of 3-dimensional reduction is made.
The necessary approximation scheme is usually constructed such as to have a minimal
effect on the on-shell T-matrix and to reproduce the observed phase shifts. In bremsstrahlung one is testing the off-shell T-matrix in kinematics dictated by the angles
of the outgoing particles. It has been demonstrated that -in one pion exchange- the
effects of the 3 dimensional reduction often made in T-matrix calculations, can be
sizable.
Non-nucleonic processes also give sizable contributions at comparatively low
energies. In compton scattering near the pion threshold the basic features in the
data can only be reproduced if the A-isobar is included in the description. One
thus expects this to be important also in bremsstrahlung below the pion-production
threshold, where indeed it affects the cross section by about 30% at some angles.
Care should be taken in drawing conclusions from comparing the calculations
with data. The effect of the A-isobar, for example, is large, but to a large extend
its effect appears to be compensated in the cross section by another -usually ignoredprocess, that of magnetic meson-exchange currents. Polarization observables may
help to distinguish these various effects.
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Abstract
The existing data on hard photons oipp-+ ppy reaction at £ p =280 MeV do
not permit to favour realistic OBEP potentials with repulsive core or Moscow
potential with deep attraction and forbidden states in *- and p- waves. However,
the increase of bombarding proton energy Ep ap to 450-600 MeV will provide
a tool to discriminate between these two kinds of potentials.

1

Introduction

One-boson exchange potentials1'2 represent the commonly accepted concept of the
////-interaction. They give a reasonable description of low energy deuteron properties
and AW-phase shifts up to Elai ~500 MeV, 1 MeV underbinding of 3H and 3He,
8 MeV underbinding of 4He, etc., and reasonable description of electron scattering
form factors for 3H, 3H,and 3He nuclei (but with very large value of cut-off parameter
A=1.2 GeV/c in comparison with A=0.4 GeV/c value extracted from the mesonic size
of proton3). However, all this success is contrasting with the crash of AW-scattering
description for the bombarding energies above 700-1000 MeV.
In 1973-75 our group has proposed on alternative approach4 covering an energy
range up to 5-10 GeV. It was based on our experience of cluster-cluster interaction
in low-energy nuclear physics5-'. Namely, the aa-interaction was described by the
deep attractive potential of 125 MeV depth and 1.8 fm width with the forbidden
(due to the Pauli principle) states 0J, 2i,and 2d. It covers the c m . energy range of
aa-scattering up to ~ 150 MeV. The ground state of the 'Be nucleus corresponds
to 4»-wave function with two nodes (all the four oscillator quanta of the shell-model
configuration s*p* are'allowed here to "sit" on the a —a Jacobi coordinate). The off
shell behavior of this kind of potentials has been confirmed* by means of analysis of
T
Li(7, t)4He experimental data available up to £ 7 = 6 0 MeV.
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The AW-interaction in the region of nucleon-nucleon overlap can also be characterized by the deep attraction with the forbidden 5-state 4 if the six-quark configuration for the even states is 7 s*p2 and the forbiddenP-state* if the odd states are
governed by the configuration s3p3. A straightforward way to obtain these configurations in deuteron7 is connected, say, with the strong color-magnetic ^-interaction
Waa. This interaction is attractive in CS'-symmetric pairs, so the quark configuration 5*p3[42]x'[42]c5 can be more favorable energetically than the **[6]jr[23]cs one
(the last configuration serves usually to justify the "OBEP-like" potentials from the
quark point of view').
Analogous consideration can be applied to (probably, more interesting now) instanton-induced ^interaction. However, in the continuum there is the interference
of various scattering amplitudes with different symmetries [/]jr[/]cs (see10) and there
is still no definite conclusion on this point. Another formally possible scenario consists in consideration of strong attraction of two color dipoles C («3p[21]c) in the
nucleon-nucleon overlap region as the six-quark configuration 54p2[42]cs[42]x has
large spectroscopic factors for the projections both on the NN and CC channels. So,
the strong channel coupling of this sort11 can be also an important source of shortrange JVJv'-attraction. The general difficulty here is that nonperturbative effective
qq-interaction (if this concept itself is productive) is still practically unknown and
this central point needs further investigations.
The importance of excited quark configuration s*p2 in NN-syslem can be verified
by few independent ways.
t) The reasonable .AW-scattering description (differential cross-sections and vector
polarizations) is obtained in the energy range up to 6 GeV by means of deep attractive LSJ-channel potentials13. (5- and P-phase shifts are shifted on 180° up and
become positive). Its extension is planned to cover the correlation of polarizations by
explicit introduction of tensor and spin-orbital forces (for low energies it was done in
Ref.13; the concept of deep attractive potentials with forbidden states (FSP)* and its
realization13 are conventionally referred to in literature as the "Moscow potential"14).
it) The off-shell verification by means of electromagnetic processes is in progress in
our group now (the hard photon pp-bremsstrahlung is discussed here and the analysis
of the 2H + 7 —* n + p reaction at the photon energies J5 T =l-3 GeV to avoid the
screening effect of MEC is planned in the nearest future).
in) The coincidence experiments >H(e,e'p)^T* at the projectile energies E, ~
5 GeV (suitable for CEBAF) with the detection of few lowest orbital baryonic excitations15 are very desirable, too.
iv) Nucleon momentum distribution in the deuteron offers the most direct way to
verify the nodal character of the wave function. However, the correct interpretation
of, say, the quasi-elastic knock-out reaction a H(e, e'p)n with the final proton energy
of 100-200 MeV (as usual) is possible only if very strong final state np-interaction by
means of Moscow potential is taken into account. This analysis is still not done.
Calculations of binding energies of 3H, 3He and 4He nuclei with the Moscow po-
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tential 1 ' (they show the 4 MeV underbinding of 3H and 3He nuclei) are not very
transparent, as far as virtual 69-, 9q-, and 12g-systems 1T projected into baryonic
channels1* may have remarkable amplitudes of the few-AT' components1*'1*-1*. So, it
seems better to use in the region of AW-overlap (or NNN, etc.) directly antisymmetrized configurations (multiquark bags) or at least multicluster RGM-approach.
However, these approaches bring us again to the problem of effective 44-interaction.
In this talk we discuss the possibility to verify the off-shell properties of NNinteraction in the pp-bremastrahlung experiments (the pp —* pp-f reaction with the
registration of the hard photons). We claim that the measurements of the pp —> pp-y
cross sections at higher both proton and photon energies than are available now will
give a tool to make a definite choice in favor of the O6BP or the deep-attractive
potential model of the ////-interaction.

2

Formalism

The probability of the photon emission in the pp —» ppy reaction is defined by the
expression20-*1

* = < * J*«(P, " * " *>
with five independent variables (due to 4-conservation law): Hi, flj and 6 7 (as in the
experiment32) or Hi, ftj and p*. With this last choice of variables the cross-section
looks like

Here, p is the lab. momentum of the projectile, p< = p, pf = p\ + p?, and the matrix
element Mi/ can be written in the coordinate representation21 as

f, -pf-k)

= V47(2m)2 / <Pr(*, | j(r)T | *<) exp(-,*r)

(3)

A"0i,T) = >/47e"exp(-iJfr), e = (0,1), k?=0,
*(0 = - ~ D ^ - « ) ^ + *i«f- *)) + »ZrotWr, - O x 9,\

(4)

(«=1,2) means one-nudeon current,
(5)
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x = (fi - r3),

tpq-(x) is the solution of the nonrelativistic Schrodinger equation with the corresponding potential (OBBP 1 or Moscow12'13). The partial-wave expansion of the wave functions ip^x) is used in our calculations. We cannot expose here the cumbersome
expressions for matrix elements M,f (the detailed publication is in preparation now).
Effects of the meson exchange currents are not taken into account as the MEC contribution is known to be small for the soft photons, and it becomes clear now that
it is not essential in our situation, too, due to mutual compensation of different
diagrams 23 (for the np-system, MEC, however are very important as far as in this
case the one-meson exchange transfers the charge).

3

Results

The soft photon bremsstrahlung can be reduced theoretically to the combinations
of phase-shift derivatives d6t/dE 20 , so it reflects some on-shell properties of NNscattering amplitudes only. As far as we are interested in the off-shell verification
of the Moscow potential, we need the information on the hard photons (as hard as
possible). In the important investigation22 the projectile energy was 280 MeV and it
was possible to measure the hard photons oi Ey —100 MeV, when two final protons
are "almost stopped" (the lab. angle between them is 24.4° instead of 90° for the
radiationless scattering). Fig.l shows the comparison of above experimental results 22
with our calculations using Moscow12'13 and Hamada-Johnston 1 potentials. We see
that two theoretical curves are rather close both to each other and to the experiment,
and we cannot discriminate between them (similar conclusion was done in Ref.24).
However, we can use the quasiclassical argumentation that the short-range gradient
of the Moscow potential is large and has the same sign in the region 0 < r < 1 fm
meanwhile the OBEP potentials are characterized by the combination of the attractive
and the repulsive terms with opposite signs of above gradient. So, it can be expected
that above picture is not stable with respect to the change of energy. We see from
Fig. 2 that the increase of energy from 280 MeV to 450 MeV gives not only three times
ratio of the cross-sections but rather different functional forms of the 0 7 -dependence
(in fact, we are having a series of results for various kinematical conditions). Of
course, photons of E-, ~150 MeV energy should be measured in this case.
So, the use of 500-600 MeV proton accelerators for investigation of hard ppbremsstrahlung seems to be an actual problem of modern nuclear physics.
The authors are thankful to Prof. V.I.Kukulin and Dr. V.N.Pomerantsev for
discussions.
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Figure 1: The differential cross-section of the hard photon emission (Ey ~100 MeV)
at £ 0 =280 MeV, 0 i = 12.4°, 0 2 = 12°. Experimental data from Ret", the solid
line was obtained with the Moscow potential while the dashed line with the HamadaJohnston one.
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The isoscalar two A system coupled to spin S=3 is predicted b'y quark
models to be deeply bound with no hard core. A new calculation of inelastic scattering of deuterons from a deuterium target favors kinematics
around 3 to 4 GeV/c beam momentum where AA production should be
measurable. Spin transfer is particularly sensitive to isolating AA production. An experimental program at the JINR-LHE is underway.
1.

Introduction

Experimental conditions where quarks from separate nucleons come into close proximity can reveal phenomena that improve our understanding of strong interactions. High momentum proton-proton and neutron-proton scattering characterize
the strong repulsion of the nucleon core. Electromagnetic probes of the deuteron at
high momentum also reveal details of the short range isoscalar interaction. Interactions between other baryons could be similarly revealing for gaining insight into
strong interactions.
Nonrelativistic quark models have achieved remarkable success describing the
properties of baryons and their interactions. The hard core hi uucleou-imcleon
scattering is attributed to two origins: Pauli blocking of the quarks, and quarkquark repulsion from the color magnetic interaction. In most of these calculations,
the isospin 1=0 AA system with spin S=3 shows properties markedly different from
the NN system. Pauli blocking is absent, and the color magnetic interaction is
attractive, leading to a bound AA state. Unlike the molecule-like structure of the
deuteron, this bound state has little or no separation between the centers of the
two constituent baryons.
Inelastic deuteron scattering probes isoscalar modes in nuclei. Furthermore the
possibility of a spin transfer AS=2 accesses high spin states. An investigation of the
isoscalar A A system using .deuteron inelastic scattering and polarization transfer is
now underway at the JINR-LHE Synchrophasatron. Cross sections are measured
around zero degrees to maximize zero orbital angular momentum. In the next phase
a high efficiency polarimeter will measure polarization transfer.
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2.

Quark models of AA structure

One and two baryon structures can be discussed in both a spin isospin and quark
model framework. The nucleon, with spin S=l/2 and isospin 1=1/2 can form two
baryon states with spin-isospin (S,I) = (1,O) and (0,1)- Piuili exclusion forbids (1,1)
and (0,0) for L=0. The liucleun can form any combination with the A with its
spin S=3/2 and isospin 1=3/2, leading to (2,2), (2,1), (1,2), and (1,1). Two As are
again restricted, with spin and isospin ranging from 0 to 3, with the sum S+I=odd.
The two allowed isoscalar AA systems have spin S=l and S=3.
In the context of the (mark model, the four quark degrees of freedom (two
quark spin states and two isospins) are represented by spin-isospin SU(4). The
nucleon is the mixed symmetry {21} J.I representation while the A is the completely
symmetric {3} a a representation. The color magnetic interaction is adjusted to split
the degeneracy and reproduce the experimental N-A splitting.
Quark models of baryons were extended to describe the interactions between
baryons as arising from quark-quark interactions.1' The eigenstates of the two
baryon system arc the product of two {3}s/ symmetric spin-isospin SU(4) representations (spin-isospin subscripts suppressed): {3} x {3} = {0} + {51} + {42} + {33}.
The {6} and {42} (with zero and two quarks antisymmetrized) are even under the
interchange of two baryons, while the {51} and {33} (with one and three quarks
made antisymmetric) arc odd under baryon interchange. Since the overall wave
function must be antisymmetric, the spin-isospin even states are associated with
odd orbital angular momentum, while the spin-isospin odd states {51} and {33}
are associated with even orbital angular momentum, including L=().
Radial wave functions are determined for each of the two baryon spin-isospin
representations at various separations of the baryons in the Resonating Group
Method. The {51} representation has a model-independent, hard core arising from
quark Pauli repulsion, while the {33} does not. The color magnetic interaction,
which breaks the N-A degeneracy, also mixes the G-quark {33} and {51} spinisospin representations. General features, however, are preserved. The hard core
persists in the {51} representation and dominates the dynamics of most of the spinisospin configurations. In the {33} representation (which includes (0,3) and (3,0)),
the color magnetic interaction is evaluated to be attractive in the (3,0) channel,
producing a bound state. The six (marks in this bound state are all in relative
s-waves with overlapping wave functions, unlike, the dcuteron which consists of two
well-separated nucleons.
Several authors have studied extensions of this basic model. Mailman2 investigated effects of hidden color with a QCD-likc potential model. If he required
that each of the three-quark clusters had to be a color singlet, he obtained an attractive force for the A A in the S=l, 1=0 state. By allowing three quark color
octets coupled to a colorless six quark configuration, Mailman predicted a deeply
bound (260 Mev below the AA threshold) AA with S=3, 1=0. Wang, Wu, Teng
and Goldman3' performed their calculation with color-screening and (mark delocalization effects taken into account. By adjusting a range parameter, they obtained
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Fig. 1. Interaction strength dependence on separation in the AA .J=3,
1=0 system.

Table 1. Partial results of a systematic search for attractive L=0
dibiiryons in a quark model with u,
d, and .s quarks!1'

an excellent description of the isoscalnr NN phase shifts. Again a hound state of
AA with S=3, 1=0 is found (Fig. 1). A later, more exhaustive study4' explored all
combinations of six u, d, and s quarks for attractive or bound states (Table 1).
Some experiments provide evidence for the existence of an isoscalar dibaryon
resonance. A measurement5' of the proton polarization at a ccnter-of-mass angle
of 90° in the d(7,p)n reaction showed an .anomalously large proton polarization
(Fig. 2) for photon incident energies between 300 MeV and 700 MeV. Calculations
which included the nucleon Born term and the NN* term failed to reproduce the
observed polarization. The possibility of a dibaryon AA resonance with spin S=3
and isospin 1=0 bound by about 100 MeV was suggested0' to explain the large
proton polarization observed in the deuteron photodisintegration. A subsequent
measurement7' of the angular distribution in d(7,7>)ii mid a partial wave analysis
of the data provided further evidence of a dibaryon resonance with (S,I)=(l,0) or
(3,0), having a mass of about 2360 MeV.
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Fig. 2. Proton polarization as a
function of photon energy in d(7,p)n.
The curve depicts a possible A A
bound state at </s = 2380 MeV.
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Fig. 3. p(d,d') data from Saturne
on used to calibrate background processes. The calculated peak at 1.5
GeV/c represents the breakup reaction, producing protons which can increase the hardware trigger rate.

Inelastic d(d,d') and p(d,d')

The cross section for reactions of deuterons on deuterons leading to other (background) final states can be estimated using known cross sections of deuterons on
protons. Data from Saturne8' taken with 2.95 GeV/c deuterons at 0=4.6° is used
as guidance. Three prominent peaks appear in the data: elastic scattering at 2.95
GeV/c, and two inelastic peaks at 2.6 and 1.6 GeV/c (Fig. 3).
The peak at 1.6 GeV/c in the 2.95 GeV/c p(d,d') data can be interpreted
as quasifree NN—»d7r involving one nucleon from the projectile and one from the
target (Fig. 4). Half the momentum is lost to the forward going spectator nucleon
with additional momentum lost to pion production, yielding agreement with the
peak position. The width is correctly reproduced by the deuteron Fermi motion.
The projected cross section is calibrated by the process pp—>d7r+, measured at 1.7
GeV/c and 1.2 GeV/c. The strength drops in momentum like the deuteron form
factor p(- 4 - 2±0 - 2 ). The strength of the reaction observed in the 2.95 GeV/c p(d,d')
data is, however, about a factor of 1.8 greater than the calculated strength (at the
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71

Fig. 4. Feynman diagram for the
quasifree reaction NN—»d7r.

Fig. 5. Feyinuan diagram for resonance production in the projectile.

interpolated momentum).
The above mechanism can be tested on similar p(d,d') data, also taken at
Saturne, at 3.48 GeV/c. At this higher beam momentum, the larger inelasticity
peak has dropped to 1.5 GeV/c, consistent with the above interpretation. In this
case the beam momentum is ideal, twice the value of the 1.7 GcV/c pp—K!TT+ data
used to interpret it. Nevertheless the data exceed the projected strength by 50%.
The other prominent structure at 2.6 GeV/c we associate with A-isobar production in the projectile, followed by coherent decay (Fig. 5). In this case, the peak
observed in the data is not due to the resonance itself, but rather to the competing effects of increasing phase space for the reaction as the momentum and energy
transfer increases, and a dropping deuteron form factor (proportional to momentum squared). This Deck-like interpretation provides a good description of the 2.95
GeV/c Saturne data at 0=6.9° and 10°. Since the pion is virtual no form factor is
used at the nucleon vertex.
Direct excitation of the Roper resonance in the target, potentially a third background process, is difficult, to calculate. The incoherent process, pp—>pN*(1440) is
below threshold at proton momentum of half the deuteron momentum. Further, the
width of the Roper is uncertain, with allowed values between 250 and 400 MeV. The
contribution of this process is estimated at a factor of ten lower and is neglected.
The combination of these reaction processes reproduces the data for douterons
on protons. By isospin symmetry, deuterons on neutrons contribute! the same
cross section. Consequently, the incoherent background reactions contributing to
deuterons on deuterons dd—»dX is estimated as twice the cross section of deuterons
on protons dp—»dX at the same beam momentum per nueleon.
We now turn to estimating the coherent production of two A-isobars by two
pion exchange. We calculate this process based on tin; known reliction NN—»NA.
Note that we make no assumptions based on models of the AA system. Ideally
to calculate this process for a deuteron beam momentum of 3.5 GeV/c we; would
like A production data at proton momentum 1.75 GeV/c. The available data are
at beam momentum 2.8 and G.C GcV/c. Again the question arises of whether to
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use form factors in the extrapolation. Without form factors the cross section would
be constant in (. The calibration data indicate t-dependence, the cross section
dropping like exp(—(10GeV/c)t). We use the standard dipole nucleon form factor,
which provides good agreement witli these data (at the 20% level), to extrapolate
to our beam momenta.
The cross section is calculated as the combination of two amplitudes: two A
production in the target due to pion exchange from each of the nucleons in the
projectile, and the same reaction with the pions both originating from the same
projectile nucleon. These diagrams are calculated as a convolution in mass over the
two contributing A widths multiplied by a strength given by the fundamental A
production process. Since this strength integrates contributions at different values
of the longitudinal coordinate, it is sensitive to the choice ofdeuteron wave function.
Different choices can change the result as much as a factor of two.
1000

f]
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CN.O.N.O
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3

1.5
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Fig. 6. Reduced d(d,d') cross sections calculated for three beam momenta.

2.5
Pd' (GeV/c)

3.5

Fig. 7. Spin transfer d(d,d') for 3.5
GeV/c beam momentum.

Results are presented in Fig. C for three different beam momenta. In each, the
AA is observed as a small contribution to the cross section, either us a shoulder
on the steeply sloped background, or as the dominant component in the minimum
between the background contributions. If there is attraction between the As, this
contribution shifts to the right, toward larger final deuteron momenta. As stated
above the reaction dp—>dX will provide the same background but without the AA
signal, and can be used for data to data subtraction to enhance the AA sensitivity.
An experiment"' to find isoscalar dibaryon resonances was done by measuring
the missing-mass spectra in the d(d,d)X reaction for deul.eron incident energies of
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1.65, 2.00, and 2.29 GeV. The measured missing-mass spectra showed no structures
that could be attributed to dibaryon resonances.
We now estimate the vector polarization transfer from the incident to the detected deuteron. We also study the dependence of this observable on the total spin
of the produced AA system, S=l or S=3. Neglecting Fermi motion, production
of two As from two pion exchange, one from each nucleon in the beam deuteron,
is 100% spin flip. Both important contributions to the background conserve spin.
Consequently we can expect a strong signal in the spin transfer obsci vable as the
AA becomes an important component of the cross section. The polarization transfer CV,O,N,O (Fig. 7) changes quickly from +1 to almost -1 and back, a signature of
AA production.
4.

Status and prospects

One day of beam at the JINR-LHE Synchrophasatron with 3.5 GeV/c deuteroiis was
allocated during October 1994 to measure counting rates for feasibility estimates
and polarimeter design. Events were recorded for six inelasticities. Data analysis
is underway (preliminary results were presented). A more thorough measurement
of the cross section for several inelasticities is planned for fall 1995. Wo expect to
begin polarization transfer measurements in 199G.
The reaction of deuterons on deuterons can be used to selectively produce
high spin isoscalar systems of two baryons. Quark models consistently predict
strong attraction in the high spin AA system (as well as high spin systems with
strangeness). Conclusive evidence of a bound state of two As, or even of strong
attraction, would confirm a striking extrapolation of constituent quark models from
nucleon-nucleon systems with hard repulsive cores.
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St.-Petersburg, Russia
ABSTRACT
The six-quark cluster model with non-local interaction and the OPEP as the local
potential is proposed. In the frameworks of the model the deuteron properties are
investigated. The good agreement with the experimental data was achieved by the
varying of three parameters of the model which could be calculated on the basis of
more fundamental approach.

1.

Introduction

Due to the high accuracy that has been achieved in the experimental investigation of deuteron properties and low-energy N-N scattering (Ref. °) it becomes
possible to compare theoretical predictions with the experimental data and therefore
to verify proposed models of nucleon interactions.
It was shown that it is difficult to reproduce some deuteron properties when the
realistic local potentials are used. It becomes clear when one considers the correlations
between some pairs of parameters. For example let us point out the correlations
between triplet scattering length at and root mean square radius rt (Ref. ) as well as
between the quadrupole momentum Q and asymptotical constant V (Ref. ).
For each of the mentioned above couples of parameters the results of calculations with the different realistic local potentials give almost straight line that is
far enough from the experimental point. The relativistic corrections and two pion
contribution do not give any essential improvement (Ref. ). From the other hand the
possibility to fit at and rj simultaneously with the help of nonlocal interaction was
shown in work and work . In work the nonlocality was considered in S-wave only
whereas in work7 this method was generalized by adding the nonlocal term to the Dwave equation too. It gives a good agreement between theoretical and experimental
data on deuteron properties including Q — t] and rj — at correlations. However the
physical motivation of the suggested kind of the nonlocal interaction was not clarified.
Another approach, so-called "Moscow potential", was proposed in works® .
In this model the deep attractive potential was used instead of the realistic hard core
one. There are unobserved bound states that correspond to the Pauli forbidden states.
The orthogonality of those states to the physical solution leads to the appearance of

281

the additional energy-independent node(s) of the wave function in N-N channel with
their position coinciding with the hard core radius (r n =0.55 fm).

2.

Model and results

We consider the deuteron problem as the cluster one where nucleon is treated
as a cluster consisted of three quarks. It is well-known fact that there can appear the
Pauli forbidden states. For such problem, apart from the model with deep local potential, the Saito's orthogonality condition model (Ref. 11 ) as well as penalty function
method (Ref. 12 ) are often used.
In this work we use another approach. Namely, following to the Resonating
Group Method (RGM) (Ref. ) we write down the one-channel intercluster hamiltonian in the form:

H = H° + W,

(1)

where H° is an operator that contains the local interaction only and in the partial
wave representation it is just a 2x2 matrix which describes S- and D-states:

i/

'/ = - £ ^ ^ + V

(2)

where m is the reduced mass of the channel, W is the nonlocal operator which describes the quark exchange processes and Vj(> is the local potential matrix. Let $ 0
is a two-component vector of a relative motion of nucleons that leads to the Pauli
forbidden many-particle configuration. Then we construct the nonlocal operator W
as the following:
W = H°\ *0)Ao($o | H°,
0

1

(3)

0

where we put Ao = - ( i f ) " , (if ) = (* 0 I H° | $o)- It is easy to show that for the
physical wave function ip, which is a solution of Srodinger equation H \ ip) = E \ ip),
with H defined through Eq.l and Eq.2 for any relative motion energy E ^ 0, the
equality (V> | $ 0 ) = 0 fulfiled with
| <&0) is the eigenfunction of H with zero
eigenvalue:
^ ^

H° | *) = 0

H | $o> = H° | $ 0 ) - H° | SoX-ff 0 )- 1 ^ 0 ) = 0 •

(4)
(5)

It explains the physical meaning of the nonlocality. The forbidden state vector
is the eigenvector of the effective intercluster hamiltonian with zero eigenvalue and
therefore it is orthogonal to any physical solution for any E ^ 0.
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In RGM the harmonic oscillator shell model is usually used to describe the
intrinsic cluster states. In this case the harmonic relative motion wave function
XN=O,L=O, where N is the principal quantum number and L is the angular momentum, corresponds to the forbidden (OS)6 state of the composite system. In the paper
7
the forbidden component was considered in the D-wave also. Keeping it in mind
we suppose that the forbidden state is described by the vector $ 0 with two components aoXN=o,L=o a n d O.2XN=2,L=2, where coefficients are normalized by the condition
Following to the work1" we use as the local potential the one pion exchange
potential (OPEP) V{r) = Vc(r) + V((r)5i,2, where the central and tensor components
are taken in the form Vc(r) = V°PEP(r)f{r),
V,(r) = V ( O P B P (r)/ ! (r) and the cut off
aT
formfactor is written as: f(r) = 1 — e~ . The parameters of the OPEP correspond
to the pion mass /*„ = 138.03iWeV (0.6995 fm~l) and to the pseudoscalar constant
fjjN = 0.07745 which were used in different references. Thus we have got three
parameters: the cut off parameter a that determines the depth of potential and
the deuteron binding energy; the oscillator parameter v of the forbidden state that
determines the deuteron radius; the parameter a2 that gives the D-wave admixture to
the forbidden state and determines the deuteron quadroupole momentum.
By varying
three parameters, we obtained good description of the
deuteron ground state properties.
The results of the calculations are presented in
Table 1 in the comparision with the experimental data as well as with the results of
other models.

Table 1
The deuteron ground state properties calculated in the traditional model with the Paris
potential (Paris), Aragonn potential (Aragonn), Moscow potential (Moscow) together with Ihe experimental data (Experiment) and the results of present calculation (Model)

Paris
-2.225
E(MeV)
< r2 >'/2 (fm) 1.9716

n

As(fm-1)
Q(fm2)

Aragonn
-2.225

0.0261
0.8869
0.2789

0.0265

5.77
1.765

6.13
1.81

0.286

p(n.m.)
PD

rt(fm)

Moscow
-2.2245
1.9592
0.0269
0.8814
0.286
0.841
6.75
1.745

Model
-2.224573
1.9648
0.02706
0.8834
0.2872
0.8465
5.85
1.755

Experiment
-2.224575(9)
1.963(4)
0.02713(6)
0.8838(4)
0.2859(3)
0.857406(1)
1.754(8)

The values of the parameters were the following: a = 3.9602 fin ', ;/ =
mw/h — 4.7 fm~2, a\ = 0.22. From the latter equality it follows that \,\' =( u,=o
was partially forbidden in our approach. It should be pointed out that the values of
the parameters could be calculated in the frameworks of more fundamental approach
to the nature of N — N interaction.
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For the more detailed comparison of our approach with the experimental data,
the relativistic corrections should be considered. Results are presented in work
for the different models and have the following values : SQHSC = —1.79 • 10~ 3 /m 2 ,
SQpari, = -1-80 • 10- 3 /m 2 , SQMOSCO* = -1-83 • lCT3/™2; Sfi « (6 - 8) • 10" 3 n.m.
for the different realistic potentials and 6/i = 11.1 • 10" 3 n.m. for the "Moscow
potential". The relativistic corrections of the same order were obtained in our model..
In the consideration of these data one can see that the final results of our model are
in good agreement with the experimental data.
In the conclusion the following statement can be made: In the frameworks
of the proposed model, which contains the non-local interaction arised due to the
Pauli principle, the good description of the deuteron ground state properties can be
obtained.
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Ukrainian Academy of Sciences, 252143 Kiev, Ukraine
ABSTRACT
We consider problems of quark exchange effects in cross sections and polarization
observables of dp elastic backward scattering and (d, p) deuteron breakup at high/intermediate energy. Theoretical predictions for new polarization observables, ifJ'J and
Cyo, of the dp elastic backward scattering are given.

1.

Introduction

Interactions of relativistic deuterons with hadron/nuclear target offer inteT
resting studies — 'hadron probing' of the deuteron structure at short internuclear
distances (see ' • ' 4> "* and references therein). Experiments done in this direction
include the deuteron breakup (DB), {d,p), and the dp backward (in the reaction cm.
frame) elastic scattering (BES), dp -+ pd. At present mesurements of differential
cross section, tensor analyzing power, T20) and ratio of out-proton polarization to
vector polarization of the in-deuteron, «o, for the both reactions are done .
The main results of the hadron probing of the deuteron structure at short
distances can be summarized as follows:
• The empirical proton momentum distributions in the deuteron, extracted from
DB cross section in IA, coincides with that, extracted from BES cross section in
one-neutron exchange (ONE), if IA and ONE are considered in the framework
of the light-cone dynamics .
• Although the qualitative behavior of ^ 0 and K0 are rather similar for both the
reactions, some differences in their detailed structure were established.
• If the deuteron wave function is assumed to have a standard (S + D) structure,
IA/ONE describes the data only for internal momentum in the deuteron k < 0.1
GeV/c 3 .
The last item could be interpreted ' as a manifestation of nonnucleon degrees
of freedom in the deuteron. This hypothesis was justified by the calculations5' 7> 8
based on constituent quark model: it was shown that the effects of quark exchange
between three-quark clusters in the deuteron are as important, as ones originated
from the relative motion of the nucleons (estimated by the standard two-nucleon
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potentials) in DB, when the internal momentum in the deuteron k is of few hundreds
MeV/c. From the other hand it was demonstrated that such calculations are very
sensitive to choice of interaction between constituent quarks. To avoid this problem
and more detail study of exotic components of the deuteron wave function we propose
in this paper some relations between observables of DB and BES, which depend
only on general properties of reaction mechanism and do not depend on such purely
known thinks as qq potential, Resonating Group Method (RGM) function for sixquark system, etc.
2.

iV*-exchange

p'

d
N*

P

d'

Figure 1. Inclusive deuteron breakup in spectator approximation (left) and pd
backward elastic scattering in N* exchange (right). Summation over neutron and
all N* resonances generated by quark exchange between three quark clusters of the
deuteron is assumed.
The deuteron wave function, being considered as a six-quark (69) object, was
shown ' to be qualitatively equivalent to the wave function of RGM
},

(1)

where A = ^ ( 1 — QPm) is a quark antisymmetrizer and <pn(\,2,3) and y>jv(4,5,6)
are the wave functions of the nucleon three quark (3q) clusters; x(r) is the RGM
distribution function. In the absence of the quark antisymmetrizer the RGM distribution function would coincide, up to the renormalization effects at short range, with
the conventional NN deuteron wave function, XAW(F)Due to the antisymmetrizer the deuteron wave function (1), being decomposed
into 3q x 3q clusters, includes, apart from the standard pn component, NN*, N*N
and N*N* components which respond to all possible nucleon resonance states, N*
(see, e.g., ^ ) . Because the set of resonances N* includes states with negative parity
the antisymmetrizer A in (1) generates effective P-wave components of the deuteron
wave function.
Following the model of Res. ' '• one has to expend the IA of DB reaction
to the spectator approximation of Fig. 1 (left), which assumes, apart form standard
neutron exchange of the I A, exchange over all Af*-resonances generated by the quark
antisymmetrizer in (1). In turn, the ONE approximation used usually for BES should
be modified to the N* exchange (N*E) of Fig. 1 (right).
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3.

General properties of BES amplitudes

In general case BES is determined by 12 independent complex amplitudes,
which are reduced to 6 independent combinations of them when 6cm = 180° 12 ' 13 . To
have further information about the amplitudes we have to specify a reference frame.
In the present paper we will consider only the case where all quantization axis (for
the beam, target, outgoing proton and deuteron) are parallel and perpendicular to
the incident deuteron beam direction. We choose the y axis direction of the reference
frame along the quantization axis of the deuteron beam.
An expression for BES amplitude at 9cm = 180° can be parametrized as follows13
M*T =xi(™ ) [ffi ((«i V

)-(nti

)(ne2

+ig3 {{S «i<A)x?2(V)*) - (aft)(n e^x?™*))

)) + Si("«i

)(>W

+ ig4(ffn)(n «,(A»xf2lV)*)]

)+
X l (m) , (2)

where n is the direction of the deuteron beam; «*, and f2
stand for polarization
vectors of the in- and ouf-deuterons with the spin projection on quantizatin axis A
and A', respectively, and Xi( m ) (X2("i')) ' s a F*auli spinor for the in- (out-) proton
with spin projection m (m1).
In the chosen frame the polarization vectors are defined to be t '*' =
i,Q, 1), t(0) = (0,1,0), the spinors obey
\)

( ^ ) = 0, («T3T«>i)\ ( ± | ) = 2\ ( T J ) (3)

and (2) is reduced to
+ 92) + 53] *\i*\<i [^(5i + 92) - <?3] *.\-i*v_i ,
^ ' ^
^"A"'

=

^(-ft+ft)*AV,

M£'=gi6Xv.

(4)
(5)
(6)

So there are two following linear relations between six nonzero BES amplitudes:
M\t + Ml: = 2 (Mo°+ + Af,1;)
4.

M/+ - M\Z = v^2 (Af,0; - */»+) .

(7)

Relations between observables in approximation of TV* exchange

In what follows we will use the notation T^m, for the virtual disintegration
amplitude of the deuteron in the channel p + JV*, where (according to Fig. 1) iV* is
the intermediate neutron or any resonance generated by the quark exchange; A and
m' are spin projections of the deuteron and the final proton.
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In the framework of the N*E approximation the BES matrix elements M ^ " '
are expressed via 7\J^f ' as follows:
i\m\'m'

~

2 ^ •'Am'
AT*

1

\'m

•

(8)

where the first term (N* = n) of the summation in (8) corresponds to the commonlyused ONE approximation.
In turn in the framework of approach of Ref.7 the DB cross section for the
pure spin states of the deuteron and the final proton is expressed in terms of the
same amplitudes by
dp

E^;

(9)

Quite a simple structure of the matrix elements (8) allows one to specify a
certain relations between different spin observables of the BES and DB reactions.
These will differ from the case of pure ONE/IA by presence of some additional
functions £(i,o)(&), £(_i,o)(&) a n d £(i,_ij(fc). For convenience we will call them relative
'discrepancies'. By direct calculations it could be verified that there are appropriate
relations between observables of BES and DB in the 7V*E approximation. Some of
them are given by
,2
— 1 = 2(E(!,_I) + £(-1,0) +

£

(l,0)) i

(10)

nDB

T

$>ES -

\ZBES)

T

S>B = ^2(2e (1 ,-i) - £(-i,o) - £(i,o)) ,

(11)
(12)
(13)

In (10)-(14) the superscripts DB or BES mark the tip of reaction; nBU stands for
effective proton momentum distribution extracted from DB reaction cross section
in the framework of IA, nBES stands for that extracted from BES reaction cross
section in the framework of ONE; T^QB and Tf0ES are tensor analyzing powers of
appropriate reactions; KQB and KBES are the polarization transfer coefficients from
the in-deuteron to the out-proton; A'^'Q is polarization transfer coefficient from the
in- to out-deuterons of BES; CBES is polarization correlation between beam deuteron
and target proton for BES. The relative discrepancies are denned as
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{N*)T

(AT*)*

(15)

If the sum contains only the neutron exchange term all relative discrepancies turn to
zero and one comes to the results of ONE/IA . From the definition (15) it follows
that the relative discrepancies cannot be negative £(AA') > 0. Excluding CMM1 from
(10)-(14) one obtains
(16)

.18 '

(17)

0.2

0.4

0.6

0.8

1

""0

0.2

0.4

0.6

0.8

k(GeV/c)
k(GeV/c)
Figure 2. Results of the ONE calculations of K$ and C^ES (full-curves, the Paris
deuteron wave function) and the calculations basing on the sum rules (16) and (17)
(points, error bars show uncertainties due to experimental errors of the input data1
for BES and DB observables in the r.h.s. of the sum rules).
Fig. 2 teaches us that at k < 0.3 GeV/c the contribution of the quark exchange
in K$ and C^ES is not significant and ONE for BES is justified. At higher k
the quark exchange changes drastically the results of ONE calculations. Experimental
measurement of these observables should be crucial for experimental study of the quark
structure of the deuteron at short distances. From sume rules (16), (17) one cannot
estimate behavior of K*^ and Cf^BS at k > 0.6 GeV/c due to a lack of experimental
data for K0 for both the reactions at this region.
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5.

Conclusions

At k of order of few hundreds MeV/c quark exchange between three-quark
clusters in the deuteron strongly affects polarization observabels of the dp backward
elastic scattering and the p(d,p) breakup. The following experiments are of great
importance for study quark structure of the deuteron at short distances:
• measurement of new polarization observables of BES (A'"Q, Cyy, etc.)
• measurement of K0 for BES and DB at k > 0.6 GeV/c.
Acknowledgement. The authors thank the Organizing Committee of this Symposium
for financial support during their stay in Dubna. This work was supposed in part by
grants Afo RFUOOO from International Science Foundation and Afo RFU300 from the
International Science Foundation and Russian Government.
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DEUTERIUM ELECTRODISINTEGRATION AT HIGH RECOIL MOMENTUM
G. VAN DER STEENHOVEN
Nationaal Instituut voor Kernfysica en Hoge-Energiefysica
P.O. Box 41882, 1009 DB Amsterdam, The Netherlands
ABSTRACT
The availability of continuous electron beams extracted from the Amsterdam Pulse
Strecher (AmPS) made it possible to carry out various deuterium electrodisintegration
experiments in kinematical domains corresponding to a high recoil momentum. Three
such experiments are discussed: (i) the left-right asymmetry with respect to the direction of the momentum transfer has been measured with good precision, which will
possibly enable a distinction between different prescriptions of the current operator for
deuterium electrodisintegration; (ii) cross sections have been obtained in a kinematical
region well above the quasi-elastic peak, which serve as testing ground for the treatment of A-currents in deuterium electrodisintegration; (iii) data have been taken in
quasi-elastic kinematics that can be used to study high-momentum components in the
deuterium wave function.

1.

Introduction

Deuterium electrodisintegration data give access to the nucleon momentum
distribution of the simplest nuclear system. Various calculations are available of
the corresponding nucleon wave function1'2'3'4, which are all in good agreement with
existing data5 provided that the Final-State Interaction (FSI) is properly treated.
In order to discriminate between the available calculations additional deuterium electrodisintegration experiments are needed focussing on the region of high
recoil momentum, i.e. \pT\ > 300 MeV/c. In this domain the calculations differ by
up to a factor two6. At the same time, however, the influence of FSI-effects, MesonExchange-Current (MEC) effects, Isobar Currents (IC) and Relativistic Corrections
(RC) of the current operator are becoming increasingly important. Hence, separate
experiments are needed in kinematical conditions that emphasize any of the aforementioned effects. In this paper three such investigations are discussed, each of them
focussing on a different aspect of the reaction: (i) relativistic effects; (ii) A-currents;
and (iii) high-momentum components.
2.

Experimental method

The experiments have been performed using the Amsterdam Pulse Stretcher7
(AmPS) at NIKHEF. Semi-continuous electron beams of about 2 ft A with a duty factor of typically 50% were employed in the present experiments. A newly constructed
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liquid deuterium target8 of about 240 mg/cm2 thickness was used. The scattered electrons were detected by one of the existing high-resolution magnetic spectrometers9,
while the emitted proton is either detected by the second spectrometer available
(experiment (i)), or by a large-solid angle segmented scintillator detector10, labeled
'Hadron-4' (experiments (ii) and (iii)).
In order to explain the kinematical differences between the various measurements that have been performed, we start from the general one-photon-exchange
expression of the cross section for deuterium electrodisintegration11:
= C (poofoo + Pufw + poifoicos<t>np + p-uf-ncos2<l>np).

(1)

The four structure functions /oo,/n,/oi and / _ u contain information on the dynamics of the system. The out-of-plane angle <^np represents the angle between the
electron scattering plane, and the plane defined by the momentum transfer q and the
momentum J? of the outgoing proton.
It was shown by Mosconi and Ricci4 that fOi is very sensitive to relativistic
corrections of the electromagnetic current, while /_n can obtain large contributions
from the A currents11. Experimentally, the structure function /oi can be determined
by measurements performed at ^ np = 0 and jr. Such data are usually presented in
terms of the asymmetry A$:
_ <T(0) - <r(ir) ^

A

*

<r(0) + < T ( * )

poifoi
/ W 0 0 + P11/11 + P 1 1 / 1 1 '

where <r($np) represents the 5-fold differential (e,e'p) cross section of Eq. (1). Asymmetries are not dependent on the normalization of the experiment, and only weakly
dependent on deuteron structure12. Hence, the value of A$ is largely determined
by the electromagnetic current and its various ingredients, such as RC-, MEC- and
IC-effects13.
An unambiguous determination of /_n requires out-of-plane measurements at
^ np = JTT, ^7r and JTT, for instance14. In practice, it is sufficient to perform measurements at considerably smaller values of ^ np . At NIKHEF, for instance, measurements
have been performed at <j>np w ir, T + JTT and w — | x . In that case15 one may evaluate
the quantity
<TTT =

<r(,r)-i[<r(,r+^) + <T(7r-*7r)]

= C{[\ - cos(l*)]p-nf-n - [1 - ««(i?r)K/oi}.

(3)

(4)

Explicit calculations show that <TTT is largely dominated by the / _ n term provided
that the kinematics are chosen close enough to the region of the A-resonance15.
The three 2H(e,e'p) experiments that were recently performed at AmPS include
measurements of A$, <JTT and the Q2 dependence of the cross section at high recoil
momentum.
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3.

The A# measurements

Existing measurements12 of A$ are limited in both statistics and kinematics,
i.e. |pm| = \p"r\ < 170 MeV/c. As a result the data cannot distinguish between the
covariant calculations of Tjon et al.2 and those that only include a relativistic correction to order jjjy of the current operator4. A new experiment16 has been performed
at AmPS which may enable such a distinction. Data have been collected at a beam
energy of 604 MeV, a Q2-value of 0.2 (GeV/c)2, and central pm-values of 175 and 194
MeV/c.
The measured values of A,/, are shown in fig. 1 together with those of ref.
17. Note that the data have not yet been corrected for finite acceptance effects17.
The new data confirm earlier findings12'17 that A$ cannot be described in an entirely
non-relativistic framework, thus removing any remaining uncertainty related to the
interpretation of the Aj, data as was mentioned in ref. 18. Moreover, the preliminary
data exhibit a stronger asymmetry than predicted by either of the calculations?^
shown in fig. 1. This large asymmetry is suggestive of additional current-conserving
effects as proposed by Nagorny et al.13 that predict large asymmetries, i.e. \A$\ > 0.4,
beyond 160 MeV/c.
4.

The &TT measurements

In order to measure <JTT data have been collected at Eo = 525 MeV using both
a magnetic spectrometer and the aforementioned Hadron-4 detector10. The large outof-plane acceptance of the Hadron-4 detector enabled such measurements. However,
for a good determination of &TT the relative efficiency of the various scintillators of
Hadron-4 needs to be precisely known. At the time of the conference the efficiency
calibration had not been completed. Hence, only some qualitative features of the
2
H(e,e'p) cross section data can be discussed.
The kinematics of the experiment were centered in the region of the A-resonance, at W = 1232 MeV and Q1 = 0.03 (GeV/c)2. Preliminary cross sections have
been determined and were compared to non-relativistic calculations of Leidemann19.
The calculations largely underestimate the data as long as the effect of the Aresonance is not taken into account. By including the isobar currents the calculation
is much closer to the data. The final cross section and CTT data, which will be available soon, are thus expected to be highly sensitive to a proper treatment of A-effects
in the reaction 2H(e,e'p).
5.

Measurements at high recoil momenta

With the constraints provided by the A$ and <?TT measurements it will be
possible to perform quite reliable deuterium electrodisintegration calculations that
can be applied to the study of high momentum components of the deuteron wave
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F i g u r e 1: Preliminary data (solid squares) for the asymmetry At measured at Q* = 0.2 (GeV/c)1.

The

existing data of ref. 17 are represented by the open squares. The solid and dashed curves represent the
covariant and non-relativistic calculations due to Hummel and Tjon 2 , and Arenhovel1, respectively. The
dotted line corresponds to a non-relativistic calculation with ^--corrections in the current operator due
to Mosconi*. As the kinematics used in ref. 17 differ from the ones presently employed, the curves are
discontinuous at pm = 165 MeV/c.

function. Measurements16 of the high-momentum part of the the reaction 2H(e,e'p)
have been performed using the 15 msr QDQ electron spectrometer and the 500 msr
Hadron-4 detector10. Data have been collected at a constant invariant mass W of
1050 MeV, beam energies of 525 and 576 MeV, and ^-values of 0.1, 0.2 and 0.3
(GeV/c)2.
The large acceptance of the Hadron-4 detector made it possible to cover a
large pm-range in only 2 angular settings (at each Q2 value). This is illustrated in
figure 2,. in which the expected count rate is shown for each Q2 value covered in
the experiment. The high count rate per 25 MeV/c pm-bin allowed for very modest
running times, i.e. < 16 hours per setting. As the data analysis is still in progress,
no final data are yet available. Nevertheless, several remarks can be made.
• The invariant mass has been chosen to be close to the value of W corresponding to the quasi-elastic peak in order to minimize MEC- and IC-contributions.
Other recent 2H(e,e'p) experiments focussing on the high pm range have been
performed at considerably larger W values20.
• The Q2 dependence serves as an additional constraint on the reaction mech-
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Figure 2: Expected count rate for the H(e,e'p) experiment that was recently performed at the AmPS
facility. The calculations assume an average beam current of 5 fiA, a target thickness of 250 mg/cm2 and the
detector solid angles mentioned in the text. The three Q2-regions covered by the experiment are indicated.

anism at high recoil momentum. Further constraints could be derived from
a separation of /oo and fn under these conditions. However, a longitudinaltransverse separation at high-recoil momentum requires the availability of beam
energies beyond 1 GeV (and very small detector angles).
• The on-line analysis of the data showed a significantly higher count rate (by typically a factor of two) at high recoil momenta, as compared to the count-rate
estimates displayed in figure 2. These estimates were based on the parametrization of Krautschneider21, which gives a good account of the existing \ov/-pm
data5. The interpretation of this observation awaits the final analysis of all
experiments described in this paper in order to disentangle contributions from
relativistic effect, exchange currents and true high-momentum components in
the nuclear wave function.
6.

Summary

In this paper first results have been presented of a new series of deuterium
electrodisintegration measurements performed at AmPS. Complementary work -not
discussed in this paper- has been carried out at Mainz20, M.I.T./Bates22, Bonn23 and
SLAC24, and is foreseen at CEBAF25.
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New preliminary data on the asymmetry A+ provide new evidence in favour of
a relativistic treatment of the current operator used to describe the reaction 2H(e,e'p).
Out-of-plane measurements performed in the region of the A-resonance will provide
data on the /_n interference structure function. New high-recoil momentum data
have been collected at several values of the momentum transfer squared Q2, keeping
the invariant mass W close to the quasi-free value. It will be highly interesting to
compare the momentum distribution derived from this experiment to those obtained
in Mainz20 at higher values of W, and to those deduced from 2H(e,e') and 1H(d,p)
experiments26'27. Together these data are expected to provide new insights into the
short-range structure of the deuteron wave function.
The work presented in this paper is the result of a very fruitful collaboration
with many colleagues. In particular I would like to thank Willem Kasdorp and Antonio Pellegrino, whose thesis work is at the basis of sections 3, 4 and 5. This work is
part of the research program of the "Stichting voor Fundamenteel Onderzoek der Materie" (FOM), which is financially supported by the "Nederlandse Organisatie voor
Wetenschappelijk Onderzoek" (NWO).
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PRODUCTION OF HEAVY MESONS
IN pD ->3 HeX REACTION
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and
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Laboratory of Nuclear Problems, Joint Institute for Nuclear Research,
Dubna, Moscow reg. 141980, Russia

ABSTRACT
The differential cross sections of pD —>3 HeX reactions, where X = r}, rf , u;, 0, are
calculated on the basis of a two-step mechanism involving the subprocesses pp —> dw+
and n+n —> Xp. It is shown that this model describes well the form of available
experimental cross sections as a function of initial energy at the final c.m.s. momentum
p*=0.4-lGeK/c for the j] and at p* = 0 - 0.5 GeV/c for the u meson as well as the
ratios R(r)'/rf) and R(<j>/u>). The absolute value of the cross section is very sensitive to
the spin structure of the elementary amplitudes.

1.

Introduction

Reactions pD —>3 HeX, where X means a meson heavier than the pion, are
of great interest for several reasons. Firstly, high momentum transfer (~ 1 GeV/c)
to the nucleons takes place in these processes. Secondly, unexpected strong energy
dependence of TJ meson production was observed near the threshold . In this respect
the possible existence of quasi-bound states in the T) —3 He system is discussed in
the literature - . Thirdly, production of the rj,T]',(f> mesons, whose wave functions
contain valence strange quarks, raises a question concerning strangeness of the nucleon
and the mechanism of Okubo-Zweig-Izuki rule violation 5 , 6 . Finally, the preliminary
experimental data on r)' H <f> meson production in the reactions pD —»3 Her)' and
pD —*3 He<j> near the thresholds are available at present at meson c.m.s. momenta
p* ~ 20 MeV/c. Besides, new experimental data on the pD —*3 Heui reaction were
obtained recently in Ref. . In this connection the mechanism of the reactions in
question seems to be very important.
The first attempt to describe the reaction pD —»3 Her/ on the basis of the
three-body mechanism displayed an important role of intermediate pion beam in
this process. As was mentioned for the first time in Ref. 10 , at the threshold of the
reaction pD —>3 Her) the two-step mechanism including two subprocesses pp —* dn+
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and 7r+n —> rjp is favoured. The advantage of this mechanism is that at the threshold
of this reaction and zero momenta of Fermi motion in the deuteron and 3He nucleus
the amplitudes of these subprocesses are practically on the energy shells. It is easy

'He

Figure 1: The two-step mechanism of the reaction pD —>3 HeX.
to check, that this peculiarity (the so-called velocity matching or kinematic miracle)
takes place above the threshold too, if the c.m.s. angle 6c,m, of the 77 meson production
in respect to the proton beam is 6cm, ~ 90°. The two-step model of the pD —*3 Her]
reaction is developed in Refs. , . For the u>, 77' and <f> mesons the velocity matching
takes place above the corresponding thresholds only at 6c,m, ~ 50° — 90° depending
on the meson mass and energy of the incident proton. Thus, the two step mechanism
correspondence to the Feynman graph in Fig.l may be assumed to play an important role
both in TJ meson production above the threshold and in the case of heavier mesons.
Indeed, according to the experimental data the matrix element of the pD —>3 Heus
reaction 9c.m. = 90° as a function of momentum p* exhibits behaviour similar to that
of the 7r+p —> am reaction . The investigation of this assumption is the aim of
present work.

2.

The Model

The cross section of the pD —>3 HeX reaction in the two-step model can be
present in the following formally separable form
^

= RSK\F(PO, EO)\2^(PP

-

d ^ ) ^ n

-+ XP),

(1)

where K is the kinematic factor defined according to Eq. (21) in Ref. for the differential cross section developed in a spinless approximation.The formfactor J-(Po-, JBO)
is defined by Eqs.(19,20) in Ref. 3 . The additional factor Rs in Eq.(l), which is
absent in Ref. , takes into account spins and generally depends on mechanism of the
reaction. It is important to remark that generally to the condition R$ = const is
not satisfied because of complicated spin structure of the amplitudes A\{pp —* dw+)
and A2(K+n —+ Xp), The analysis is simpler at the angles 0c.m. = 0" and 180°. In
this case the production of pseudoscalar meson 7r+n —* Xp in the forward-backward
direction is described by only one invariant amplitude. The processes pp —> dx+ and
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7r+n —> uj{4>)p are determined by two forward-backward invariant amplitudes o, and
hi according to the following expressions
Ai{pp —> </TT+) = aien + ibxa[e x n],

(2)

A 2 ( T + 7 1 —» pa;) = a2e<7 + 62(cn)(e<T),

(3)

where n is the unity vector along the incident proton beam, e is the polarization
vector of the spin 1 particle {d,u.\ </>,), a denotes the Pauli matrix. Taking into account
Eqs.('2,3) and using the ,9— wave approximation for the nuclear wave functions we
have found that RQ and R\ vary in the range from 1/9 to 4/9 when complex amplitudes
a, and b, vary arbitrary. According to Ref. 13 , at the threshold of;/ meson production
(Tp ~ 0.9 GeV) one has |6]|/|a,| ~ 0.1, therefore it allows one to put RQ = 1/3. In the
case of vector mesons one can obtain the value R\ = 1/3, for example, at b\ = 0, a\ ^
0 and 02 = b2 or 62 = 0,« 2 7^ 0. However, the experimental data on spin structure
of pp —> aV+ and 7T+J? —> uj{<j>)p amplitudes at the energies Tp > 1400A/eV are not
available. Thus, it is impossible at present to find the exact absolute magnitude of
the cross sections, thereby for the definition the numerical calculations are present
below at R = 1.
3.

Numerical Results and Discussion

The numerical calculations are performed using the RSC wave function of the
deuteron 14 . The parametrization
of the overlap integral between the three-body
wave function of the 3He nucleus and the deuteron is used lor the wave function
of 3Hc, ^ T , in the channel d + p. The value S^d = 1.5 is taken for the deuteron
spectroscopic factor in 3He 19 . The numerical results are obtained in the 5 - wave
approximation. According to our calculations, the contribution of the /)— component
of the deuteron and3He to the modulus squared of the form factor \J-( I'u, l:'o)\2 is less
than ~ 10 %. The parametrization
is used here for the- differential cross section
of the pp —> dw+ reaction. The experimental data on the total cross section of the
reactions x+n —> prj(i]\ ui, <j>) are taken from Kef. ' and the isotropic behaviour of t he
differential cross section is assumed here. In Fig.2 are shown the results of calculations
of the modulus squared of the form factor ^ ( P o , Eo)\2 for the production of;;, 7/',^\ <>
mesons at the angle 180° as a function of kinetic energy 7), of the incident proton in
the laboratory system. One can see from this figure that the value of |jF(/Jo, A'o)|2
decreases exponentially with increasing Tp, and the slope in the logarithmic scale is the
same for all mesons in question. It is important to remark that at the definite energy
Tp the value of the form factor \F(Po, £o)| 2 is practically the same for all mesons whose
production threshold in the reaction pD —>'' llc.X is below /,,. Therefore dilfiereuce
in the production probability of different mesons in the two-step model is mainly
due to difference of the 7r+n —> Xp amplitudes. The results of calculations of the
differential cross sections are presented in Kig.l in comparison with the experimental
data 7 at Qc.m. = 180°. For the i;' and u> mesons the experimental data lf!
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Figure 2: The calculated modulus squared of the form factor \Jr(P0, Eo)\2 as a function of kinetic energy of proton in laboratory system Tp for the r/, 77', a>, <j) mesons
production at 6cm. = 180°.
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Figure 3: The modulus squared of the amplitude pD —>3 Heui reaction via the c.m.s.
momentum of LJ- meson, p". The curve is the result of calculation (multiplied by
factor 3.2), the circles o are experimental data Ref. .

at Tp = 3 GeV and 0c.m. = 60° are available. It follows from Fig.4 a that
the calculated cross section for the r\ meson production at the energies sufficiently
higher than the threshold Tp > 1.3 GeV (p' = 0.4 - 1.0 GeV/c) is in qualitative
agreement with the experimental data in form of energy dependence at 8c,m, = 180°.
As was mentioned above, the strong discrepancy between the calculations and the
experimental data near the threshold of r/ meson production are connected with strong
final state interaction because of excitation of the nucleon resonance JV*(1535) and
possible formation of a quasi-bound state in the 7? —3 He system. According to our
calculations (Fig.4,b), the cross section of the 77' meson production near the threshold
(p* = 22 MeV) and at Tp = 3 GeV agrees with the experimental data in absolute
value at the same factor RQ = 1 as for the 77 meson. As one can see from Fig.4,
the shape of the modulus squared |/| 2 of the pD —+3 Hew reaction amplitude as a
function of momentum p' agrees properly with the form observed in experimental
data in the range p' = 0 — 500 MeV/c. To describe the absolute magnitude of

300

T , , GeV

Figure 4: The differential cross sections of pD -» 3 Her)(rf, u, <j>) reactions as a function of lab. kinetic energy of proton Tp. The curves show the results of calculations
for different angles 0c.m.. a - pD -> 3 Her): 0° (dots), 90° (dashes), 180° (full line),
circles (o) are experimental data Ref. l at 0c.m. = 180°; 6 - pD -> 3 Her]'; 8c.m_ = 180°
(full), 6>c.m. = 60° (dashed); the dots are experimental data: o - 0 c m . = 180° Ref. 7 ;
• - 0cm. = 60° Ref.18; c - the same as b but for the reaction pD -> 3 Hew; d - the
same as b but for the reaction pD —»3 He<j>.
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the cross section (Fig.4,c) in this range one needs the normalization factor ~ 3
(at Ri = 1) whereas at Tp = 3 GeV for 6cm, = 60°
the corresponding factor is
~ 0.5. The cross section of pD —>3 He<f> reaction predicted by the two-step model is
shown in Fig.4, d. The only experimental value available near the threshold (p* = 24
,MeV/c) of the reaction pD —>3 He<j> is approximately twice as high as the calculated
one at R = 1. It should be noted the ratio R = \(pD -+ 3 He<f>)\2/\(pD -» 3 Heu)\2
near the corresponding thresholds predicted by the model Rth = 0.052 is in good
agreement with the experimental value R**11 = 0.07 — 0.02.
In conclusion, it should be mentioned that the two step mechanism favoured
in the case of T) meson production near the threshold and at 6cm. ~ 90° owing to
the kinematical velocity matching also turns out to be very important beyond the
matching conditions, namely both above the threshold of r\ meson production and
in the cases of rf', u>, and (j> mesons. In view of rather fast decreasing the cross
section with increasing the mass of meson produced (three orders of magnitude from
T| to <p). The agreement between the predictions and experimental data seems to be
satisfactory enough. The definite absolute value of the cross section can be obtained
when the spin structure of the pp —> dw+ and TT+TI —• u>((f>)p amplitudes will be
available. In the forward-backward approximation for the elementary amplitudes the
predicted cross section for the »?(i?') meson is by factor > l/R£ax = 2.25 smaller than
the experimental value (and the result in spinless approach). For the vector mesons
normalization factor is by factor 2-3 bigger. From the comparison with the spinless
approximation {R$ = 1) we expect that perhaps one can increase the magnitude of Rs
using the full spin structure of the elementary amplitudes beyond the approximations
(2,3). Another reason for the deficiency in absolute value of the predicted cross section
may be the contributuion of nondeuteron states in the subprocess pp —> wNN at the
first step.
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ABSTRACT
We discuss recent experimental data for the inclusive breakup reaction A(d,p)X,
with emphasis on 1H(d,p)X, and the backward elastic scattering reaction dp —> pd.
There is now a fairly complete data base for these reactions, with measurements of the
differential cross section, the tensor analyzing power T20 and the deuteron to proton
polarization transfer K0. We attempt to assess the relevance of these reactions to the
study of the short range properties of the deuteron.

There has been considerable experimental activity in the last 5 years, using
the polarized deuteron beams of SATURNE in Saclay and the Synchrophasotron in
Dubna. This is a good time to review the results of these experiments which have
been, since 1992, mostly a collaborative effort between physicists in Saclay, JINR and
several US Universities. In some sense we have done the "easy" experiments. The
installation of the refurbished Saclay-Argonne polarized proton target at JINR opens
the way for new but more difficult experiments with polarized deuteron beams. At
the same time SATURNE has entered its "closing phase", and KEK is in the process
of commissioning a polarized deuteron beam up to 12 GeV; these various elements
give us motivation to reflect on past experiments, and think of new ones.
The general question is whether these studies, which have given us so far cross
sections and two polarization observables over a wide range of energies and several
targets, do indeed contain information on the "short distance" characteristics of the
deuteron wave function. By "short distances"one means "significantly smaller than
1 fm, perhaps down to 0.1 fm. The greatest potential interest of these studies is in
information they would give, on the quark-gluon degrees of freedom in a multi-nucleon
system.
First we will review the essential characteristics of the inclusive in-flight
breakup (IB) of deuterons with energies between 1.25 and 7.2 GeV kinetic energy,
with detection of a proton of momentum larger or equal to half the beam momentum
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at 0° to the beam. Next we will discuss backward elastic dp scattering (BES),
with detection of the scattered proton near 0°.
Central to any understanding of these data is the impulse approximation (IA)
for IB, and the one neutron exchange approximation (ONE) for BES. In the IA for
inclusive breakup and in ONE for BES, the detected proton is the spectator of the
reaction. How well established is this fact? If the proton is spectator, its laboratory
momentum must be related to the internal momentum in the deuteron before breakup;
here we will use the infinite momentum frame (IMF) quantity k derived from the
invariant momentum fraction a as an internal momentum. An "effective momentum
density" (EMD) obtained from the Dubna inclusive cross section data 2using the
IMF formalism developed by Kobushkin provide a direct evidence, that k is the
appropriate variable as internal momentum of the deuteron. As seen infig. 1, the
EMD (shown as filled square) is in good agreement with the Paris potential deuteron
momentum density up to k«0.9 GeV/c except for the broad "bump" centered at
0.45 GeV/c; most noticeable are the 6 orders of magnitude over which the two are
in agreement. The non-relativistic EMD also shown in fig. lplotted versus q is
drastically different and does not follow the Paris density beyond 0.4 GeV/c. But how
significant is this agreement, considering that the Paris potential is non-relativistic,
and based on empirical data limited to less than 500 MeV? In fact the EMD is not
in good agreement with the Bonn potential deuteron density also shown in fig. 1. If
k was the true internal momentum, values of k like 0.80 GeV/c would correspond to
distances of order 0.25 fm, implying strong overlap of the 2 nucleons in the deuteron:
we would really be in the region where the deuteron should be described as a 6-quark
system. So analyzing the data base critically is very important at this point in time!
Ways to verify the IA validity empirically exist. Within the IA, observables of
the detected proton in IB 1H(d,p)X, like its laboratory momentum and polarization,
must be the same as prior to the reaction. Therefore, momentum distribution and
polarization observables must be independent of the beam energy and of the target,
and depend only upon an internal momentum like k. To underline the fact that the IA
is indeed quite good, we show in fig. 2 the invariant cross sections for 1H(d,p)X and
12
C(d,p)X at 7.2 GeV from Dubna2; the target dependence is mostly noticeable as a
nearly constant multiplicative factor from hydrogen to carbon.' In fig.3 we show T20
data from xH(d,p)X at 1.25, 2.1 4and 7.2 GeV5; here the energy dependence manifest
itself only near the kinematic limits at the two lower energies. Next in fig.4, the T20
data for 1H(d,p)X and "C(d,p)X at 7.2 GeV 5 ' 6 show a close similarity for these two
targets, up to kw0.8 GeV/c. Finally, shown in fig. 5 is K0, the polarization transfer
coefficient (from vector polarized deuteron to proton) from ref. for 1H(d,p)X at 2.1
GeV, and for 12C(d,p) at 4.4 to 7.3 GeV from Kuehn et al.8, and independently from
Nomofilov et al.9. It is obvious from an examination of figs. 2 to 5, that, based on
the criteria of energy and target independence, the IA is a good first approximation
over a wide range of k, although it is difficult to quantify this statement.
Next we must ask whether these data are indeed sensitive to the deuteron wave
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function. What has been done so far is to calculate the cross section, T20 and /Co in the
IA, using Paris or Bonn NN potential S- and D-state for the deuteron wave function,
and comparing the results with the data. For example, in fig. 5 the K0 data are seen
to agree well with the Paris potential deuteron wave function up to k=0.25 GeV/c,
but past this value the experimental result is only a weak reflection of the IA. Of
course there is no real expectation that potential models like the Paris or Bonn ones,
have any predictive power beyond 0.3 GeV/c, and this strongly limits the usefulness
of this empirical approach.
What do our theoretical colleagues tell us about these data? Deuterons with
energies of several GeV are relativistic, and one should use a relativistic version of
the impulse approximation, and (or) a covariant form of the deuteron wave function
describing the d—>NN vertex. Several investigations of the relativistic form of the
d—>NN vertex have been made recently. Those requiring covariance of the structure
function lead to additional components in the deuteron (for example two P-states
coming from the negative energy states of the deuteron 1 0 ). A review of the applications of such an approach to inclusive breakup was made recently by Tokarev , who
showed some interesting energy dependence for T20, with the observable restoring to
its IA behavior at very large energy (103 GeV); the data show only much weaker
restoration, as seen in fig. 3.
Inasmuch as the detected proton in (d,p)X are the spectators at small k, we
have few estimates of the role of final state interaction (FSI) or rescattering. A
non-relativistic calculation of the first and second order Feynman graphs 12using a
complete set of phase shift analysis NN amplitudes, has showed excessive sensitivity
of the polarization observables to the deuteron wave functions used.
A more fundamental approach by Lykasov includes both rescattering and pion
production in the inclusive breakup process, within the framework of the IMF dynamics. Excellent agreement with the Saclay K0 data, is achieved (see for example 1 3 ),
even though the input is an incomplete set of empirical NN amplitudes. In general
such approaches give very promising results for the low k region (<0.1() GeV/c), but
fail to predict the very surprising behavior of T2o revealed by the 1991! measurement
from ref. shown in fig. 4. In direct contradiction with any IA prediction based on
a known NN potential, T2o remains negative up to km 0.80 GeV/c, way beyond the
region of validity of non-relativistic potential models. This striking behavior will bo
discussed further in relation to BES.
At this point in time two polarization observables have been measured over
a wide range of energies for inclusive breakup, namely T2o and h0; there is only
one more spin observable for this reaction, the polarization of the outgoing proton
for unpolarized deuteron beam but polarized target, K°^; in the IA this quantity is
strictly zero, as the proton spectator does not "know" the polarization state of the
target. Measurement of this observable has been suggested by Strokovsky1'1. As will
be shown below, for BES and in the ONE approximation K"'jj is not. zero, and its
measurement would also be very interesting.
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Now let us turn our attention to BES. In this case the d—»NN vertex intervenes
both in the initial and in the final state, symmetrically. There are measurements of
the differential cross sections to a proton beam energy of 2.7 GeV on a deuterium
target corresponding to k w 0.9 Gev/c.
It was first pointed out by Kobushkin 16 that an EMD could be extracted
from the BES data with ONE written in the IMF formalism. 'As seen in fig. 6, the
resulting momentum density agrees extraordinarily well with the one extracted from
the inclusive data, again over four orders of magnitudes, supporting the assumption
that the two reactions are closely related.
It was then showed that T20 and Ko for BES in ONE had the exact same form
as a function of the S- and D-wave functions u and w:
rp

_

At the DEUTERON-93 workshop a paper was presented by Kuehn, Perdrisat and
Strokovsky , showing that T2o and /Co are correlated by the equation of a circle if u
and w are eliminated from the 2 eqns. above; the correlation is as follows:

This circle relation is valid both for inclusive breakup at 0° and for BES. The results
of the Saclay experiment of Punjabi et al measuring these two polarization observables for BES between 0.3 and 2.338 GeV deuteron energy are shown in fig. 7; the
corresponding k-values span the range 0.194 to 0.582 GeV/c. Also shown in fig. 7 are
the reanalyzed IB data of ref. 19 (see also foot note in ref. 18. The inclusive data start
at k=0 and reach k=0.483 GeV/c; they begin to deviate significantly from the circle
for k=0.147 GeV/c. The predictions of the IA and ONE are the circle or radius
The striking feature is the excellent agreement between inclusive breakup and B
data were they overlap. This agreement is particularly striking at the lowest energies
for the BES data: the first 3 BES points, starting at T20 = 0 and n0 = 1, correspond
to 0.3, 0.4 and 0.5 GeV deuteron energy; all inclusive data were taken at 2.1 GeV
deuteron energy yet the IB and BES are almost identical. Agreement for such different energies, hence different total invariant energy squared s, is an indication that
rescattering or FSI may not dominate these observables up to almost 0.50 GeV/c.
This is obviously a challenge to the theorists who calculate higher order Feynman
graphs as does Lykasov (see ref. ). The data for T20 and Ko in inclusive breakup
in the 12C(d, p)X reaction show a similar behavior in the circle representation shown
in fig. 8. The K0 data are from the ALPHA8 group and from the ANOMALON9
group; unfortunately they do not agree for their highest k-value, and this discrepancy
must be resolved before these measurements can contribute to the understanding of
the correlation graph. Never-the-less, the lower k carbon data are on a trajectory
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quite similar to the proton data, indicating again only a weak dependence upon the
nature of the target.
The spin singlet- and triplet P-states originating from the negative energy
states as predicted by Gross " have a total probability of only a few times 10~3; they
affect the observables of inclusive breakup or BES by amounts too sniall to be detected
experimentally (see ). The possibility that a P-state may never-the-less be the cause
of the deviation from the circle correlation of fig. 7 was fist discussed in ref. 17 . Since
that Kobushkin and coworker *" have demonstrated that full antisymmotrization of
a 6-quark state, using the resonating group method (RGM), leads to an admixture
in the ground state of the deuteron of many negative parity isobars of the nucleon.
Negative parity spin-^ isobars must be in a P-state of orbital angular momentum
relative to a nucleon. As shown in fig. 9, taken from ref.
, the combined effect of
the lower mass negative parity isobars results in a strong deviation from the IA circle,
and come close to the data at large k.
Following this idea, and using the IA modified for singlet- and triplet P-state
wo and v%, we have extracted "effective" values of v0 and V] from the inclusive breakup
data for T 20 and K 0 , solving the two simultaneous quadratic equation for these observable, and using Paris potential values for u and w :
p

20

_
-

The resulting singlet- and triplet values are compared to the Paris u and w in fig. 10; in
the same figure the calculated density including the P-states is compared to the EMD
obtained from the Dubna cross section data (from fig. 1); most of the enhancement
discussed earlier is reproduced, suggesting that the P-states could bo at the origin of
this formerly unexplained "bump". The total P-state probability integrated over the
range of experimental k-values is » 6.2 x 10~2, more than 1 order of magnitude larger
than the P-state of ref. 10 .
This success in reproducing the inclusive deuteron cross section data from
polarization data, and the striking agreement between the EMD derived from IB and
BES cross section data lead one to wonder whether adding the same "effective" Pstate to the usual S- and D-states leads to predictions for the BES polarization
observables in agreement with the data. Adding a P-sta.1es to the deuteron in ONE
completely destroys the identity between the polarization observablcs of IB and BES.
Using the numerical solutions for i>o and i>\ which reproduce the T2U and K$ inclusive
data exactly for Paris u and w, we obtain the results in the correlation plot of fig. 11
(preliminary )for these same observables in BES, based on O N E . There is no exact
agreement with the BES data of ref. , also shown in this figure, but it is noteworthy
that the effect of adding the "effective" P-state goes in the right direction for hoth
observables.
By adding two P-state components to the deuteron ground stale wave function we have done the equivalent of generalizing the spin dependent amplitudes for
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the BES process. As discussed for example by Sitnik, Rekalo and Ladygin 2 2 , the
most general description of the BES process requires 4 independent complex amplitudes in the most general case. Their determination to an overall phase would require
7 independent experiments. In table 1 we list all observables of IB and BES, and
indicate the experimental status for each.
Table 1 Observables of IB and BES; p indicates a polarized proton (either polarized
target or final state in polarimeter), and d a polarized deuteron (either polarized beam
or final state polarimeter); u for unpolarized (or unobserved in IB).

d
in

u
td
vd
vd
vd
u
u
V d
V d

id

p
tgt
u
u
u
u
p
p
p
p
p
p

d'
FSd
u
u
u
vd
u
u
vd
u
vd
u

p'
FSp
u
u
p
u
u
p
u
p
u
p

observable
d3cr/(d3p)
T 20

«oor Kg
K

V.O

CVyO0
K

o'v

K

o,i°

Kg
KOiV' A"'*'

status
IB
it < 1.0
it < 0.9
*<0.5
undefin.
7
7
undefin.
?
undefin.
7

status
BES
k < 0.9

/t<0.8
<0.57
KEK?
Dubna

7
7
7
7
7

It is apparent that many experiments could yet be made, many of them using a
polarized proton target as is now available in Dubna. The goal of such investigations
would be either to push the P-state assumption in inclusive breakup as far as possible, or to map out the difference between IB and BES, in both cases to k-values>0.8
GeV/c; or alternately to determine the minimum necessary set of fundamental amplitudes which will describe BES. Of course the last goal is not the most interesting
one, if one wishes to discover the main reaction characteristics and highlight which
features of the data is caused by non-nucleonic features of the deuteron wave function.
Recently the measurement of the deuteron (beam) to deuteron (ejectile) polarization transfer, K^° , for BES from 2.3 to 5.5 Gev deuteron energy has been proposed
at KEK 23 ; and a single energy measurement is being proposed at SATURNE (2.338
GeV) 24 . It was shown by Kobushkin et al. 2 5 that in the ONE approximation for
BES, this observable is simply related to the deuteron to proton observable «o
& = (§«o)2 = {
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At least in principle such data are easier to obtain than «o to k-values larger than the
present maximum of 0.58 GeV/c (see ref.18); the range of k-values could be extended
to 0.90 GeV/c; the correlation between T20 and KQ could be traced much further than
presently possible with he help of the Dubna BES T20 data 26 ; or alternately, as K^'°
is an independent observable, its correlation to T20 could be traced for itself. The IA
prediction,with and without P-state, is shown in fig. 12.
The next observable is Cyyoo in BES, the ratio of cross section difference and
sum for initial deuteron and proton with spin parallel- and anti-parallel; its measurement proposed by Sitnik et al. , at the Synchrophasotron,, using the refurbished
Saclay polarized butanol target, is approved. We show in fig. 13 the ONE prediction with and without the "effective" P-state derived from the IB data. Interesting
deviations caused by the P-state occur already at fairly small values of k.
Complementary to the proposal of Strokovsky14, would be the measurement
of K°'* for BES; it would be extremely interesting as the transfer of polarization from
the polarized p target to the outgoing (spectator?) proton is the result of a "spin
filtering" effect unique to this reaction; of course it is only an IA prediction; but as
shown infig. 14, the polarization transfer has a very striking signature in BES; one
must keep in mind that for IB the IA prediction for this observable is zero if the
proton is a spectator.
Among the observables including only vector polarization of the deuteron, the
last one in table 1 is particularly interesting: final state proton polarization asymmetry
for incoming deuteron with spin parallel and anti-parallel, respectively to the spin of
the target proton, K°'*. The IA prediction for these observables are in fig. 15; the
average of the parallel and anti-parallel proton polarization is nothing but the usual
K0. The effect of the P-state is shown in figure 16. Measuring these observables give
us two more independent quantities, to the extent that the IA is violated, it is also
possible to measure K*£ instead, and may actually be easier (see table 1)
It is thus apparent that even without using either a tensor polarized beam, nor
measuring the tensor polarization of the final state deuteron, 7 experiments can be
performed with the goal of fully characterizing the deuteron wave function.
To conclude: we have asked whether the IB and BES data available so
far could tell us unambiguously that we were exploring short distances within the
deuterori, and therefore penetrating the region where quark-gluon effects are expected
to manifest themselves. To this question we must answer negatively at this time. Of
course, in principle, the momenta transferred are large enough to reveal structural
details on the scale of a few tenths of fm. But the role of FSI in these reactions is
not fully understood and neither is the relativistic treatment, on the experimental
and on the theoretical sides, unique. Ideally one would like to have data sensitive to
these effects separately. Never-the-less, the 3 observables measured both for IB and
BES, have revealed an unexpected similarity between these two reactions, in spite
that in both cases systematic deviations from the IA are clearly evident. The T20-K0
correlations displayed in fig. 7 raises perhaps more questions than they solve, but
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they give us a challenge worthy of future work. On the experimental side there are at
least 5 additional polarization experiments that can be done for UES. At least one,
Cyyoo, will be done in Dubna shortly, and we hope that another observable, A'v>°, will
be measured before long too. With these two additional polarization observables we
will be in a much better position to assess FSI and relativistic effects, and hopefully, a
true signal that the subnucleonic range is being "seen" in these reactions, will emerge.
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ABSTRACT
We have studied the yd —» A + + A~ reaction which requires the collaboration of
the two nucléons in the deuteron. By means of a model previously developed for the
7P —> pir+x~ reaction, the two body exchange currents leading to double delta creation
are derived. A fair agreement is obtained with a recent experiment, but more precise
measurements and the extension to higher photon energies look advisable in order to see
the limits of the present theoretical approach.

1.

Introduction

Processes involving necessarily two nucléons in nuclei are particularly relevant
and through them one expects to get insight into nuclear correlations, together with the
reaction mechanisms. This should help us get a unified picture of reactions like photon
or pion absorption and their relationship to meson exchange currents (MEC), which
evidence themselves in a variety of reactions, like deuteron photodisintegration1, e~
elastic and inelastic scattering2 etc. In this latter reactions MEC appear as corrections
to the leading impulse approximation. The study of reactions where the MEC, or
two body mechanisms, are the leading term provides a good laboratory to check our
theoretical ideas and have these MEC mechanisms under control for application in a
variety of reactions. In this respect the reaction -yd —> A ++ A~ studied in Ref.3 offers
one such opportunity since necessarily the two nucléons in the deuteron are involved
and excited to A states and this excitation should be very sensitive to short-range
nucleon-nucleon correlations. The recent measurement of this reaction4 offers a good
opportunity to test these ideas. Moreover, the relatively large cross section for the
•yd —y A ++ A~ reaction found in Ref. is somewhat surprising, when one considers the
fact that the double A production requires the excitation of the two nucléons in the
deuteron simultaneously, and the average distance of these nucléons in the deuteron is
rather large. This fact seems to require a proper theoretical explanation, and this is
the purpose of the present contribution.
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2.

The model for the ~/N —» 7nriV reaction

The model of Refs.5' " is based on the coupling of photons and pions to nucleons and resonances using effective Lagrangians and thus leading to a set of Feynman
diagrams at the tree level. The coupling constants are taken in order to reproduce the
decay branching ratios of resonances into partial channels. In unknown cases the quark
model is used as a way to obtain some coupling constants.
For the baryonic components we consider N, A(1232,J" = 3/2+,/ = 3/2),
JV(1440, J* = 1/2+,/ = 1/2) and AT* (1520, J* = 3/2",/ = 1/2). The JV*(1520) has
a particularly large coupling to the photons and proves to be an important ingredient,
mostly due to its interference with the dominant term of the process, the yN —»
A7r transition through the gauge A-Kroll-Ruderman term. Higher resonances have a
weaker coupling to photons and do not interfere with the dominant term, hence their
contribution is small, at least for photon energies below 800 MeV, Mainz energies,
where our model is supposed to work. Because of the important coupling of the ^-meson
to the two pion system and the yn system we have also considered terms involving
the /o-meson. These terms are only relevant at high energies but show up clearly
in the two pion invariant mass distributions at these energies ' . However, while all
possible diagrams with N and A intermediate states are considered, we omit some with
•/V*(1440) intermediate states which are very small. For the AT* (1520) intermediate
states we keep only the term which interferes with the dominant term of the amplitude
(A-Kroll-Ruderman term).
The model of Ref. • is rather complete but still misses terms which become
relevant from Ey = 800 MeV on. In Ref.5 it is shown the dominance of the A-KrollRuderman and A-pion-pole terms but there is an appreciable contribution from other
terms. In particular it is found that the contribution of the Ar*(1520) resonance is very
important, and essential to reproduce the peak which is present in the experimental
cross section around Ey = 700 MeV7' 8 .
The model reproduces quite well the experimental data7' 8> 9 below E-, = 800
MeV for the yp —+ ir+/w~p and yp —» n°ir°p isospin channels, but there are some
discrepancies for the yp —> Tr+ir°n channel. For the isospin channels on the neutron, the
available experimental data1"1 are not accurate enough to extract any conclusion .
3.

The model for the yd —• AA reaction

Our two body mechanisms for the process are constrained from the reaction
yN —» ir+ir~N studied in Ref.5' 6 , and briefly described in the previous section. The
two body MEC are automatically generated by means of the yN —• W+TT~N reaction
in one nucleon followed by the absorption of one of the pions in the second nucleon.
Then, from the model for the 7./V —> n+ir~N reaction, we choose the dominant
diagrams in which the final wN system comes from the decay of a A. The pion absorbed
in the second nucleon excites a A and thus we are led to the diagrams depicted in Fig.
1 for the two A excitation process.
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Figure 1: Terms considered in our model for the -yd —> A + + A ~ reaction.
The cross section for this process is given by

(3 - Ml)
T

(i).

where Md, MA are the deuteron and A masses, p the fourmomenta of one of the A's,
TA( v ^ ) the width of the A at rest with invariant mass ^/si and T is the matrix element
for the reaction from the model of Fig. 1. The nuclear matrix element T is given, with
the definition for the intermediate momentum q given in Fig. 1, by
(2)

;<t> \q
•

-

/

;

where 4>(k) is the deuteron relative wave function in momentum space, and f the two
body matrix corresponding to diagrams of Fig. 1, which is given by (see appendices A
and B of Ref. for the effective Lagrangians and Feynman rules)

ql - n2 +;
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where the variable q° is given by q° = Ed/2 — p°, e is the electron charge, e"the photon
polarization vector (in Coulomb gauge, e° = 0, t • k = 0), S the transition spin
matrix from 1/2 to 3/2 and F(q2) a monopole form factor with A = 1.3 GeV. Now
we include the JV*(1520) contribution in an easy way. The terms (d) and (e) of Fig. 1have exactly the same spin structure as the terms (a) and (c) in that figure and their
incorporation into the amplitude is done, as shown in section 3 of Ref. , by means of
the substitution in terms (a) and (c) of Fig. 1 (first and second terms in Eq. 3)

with ^SN" the invariant mass of the Af*(1520) in the diagrams, r/v«(v/sjv^) the
N"(1520) decay width and M^i. the ^'(1520) mass. We take the coupling constants
in such a way to reproduce the helicity amplitudes in the iV*(1520) —* N^ decay and
the decay of W(1520) into the ATT system5.
4.

Results and discussions

We show our results in Fig. 2 and compare them to the available experimental
data4. As we can see, the results agree rather well with the data in the low energy
range, but in the highest measured point, the calculated cross section is smaller than
the experimental one. We should point out here that the dominant terms in Fig. 1
are those involving the A-Kroll-Ruderman term, l(a), l(c), while diagram l(b) gives
a smaller contribution and when added to the dominant terms l(a) + l(c) it changes
the cross section only at the level of 10% (it decreases a below E-, = 740 MeV and
increases it above this energy). We also show in the figure the effects of considering the
JV*(1520) resonance. There is a constructive interference below Ey ~ 820 MeV and a
destructive interference above this energy, due to the change of sign of the real part of
the ./V*(1520) propagator. In spite of the large experimental errors we still can see that
the cross section in the experiment of Fig. 2 is better reproduced by the inclusion of
the AT'(1520) term.
*In Fig. 2 we also show our results at higher energies. As we can observe, the
cross section stops increasing around E^ = 1060 MeV and starts going down smoothly
from there on. However, one should also be aware that other MEC terms generated
from the model of Ref. and leading to AA excitation could become relevant in the
region of £ 7 > 800 MeV. We should also note that our model for -)N —> TWN starts
having discrepancies with the data at energies Ey > 800 MeV. Furthermore, as the
photon energy increases one is picking up larger momentum components of the deuteron
and the d-wave component could also play a role. For all these reasons our results for
Ey > 800 MeV have larger uncertainties as the photon energy increases.
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Figure 2: Results of the model compared to the data of Ref. . Dashed line, omitting
the AT'(1520) terms (Fig. l(d), l(e)). Solid line, results including all terms of the
model of Fig. 1.
5.

Conclusions

In summary we have studied the reaction -yd —• A ++ A~ which is a genuine twobody process. The mechanisms for the reaction were obtained by studying previously
the jN —y K+n~N reaction and choosing the diagrams where one nucleon and a pion
emerge in a A resonant state. The second pion was absorbed by the second nucleon
exciting also a A. The two body mechanisms generated in this way reproduce fairly
well the experimental cross section at low energies but the results seem to be lower than
experiment at higher energies, although the experimental data show strong oscillations
there. The common features of the approach used here with current microscopic approaches for photon absorption in nuclei gives extra support to these approaches and
also strengthens our confidence in the use of two body meson exchange currents in
other reactions.
In order to know the limits of the present method, more accurate data and
extension of the measurements to higher energies would be most welcome.
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Abstract
Acceleration of a polarized deuteron beam is in preparation at KEKPS. The status of the preparation will be reported in the present paper.
The expected intensity of the polarized deuteron beam is 1 x 101Q particle
per pulse with the vector polarization of about 70 % . The acceleration
test will be performed in December 1995.

1

Introduction

The polarized deuteron beam has been accelerated so far in GeV region by Saturne
II, ZGS and Synchrophasotron. Saturne II is a strong focusing machine and provides
rather high intensity due to a good preaccelerator called MIMAS. The other two,
ZGS and Synchrophasotron providing higher energy, are weak focusing machines. As
the ZGS was shut down more than ten years ago, only the Synchrophasotron can
presently provide a polarized deuteron beam around 10 GeV with limited intensity.
At KEK-PS, a polarized proton beam was accelerated about ten years ago. And
an unpolarized deuteron beam was accelerated in 1992. Further, an alpha beam was
accelerated in 1994. Presently, acceleration of the polarized deuteron beam is in
preparation at KEK-PS.
The polarized deuteron beam at high energy with high intensity is useful tool
to study the internal structure of the deuteron. In the case of deuteron breakup
reaction, the kinematical limit accessible in the experiment strongly depends on the
incident deuteron momentum as shown in Fig.l. One can see from the figure the
limit in the Synchrophasotron is 1.35GeV/c. While, one can reach 1.6 GeV/c in

Table 1: Polarized deuteron beams.
accelerator
Saturne II [1]
ZGS [2]
Synchrophasotron [3]

institute
Saclay
Argonne
Dubna

max. energy(GeV)
2.3 GeV
12 GeV
9.3 GeV
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intensity
2 x lO'l ppp
1.5 x 109 ppp
I x 109 ppp
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Figure 1: The kinematical limit in k scale in the breakup reaction as a function of
incident deuteron momentum.
KEK-PS. Besides, when we want to obtain information at short distances where the
cross-section is small, higher intensity is essential.

2

KEK-PS

The KEK-PS consists of preaccelerators and the main ring as shown in Fig.2. The
Cockroft-Walton accelerator is the first accelerator giving energy of 750KeV for proton, 555MeV for deuteron. There are two Cockroft-Waltons; one is for proton, usually
used for acceleration of unpolarized protons and the other for polarized deuteron and
other light ions. Two linacs follow the Cockroft-Walton. Up to the second linac, one
obtains 40 MeV for proton, 19.3 MeV for deuteron. The Booster is a rapid cycle synchrotron giving 500 MeV for proton and 294 MeV for deuteron. Finally, the beam is
accelerated in the main ring up to 12 GeV for proton and 11.2 GeV for deuteron. The
maximum beam intensity in the main ring is summarized in Table.2. The beam in the
main ring is extracted into one of the two counter halls; one is called EAST-HALL
and the other NORTH-HALL. The spill time of the extracted beam is 2 seconds and
the acceleration cycle is 4 seconds.

3

Polarized deuteron source

At KEK-PS, the Dual-Optically-Pumped Negative Ion Source [4] is used to produce the polarized deuterons. The setup of the source is shown in Fig.3. The
deuterons are produced in ECR method and are transported to the region called
neutralizer, where Rb atoms are polarized by optical pumping. The deuterons are
neutralized by charge exchange reaction with the polarized Rb atoms. This leads to
production of polarized deuterium atoms. In other words, the state 1, 2 and 3 are
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Figure 2: KEK-PS accelerator complex.
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Figure 3: The polarized ion source for the polarized deuteron.
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Figure 4: The Breit-Rabi diagram for deuterium atoms showing the splitting of the
six hyperfine states as a function of magnetic field strength.
selected in the neutralizer as shown by the Breit-Rabi diagram for deuterium atoms
in Fig.4. The polarized deuterium atoms are transported to the ionizer through the
zero cross field. They become the states 1', 2' and 3' through the zero cross field due
to Sona transition. In this stage, polarized deuterons are obtained with vector polarization of —2/3 . In the ionizer, another optical pumping is performed to polarize
the Rb atoms. And the deuterium atoms are negatively ionized by the interaction
with the Rb atoms, there. The ionization process takes place only for the state 1'
due to the following reason. The electron spin in the state 2' and 3'is oriented in the
same direction as that in the Rb atoms. Therefore, due to Pauli Exclusion Principle,
the ionization process can not occur for the states 2' and 3' as explained in Fig.5.
Consequently, only the state 1' can be ionized selectively. Therefore, in principle, this
method gives 100 % of vector polarization.
In this ion source, the vector polarization of the deuteron can be evaluated by
measuring the intensity of the deuterium ions. Defining e as follows,

Table 2: Maximum beam intensity in the main ring.
particle
proton
deuteron
alpha
pol. deuteron

max. intensity(ppp)
4 x 10"
3 x 1012
5 x 1O10
1 x 1010 (expected)
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Figure 5: The principle to produce the polarized deuterium ions.

loff ~ Ion

(1)

where Ion and Iofr are intensities of the deuterium ions when pumping laser in the
neutralizer is on and off, respectively, the vector polarization of the deuteron is expressed as
P, =

-2e

(2)

where PJ. is the polarization of Rb atoms in the neutralizer. Using this method, the
vector polarization was measured to be -70 % . In the measurement it was confirmed
that the ion source provides 300/iA .
In the case a tensor polarized beam is required, additional equipment for RF
transitions should be installed. Although it is not scheduled now, the development
would be performed when an experiment requiring tensor mode is approved.

4

Acceleration

In the booster, no depolarization resonance exists. While, in the main ring, we
have intrinsic resonance 7G = —8+1^ at 7.99 GeV when one chooses vz = 7.28 , which
is used in usual operation. However, the intrinsic resonance disappears when one takes
vz = 6.25 , although it is not usual parameter. As for an imperfection resonance, there
exists am imperfection resonance with 7G = — 1 around the maximum energy, 11.28
GeV. Therefore, we have no resonances at least up to 11 GeV.
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5

Polarimeters

We are constructing three polarimeters, the low energy polarimeter, the internal
polarimeter and the external polarimeter. The low energy polarimeter is located
between the 1st linac and the 2nd linac. This polarimeter consists of solid state
detectors installed at 90 degree to detect the reaction d + 12 C —» p + 13 C at the
incident deuteron energy lOMeV.
The internal polarimeter will be installed in the main ring to monitor the polarization just before acceleration. It is a double arm polarimeter to detect dp elastic
scattering from polyethylene string target. The diameter of the polyethylene string
is 12 /zm . On the backward arms, degrader plates made of copper are installed to
discriminate the energy of recoiled particle.
The external polarimeter will be installed in the new primary beam line in the
North-Hall to measure the polarization of the extracted beam. This is also a double
arm polarimeter like the internal polarimeter to detect dp elastic scattering. We use
a pack of polyethylene beads as a target and try to subtract the background events
with a carbon target. The polyethylene target and the carbon target can be replaced
with each other even pulse by pulse automatically. At 1.6 GeV, the relative error of
1 % is expected in the measurement of 20 min.

6

Summary

A polarized deuteron beam with high energy and high intensity is a powerful tool
for investigation of the internal structure of the deuteron. Preparation for acceleration
of polarized deuteron beam is in progress at KEK-PS. The acceleration test will be
performed in November 1995.
The author is indebted to Dr.T.Toyama, Dr.M.Kinsho and Prof.S.Satoh for their
support.
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ABSTRACT
Dielectron production from elementary hadron-hadron reactions applied to 5 GeV
protons on nucleons is considered including very important multipion final states.
Hadronic electromagnetic currents including the finite-lifetime effects of A excitations
are used in a soft virtual photon approximation. A suppression by a factor slightly
less than two is found in the low-mass region as compared to using a current without
finite lifetimes for the delta. Dielectron angular anisotropies for these hadronically inelastic channels are computed. Results vary from nearly isotropic to nearly dipole-like
emission, depending on the specific channel.

1. Introduction
Reaction channels involving hadronic inelasticities have been shown to be quite
important for lepton pair production in 5 GeV nucleon-nucleon collisions[l] and relatively important for energies as low as 1 GeV[2]—particularly for understanding
the ratios of yields in pd/pp reactions as a function of mass when the beam energy increases from 1 to 5 GeV. For 5 GeV protons it was found that simple virtual
bremsstrahlung in pp scattering was larger than from pn. This is remarkable since
the reverse is clearly true for low energy reactions where the dipole limit is realized
and destructive interference nearly completely suppresses pp bremsstrahlung. Still, it
is reasonable that at some energy the interference becomes less important and since
the proton-proton configuration consists of four "antennae" for radiation while the
proton-neutron case has only two, pp might be larger. Given this, a pp/pn ratio of 2
is not unreasonable.
It was also shown that these simple bremsstrahlung contributions were an
order of magnitude below the low-mass experimental data from the Dilepton Spectrometer (DLS) at Lawrence Berkeley Laboratory for 4.9 GeV pd and pp reactions[3].
The missing strength seems to be coming from »/-Dalitz decays, A radiative decays
and many-body bremsstrahlung. The accuracy of calculations for radiative decays is
unfortunately limited by relatively large uncertainties in 1} and A production cross
sections. On the other hand, data for the pion production cross sections are quite
good and so we ought to be able to refine those many-body bremsstrahlung calculations. The method used to treat them was perhaps not totally satisfactory since
it essentially neglected the finite lifetime of the A resonances which are primarily
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responsible for producing the (final-state) pions. The present goal is to estimate the
size of these effects on the invariant mass spectra.
A potentially powerful technique for distinguishing one production mechanism
from another is that of analyzing the dilepton angular anisotropies[4,5]. The idea is
that spin and polarization effects dictate the shape of the spectra from elementary
reactions and might be useful to distinguish, say bremsstrahlung, from Dalitz decay
or others. The anisotropy of the many-body bremsstrahlung will also be computed
in the present work.
2. Formalism
Energetic protons interact with other protons and with neutrons in a rather
complicated fashion. A simple picture resulting in a classical Leonard Jones-type
potential on a nuclear scale arises from one-boson-exchange (OBE) effects: vector
meson exchange of p and w are responsible for the short range repulsions (stiff core),
scalars <r and 8 provide the intermediate range attraction and pseudoscalar pions
and possibly 77's provide the long range attractions. In general, one can build a
reasonably sophisticated model of the strong interaction with this method and with
it, compute scattering amplitudes, phase shifts and cross sections. Elastic scattering
data can be reproduced fairly well with this approach[6] and this provides calibration
for the model and a means of fixing its many parameters. Then minimal substitution
(Pji ~~* Pf ~ e-*4|i) generates a gauge-invariant set of diagrams for real or virtual photon
emission[6,7,8,9]. In order to have an OBE description that is reliable it must have
a rather complete set of mesons, include radiative meson exchange currents[10] and
possibly include effective influences of baryonic resonances A and N". The number
of diagrams proliferates to a level which makes this approach less appealing, though
clearly superior in some respects to other approximate methods.
If one is satisfied with a description of "soft" radiative emission the dominant
contributions originate from the photon being produced by the external legs in the
Feynman diagrams. The half off-shell hadron in each case propagates in such a way
that it becomes "scalar-like" in the soft limit—this is essentially the result of Low's
theorem[ll]. Utilizing this, the invariant amplitude for lepton pair radiation can be
written as
M

= eM0JL

(1)

where e is the fundamental charge, Mo is the corresponding nonradiative amplitude
for the process a + b —» 1 •+• ... + n, J* is the hadronic electromagnetic current
and L^ = (e/M2)u(p_,s_)7*'t>(p+,s+). In other words, the on-shell hadron physics
factorizes from the electrodynamic influences in this soft photon approximation. If
the invariant mass of the lepton pair is M, the absolute square of the matrix element
summed over final spins and averaged over initial ones is
\~M\2 = 4™ I M i |2 J"" !„„
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(2)

where L*" = &xa/M4 [ 9 V - f t - g""M2], q = p+ + P- and I = p + - p _ . Then the
fully covariant cross section for producing an e + e~ pair of mass M is

Upon obtaining Eq. (3) the four-momentum q of the photon was neglected in the
overall energy-conserving delta function. To partially restore proper energy conservation we multiply by the ratio $ = Rn(s — 2^/sqo + M2)/ Rn(s). The function Rn, being
n-body phase space, effectively shrinks the momentum space over which Eq. (3) is to
be integrated so it is nearer to the physical one. Then, after integrating over lepton
solid angles in the dilepton rest frame, the differential cross section can be written[12]

1

da
(PqdM2

12a

, j -J2da0$.

(4)

This expression is a factor of 2/3 times the commonly used Riickl formula[13] due
essentially to the £ • J term in the square bracket of Eq. (3). Equation (4) can now
be integrated over the available dilepton three momentum which is governed by $ for
an approximate mass distribution.
In Ref. [1] the one, two and three pion final states were studied. It was
argued that pions were primarily produced through excitation and subsequent decay
of deltas. The nonradiative matrix elements were chosen to reflect the presence of
deltas but the electromagnetic current did not include the A's finite lifetime. In
short, the pions in this approach appear instantly and therefore have a very large
effective acceleration. In reality they appear on average 1.6 fm/c after excitation and
thus have a softer acceleration. We might say therefore, that Ref. [1] provided an
upper limit to these contributions since time delaying the appearance of the pions
would weaken the ensuing radiation. Here we propose a gauge-invariant amplitude
for inelasticities which includes the finite width of the A. For instance, consider the
nonradiative reaction a + 6 —* 1 + 2-1-3 where specific labels are intended to match the
reactions p + p—*n + p + w+. There are two dominant ways in which this proceeds:
p+p-> n + A + + -» n + p+7r + and p + p - » p + A+ ->• p + n + ir+. Define A ( J + (Mi)
as the nonradiative amplitude that proceeds through the A + + (A + ) excitation. Let
us take the full, dilepton emission amplitude—which replaces Eq. (1) and therefore
results in a slightly different expression for the invariant cross section as compared
with Eq. (4)—to be the following

M

= e \M++JU + MU+] L»
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(5)

where the two different currents are

pa-q

Pb-q

+{Q2 + Q3)
Pi

pi •q

(P2 + P3 + q)2 - m2^ -

imATA(m23)

F (P2 + P 3 ) 2 - m \ -imArA(m#3)

Pi • q l(P2 + Pi + i)2 ~ mA ~
Ps

i

1
"

J

I" (Pa + P3) 2 - m A - t m A r A ( r o 2 3 ) ^ 1 ^

?3 • 9 L(?2 + P3 + q)2 ~ m2A

i m r ( m ) J

"

and

31 = -

Pa-q

Pb-q

P2-q

> (Pl+P3 + q)' -ml-

i

Pi [ ( p i + P 3 ) 2 - m A - i m A r A ( m 1 3 ) j
pi • 9 [(Pi + P3 + q)2 ~ ™\ - im A r A (m 13 )J
,

o

Pz \ (Pi + Ps) 2 - m l - t m A r A ( m 1 3 ) 1
P3 • q [(Pi + P3 + q)2 ~ ml - u n A r A ( m 1 3 ) J '

l

'

where the Q's are particle charges in units of proton charge, m?,3 = (P2 + P3)2 and
mf3 = (pi + ps)2 are the squared invariant masses. The energy dependence of the
delta width is known to go like the cube of the center-of-mass momentum of the
decay products (pion and nucleon) and normalization is taken to give F A (m A ) = 120
MeV for mA = 1232 MeV. Considering the width instead as a parameter and the
limit FA(w) —* 00, the terms in which radiation originates from the As disappear
while the remaining radiation reduces to precisely the current for reactions involving
stable hadrons. This amplitude of Eq. (5) includes radiation off all external legs of
the diagrams and "time-delays" the pion by the lifetime of the A just as would come
out of a diagrammatic calculation. While it neglects all diagrams with four-point or
contact vertices, these are subleading order in the soft photon approximation anyway.
Before proceeding, it must be stressed how similar this amplitude is to a would-be
amplitude of a full diagrammatic computation. It captures the important physics and
especially, is gauge invariant M • q = 0 for real photons.
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Dilepton mass distributions dcr/dM are now calculable within this approach.
An additional method of scrutinizing production mechanisms and models of them is
to consider the dilepton polar angle anisotropy as a function of dilepton mass. The
ratio
B =

S(M,6 = 0°)
-1
S(M, 9 = 90°)

(8)

where S(M,9) = dcr/dM2d(cos0) probes the degree of anisotropy in the distribution.
For pseudoscalar and baryonic radiative decays, mr annihilation and NN —» NNe+e~
bremsstrahlung, see Ref. [14]. Here we shall consider one-pion final-state pp and pn
reactions and their resulting dilepton polar anisotropies. Generalization to other
channels is obvious.
3. Results
Although the influence of the finite width of the delta in the electromagnetic
current is reaction dependent, we can get an idea of the relative importance by considering a single channel and then conjecture that it is roughly of the same strength
in the others. So in Fig. 1 we plot the results for simple pp —» ppe+e~ bremsstrahlung
as compared with pp —> npn+e+e~ for two cases of FA: first an infinitely broad delta

I

Fig. 1: Cross section for dielectron emission in 4.9 GeV proton-proton bremsstrahlung (dotted
curve), pp —» npir+e+e~ with an infinitely broad A in the electromagnetic (EM) current (dashed
curve) and with a realistic energy-dependent width TA in the EM current (solid curve).
••
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is considered F^ —• oo which reproduces what was done in Ref. [1] and second, an energy dependent width is taken. Note that simple bremsstrahlung is nearly an order of
magnitude below the inelastic channel's contribution at low mass. Separate studies of
the beam energy dependence seems to indicate that already at 1 GeV bremsstrahlung
from these hadronically inelastic channels compete with simple bremsstrahlung, while
they are clearly more important in the low mass region as energy increases to 5 GeV [2].
Using a current with "instantly produced pions" as compared with a current which
uses "time-delayed pions", the duration of which depends on the A width, results in
less than a factor of 2 difference at low mass. This is worth restating as it represents
the major conclusion of this study. Using a realistic electromagnetic current including
finite-width effects of the delta results in a dielectron mass spectrum less than a factor of two smaller than previous estimates. This suggests that one can be relatively
satisfied with the size of previous estimates for hadronic inelasticities' contribution
to e + e~ emission. •
One should be mindful that this analysis has been done using a soft photon
approximation and to get more reliable estimates of these effects a fully covariant and
consistent boson exchange calculation must be done. Interaction lagrangians for A
degrees of freedom with other baryons and mesons are commonly used for dynamical
descriptions and the method of coupling nucleons, deltas and mesons to the electromagnetic field is clear. A set of diagrams would result which include emission from
all external legs as well as contact-type emission. The spin-3/2 nature of the delta
fields and its finite decay lifetime necessitate more careful considerations of gaugeinvariance when form-factors are included. Yet, it is a straightforward computation
and is something for future studies.
Next we make first estimates of dilepton angular anisotropies in these hadronically inelastic channels. Again, only a small subset of channels is studied but it is
obvious how to generalize within this approximation. In Fig. 2 we show the results for
the anisotropy coefficient B as written in Eq. (8) for pp and pn channels. First in panel
(a), the channels pp —» np7r + e + e~ and pp —> ppir°e+e~ are displayed. The chargedpion channel is already different from the simple pp bremsstrahlung anisotropy at
this energy[15]. Most notably, the simple bremsstrahlung anisotropy drops quickly as
mass increases whereas the effect of the pion in the final state is to give a peak in the
anisotropy near 0.5 GeV mass and in addition, give relatively larger anisotropy for
masses up to 1.5 GeV. The neutral pion channel has qualitatively the same shape as
the charged pion's but the normalization is nearly a factor of 3 larger. This can perhaps be understood because the nonradiative cross section is strongly forward peaked.
The final state (neutral) pion changes the radiation pattern from one that vanishes
at zero angle to one that remains nonzero there. Being finite at small angles, it also
tends to radiate at forward angles and since the anisotropy coefficient is a measure of
forward/transverse radiation, it is seen to be rather large in this channel. Then for
increasing mass it drops quickly.
In panel (b) of Fig. 2 the pn results are shown for two channels. Here again,
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Fig. 2: Dilepton polar angle anisotropy B as denned in the text for 4.9 GeV pp —» ;ip7r + e + e and
pp —• npir+e+e~ reactions (a) and for 4.9 GeV pn — nnir+e+e~ and pn —• ppn~e+e~ reactions in
(b).

the results are quite different from simple pn bremsstrahlung at this energy[15]. Both
pn —» nnv+e+e~ and pn —> pp%~e+e~ exhibit rather isotropic distributions. As a
function of mass, the anisotropy coefficient stays small and negative throughout. This
is in contrast to simple pn bremsstrahlung which is similar to the resulting pp simple
bremsstrahlung in magnitude and mass dependence as well.

4. Conclusions
As beam energies increase in nucleon-nucleon reactions above pion and multipion production thresholds the bremsstrahlung radiation patterns can be quite different
from simple NN bremsstrahlung and in fact, can be enhanced significantly. In this
study we have worked toward a more complete description of these multipion final
states in terms of their radiation patterns. Dielectron production originating from
pions which primarily come from decay of excited baryonic deltas were estimated
coherently and gauge-invariantly in a soft photon approximation. The basic goal was
to reestimate the mass distribution from these hadronic inelasticities with realistic
"time-delayed" final-state pions. The findings were encouraging: previous estimates,
which were known to be upper limits, were larger than the more realistic results by
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less than a factor of 2. On the other hand, this should not be considered as a substitute for a full diagrammatic calculation of NN —+ NNwi + • • • + Tm e+e~. Especially
with regard to angular anisotropies where sensitivity to details of the strong interaction is much greater. The anisotropies shown here are probably only qualitatively
the same as a diagrammatic treatment would produce, but suggest that at higher
energies these signals might be quite useful to identify one channel from another.
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ABSTRACT
The polarization transfer coefficient of the 12C(d,p)X reaction has been measured
using a vector polarized deuteron beam of the JINR Synchrophasotron and the spectrometer ALPHA. New data in 0-0.57 GeV/c internal momentum range of the deuteron
wave function are presented.

The polarization observables of backward dp elastic scattering and the deuteron
breakup reaction at the zero degree are quite precise tools for investigation of the
deuteron structure. The measurements of the tensor analyzing power T2o in the
deuteron breakup reaction done at Dubna and Saclay showed large deviations from
the theoretical values estimated in the framework of the non-relativistic and relativistic impulse approximation (NIA and RIA) with standard deuteron wave functions.
The experimental results obtained with the ALPHA setup show that T20 is negative
up to k < 0.8GeV/c. A similar result was obtained later with the ANOMALON setup
in Dubna"*, extending the range up to k < lGeV/c. Combined analysis of polarization
transfer data from the deuteron to proton, KQ, and T2o data, both obtained at Saclay
4
showed that no deuteron wave function (DWF) including s- and d-waves only, is
suitable in the framework of the IA to describe these data . First measurements of
K0 in Dubna were performed with the ALPHA setup > up to k = 0.51 GeV/c and
later, with the ANOMALON setup8 up to k = 0.55.
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Here we present results of new measurements of KQ obtained with the ALPHA
setup extending the range of k-values to 0.57 GeV/c.
The polarization transfer coefficient K is defined, in general, as

where pz and pz are the vector polarization of the initial deuteron and secondary
proton respectively . When the tensor polarization of the initial deuteron is equal to
zero, K becomes K,Q.
The spectrometer ALPHA was adjusted as in our previous experiment 7 , but a
C/^-target for the second scattering was used instead of CH. Previous measurements
have shown that the analyzing power is high enough at small angles to allow decreasing
the rejection angle of the trigger system to select efficiently events with squared
momentum transfer down to — t = O.OlGeV2. Also, the time of flight (TOF) system
was upgraded from its original configuration".
The beam of vector polarized deuterons was provided by the POLARIS 10
source . The direction of polarization changed alternately from up to down burst by
burst. The beam polarization was measured as described in ref.11 using data 12 ; the
absolute value of the vector polarization in both states was \pz\ = 0.58 ± 0.02, and
the tensor polarization was negligible \pzz\ = 0.03 ± 0.03.
The deuteron beam intensity on the primary target, where the breakup reaction

~d + c -> y + x.
8

occured, was (0.5 — 10) x 10 particles per burst. The graphite target thickness was
2 cm when the deuteron momentum was 9 GeV/c, and 15 cm in the other cases.
The outgoing protons from deuteron breakup at 0° were transported by a
magnetic channel to the spectrometer ALPHA; the angular acceptance of the channel
was AfJ = 10~4sr; it was tuned to transport particles with average momentum p =
4.5 GeV/c. The momentum acceptance was Ap/p = 3%.
The polarization of the secondary protons was obtained using the reaction

y + CH2 ->

P+x

for this purpose. A 30 cm long CH2 target was installed in the spectrometer area.
Because the momentum distribution of secondary protons was not narrow, a
good separation of elastic and inelastic events required measuring the proton momentum both upstream and downstream from the CH2 target with two dipoles and
six proportional chambers. The distribution of the proton momentum px before the
second interaction is shown in fig.l, and the difference of the momenta after (P2) and
before the interaction - in fig.2.
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Figure f: Distribution of proton
momentum Pi before second interaction

Figure 2: Distribution of the
difference of the momenta before and after the second interaction

A TOF system 9 with base length of 20 m, was used to separate the protons
from deuterons produced in (d, d ) reactions. The resolution of the TOF system was
sufficient for complete separation of (d, d') and(d, p) processes.
The number of protons scattered into direction (0,<p) at the second target is
given by :
N{0,4>,p,) = No (l + A{0,P])p[co.s6) ,
(1)
where A(9,px) is the target analyzing power. Changing the sign of the polarization
we obtain the asymmetry.

Integrating over the <f> acceptance of the spectrometer we have:
(3)

As is seen , if the scattered protons have a constant momentum p,, the function B
depends on the angle 0 only, and not on the momentum of the primary deuterons.
The different K0. for different initial deuteron momenta can be calculated as a proportionality coefficients between the asymmetry X, and a single function B, They
can be found by minimization of :
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where i indicates the different initial deuteron momenta and t3 - the different squared
4-momentum transfers defined as \tj\ ~ (pi8j)2.
All events were divided into elastic (|p2 — Pi | < 0.25) and inelastic (p2 — Pi <
-0.25) groups. We used two fifth degree polynomials, with different coefficients Bet(t) for elastic and B'n(t) for inelastic events. When the primary deuteron momentum is 9 Gev/c, the proton produced in the primary dC reaction carries half ofdeuteron momentum and has the same polarization as primary deuteron. The light
cone variable k in this case is zero and KOI = 1- The coefficients of the polynomials
and the parameters KOi were found by minimization of the function (4) with fixed
Koi = 1. The error in Koi due to the fit is included as a systematic error to the
polarization transfer coefficients obtained in this experiment.

elastic interactions
targets:.-CHi , 4 -CH
Pp=4.5GeV/c
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Figure 3: Analyzing power of the
elastic scattering at CH2 target.
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Figure 4: Analyzing power of the inelastic scattering at CH2 target.

According to eq.(3), the analyzing power of the CH2 target can be obtained
using the measured value of the primary beam polarization. The corresponding results
for elastic and inelastic events are shown in fig. 3 and fig. 4 (full circles). The solid
lines are calculated from the corresponding polynomials. In the same figures the
analyzing powers of the CH target used in our previous experiment is shown with
triangles. It is seen that the analyzing power for the inelastic scattering is similar for
both CH and CH2 target, but the analyzing power for the elastic scattering is higher
for the CH2 target.
Results for Ko are given in a table and are shown as triangles in fig.5. The
momenta of deuterons pd and protons pp are corrected for ionization losses in the first
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1
2
3
4

Pd (GeV/c)
8.989
7.374
6.575
5.785

Vv (GeV/c)
4.503
4.470
4.489
4.462

k (GeV/c)
0.002
0.198
0.354
0.571

<rk{GeV/c)
0.008
0.016
0.022
0.037

K0

1.00
0.79
-0.10
-0.43

A/c
0.07
0.14
0.14
0.23

carbon target. The infinite momentum frame variable k is defined ^ '

14

as:

A(a, 6, c) = a2 + b2 + c2 - 2ab - 2ac - 26c,
2Msf
where Ed, Ep are the energies of deuterons and protons, mp is the proton mass. The
values of <Xjt in the table are r.m.s.for k corresponding to the pi-distribution ( fig. 1)
for each primary beam momenta.
k =

1.5

o
•
A
I

1.01
0.5

«0.0

"
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'•8.0

Saclay.1991
Alpha. 1992
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Alpha. 1993

1
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—
-
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\
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V
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1.

k, GeV/c

Figure 5: polarization transfer coefficient /c from vector polarized deuterons to protons
in reaction on carbon
The first point in fig.5 is the calibration point with K = 1, the second and the
third (full triangles) are in a well-known region, the fourth point is at the highest
value of k reached until now. It is seen from the figure that the polarization transfer
coefficient is still negative at the highest k-value of 0.571 GeV/c. The reanalyzed
data of Cheung et al. 4 1 5 for dp breakup are plotted with open circles and our previous data ^ are shown as squares. The solid curve is from a calculation with Paris
potential 1 " in the frameworks of RIA :

u\k) - w2(k) - u{k)w(k)/V2
0

9 / 7 \ i ' 2 / 7 \
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"

V

/

The dashed curve is drawn using the parametrization of the T2o — K circle relation 5
obtained from Saclay data . The data of ANOMALON" are shown also as diamonds.
Our results are in disagreement with the ANOMALON data in the region k sa 0.550.
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ANISOTROPY OF DILEPTON EMISSION FROM NUCLEON-NUCLEON
AND NUCLEON-DEUTERON INTERACTIONS
E.L. Bratkovskaya, W. Gassing", U. Mosel*,
O.V. Teryaev, A.I. Titov and V.D. Toneev
Bogolubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research,
141980 Du6na, Moscow region, Russia
" Instttut fur Theoretische Physik, Universitat Giessen, D-35392 Giessen, Germany

ABSTRACT
A f«41 calculation of lepton-pair angular characteristics is carried out for e+e~ pairs
created in pp, pn and pd collisions at intermediate energies. It is demonstrated that
the proposed new observable, the dilepton decay anisotropy, quite sensitively changes
for different sources and may be useful for their disentangling. The relevance of the
dilepton decay anisotropy is shown in the context of a puzzling energy behaviour for
the ratio of the lepton yield from pd to pp reactions as observed at the BEVALAC.

As is known dileptons are quite attractive probes- since they provide almost
direct information on hot and dense nuclear matter during its evolution in heavy-ion
collisions at BEVALAC/SIS and SPS energies (see Ref. ' ) .
However, there are a lot of hadronic sources for dileptons because the electromagnetic field couples to all charges and magnetic moments.* For a decomposition
of e + e~ sources contributing to the dilepton invariant mass spectra it seems to be
natural to start from the study of elementary nucleon-nucleon collisions and then to
move successively to nucleon-deuteron and more complicated systems. A step in this
direction has been done in Ref. 2 where the pd/pp dielectron ratio was measured in the
1—5 GeV energy range. In contrast to naive expectations, this pd/pp ratio displays a
puzzling beam-energy dependence which is still a matter of debate. There are several
interpretations of this effect: the interferences of different channels 3 , the contribution
of the inelasticity effects , and of the subthreshold 77 -meson production . Even by
considering the new and more precise data on the transverse momentum distributions
of lepton pairs * the puzzle could not be resolved unambiguously.
Recently, we have proposed to use lepton pair angular distributions for a distinction between different sources . Indeed, the coupling of a virtual photon to
hadrons induces a dynamical spin alignment of both the resonances and the virtual photons. One thus can expect that the angular distribution of a lepton will be
anisotropic with respect to the direction of the dilepton (i.e. virtual photon) emission.
It has been shown that due to the spin alignment of the virtual photon and the spins
of colliding or decaying hadrons, this lepton decay anisotropy turns out to be quite
sensitive to the specific production channel "> '> ° .
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Following our previous work • we focus in this letter on the study of the
dilepton angular anisotropy as a way to disentangle various e + e~ sources in pN and
pd reactions. Alongside with an extended computation of the Dalitz decay channel
for pseudoscalar mesons, we present the first full results for nucleon-nucleon collisions
at energies of a few GeV. By a simple extension of these calculations to the nucleondeuteron case we will investigate if the anisotropy effect can help in solving the pd/pp
dilepton ratio puzzle.
As in Refs. "• we choose the polar 8 and azimuthal ip angles of the momentum /_ of a created electron with respect to the momentum <fof a virtual photon to
characterize the decay anisotropy, where /_, /+ are measured in the rest frame of this
virtual photon, i.e. <f= /_ + f+ = 0. For comparing the shape of the angular distributions for different channels, the differential cross section for dilepton production in
the channel i may be presented in the form:

where M is the invariant mass of a lepton pair (A/2 — 1o ~ 9^) ant ^ ^< ' s defined by
the normalization to unity of the angular distribution of (1). The decay anisotropy
coefficient for channel i, i.e. Bi, then is given by
_ S,(M,6 = 0°) _
' • " S,(M,6 = 90°)

[ )

Since the coefficient Bi is sensitive to the spin structure of the interacting hadrons, it
is in general a function of M and the masses of the hadrons involved in the reaction.
The total differential cross section for proton-nucleon collisions can be represented as a sum of differential cross sections for all channels:

i=channel

For the total anisotropy coefficient we then get

£ <Bf>,
i=charmel

dM 1 + I3 B ,

where the special weighting factors originate in the necessary angle-integrations.
Thus, the anisotropy coefficient BpN is the sum of the "weighted" anisotropy coefficients (< Bi >) for each channel i obtained by means of the convolution of Bi
with the corresponding invariant mass distribution.
In a preceding study Ref. ^ the anisotropy coefficients were calculated for
the bremsstrahlung and A-Dalitz decay channels within a microscopic One-BosonExchange (OBE) model "*. We will use the latter results in the present investigation
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without any modification. Note that we take into account the interference terms
between bremsstrahlung and A-channels for proton-nucleon and proton-proton interactions. As a result, the contributions of these two channels to (4) are reduced to
a single coherent term.
For the Dalitz decay of an r/-meson in Ref. 6 a first simple estimate Bn = 1
had been made appropriate for an r/-meson with vanishing momentum in the centerof-mass system (cms) of the colliding hadrons. In this case the direction of a virtual
photon q\, is not influenced by the //-meson momentum .?„ which simplifies the kinematical considerations. In extension to we now include the full dynamics, Pv ^ 0,
where the direction of the dilepton momentum in the cms of the colliding nucleons, q,
does not coincide with that in the eta rest frame qv; as a consequence the anisotropy
coefficient becomes a function of the invariant mass M and the collision energy Tint,.
To take this functional dependence into account the »/-channel for the lepton
differential cross section (1) is written in the following form:
(5)

where \T(M, 6, P,)| 2 is the averaged transition matrix element of the r/-decay.
For the r/ production cross section dav/dP^ we use a simple parametrization of
the calculations presented in Ref. 9 , where the tj-production cross section in nucleonnucleon collisions was calculated on the basis of an effective OBE model.

0.0
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0J

0.3

0.4

O.«

If (GeV)

Figure 1: The anisotropy coefficient B,, for the 77-channel at initial energies from 1.26
to 4.9 GeV.
Results of our numerical calculations for Bn at initial energies from the r\
production threshold to about 5 GeV are shown in Fig". 1. We find that the anisotropy
coefficient indeed depends on both the initial energy E and the dilepton mass M. Bv
approaches 1 only close to threshold or for M -+ 0. This behaviour is quite natural
because at the threshold energy we have \PV\ « 0; for low mass dileptons their velocity
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is close to the velocity of light and thus the difference between the two directions
discussed above becomes negligible. If the invariant mass of a virtual photon is close
to its kinematical limit (M —> m,,), the anisotropy coefficient approaches a lower limit
of about 0.1 -T- 0.25 for bombarding energies from 1.26 to 5 GeV. Using the pN cross
pn at 1.26 G.T

1.0

o.e

0.6

0.6

0.4

0.4

Br

0.2

A00

r

^ V

0.2

;_4_\

pp at 1.26 0«V

pp at 2.1 G«V
V

0.6

0.6

0.6

0.4

0.4

0.2 '•

all

A °-° —Br

1

SM.2

pn at 2.1 CV

1.0

0.6

Br

\

all

0.2

\

0.0

V
-a.fi
1.05 0.15 0.25 0.35 0.45 0.SS
M (GeV)

0.0
-n.s

Br

1.1 O.E 0.S 0.4 0.5 0.6 0.7 0.6
M (GeV)

Figure 2: The weighted anisotropy coefficients < Bi(M) > for pp and pn collisions at
1.26 and 2.1 GeV.
sections for A—production and bremsstrahlung channels from Ref. , we are now in
the position to present the first estimate for the weighted coefficients < Bi(M) >
for pp and pn collisions at the energies of 1.26 and 2.1 GeV (Fig. 2). In Fig. 2 the
"r/" denotes the contribution of the T?-channel the "A" labels the contribution of the
A-resonance term, while "Br" denotes the bremsstrahlung channel. The solid line
denoted by "a//" represents the sum of bremsstrahlung, A-channel with interference
and »7-decay source. At the energy of 1.26 GeV the anisotropy is determined by the A decay since its contribution is dominating at this energy. The large contribution of the
?7-source at 2.1 GeV leads to the specific structure in < B,(M) > for M < 0.3 GeV.
As mentioned above, a possible explanation for the experimental pdfpp dilepton ratio is related to the contribution of leptons from 77-decay 5 . Whereas the energy threshold of 77—production in pA^ interactions is about 1.26 GeV, in the protondeuteron case the effective threshold is lower due to the Fermi motion of the constituent nucleons in the deuteron. Thus at projectile energies below 1.26 GeV the
contribution from the T?-Dalitz decay to the dilepton spectrum may be significant for
the pd case, but negligible for pp. Such an enhancement of the 7?-yield in pd compared
to pp reactions has been also seen experimentally by the PINOT collaboration ^. In
line with this argument we expect larger values for the pd/pp dilepton ratio at low
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energy, and according to the calculations above one can expect that subthreshold
^-production may manifest itself also in the angular characteristics (anisotropy coefficients) of the created dileptons.
In a first order approximation the decay anisotropy coefficient for pd collisions
may be written as the sum of B; for pp and pn interactions. However, this approximation is not sufficient in the energy region close to the 77-threshold. To take the
contribution to the dilepton spectrum from near-threshold //-production into account
we calculate the coefficient Bpd as
> + < Bpd >,

(6)

dM
pd

B

>=

£

•+

dM

A

dM

It should be stressed that in Eqs. (6), (7) we take into account the interference between
bremsstrahlung and A-channel for pp and pn separately. Fig. 3 shows the resulting
weighted anisotropy coefficients < 5;(M) > for pd collisions at 1.26 and 2.1 GeV. The
cross section dupd/dM is taken from Ref. and the Paris deuteron wave function
is used for describing the internal nucleon distribution in the deuteron. As expected,
at threshold energy the total < Baii(M) > coefficient for the pd reaction differs
substantially from that for pp or pn reactions due to the near threshold 77-decay
source. For higher energies (2.1 GeV) the shape of < Baii{M) > is similar in all these
cases. This energy-dependent effect is more pronounced in Fig. 4 where the ratio of
the anisotropy coefficients for pd to pp reactions, RB = B'"l/Bppy is represented at
the energies of 1.26 and 2.1 GeV. The comparison of the solid (including the 7/-DaIitz
decay) and dashed curves (without the r/-channel) illustrates the relative importance
of the 77-decay contribution to the observable decay anisotropy of the dileptons.
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Figure 3: The weighted anisotropy coefficients < Bi(M) > for pd interactions at 1.26
and 2.1 GeV.
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Figure 4: The ratio of anisotropy coefficients for pd to pp reactions at 1.26 and
2.1 GeV.
Thus, summarizing, the calculated anisotropy coefficients for pp, pn and pd
reactions support our suggestion in Refs. ' that the dilepton decay anisotropy may
serve as an additional observable to discriminate the dilepton sources by experimental
means.
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CONTRIBUTION OF THE NN INELASTICITY
INTO PHOTODISINTEGRATION OF THE
DEUTERON
V.A. SADOVNIKOVA
PNPI, Gatchina, 188350 St.Petersburg
Abstract
The technique of dispersion integration over the mass of composite particle is used
to describe the reaction of the deuteron photodisintegration. The influence of the final
state interaction (•FSI) on the total cross section, calculated with and without inelasticity is investigated. Numerical results depend on the choice of the vertex function for
the isobar photoproduction.

The reaction of photodisintegration of the deuteron has been considered in the framework of the dispersion relation approach developed by V.V.Anisovich et al.1. This method
allows us to construct relativistic and gauge invariant amplitude of the photodisintegration.
Besides, in the dispersion technique the condition pf = m? is fulfilled for all particles in the
intermediate state, thus no problem with the determination of the off-mass-shell amplitudes.
To describe photodisintegration amplitude the diagrams shown in Fig.l have been used.

a
Fig.l.
It should be pointed out that all components of the photodisintegration amplitude have
been calculated in the dispersion integration technique: 1) deuteron vertex function which
is the relativistic analogue of the deuteron wave function1; 2) FSI; its construction is based
on the NN scattering amplitude; 3) the amplitudes of diagrams shown in Fig.l.
The main item of our study is the NN scattering amplitude A(s, i). This amplitude has
been used to find the deuteron vertex function and FSI1>2.
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Our dispersion relation approach is based on the dispersion N/D method for A(s,t).
In this method the partial wave amplitudes are treated. Partial amplitudes, Ai(s), in the
s-channel depend on s only, they have all ^-channel singularities of A(s,t) (right-hand singularities) and left-4iand singularities, related to the t- and u-channel singularities.
The dispersion N/D method provides us an opportunity to construct relativistic twoparticle partial amplitude in the region of low and intermediate energies. One can successively include one open channel after another.
iVj-functions are presented as a sum of separable terms
N,(s) = GM-(?,(,)

+ ...,

(1)

and in our case G\ differs from G; in a sign. In the simplest case the equation for the partial
scattering amplitude can be written in the form1'2
A, = Gj(\ - Bt)-lG,.

(2)

Here B\ is the dispersion integral for the one-loop diagram:
'•

(3)

Eq.2 is an analogue of Bethe-Salperter equation for separable interaction of a special form.
Gj-functions are determined by their left singularities and can be represented as the
integrals along the left-hand cut

-oo

•n

s' — s

r—^ s — su

To simplify numerical calculations the integral can be replaced by a sum. The parameters
7;;, su have been found fitting the data of the phase shift analysis. The obtained G-functions
are used in FSI amplitudes.
In calculations performed in this paper the phase shift analysis of Arndt et al.3 has been
used.
First, the one-channel partial amplitudes, Ai(s), have been calculated. For this case Gfunctions have been constructed fitting NN phase shifts, £;VJV, only, and photodisintegration
amplitude is denned by two diagrams la and lb.
The phase shift analysis by Arndt et al.3 reveals the presence of an essential inelasticity
in the waves ^ o , 3P0, 3Pi, 3 ^2, 1D2, 3F3 at T < 1 GeV ( kinetic energy of the incident
proton) .
In the waves 3 P 2 , XD2, 3i*3 the amplitudes have the resonance-type behaviour. This
resonance corresponds to the intermediate state NA. For these waves the two-channel
scattering amplitudes have been built up, and the parameters of G-functions have been
found by fitting NN and NA phase shifts and the transition amplitudes \ANN~NA\2- SO,
there is two-channel FSI and photodisintegration amplitude has been calculated using the
diagrams la, lb, lc. In Fig.3b the partial cross section ( denned as shown in Fig.2) for the
wave XD2 is demonstrated. By definition this cross section is the contribution of final state
interaction to the total cross section for different waves. The main contribution is given by
the diagram lc.
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1
Fig.2.Definition of the partial cross section.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

ErGeV
Fig. 3. Partial cross sections calculated with (solid line) and without (dashed) inelasticity:
For J 5o, 3Po, 3Pi waves the phase shift analysis gives large inelasticity as well, but without
resonances in the amplitudes. Likewise, the two-channel amplitude has been treated, but for
the second channel some variants have been tried: NA, /VAr*(1440), ?r/V-pair in the relative
5-wave. To find the parameters, phase shifts SNN a nd the parameter of inelasticity p from
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the paper 3 were fitted. In Fig.3a the partial cross section for the wave 1S'o is demonstrated.
The main contribution is due to the rescattering processes in the diagram lb. The shaded
area stands for the different types of inelasticity.
In Fig.4a partial cross sections for the waves ^ o , 3Po, 3P\ are represented, the largest
values of the cross sections are for the photon energy £-, <100 MeV.

Ey,GeV
Fig. 4. Partial cross sections for the following waves: a)l: '.So, 2: 3Po, 3: 3P\\ b) 1: '
Pi, 3: 3F3.

, 2:

3

In Fig.4b partial cross sections for the waves 3P2, l D2, 3F3 are demonstrated, which give
the main contribution in the resonance region. We see that the largest contribution has
been obtained from the wave 37<3. In the well-known nonrelativistic approach of Leidemann
and Arenhovel4 the main contribution in this region is due to the interaction with the
dipole magnetic external field. M l transition from nucleon to isobar is well known. This
corresponds mainly to the ' D2 nucleon-nucleon final state in the diagram lc.
To understand this, let us turn to the vertex of the isobar photoproduction. In our
calculations the operator introduced by Gourdin and Salin5 has been used
TV* = cfslqg^

— qKiu) ,

(5)

q is the photon momentum. In the nonrelativistic limit this expression has a form
P(PA))|1/2<7

=<
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(6)

S = rriA — m, e is the photon polarization, S+ is the transition spin and T is the quadrupole
transition operator.
The first term corresponds to the Ml transition, the second one to E2, and there is a part,
P{p&), which depends on the isobar momentum (PA)- Due to P(p&) the photodisintegration
amplitude for the wave 3F$ does not equal to zero.
The operator (5) can be considered as a particular case of the expression given by Bjorken
and Walecka6. One can tried to check the results using another operator form for the
photodisintegration vertex. One of the simplest operators is
= cieKliab<laP&b

(7)

•

Its nonrelativistic limit is the following
V^,a) =< 3/2a'\i(S+[q,e\) + P(p A )|l/&r > ,
(8)
Coupling constants, c, for both cases are calculated with the help of the isobar width2. In
Fig.5 one can see that the results for partial cross sections differ considerably in these two
cases. Calculations with vertex (7) are similar to the nonrelativistic case.
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Fig. 5. Partial cross sections calculated with vertex operator (5) (solid) and (7) (dashed):
a,)1D2;b)3F3.
Thus the calculation of partial cross sections with the correct FSI is demonstrated. Special attention should be paid to the appropriate choice of the isobar photoproducton vertex
and its form factors.
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SUM RULES FOR THE ed - NN SCATTERING REACTIONS
AND MICROSCOPIC POTENTIAL FIELD-THEORETICAL APPROACH

A. I. MACHAVARIANI
Joint Institute for Nuclear Research, Dubna, Moscow region 141980, Russia
and High Energy Physics Institute of Tbilisi State University, University str. 9
Tbilisi 380086, Georgia

Abstract. The connections between the equal-time commutators of nucleon and photon field-operators and relativistic potential approach of ed — NN scattering equations is
established. Namely1, it is demonstrated, that: 1) equal-time commutator between nucleon
field operators generated completeness condition for NN interaction functions m fieldtheoretical Low-type equations, 2) the off-mass shell contributions in -yd — NN exchange
currents or in microscopic NN potential are determined by equal time commutator between
nucleon field operator and photon or nucleon source operators, and 3) cqual-tinx commutators between source, operators produce sum rules for same vertex functions and effectivt
potentials which are. used by calculation of ed and NN scattering reactions. Aside, other
sum rules which can be also used in order to check the accuracy of intermediate particle
number truncation, are presented.
The dispersion sum rule is very useful method to investigate
a general relations
between experimental observable and to give interesting correlations between masses and
coupling constants of particles [1]. The standard way of derivation of those sum rules
is to construct some equal time commutators taken between vacuum or one particle
(or one cluster.or one nuclear) states and to transform them by means the direct use of
completeness condition of asymptotic states
\n;out(in) >< out{in);n\ — 1.

(1)

In particular, if we use the equal-time commutators from charge density operators, (lien
we can obtain a large set of dispersion relations which could be viewed a-s natural generalization of famous Thomas-Reich-Kuhn sum rules and which have various applications
in nuclear physics [2, 3, 4].
In my talk I'll consider the connections between field-theoretical microscopic potential
approach to ed—NN scattering reactions with corresponding dispersion stun rules met hud.
For this purpose I'll focus your attention on the three kinds of matrix elements from equaltime commutators:
"(PNI)
PNIIP N 2

(••in)
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Cn = " ( P N 2 ) < Pml*(*o - 2/o) [*(*), jt'iy)} | P d >
Cm

= «(PN2) < PNII<5(XO - yo){r){x),Tj(y)}\ptt2

(36)

> u(p N 1 )

(4a)

where pjsj and pa indicate on-mass shell nucleon and deuteron three-momentum, *$(x)
and n(x) and j'T{x) denote nucleon and photon source field operators which satisfy
following equation of motion in Heisenberg representation

(i^dZ - mN)V(x) = r,(x)

(5)

OxA,(x) = j!r(x),

(6)

T

where j\ {x) relates to photon source operator in Coulomb gauge ViA'(x) = 0 with space
components of photon field i = 1,2,3. This source operator of photon field satisfied the
current conservation condition V ' j ' r ( i ) = 0 and is defined in standard manner.
As is mentioned in Haag book [7], determination of equal-time commutators is
dynamical problem. In order to clarify this statement, I'll demonstrate in next section
that:
• Equal-time commutator (2) generates the completeness condition for AW wave functions.
• Expressions (3a) reproduce off-mass shell meson exchange part of A'TV potential which in
the framework of simplest meson nucleon phenomenological Lagrangian models explicitly
coincides with the one boson exchange NN Bonn potential.
Analogical equal-time commutator (3b) contains off-mass shell nucleon and antinucleon
exchange ~/d - TV TV currents.
• And last kind of equal-time commutators (4a,b) can be considered as any sum rules which
allow to have the additional test to estimate basic approximation by construction of
realistic microscopic potential: truncation of the number of particles in intermediate
states.

1. Field-theoretical Spectral decomposition method of construction of
microscopic potential or Low-type equation
/. Completeness condition of NN wave functions and equal-time commutator (2)
If we substitute completeness condition (1) between nucleon field operators in (2) and
use the definitions of the wave functions of TViV systems [5]
< out; p' m P'/V2l*P*iP« > = < out; V?Nl\u(p'N2)*{Q)\pNlvN2;
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in >

(7a)

< out; p' w ,P'j«l*P- > = < out; pln|n(Pjw)*(O)|P<; ™ >
we get
/

+ p' N2 - P)

+ j |*p.4 > <*pi(2*)3«<3>(pi - P) < *p.J = (1 - / W w ) .

(8)

where in matrix B are contained all contributions which appear in (2) after insertion of
(1), except of AT AT and d intermediate states. These on-mass shell'AT AT and d states are included in left-hand side of equation (8) which has form of completeness condition for AW
wave functions (7a,b). Therefore the matrix 1 — BAW-JVW can be interpreted as contributions from all on-mass shell particle exchange diagrams in equal-time anticommutators
(2) except of d and NN exchange parts.
//. Off-mass shell interaction part of NN effective potential and ed — AW exchange
currents and their connection with equal-time commutator (3a,b)
The field-theoretical spectral decomposition or Low-type equation for the AW — N'N'
and ~fd — N'N' scattering amplitudes AN-N'-NN and Ayd-N'N' (with off-shell photon) have
following form [6]
=< out;p'mp'm\Tj(Q)u{pm)\pm;in >=

(9a)

-rj-^N-rrN
'N'-,*

+AN'N>-N"N» p

=< out; PNiPN2\jtir{0)\Pd; in >= C# + V£
p

-T7-^N"N"-yd + AwN'-d-p

p

A\_NN

'

(96)

where Ea corresponds to the total energy of asymptotic free a = d, NN states, VJJN and
VjJ involve all possible on-mass shell particle exchange diagrams between AW — AW and
NN — -yd systems except AW and d exchanges which are in explicit form separated in
Low-type equations (9a,b).
In ref. [5] it is shown, that nonlinear integral equations (9a) are equivalent to the linear
Lippmann-Schwinger equation
AN«N"-NN{E)>

(10)

where on energy shell AN'N'-NN(E)
and ANW-NN
coincides. Aside, the microscopic
potential of linearized equation (10) is singlevalued determined by inhomogeneous term
of Low-type equation (9a) because
UN.N--NN{E

= ENN)
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= C™ + V£N

•

(11)

UN<N'-NN{E) = AN'N'-NN

+ EBNWI-NN,

(12)

where ANW-NN a n d BN'N'-NN are hermitian matrices. Note that in (12) appear same
BN'N'-NN matrix as in completeness condition (8). This fact is in agreement with
other field-theoretical approaches (like Bethe-Salpeter equation or its quasipotential approaches), where in completeness and orthonormality conditions arise the additional
weight function as derivative of potential jjjV(p',p; E).
•After some algebra the sought amplitude in Low-type equation (9b) can be represent
through the equal-time commutator (3b) and NN wave functions (7a,b)
AN-N--^

= < * P ' W I P V 2 I ( 1 - B)-l[C$

+ VZd]\Pi; m >

(13a)

In analogical manner can be constructed matrix element for the amplitude of ~/d — d!
transition

Ad>^d =< *p.J(l - B^Ctf

+ VgWps, in >

(136).

An explicit form of equal-time commutators (3a,b) can be easy derived in the framework of simple phenomenological Lagrangian models. Thus if we use standard pionnucleon Lagrangian C = 15,^x75^$, then expression (3a) generates one off-mass shell
pion exchange potential which has same form as OPE part of NN Bonn potential and from
equal-time commutator (3b) we get one off-mass shell nucleon and antinucleon exchange
diagrams. But if we use pion-nucleon Lagrangian with psevdo-vector coupling, then apart
from these off-mass shell particle exchange diagrams we obtain four-particle interacting diagrams which cannot be reduced to three-particle Yukawa interaction. In current algebra
[1] these diagrams are called as seagull (or overlapping) diagrams. Contributions of such
type four-particle diagrams are evaluated in the framework of the one-boson exchange
NN potential model in ref. [5].
It must be emphasized, that Low-type equation can be considered as matrix representation of Boguliobov-Medvedev-Polivanov operator equations which follows directly from
microscopic causality principle. In this operator equations, equal-time commutators in
(3a,b) play role of so-called quasi-local operators which involve all nontrivial information
about off-mass shell degrees of freedom like contributions coming from renormalization
procedure, off-mass shell particle exchange and overlapping effects, etc.
///. Equal-time commutators (Ja,b) and corresponding sum rule as test for checking of
intermediate particle number truncation
In completeness condition (8) as well as in Low-type equations (9a,b) all contributions
from infinite set of asymptotic states (1) are included in on-mass shell particle exchange
potentials V and in weight matrix B. But by practical calculations only one particle exchange parts of these effective potentials can be taken into account. Same approximation
is necessary also in Bethe-Salpeter equation or in their quasipotential representations,
where truncation procedure means, that both on-mass shell and off-mass shell multiparticle degrees of freedom must be neglected. In considering field-theoretical approach
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this approximation can be tested by sum rules which follows from equal-time commutators for current operators (4a,b). Thus if we substitute relation (1) in (4b) and keep only
n = d, NN and one-par.ticle exchange terms, then we get
= < PVil/ rfxe;r P(-pV2x)[«(pV2)7o'?(0,x),j l "-(0)]|p rf >

(14)

{ / ! - * } - £ { • • •} + £ {• ••}+ E {• ••}-£{•• •} + £ {• • •}
n=d,NN

l=t>

m=N

m=N

l-p

m=JV

where the exact expressions of one particle exchange terms [6] inside of the curly
brackets are obtained after using cluster decomposition procedure [1], Note, that in curly
brackets are being same amplitudes and vertex functions, as in Low-type equation (9b).
The expression IZi depends only on p'Ni and pa variable because as nucleon and
photon current operators we have taken local operators. Therefore 7£, consists of one
variable i = (PNJ —pd)2 form-factor. But after particle number restriction in intermediate
states by calculation of (14) we get sum of terms which are nontrivially depending also
on sn-NN — {PNI + PN2)2 and other variables. This well-known in current algebra [1]
procedure can be used as a test for the verification of limitation of intermediate particles
number by construction of effective potentials in the framework of one-particle exchange
model. So if eq. (14) is fulfilled with good quality, then we can suppose that our choice of
strong and electromagnetic vertices functions is successful. This requirement can be easily
used also in the case when exact form of equal-time commutators 72, isn't know. Thus
in right side of (14) vortex functions and scattering amplitudes must be so constructed,
that as result there must appear only
one-variable t = (pj — PN\)2 vertices.
2. S u m rule for differential cross section of erf scattering reactions
The differential cross sections for the electron-deuteron disintegration and electrondeuteron elastic scattering in Coulomb gauge can be represented as
^

dsi'(2

(156)

where efp = j j j ^ J ^ for fermions and dpd = ^ 5 ^ - for bosons; q2 = (/ - I')'2 is fourmomentum square of intermediate photon and /, /' denotes electron four-momentum in
initial and final states.
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Now, let us consider the sum of both cross-sections (15a,b) in which we substitute the
expressions (13a,b). Then after integration over /'° variable and over p ' m + p'N2 or p'd,
after some kinematical transformation [8] we obtain
do-cd^e,N,N,

da
dacici^^cc,,dd,,

dn

MijjPd)
M'ijjPd)

(

mNNm
mee\Y\
\Y\
(4>r)a

)

/ ee \

. •

• ••

•

V ;

AfJ(prf) =< plies' + Vfifl((l - BWJV-AW.)-1 + A d ^ x l ) ) ^ + ^ d ]t|p, >

(17)

A(|k^J) = Jdk*d(p'm + p'N2)6^(p'm + p'N2 (1 - fl)-I|*pVlP'w, >< * P V I P ' J O " 5)" 1

(18)

where s = (pi + pd)2; k* is relative N'N' momentum in c. m. frame and | k ^ a J =
\{s112 — m e — 2mjv) is its maximal value. Note, that J\f'i(pd) depends only on one threemomentum Pd and therefore, according to Lorentz covariance it can be expressed as the
function of single variable s = (pd + /) 2 . This means, that cross-section (16) depends on
tt\* through the kinematical factors.
Unlike to (15a) and (15b), differential cross section (16) contains the contributions of
NN continuous wave functions in region (|k£, al |, oo). From the (16) we see, that this sum
of differential cross sections is defined as norms of the effective currents C^ + V^1 with
the corresponding weight matrix (1 — BNN-N'N')'1
and an additional weight A ( | k ^ a l | )
which appear because the cross sections (15a,b) are defined in finite energy region. In
asymptotic energy region this additional weight function disappears and we see, that in
high energy region cross section (16) does not depend
on NN interaction in final states.
The additional weight function A(|k^, ax |) (18) corresponds to the contribution of AW
interaction in the final state. Separately cross sections (15a) and (15b) depend more
stronger on the deuteron and AW wave functions in intermediate energy region. After
some algebra from expression (16) can be extracted integral cross section of -yd reaction
CT
(c>((Pd), which is basic value of sum rules in nuclear physics [2, 3].
Relation (16) can be used also to describe one of ed — e'd' or ed — e'N'N' observable
if one of them is calculated on the base of some model of effective currents and weight
matrix (1 — BNN-N'N')~X
• Note that in intermediate energy region, up to the second pion
creation threshold, in the relation (16) is necessary to add the corresponding differential
cross sections of fd—NA reactions, that increase the number of weight matrices like (18).
3. Conclusion
In present talk I am attempted to show, that restrictions determined by equal-time
commutators of current operators (4a,b) present an additional restrictions (14) for sought
amplitudes and microscopic potential (or exchange currents). Other kind of equal-time
commutators (3a,b) determine off-shell part of microscopic field-theoretical potentials (or
exchange currents) and completeness condition (8) follows from the equal-time commutator (2). Thus the field-theoretical potential approach based on the Low-type relativistic
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equation (i. e. on the equal-time commutators (2) and (3a,b)) and current algebra method
[1] based on the currents commutator (4a,b) supplement each other. Therefore only joint
investigation of equal-time commutators (2), (3a,b) and (4a,b) completely describes the
dynamic of ed — NN reactions.
The field-theoretical Low-type equation is explicitly connected with other field-theoretical equations (like Bethe-Salpeter or Thomonaga-Schwinger equations) [5]. Therefore
all results which are observed in the framework of the Low-type equations can be represent
on the base of other field-theoretical equations. But unlike to other field-theoretical
approaches, Low-type equations have following attractive features:
1 In the considered three-dimensional relativistic approach by construction of effective
potential (or exchange currents) can be directly used phenomenoligical one-variable
vertex functions since in Low-type equations are required one variable Lorentzinvariant vertices. In other field-theoretical approaches the effective potentials (or
exchange currents) are constructed from three or two variable vertices which cannot be obtained from experimental data.
2 The sought amplitude (13a,b) of ed scattering reactions satisfy the current conservation condition by arbitrary choice of jN vertex functions in exchange currents.
I would like to thank H. Arenhovel for stimulating discussion and warm hospitality
in University of Mainz.
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DISPLAY OF THE DEUTERON STRUCTURE AT NUCLEAR
INTERACTIONS WITH POLARIZED DEUTERON BEAMS
N. I. ZAIKA
Institute for Nuclear Research, 252028 Kiev, Ukraine
ABSTRACT
The deuteron structure displayed in nuclear interactions with polarized beams is discussed. Particular attention is paid to experimental possibilities to study the deuteron
and some other few body systems D-state admixture on the polarization observables:
tensor analyzing powers and polarization transfer coefficients of the stripping, pick-up
and deuteron break-up reactions. Needed requirements to an intensity and polarization of the beam, polarimeters and other equipment to realize the experiments with
suitable accuracy for determining of the D-state admixture are analyzed.

1.

Introduction

One of an important problem of deuteron structure and nucleon-nucleon interaction is D-state admixture in deuteron, because this characteristic determines
quantitatively a part of tensor forces in the interaction. A great deal of interest in
understanding the spin structure of deuteron was expanded on other lightest nuclei,
3 3
H, He,'lHe etc, where D-admixture are considered for two cluster systems of type
n -\- d, p -f- d, d + d respectively.
Modern two-body and Faddeev three-body calculations employing realistic NN potentials predict D-state probability on the base of descriptions of the ground
state features of the A=2, 3 systems. The D-state admixture may be determined in
experiments with polarized deuterons at direct reactions investigations. With this
aim an analysis of observables that are sensitive to deuteron or/and triton, 3 He,etc
wave functions have to be fulfilled. Usually at medium energy of deuterons one
experimentally determines asymptotic D-state to S-state normalized ratio 7/, (i =
d, t, T, a...) by two methods: 1) extrapolation of spin observables to pole where tensor
analyzing power that involves vertex (for instance, n -+- p for deuteron) depends in a
simple way on asymptotic normalization constants at exchange pole; 2) comparison of
tensor analyzing powers for dp (dt, dr,...) to DWBA calculations. In last two decades
both methods were used for experimental determination of the D-state parameters,
and the main results are given below. Due to small sensitivity of these parameters
to the short distance n — p interaction the new possibilities to measure probability of
the D-state admixture using up-to-date experimental equipment are discussed.
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2.

Pole-extrapolation method
The main points of the analytic poleextrapolation method were summarized in
ref.1 . For a single particle transfer reaction
A(xy)B (see Fig.l) where a pole singularity
in 2 = cosB plane is nearest to the physically accessible region [-1. 1] the residuum for
i

]

.

.,

rr>

y
=—

A

D
<,
_,

Figure 1. Iransfer reaction

cross-section and tensor analyzing powers n
spin of transferred particle is J — 0, 1/2 are
given by relations

T2q(zv)

- 2 (

5

)

Y2q(

In the expressions (1),(2) G\ , G2B are the vertex constants for x —* a + y and
B —> A + a vertex respectively; J, (i = A, B, a, x, y) is spin; G2, Go denote the vertex
functions with orbital momentum / = 0 and I = 2, i.e. G}j* for dp reactions and Gj B '
for dt or dr reactions respectively; T2q(q = 0,1,2) are directly related to cartesian
notations A^, Ayy, Axz; 5 = 1 , the quantity n = [kj - (mp/mj)fcj]/|fc/ — (mp/md)ki\
for stripping reactions and S = —1, n = [(md/mt)k/~ki]/\(md/mt)kf
— k~i\ for pick-up
reactions.
The vertex functions are related to the vertex constants by:

Gl = £(-l)''|GU(i*«)| J , G| = J2(-l)'B\GlBjB(,kB)\>

(3)

where ik is the wave number corresponding to binding energy a + y = x or a + A = B.
The pole location on real axis of the z-plane can be calculated from the vertex j -

^

^

/)

(4)

with kl = 2 • ™°™£ • tx, where «! is binding energy of a + y = x.
The vertex constant ratio in (2) G2/Go = t)i is asymptotic normalization ratio
GD/GS

and 77^, i7(, j]r correspond to vertices d —> p + n, t —* d + n, t —> d + p

respectively. As long a s i ) < 1 T2? ~ V ( s e e relation (2)).
Procedure of 7? determination can be attained by continuation of scattering
observables to the pole. The standard extrapolation includes a least squares fit of the
angular distribution /(«,-) with polynomials by minimizing of the function
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X2 =

(5)

) - are experimental errors. At this procedure the question remains:
what is correctness of the extrapolation to the pole for obtaining of i) ?

3. Tensor analyzing powers and DWBA calculations
The second method for determining 77 is based on the comparison of tensor polarization observables to local energy DWBA or full finite range DWBA calculations.
In the first case D-state parameter D-i ~ rn/a2 is determined, in the second case 77, is
determined. Uncertainties in optical model parameters are significant source of the
errors in the results. The sensitivity to optical model parameters is greatly reduced
at sub-Coulomb energies. The tensor analyzing powers are proportional to J/J at low
energies. The main results on 7?, are shown in Table 1.
They are taken from 1 ~ 7
where one can find detailed references.
Table 1.
2

H

Vexp

.0272(4)°
.0271(8)''
.0263(9)"

Vth.

.02590
RHC
.02622
RSC
.02608
Paris
.02668
Bonn
.0271(4)
.5055(75)
.2859(3)
23154

V

D2(fm>)
Q(fm12)
aifrn' )

Values of the D-state observables
3

3

H
-.051(5)"
-.048(7)°
-.050(6)"
-.044(4)
-.050(10)
-.043(4) 6
-.0431(25)'
-.0432(15)
.046(1)
-.0430(12)

He
-.045(5)
-.035(6)"

-.279(12)"

-.344°

-0.3 c ,-0.12' f c

.486

.4467

1.072

- . 5 < r/ < - . 4

-0.14

a - PEM, b - SCR and DWBA calculation, c - radiative capture,
th - theoretical values, RHC - Reid hard core potential, RSC Reid soft core potential, Paris, Bonn - respective potentials.
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4.

Possible experiments

Another approach to the determination of the PJJ probability is direct determination of the nucleons polarization induced by reactions with vector polarized deuterons. Because of the controversial orientation of the nucleon spins in the
deuteron S- and D- state a transfer coefficient of polarization from deuteron to reaction products K* (protons or neutrons) without reorientation at the interaction
will be dependent on the PD- Qualitatively the situation for the Coulomb disintegration of the deuteron is most preferable one due to negligible deuteron-nucleus
nuclear interaction at the disintegration. Theoretically it was proved that the process
has rather high cross- section (several hundreds mb) 8 . At 9 = 0°, pf = aPyKjj ,
K* = c(l — C\PD), where c, c\ are constants.
Peculiarity of nucleon spectra at the deuteron disintegration in a target nucleus
field is approximately bell-like shape with maxima at E ~ l/2(£^ — ej). The deuteron
energies for sub-Coulomb disintegration in the field of heaviest nuclei have to be 8 -5-11
MeV and nucleon energies at spectrum maximum will be 3 -5- 4.5 MeV, i.e. one needs
proton and neutron polarimeters with high efficiencies »je = A^<J(9) in the energy
range 1.5-5-8 MeV. Because of resonant phenomena on light nuclei in this nucleon
energy range only He polarimeters with Ay > 0.8 at 9L = 80-5- 120° for elastic
scattering can be used (see 9 and references).
The scheme of experimental set-up is shown in Fig.2.
To attain needed
level of the errors some peculiarities of the set-up are foreseen: 1) a measurement of
deuteron, proton and neutron polarization simultaneously, 2) prompt changing of the
deuteron spin conditions at the target where deuteron break-up take place, 3) special
measures to reduce background (TOF method for neutrons, taking away the deuteron
beam, separator magnet for charged products of reaction),4) knowledge of the A^/Ay
ratio of the polarimeters with error about 1 %. An intensity of the deuteron beam
have to be at least some ftA.
Though sub-Coulomb deuteron break-up is the attractive method for alternative experimental determination of the Pp probability, the set-up
scheme in Fig.2
shows a complexity to realize it even at up-to-date experimental equipment, due to
the low available efficiency of nucleon polarimeters at discussed energy range.
Because of sharp increasing of the efficiency of nucleon polarimeters at more
high energies (for protons - 4-10~5 at 30 MeV to 7-10"2 at 500 MeV n ) , an alternative
method is application for this aim of more high deuteron energies and measurements of
the polarization transfer coefficients for deuteron break-up and stripping reactions,
particularly for / = 0 transitions on light target nuclei. But owing to complicated
interactions, especially if the deuteron energy is rather high, even in such a kind favorable situations to obtain correct Pp probability will be impossible without theorists
10
. At present there are experimental evidences of rather good agreement of the proton and neutron polarization induced at 0 = 0" in break-up and stripping reactions
of vector polarized deuterons on light nuclei at incident energies within range of tens
MeV with simple approximate expression
'
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Dp/d

rm

Dd

Figure 2.
Scheme of the experiment.
D; (i=p, n, d) are detectors, T - target, M - dipole magnet, Qi - quadrupoles,
LHe - liquid He target, SMN - side monitor of neutrons.

(6)

as at 6 = 0, p°y, = Ay = 0 and K% = 2/3(1 - 3/2/^) if reaction nucleons suffer
little spin reorientation in the collision (see I2 and references therein).
Unfortunately, the agreement is within experimental uncertainties, which have
the same order as PQ probability value has. Besides statistical uncertainties the main
source of the errors is insufficient knowledge of beam polarization and analyzing
powers of the polarimeters.
Contemporary experimental equipment at special calibration of polarimeters
permits to measure PD with ~ 1% precision.
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5.

Conclusion

Measurements T 2 , in stripping and pick- up reactions give possibility to determine asymptotic normalization ratio D/S states for d, £, r with the precision up to
some percent. At up-to-date development of the polarization experiment equipment
especially high intensive polarized ion sources measurements of Pr> can be carried
out on polarization transfer with errors ~ 1%. For high efficiency of measurements
a development of the theory of dp dn and deuteron break-up reactions is needed to
take into account possible reorientation effects.
6.
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Tests of Time Reversal Symmetry in the Deuteron*
Michael Beyer
Max Planck AG "Vielteilchentheorie", Rostock University, 18051 Rostock, Germany, and
Institute for Nuclear Theory, University of Washington, Seattle, 98195 Washington, U.S.A.

Abstract: Internal target experiments with high quality proton beams allow for a new class of
experiments providing null tests of time reversal symmetry in forward scattering. This could yield
more stringent limits on T-odd P-even observables. A excellent candidate for such experiments is
the proton deuteron system. This system is analyzed in terms of effective T-violating P-conserving
nucleon-nucleon interactions and bounds on coupling strengths that might be expected are given.

1

Introduction

First evidence of violation of time reversal symmetry has been found in the Kaon system [1]. Despite
strong efforts no other signal of violation of time reversal symmetry has been found to date. However,
by now, studying time reversal symmetry has become a corner stone of the search for physics beyond
the Standard Model of elementary particles. Although the Standard Model has been enormously
successful a sufficient part of it is unconfirmed. E.g. no evidence for the Higgs particle or of the origin
of electroweak symmetry breaking, the Yukawa section contains a "random set of numbers" etc. [2].
Some alternatives or extensions of the Standard Model are due to dynamical symmetry breaking,
technicolor etc, Multi Higgs models, spontaneous symmetry breaking, grand unified theories, e.g.
SO(10), extended gauge groups, leading e.g. to right-handed bosons WR in left-right symmetric
models, Super Symmetric (SUSY) theories . . . each implying specific ways of CP violation.

2 T-odd observables in forward scattering
Forward scattering Beems an attractive way to search for violation of time reversal symmetry for
several reasons. The most important is the absence of ambiguities, since the amplitude involved
is "diagonal", viz. the forward, elastic scattering amplitude. This implies T-violation without any
assumptions about phases of final state interaction etc. and therefore leads to a true null test. In
turn this allows to use very efficient spin measuring techniques that have been proven to be extremely
successful in the context of P violation, and lead to an accuracy of few 10~* in the pp system [3]. In
addition, new internal target techniques and high quality proton beams newly in operation (COSY)
or under consideration (LISS) allow to open a new domain of experimental presicion in particular in
the few body system [4]. Also, enhancement factors due to the target structure (heavy nuclei) allow
for a very high precision and by now the first tests have been pursued [5, 6].
The generalized optical theorem, including the polarization matrix p of the initial state, has been
given by Phillips [7], viz.
^

(1)

"supported by DeuUche Fonchungsgemeinschtft Be 1092/4-1
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Figure 1: Pictorial demonstration of T-odd forward scattering experiment
The forward scattering amplitude T may be expanded in a basis according to its spin and momentum
dependence, viz.
M

where 5j denotes the spin operator of the particles involved, and fc$ = [rj^fm]
iJYjm(k) where
£ = k/fc. Note, that for k = t e , (Madison convention) only moments with M = 0, can contribute to
the total cross section (rotational symmetry of forward scattering). For proton (spin 1/2) deuteron
(spin 1) forward scattering there are ten possible observables, which transformation properties with
respect to time reversal (T) and parity (P) are
violates:
A(P)
K(d)
J

0
0
0

p p
1 0
0
1

1
1

1
1
0

1
1
2

TP
1
1
1

0
2
2

P
1
2
1

P
1
2
3

T
1
2
2

The first few terms of the expansion (2) are (with e.g ap = 5j and Si = 5j)
^ ^ P O i l (<r,) • k + ^ £ , , (S^) • k + =±FUi0 {<rp) • (S,) + - ^ f t . , (<r,,> x {Srf> . k + . . .
the factors arise from tensor algebra. The lowest order terms that are odd under time reversal symmetry are then the triple correlation (A = K = J = 1):

which is also P-violating, and the five-fold correlation (A = 1, K = J = 2):

*£„((«*)-lexis),) (MS,)).
Note that the five-fold correlation is only accessible if one particle has a spin > 1.
So far experiments have only been performed on heavy nuclei and lead to recent experimental
bounds for the triple correlation fy^i £ few x 10~"3 [5] and the five-fold correlation .F^.j £ few x
10- 8 [6].
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The polarization condition of the beam and target that picks out the f^.j
evaluating the trace in (1)

component is given by

tr[p [K4l

(3)

Here tensor moments tjj have been introduced. In case of uncorrelated initial states, which holds for
scattering,
The last equation utilizes the Madison convention. In this case for a T-odd P-even experiment one
may choose polarized protons (pv) and aligned deuterons (P x »), such that (Fig. 1)

The transmission factor is then denned as T{Nd) = I(Nd)/I(0) = exp [-<7(p)totptNd], where N is the
number of turns in the ring, I() intensity, d target thickness and pt target density, one defines a T-odd,
P-even asymmetry
AT*,,, = y * ~ y _ = tanh[-|p,P M | Nptd a^,) ~ -\pvPtI\

Np.d * £ „

(6)

T + : sign(pv) = sign(iJI»), T~: sign(pv) = -sign(jP»,). Two types of measurements are possible:
The current loss of the polarized proton beam in the ring is measured i) with alternating polarization
p v = ± 1 , or ii) with alternating deuteron alignment, Pxt = ±1 (Fig.l). The last equation in (6) holds,
since <^ r l is small compared to the total cross section. An experiment has been proposed at COSY
where a precision of 10~6 may be achieved [4]. It will be described in detail by D. Eversheim at the
conference [8].

3

Effective T-odd nucleon nucleon Interactions

Due to the moderate energies involved in nuclear physics tests of T, hadronic degrees of freedom are
useful and may be reasonable to analyze and compare different types of experiments. In the following
only T-odd and P-even interactions will be considered. The limits on T-odd and P-odd forces are
rather strongly bound by electric dipole moment measurements, in particular of the neutron [9]. The
lowest order effective quark quark interaction that is T-odd and P-even is
Cj, = ^9i7s<T^2^"9i9a»T67M9J

+

(1 « 2)

(7)

This has to be connected to hadronic degrees of freedom in order to draw conclusions from experimentally observable quantities. The simplest way is to assume QCD corrections to be of order unity.
However, uncertainties may be connected to this simple assumption. In order to get an estimation
of the uncertainties, in the following, I shall evaluate the above given Lagrangian in the two nucleon
system. Since this interaction is essentially short range one may assume that the interaction only
takes place when the quarks bound in the two system are "dose" to each other. This situation is
depicted in Fig. 2. The evaluation is done along the lines used to derive the Virgina-Potential from
quark degrees of freedom [10]. Further, assuming factorization, and that the two nucleons are in
separate color singlet states as well as utilizing the wave function of the non relativistic quark model,
the integration of the internal degrees of freedom reads,

(O) = j d3Xd3P^{p, \)O1>(p, X) exp [-<v^/3 q • A]
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(8)

Figure 2: Short range N N T-odd force
with il>(p,X) the three quark wave internal function, which depend on the three quark coordinates
p and A, and m/v/3 = m,. The symbol O denotes either of the vertices in (7). Including a lower
component in the quark wave function to have some treatment of the relativistic effects, a relation
between the quark coupling strengths <t>^ and the effective nucleonic strengths <fj^ can be achieved,
viz.

fq

(9)

inserting numbers this results in ^>Jo ~ 1.8 <t>J, and 0 ^ 2; 5 <jr%, depending on the isospin degrees
of freedom, r = 0 , 1 . Due to the quantum numbers involved, the interaction maybe mediated by
an effective (short range) axial vector meson exchange. The isospin dependence of the axial vector
exchange is not restricted. In general it might be isoscalar, -vector or -tensor. The lightest axial vector
mesons are e.g. ao, and a\. The nucleonic strengths are simply defined by replacing the quark fields
in (7) by nucleon fields. As a result one may keep in mind that a factor of five may easily achieved
when relating quark to hadronic degrees of freedom.
Effective T-odd P-even NN potentials mediated by such axial vector exchange is then
= i<t>A

2
9ANN

(<r\ • P <J2 • q + 1

•q -

q • p)

(10)

where q = p / — p,, and p = (p/ + p;)/2. In addition, an effective p-type vector exchange has been
suggested, which is C-odd due to the specific isospin dependence [11]. The effective T-odd P-even
NN potential due to this assumption is given by
(TlXT2)0

(11)

In the following the bounds implied on the strengths 4>\, <j>J through proton forward scattering on
the deuteron will be analyzed. Two boson exchanges have not been considered up to now. Though
experimental accuracy for T-odd P-even case varies, there is no one outstanding experimental bound.
Limitations on the coupling strengths need further analysis. From the upper bounds of the edm of the
neutron, a recent calculation by Musolf et al. gives #J ;$ 10~ 3 , which is more stringent than earlier
estimates given by Herzceg and less than estimates given by Khriplovich, see ref. [12]. From the 7
correlation experiment done on 57 Fe, <j>^ & 10~J[13]. Limits on p type T-odd forces from the 57Fe
experiments are currently under consideration.

4

Analysis for the Proton Deuteron System

The dominant contribution to the 7"-odd correlation emerges from the break-up channel. The elastic
channel for the axial case is suppressed by one order of magnitude. Due to the isovector character
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of the p type exchange, its contribution to the elastic channel is strongly suppressed. Other possible
channels, such a ir production have not been included in the analysis. They are probably important
above the pion threshold.
The break-up cross section in impuls approximation (lowest order rescattering series) is given by
(12)
The contributions due to the different channels are shown in Fig. 3.
due to ( N | [a ® a]2 | N )

due to contributions from

from edm
Figure 3: Different three body channels that may contribute to the T-odd observable
The effect would emerge from the interference of a T-odd and a T-even amplitude. For the Teven amplitude the Bonn potential has been utilized. If the T-odd potential is not specified, the
resulting limit is one order of magnitude more restrictive. In both cases however, the best momentum
to conduct the experiment is about k^ ~ 200 — 400 MeV/c, where the generic T-odd contribution
has its maximum (see Fig. 4). The T-odd contribution drops about one order of magnitude for
km > lGeV/c, however, as already mentioned pionic contributions may become more important
here. For more details see [14] and references therein. -

10'

a io-2
Jio- 3
^S<Va

10

0.0

0.5

1.0

TE
V >,TS

1.5

Figure 4: T-odd break-up cross section: ( v £ ^ T-even Bonn potential, («£„) T-odd potential, S,T:
scalar, tensor interaction
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5

Conclusion

Proton deuteron forward scattering provides a direct and unambigious test of T-odd interactions.
Due to the accuracy that might be reached, the experiment is well suited to improve on the T-odd
P-even limits. The expected limits (within the above framework and mentioned accuracy) would
be 4>p £ 10~3, <I>A S 2 x 10~ 3 , or | (yJ,N} | £ 10" 4 | (v%N) I, if the T-odd potential is not specified. The sources of uncertainties are due to the approximation of the strong amplitude, using Born
approximation, and due to pionic production channels that might be of importance at higher energies.
Other experiments utilizing the deuteron have been suggested, viz. thermal neutron transmission
with neutron energies at several keV, which essentially means elastic nd scattering [15] and pd backward elastic scattering [16]- However, the latter is not a null experiment in the strict sence, because
it does not use "diagonal" matrix elements as in forward scattering or measurments of electric dipole
moments.
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