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Chapter 1

Introduction

This document is a request for a renewal of the grant DE-FG03-92ER40740 from the
Department of Energy for work on theoretical research for the study of the hadronic
interaction to be carried out at New Mexico State University in the period 1995-1998.

The research activities are in several areas united by the central theme of the
study of the hadronic interaction. An underlying motif in all of the work is an
attempt to understand the strong interaction in the full sense of the word; not only
its fundamental source but the way in which it manifests itself in the systems it
binds. These may be nuclei or smaller systems, such as composite mesonic states or
the nucleons themselves.

Following is a summary of the work done under this grant during the past three

years.




Chapter 2

Research Highlights

" This section contains a brief list of res. “vch accomplishments which are treated in
more detail in the following chapter. ‘

Analysis of low-energy pion-nucleon amplitudes revealed isospin breaking in the
s-wave amplitudes. The effect is of the size that might be expected but does
not fit into any of the current theories in a ready fashion.

A modification of one pion exchange, based on subnucleonic degrees of freedom,
allowed an immediate, and very simple, representation of cross section and spin-'
transfer data in the np charge exchange reaction over a wide range of energies.
Without this modification the predicted results bear no resemblance to the data.
It appears that pion exchange has a wider range of applicability than previously
thought.

Comparison of a classical simulation to data from inclusive pion scatiering re-
vealed the existence of a iilling of the “dip region” (between quasifree and delta
production) similar to that observed in electron scattering.

It was shown that the cross section for quasi-free knockout could be represented
in terms of interfering amplitudes for knock out of the particle detected plus
knockout of the rest of the nucleus for the reaction *He(n*,n*p)°H.

Comparison of a classical simulation with pion absorption data on *He showed a
number of signals of initial- and final-state interactions. Perhaps the most inter-
esting is the existence of “pick-up” deuterons, clearly seen in the experimental
data. ’
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o It was demonstrated that the resonance-like peak in low-energy pion double
charge exchange can be understood without recourse to the assumption of the

existence of a dibaryon.

¢ The neutron radii of the calcium isotopes °Ca, *?Ca, **Ca and *®Ca were de-
termined with an uncertainty of the order of 1-2%. The radius of the valence

neutrons in *?Ca was found to be anomalously large.

e It was shown that pion scattering and charge exchange from polarized 3C is
largely understood. There remain some problems with the scattering from '°N.

¢ It was demonstrated that the (= ~,p) reaction is a viable technique for forming
deeply-bound pionic atoms.




Chapter 3

Research Summary

3.1 Isospln Breaking in the fion-Nucleon System

The study of a classiﬁcation of isospin breaking in the pion-nucleon system was re-
cently completed and published[1]. To our knowledge no such classification had pre-
viously been made in this system. Such a formalism is essential in order to distinguish
the different types of isospin breaking and determine which experiments need to be
performed in order to completely specify the system. The classification of these ef-
fects takes the form of a tensorial ranking in isospin operators with certain ranks (and
specific operators) being associated (approximately) with given physical origins. For
example, p — w mixing has a different isospin-breaking character, in the pion-nucleon
interaction, than © — 7 mixing. The two effects can be sepa.ra.ted experimentally (at
least in principle).

While the principal task of the above work is to classify the isospin breaking in the
pion-nucleon system, we also point out [8) that the assumption of the non-existence
of an isospin-breaking interaction of order AI = 3 provides a relationship among
the widths of the different charge states of the A (in contrast to the masses whose
relations are well known) which apparently has not been noticed before.

In current work along the same lines we have made a study analyzing the ex-
perimental evidence for isospin breaking in the N system. Most evidence for such
breaking is negative in the measurements which have been made to date, except for
pion-deuteron scattering and our test of the triangle rule described below.

The total cross section measurements made by Pedroni et al. [14] on deuterium,
using positive and negative pion beams, show a clear difference in the two cross sec-
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Figure 3.1: Fit to the n*p data at 30 MeV.

tions. This difference has traditionally been interpreted as due the mass differences in
the four charge states of the A resonance which are, in turn, thought to arise from the
mass differences of the up and down quarks and the Coulomb interaction. We see no
reason to question this interpretation. There also exist measurements of the differen-
tial cross section for pion scattering from deuterium (made at TRIUMF, LAMPF and
Saturne) which give information on isospin breaking. While interpretations given in
the paper by G. Smith et al. [15] on the published measurements at TRIUMF appear
to disagree with the results of Pedroni, we find a very reasonable agreement between
the two sets of measurements. '
While 7-d data address only one of the six possible isospin breaking amplitudes,
a test of p — w mixing is none the less possible since this source of isospin breaking
contributes to this amplitude. We find that the new [16] low-energy data on the
charge asymmetry in pion-deuteron scattering are not completely consistent with the
effects of the Coulomb interaction and quark mass differences only. The addition of
charge-symmetry breaking due to p — w mixing, using the same parameters needed
"to explain the isospin breaking observed in the nucleon-nucleon system[17], results in
a larger discrepancy between theory and data. A natural first interpretation of this
result is that p — w mixing is not the major cause of isospin breaking in the nucleon-
nucleon system, as has generally been believed. If the effect were of the opposite sign
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Figure 3.2: Comparison of the s-wave Amplitudes

the agreement would be considerably improved.

The direct analysis of low-energy w-nucleon data for isospin breaking has recently
been completed and a Letter describing this work is in press. Recent measurements
of pion-nucleon scattering have provided data of exceptionally high quality below
and around 50 MeV. We have used potentials models (three local and two separable)
which give excellent fits to data to provide representations of the amplitudes for elastic
scattering. The data fit are in the region 30-50 MeV and the energy dependence of
the amplitudes is very simple (s-wave nearly constant and p-wave nearly linear with
energy). In addition, in this energy region the spin-dependent amplitude plays a small
role and the imaginary part of the amplitude is small (typically of the order of 10%
of the real part) so that ambiguities are essentially non-existent in this energy region.
The reason that potential models are used {whereas a polynomial in center-of-mass
momentum would have done as well for energy dependence) is to include the Coulomb
and mass-splitting effects via a coupled channel model [7].

Figure 3.1 shows a typical fit to these data. It is observed (in this figure and
in the rest of the work) that the “new” data [18] are comsistent with each other
and inconsistent with the older data of Bertin et al. [19]. The amplitudes can be
determined in this manner to an accuracy of the order of 1%. From these results the
charge exchange cross section can be predicted by the isospin conserving relation
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\/ifcex = f1r+ - ,f1r"

and, in particular, the position of the deep minimum at zero degrees near 44 MeV
can be accurately determined. The existence of this minimum in the charge exchange
cross section at zero degrees is of crucial importance since its position can be deter-
mined much more precisely experimentally than the absolute magnitude of the charge
exchange cross section.

These predictions have been compared with the charge exchange amplitudes them-
selves and directly with the data[20]. We find that there is a significant discrepancy.
Three separate quantities can be compared between the two sets of data: the s-wave
amplitudes and the two p-wave amplitudes, spin independent and spin dependent.
The comparison of the s-wave amplitudes is shown in Figure 3.2. The predictions are
shown as the dotted curves and the direct fits to the charge exchange data are shown
as solid lines. It is seen that the two groups are well separated. The breaking in this
wave is seen to be approximately constant and of the order of 7%.

The comparison of the spin-independent p-wave amplitudes is shown in Figure
3.3. It is seen that at low energy there is an apparent breaking of the opposite sign
as that seen in the case of the s waves. The spin-dependent amplitudes are shown in -
Figure 3.4. Here there is no evidence for breaking but the amplitude is smaller and ill
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determined by the present data. Polarization data have recently been taken for the
n*p elastic scattering (but are not yet available) and there is a planed experiment
for charge exchange polarization to be run this summer. These additional data may
change the situation with regard to the spin-dependent amplitude.
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Figure 3.4: Comparison of the p-wave Spin-dependent Amplitudes

Of course one cannot tell from the present work where the breaking occurs in
Eq. 3.1; it could as well be in the charge exchange or the #* /7~ scattering (or a
combination of the two). The meson contributions to the isospin breaking amplitude
are 77 mixing in charge exchange and pw mixing in scattering. If the entire breaking
is assumed to have the form of pw mixing (the a; amplitude in our classification)
the approximate size and sign are correct to explain the breaking seen in low energy
w-deuteron scattering. In order to separate the two effects in a more reliable way, an
additional experiment needs to be done, perhaps a comparison of *He(n~,7%)*H with
3H(x*,m%)%He at zero degrees in the region of the charge-exchange minimum at low
energies.

It is worthwhile to note that pw mixing parameters can be taken directly from
the nucleon-nucleon sector {17] assuming universality of the p coupling constant. We
have done this and our results agree with Ref. [21]. The prediction is of the right
magnitude but the wrong sign to explain the breaking seen in the triangle rule. There
is considerable controversy over the pw charge symmetry breaking potential (22].
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Figure 3.5: Real part of the forward amplitudes near the charge-exchange minimum

One can try to make a direct comparison with the prediction from quark masses.
Following the work of Weinberg [23], the charge symmetry breaking in neutral pion
scattering from neutrons and protons can be estimated. While such an experiment
is not currently feasible, the amplitudes for this process can be rewritten in terms of
amplitudes which are measurable. :

Anon = Apop = o (m+ )FZ( —my) = — \[ \/Fa7+\/-as

By assuming the the coefficient a; can be neglected in this expression and (fol-
lowing Weinberg) my = 7.5 MeV and m, = 4.2 MeV, we find a; = —0.007 fm. which
contributes 0.0025 fm. to the 0.013 fm. breaking observed in the s-wave. The co-
efficients in this-expression are uncertain by as much as a factor of 2 so low-energy
chiral lagrangians might supply as much as one half of the breaking seen. It is not
clear that the neglect of a; in the above expression is justified.

This work was done in collaboration with Li Ai and W. B.-Kaufmann.
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3.2 Subthreshold Amplitudes in the 7IN System

The amplitudes obtained from the potentials in the previous sections are defined in
regions other than that in which the scattering data were taken. In particular they
can be calculated in the subthreshold region. This region is of interest because both
the pion-nucleon pole and the Cheng-Dashen (CD) point lie there. We intend to
treat the pion-nucleon pole in the near future in order to attempt to obtain the pion-
nucleon coupling constant from the residue but for the moment we have only begun
the study of the Sigma term and present here preliminary results.
The Cheng-Dashen point is located in the two dimensional Mandelstam plane
~with only on-shell values needed. Its position can be specified in several equivalent
ways. We will take here s = u and ¢ = 2u®. In terms of the center-of-mass pion
~ momentum w,

s '
Wep = —— =X 0.05fm.
2m

As was pointed out by Ericson[24], the value of the cosine of the scattering angle at
the Cheng-Dashen point is ~ 5(1)—0 so the p-wave is of little importance for the X-term.
Thus we look only at the s-wave contribution. - '

In this case we have the two amplitudes, S 3 and S L corresponding to isospin 3/2
and 1/2 respectively. Note that the isovector amplitude vanishes at the CD point
so that (still neglecting the p-wave at this point and assuming good isospin for the
moment) these two amplitudes must be equal. Thus, in principle, one needs only an
extrapolation of the s-wave ©*p scattering amplitude to obtain ¥. However it is an

.important check on the fits and the entire theory to see that the two amplitudes do
indeed cross at this point. Of course the question of isospin breaking enters again.

The fits done in the previous section were made with the “truncated” Klein-
Gordon equation, i.e. the term quadratic in the potential was dropped as is common
in constructing and solving pion-nucleon and pion-nucleus potentials. This is normally
justified on the basis that w is large compared with the potential. However, if we wish
to extrapolate to a point where w is nearly zero this is clearly a poor approximation.
In fact if the quadratic term is neglected (since the remaining potential is then linear
in w) the two amplitudes will cross at w = 0 with values zero. Hence the value of T
obtained from any analysis with the truncated Klein-Gordon equation is destined to
be near zero. For this reason the data is being refit with the quadratic term included.
Figure 3.6 shows a preliminary result for the two amplitudes (with the normalization
appropriate to make them represent ¥ in MeV).
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Figure 3.6: S-wave contributions to the Sigma term as a function of the center-of-mass
pion energy. Note the crossing of the two isospin contributions near the Cheng-Dashen
point at w = 0.05 fm.

3.3 Neutron-Proton Charge-Exchange

Neutron-proton charge exchange at zero degrees (i.e. np scattering at 180 degrees)
shows a sharp peak in the differential cross section. This is precisely wheie the long-
range exchange of a charged pion should dominate, but one pion exchange gives zero
cross section at ¢ = 0. Investigation of the one-pion-exchange amplitude shows that
the £ = 0 component is large (non-unitary in fact) and negative while all other con-
tributions are positive. Removing the s-wave component leads to a cross section of
about the right size. A number of authors have considered various ways of suppress-
ing the short range contribution to the amplitude but each of them has some problem
(usually they zze energy dependent). We noticed that the removal of the delta func-
tion in the one-pion-exchange potential can lead to a removal of the unwanted s-wave
contribution if it is done in the context of pion exchange between the quarks which
make up the nucleon. We recently found that this same procedure gives a good
qualitative representation of the spin-transfer properties of the n-p charge exchange
reaction when compared with recent data [25]. We then added short-range potentials
based on two- and three-pion exchange to obtain quantitative agreement with the
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data. A brief summary of the basic argument and result follows.
Since the s-wave component of the one-pion-exchange amplitude is given by

1 or-qo-q 1q¢%0; -0
—/dQ = -
4w q° + p? 3 g%+ p?

it has a large-q limit of unity leading to a é-function in the potential

+ 5(1‘1 - rz)

For separations of the quarks which are less than the size of the pion we need to
cut off the potential, perhaps with a form like;

V(r) = Volr)(1 = o 7/R?),

Transforming back into momentum space and taking the limit of R — 0 the
modified amplitude becomes

g1-qo2-q  01:qoy-q 1 1 ¢*Si, lo,- - oot
- — =0y -0y = =
q* + u? @?+p 3 3¢ +pu2 3 g +p

where Si; = 303 :Qo2-qQ— 0y -02. We see that only the spin-spin part of the amphtude
(and potential) is modified.
For charged pion exchange only, the cross section is given by

2

o(q) = N"’g"’(q) [1+3f%(a) - 2f(9)]; fla)= (—1}-;1, ; 9(a) = (quTzAz)

The momentum transfer in these relations is given by ¢> = 2k*(1+ cos §), and the
normalization of the cross section by:

M\? 1 52 (A2 p2\?
- () 5 (2
me/ /s4m A?
Here s is the square of the center-of-mass energy of the two nucleons. The factor of
% provides a scaling factor which is observed to be consistent with the data over a

range of beam energies from 200 MeV to 60 GeV (see Figure 3.7).
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Figure 3.7: Energy dependence of np charge exchange at Q=0. The solid line is
obtained by scaling the 800 MeV data by a factor of 1/s.

The spin transfer observables are given by:

Kss(q) = —3+3070) ~ 2/(a) ~1 —3f%(q) + 2/(q)
1+3f%(q) - 2f(q) 1+352(a) — 2f(q)

If the §-function were not remdved the values of the spir. observables would be:

s Kee(g) = i Kvn(q) = Kri(q).

Kss = +1; Kip=-1;, Kyy=-1

For the inclusion of both the charged and neutral one pion exchange the expres-
sions for the amplitudes are only slightly more complicated. Comparison of these
predictions with Kyy and K, is shown in Figure 3.3. The dashed curve shows the
prediction from charged pion exchange alone while the two solid curves include the
exchange of the neutral pion as well. Note that the data are largely independent of
the beam energy as predicted.

The spin-spin component of the modified potential is given by

: 2 [ -pr _ —~Ar 2 2
Vulry = (ST A
4T T 2A




- Hadronic Systems | , 16

1.0 I T T I T l 1 T |
0.8 - , _ ]

AR .
0.4 ; ! ii 5, ﬁ
0.2 H i% 4 %f A
0.0
M -0.2
-0.4
-0.6
-0.8

_10 i | i | 1 ] ] ] i
0 50 100 150 200 250 300 350 400 450 500
q (MevV/c)

NN’ KLL

Figure 3.8: Kyn (bottom) and K (top) as a function of momentum transfer. The
data[25] include energies from 485 MeV to 788 MeV.

The potential with the §-function (the original one-pion-exchange distributed over
the quark density in the nucleon, or simply multiplied by a form factor for whatever
reason) is given by

) Ty O Y

5
V() 4w T 2u?

Thus the large difference seen in the cross section and spin-transfer observables
is not at all obvious in the form of the potential. The difference is a little clearer
when one observes that the coefficient of last term has the proper normalization for
a §-function in the limit of large A in the second case and not in the ﬁrst

This work is being done in collaboration with B. Loiseau.
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3.4 Transparency in Pion Production

The study of reactions initiated by pion beams of the order of 500 MeV kinetic energy
leads to some very interesting results. This is the energy at which pion production
begins to become important. In fact, the low energy portion of the pion spectrum
resulting from such beams is dominated by pions that were produced rather than
those which underwent large-energy-loss scatterings. These produced pions have an
average energy of about 180 MeV or very near the As; energy. Since the mean free
path of the 500 MeV incident energy pions is long, the produced pions are created well
within the nuclear volume which means that they must traverse a significant amount
of nuclear material to escape. Thus, in the spectrum of pions produced, one expects to
see a minimum in the region of the 33 resonance corresponding to the fact tnat pions
produced in tlLut energy region are either r--absorbed or scattered to lower energies.
"In fact no such minimum is observed in .uc uata. Comparisons with a classical
simulation reveal a difference of an order of magnitude in this energy region. Attempts
to eliminate this large discrepancy with corrections to the production mechanism or
with correlations among initial nucleons have little effect.

The only way that has been found to obtain reasonable agreement with the data
is to allow essentially all produced pions to escape the nucleus without interaction.
Eliminating the second interactions of all pions leads to a very poor agreement with
the data; it seems to be only the produced pions which escape the nucleus.

This work has been published in Physical Review Letters|[6].

3.5 Energy Dependence of Pion DCX

A resonant-like structure in low-energy pion double charge exchange has been known
for some time. It manifests itself in a peak around 35-50 MeV pion kinetic energy.

In studies performed on elastic scattering some years ago we pointed out[26] that
the cancellation of the s- and p-wave pion-nucleon amplitudes in this energy region
leads to a transparency of the nuclear medium. Calculating the effect from a finite
volume of this material, it was shown that poles in the S-matrix appear and there are
a number of resonances in each pion-nucleus partial wave. These resonances are in
the pion-nucleus system and become broader with higher energy. Normally only one
or two might be expected to be visible. v

Reactions, on the other hand, tend to show up this effect more clearly since a

single (or few) partial waves tend to be more important. Our calculations [26] for
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a general monopole transition showed a clear peak in this region. That is not to
say that one can always accurately predict pos1t10ns of the peak and absolute cross
sections for reasons to be discussed below.

In spite of a general understanding of this effect in terms of (more or less) standard
physics, a suggestion was recently made[27] that this data provided a signal for the
existence of a dibaryon. The authors simply allowed themselves to make up the
parameters which would fit the data, ignoring the fact that there had to be a peak in
this energy region for other reasons. '

For this reason we are doing the calculations to show to what degree we do (and
do not) understand the data. There are several problems once one is constrained to
do a realistic calculation. _

First, the reaction mechanism itself. From the work that we did on the double
scattering operaior(5] and the one pion exc}\anze mteractlon in the neutron-proton
charge-exchange reaction (see above) it can be scen that the §-function needs to be
removed from the DCX operator. This effect has never been investigated by any
~ group (including our own) to my knowledge. This project is currently under way. A
rapid calculation with plane waves (very crude for what we want to look at) shows
that a considerable renormalization could result.

Second, the nuclear wave function. Since the relative distance between the two
nucleons plays a strong role (that is, in fact, a large part of the interest in the reaction)
small changes in the wave function can produce significantly different weightings of
the pion-nucleus partial waves and hence change the weighting of the resonances. One
might expect that, for certain cases, two or more of the resonances could be seen.

Third, the propagation of the intermediate 7°. This uncertainty has two aspects;
the optical model to describe the motion of the pion and the question of which excited
states play a role. If one uses closure to sum over the intermediate states (as we
do) then the double spin flip cancels, to a large extent, the non-spin-flip amplitude
with the effect of decreasing the sharpness of the peak. The intermediate states
corresponding to the double spin flip are the Gamow-Teller states which are claimed
have a quenched strength. If this is true then the cancellation will be reduced and
the observed resonance seen in DCX will be stronger.

Fourth, the optical model itself. This is the description of the incoming and
outgoing waves. In general, we have what we think is a reasonable model of this part
of the reaction but improvements can certainly be made. The principal variable in
this part of the model is the range of the off-shell t-matrix. For technical reasons it
is somewhat difficult to calculate with a range larger than about 500 MeV/c. For
this reason most of our previous calculations were made with values in this range.
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Figure 3.9: Pion double charge exchange on 3®Ni. The three curves snow the cal-
culation with different quenching factors (Q) applied to the intermediate spin-flip
route. '

More modern estimates of this quantity put it in the range of 600-800 MeV/c or even
higher.

We have recently performed calculations to see if some of these difficulties can
be overcome. For the fourth point we have improved the numerics of the calculation
to the point that calculations with an off-shell range of 800 MeV/c are reasonably
accurate (1%). For the propagation of the intermediate pion we use the same optical
model as for the external legs. For the nuclear wave functions we take what is available
and would prefer the simple wave functions if possible. For example, the ground state
transitions in *'Ca and **Ca are taken only from the f;/, shell and do not have an
“A” amplitude[28] hence are the simplest. For the first problem with the §-function,
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we continue to calculate with it included for the moment.

" Some of our results are summarized in Figure 3.9. In the case of double charge
exchange to the analog (and ground) state in *®Ni we see that the resonance peak is
very strong indeed if no double spin flip is included. We also show the case of half
quenching of the intermediate Gamow-Teller state.

For the ground-state transition in **Ca the agreement with the data is quite good.
The same holds for *8Ca. For the analog transitions the peak is clearly present in the
data and the calculations but, since the peak in the “A” amplitude is at a slightly
different energy than that in the “B” amplitude (because of the §-function?) the total
peak is shifted. ‘

For '®0 the results are particularly interesting. In this case there are two peaks
observed experimentally, the second one around 110 MeV. It is difficult to see why a
second dibaryon would suddenly appear at this point. In our calculation the nuclear
““wave function is such that a second peas s also seen. The two peaks do not appear
at the correct energies however (although they do have about the right spacing).

Our studies of this reaction are continuing but we are reluctant to see evidence for
a dibaryon in this peak, even though we are not always able to fit the data perfectly.

This work is being done in collaboration with M. Elghossain, W. B. Kaufmann
and N. Auerbach.

3.6 Direct Capture of Pions into Deeply Bound
Atomic States

The strong interaction of a pion with nuclear material can be studied by means of the
measurement of the energy shifts and the non-electromagnetic contributions to the
widths of pionic atoms. The effect of the pion-nucleus interaction is stronger the closer
the pion is to the nucleus, and hence the higher the atomic number. One advantage
for this method of studying scattering is that the pion is in a definite atomic orbital,
hence has a single, well-determined, angular momentum with respect to the nucleus.
Unfortunately the normal capture mechanism is very inefficient for populating deeply
bound states since in the process of the cascade after initial capture in a high orbital
state, the pion is more likely to be absorbed by the nucleus than to “descend” to the
next orbital.

The lowest s-wave orbital cannot be seen in nuclei much heavier than Z=10. Many
possible reactions have been considered for populating these tightly bound states but
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there is no decisive evidence that any such deeply bound state has been seen. W.
B. Kaufmann, P. B. Siegel and I have considered [2] the reaction where an incident
negative pion impinges on a nucleus and knocks out a proton from an outer nuclear -
shell, at the same time being captured in an atomic orbital. While the momentum
transfer might seem, at first glance, to be too large to be supported by an atomic
orbit, the Fermi momentum of the proton can largely compensate for this seeming
default. In fact this larger momentum transfer is often an advantage since many of the
shells in heavy nuclei have moderately large angular momenta and thus an appreciable
angular momentum (and hence momentum) transfer is necessary to reach a pionic
state with small £. The cross sections are not unreasonably small but the backgrounds
. are estimated to be large.

3.7 Knock Out of Secon_.:y Components in the
Nucleus

The subject of quasifree knock out is of interest in the study of the hadronic interaction
because it allows the possibility of the study of the projectile-nucleon interaction in a
nuclear environment. However the degree to which the scattering takes place from a
single nucleon (and not, for example, from the other A-1 nucleons in whatever excited
state the conglomerate happens to exist) is not clear. The use of pion “quasifree”
scattering from a “proton” in *He offers unique insight into this situation. In this
case it is possible to measure the exclusive final state in which the triton is in its
ground state. By choosing the charges of the pion, the scattering from the proton or
~the triton can be selected to be dominant. Indeed studies over a complete angular
range indicate that the ratio

a*(8) — o~ (6)
ot(8) + o= (8)’

where the + or - indicates a 7% or 7~ beam, shows a large positive excursion in
the angular region of quasifree proton scattering and a large negative excursion in
the region of quasifree triton knock out. Calculations consisting of the coherent sum
of the two knock-out reactions reproduce the qualitative features of the data. The
addition of a “shadowing” correction in the form of double scattering improves the
agreement but clearly additional physics is needed.

These results, the measurements and some discussion of the missing physics were
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recently published in Physical Review Letters [3]

3.8 Radii of Neutron Distributions in Nuclei

The understanding of neutron distributions in nuclei is one of the most important
problems in nuclear structure. While electron scattering does an excellent job of
determining the charge density, and the proton distribution can be reasonably inferred
from these charge distributions, the densities of the (more numerous) neutrons are
poorly known. This knowledge is more than just determining the “other half” of
the nucleon distributions. Neutrons are the excess particles (the valence particles in
‘many pictures) and in the case of the calcium isotopes studied here there can be zero
to eight neutrons outside of a closed shell. '

- "In this case _thé degree to which nucleons iut ract with each other, rather than the
central core, can be examined. Such studies are at the heart of the usual approxima-
tions used in calculating nuclear structure. In a recently published analysis{4] J.-P.
Dedonder and I applied pion multiple scattering theory to the analysis of pion scat-
tering data by Boyer et al.[29] to make a determination of the absolute total neutron
radii to an accuracy of the order of 1%, an error about a factor of 3 smaller than any
previous determination. ‘

The valence neutrons in *2Ca are found to have a radius significantly larger than
those of **Ca which are, in turn, somewhat larger than those of **Ca. The densities
of the valence neutrons are shown in Figure 3.10.

One interpretation of this result is that since the two neutrons in *?Ca are highly
correlated with each other, due to the necessity of coupling the two f% neutrons
"to spin zero, they interact strongly and a larger fraction of the binding energy of
the system of the last two neutrons is due to the neutron-neutron interaction and
- “less due to the neutron-core interaction than in the case of the other isotopes which
have a progressively smaller correlation among the neutrons. For *Ca, since the wave
function is represented by a Slater determinant, the neutrons are highly anticorrelated,
i.e. as far away from each other as possible, leading to a stronger interaction with the
core and a smaller radius. This observation provides a partial understanding of why
the proton radius of *®Ca is observed to be about the same size as the proton radius
of *°Ca. The proton radius does not grow throughout the shell because the valence
neutron radius is shrinking.
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Figure 3.10: Valence neutron densities (multiplied by r2) inferred in the present work.
The shift in the radius toward smaller values with increasing mass number is clearly
seen. Most calculations assume that this radius remains constant.
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3.9 The Hadronic Double Scattering Operator

In a previously published paper we[28] showed that, due to the simple nuclear struc-
ture of the calcium isotopes, the double charge exchange operator can be separated
into a long- and short-range part, the range in question being the distance between
the two neutrons on which the charge exchanges take place. This separation of ranges
takes place, however, in terms of nuclear matrix elements of the fundamental operator.
In the recent study [5] we undertook the investigation of the simplest form of the pion
double scattering operator, i.e. neglecting the effect of the nucleus which binds the
two neutrons on the initial, final and intermediate pion. Even in this very simplified
version of the operator certain general features can be discerned. Among these are the
cancellation between the non-spin-flip and double-spin-flip parts of the interaction,
the separation into 3 distinct zones corresponding to ranges of the operator and the

7. relationship to the classical cross sectior * - double scattering. Some comparison with

the one-pion-exchange part of the nucleon-nucleon interaction is made, in particular
the effect of the removal of the §-function.

'3.10 Pion Scattering and Charge Exchange from
Polarized Nuclei

In the study of the hadronic interaction the spin degree of freedom has always proved
to be crucial. For scattering of pions from nuclei, since the pion itself has no spin,
the additional handle on the understanding on the interaction must be provided by
the polarization of the nucleus itself. Only recently have experiments on polarized
nuclei been performed and the results have been poorly reproduced by theories up
until now. Peter Siegel and I recently undertook an analysis of the data on elastic
scattering, charge exchange and (to a lesser extent) inelastic scattering. The results
of this study comparing with data{30, 31, 32] were published in Physical Review [7].

In this first cut we restricted ourselves to reactions on spin 1/2 nuclei (although
we have done some work on higher spins). We find for !3C that the data on elastic
scattering and charge exchange is well understood with the exception of certain for-
ward angle points (see Figure 3.11). For elastic scattering from °N{32] we find an
improved agreement with the data over previous calculations[33] but the theoretical
asymmetry is still somewhat too large (see Figure 3.12).

Included in the study is a comparison of the optical model approach used by one
other theoretical group and the distorted wave impulse approximation that we have
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employed. A short critique of the two methods is given. We also give a discussion of
how the relative phases of the amplitudes are related to the underlying potentials to

give a physics insight into the polarization asymmetry.
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Figure 3.11: Comparison of theory and experiment for asymmetry and differential
cross sections at 132 MeV for elastic scattering from !3C. The difference in magnitude
for the two charges of the pions is clearly seen in both the theory and data. The solid
line is the result obtained from distorted waves computed with the pure first-order
optical potential and the dashed line is the result obtained by adding an imaginary
potential proportional to “p?” to the optical potential to account for “true” pion

absorption.
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Figure 3.12: Comparison of theory and experiment (at 164 MeV) for the asymme-
try in pion elastic scattering from !5N. Theoretical curves are shown at 150 MeV
(dash-dot), 164 MeV (solid) and 170 MeV (dash) to show the change in character of
the asymmetry at the resonance (at least in the theory) and to give an idea of the
sensitivity to small energy shifts. The agreement is satisfactory, within errors, except
for the point at § = 82°.

3.11 Pion Absorption in Nuclei

While the concept of the equivalence of mass and energy was introduced at the begin-
ning of this century and the conversion between the two is commonplace in modern
physics, our understanding of how this transformation actually takes place is mini-
mal. It would seem that it involves a quark-antiquark annihilation in the case of the
conversion of the pion mass to pure kinetic energy in a nucleus but how does the
reaction take place? ‘

Pion absorption on one nucleon cannot occur in free space due to the conservation
of energy and momentum and even in a nuclear medium the missing momentum must
be supplied by the Fermi motion. Since the momentum needed is of the order of 500
MeV/c the cross section for this one-nucleon process is very small.

In the case of two nucleons the extra momentum can be shared in an equal and
opposite manner by the two final nucleons and the absorption on the deuteron is well
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measured and moderately well understood[34]. Since two nucleons are all that are
needed to “solve” the momentum problem it was generally assumed that even in a
nuclear environment, where there many nucleons around, the absorption takes place

on a pair of nucleons.
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Figure 3.13: Deuteron spectrum from pion absorption on *He. The “spectator” and
“pick up” deuterons are both shown.

Attempts to correlate the amount of cross section attributable to two observed
nucleons with that of the total measured absorption cross section[35] indicated that
a significant fraction was unexplained and apparently had to be attributed to “multi-
nucleon” absorption. Such an observation is potentially very important since it would
indicate a many-body mechanism for the conversion of mass to energy in, at least in
this case. The difficulty is in trying to firmly establish the existence of this fraction
of multi-nucleon absorption (distinguish it from “initial-state”(ISI) and “final-state”
(FSI) interactions of the hadrons) and document its properties. Since the initial- and
final-state interactions are defined to be on shell (otherwise how can one distinguish
many-body from two-body reactions with ISI or FSI) they can be modeled with a
classical collision code. There is one caveat, however, in this approach and that is
that the wave properties of the pion propagation may need to be treated correctly.

In order to understand these reactions in which several nucleons result from the-
absorption process the Large Angle Detector and Spectrometer (LADS) was con-
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structed at PSI. The data is now becoming available and I am participating in its
analysis.

To this end a classical simulation of the reaction has been constructed which
allows rearrangement of clusters. The simulation produces observables which can be
compared with the experimental results. One of the more interesting results is a
channel in which high energy deuterons result from the pick up of one of the neutrons
by one of the final protons resulting from absorption of a 7*. Figure 3.13 show the
predicted deuteron spectrum Work is currently in progress (with J.-P. Dedonder) to
add quantum effects to the code.

3.12 Modiﬁcétion of of Nucleon Structure in Nu
clei |

We suggested a few years ago[36] that a possible way to study the modifications of
the structure of the nucleon in a nuclear environment is to compare the total cross
section of K*-nucleus scattering with K*-d scattering. Since 90% of the total cross
section is given by single scattering this ratio will be sensitive to any changes in
the K*-nucleon interaction in the nucleus. In the naive quark model one can show
that a simple relationship exists between the confinement range and the s-wave phase
shift so that if an increase in size of the nucleon occurs in the nucleus as suggested
by Close, Roberts and Ross [37], then the ratio of total cross sections should be
larger than that expected from multiple scattering calculations using only standard
medium modifications. These measurements have now been made[39, 38] and indeed
there does seem to be a renormalization of about the size expected with a definite
discrepancy from the fiducial calculation indicated.

The energy dependence seen in the measurements is somewhat different from that
predicted originally although those calculations were only meant to be indicative of
the size of the effect. Current work centers around the impact of this result on classical
nuclear physics.

3.13 Antiproton Annihilation in Nuclei

In 1984 D. Strottman and I suggested[40] that the use of energetic antiprotons would
provide a useful technique for creating high energy densities within the nucleus. An
experiment based on our calculations (and those subsequently done by myself and J.
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Kruk) was proposed by a Rice-BNL collaboration at Brookhaven National Laboratory.
The data have been taken and I am participating in its interpretation. As a first
stage the charged-particle multiplicities have been extracted and compared with our
calculation. They are consistent with the prediction of the IntraNuclear Cascade code
with no hadronization time, apparently in contradiction to “conventional wisdom?”.




Chapter 4

Proposed Research

~"Nuclear science is at a crossroad. Its future, aud indeed the limits of its purview,
are ill-defined. The incarnation of this indecision can be expressed in terms of the
lack of knowledge of the appropriate (efficient) degrees of freedom to use. We must
not confuse this question with that of the fundamental degrees of freedom. It would
now appear that QCD is a very strong favorite for that role. However, just as very
few would advocate addressing the problems of chemistry with QED, it is probably
not the most effective approach in nuclear physics to always return to QCD for each
problem. One would not design a bridge with relativistic or quantum mechanics.

The degrees of freedom needed for a given problem depend on the questions asked.
The use of nucleonic degrees of freedom (with two-body forces) has achieved a great
deal in low-energy nuclear physics. However, much of this advancement has been
brought about by the use of symmetries and general theorems and does not depend
on the choice of degrees of freedom. A certain number of problems have resisted this
first-order theory.

To go beyond this simple first step we enter into the domain of the structure of
the nucleons and hence introduce additional degrees of freedom.

Many approaches are currently being tried. One can attempt to construct the
nucleus directly from quark and gluon degrees of freedom. This is indeed an ambitious
program and would seem to be doomed (at least in the near future) except for some
very important qualitative revelations.

The traditional approach to an intermediate set of degrees of freedom has been
the exchange of color-singlet mesons. These mesons would then be understood in
terms of quark substructuie.

One pion exchange has been very well established as the dominant contributor

30
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for the long-range part of the internucleon potential. It correlates a very significant
body of data on nucleon-nucleon interactions. It predicts the static properties of the
deuteron[41], gives the correct phase shifts in high partial waves of nucleon-nucleon
scattering and predicts the spin-transfer observables in np charge exchange[9]. We
have argued recently[9] that pion exchange between quarks in the substructure of the
nucleon increases its region of validity to smaller distances and higher energy tha.n
previously believed. The extension of one pion exchange to two (and more) pxon
exchanges is natural. While it is also natural to consider that the two (or more)
pions may interact in flight, the extension to the exchange of the resonances in this
interaction as particles themselves is less clear. v

In fact, this picture of meson exchange has seen some difficulties recently. Neutron-
proton charge exchange on nuclei[43] and studies of the Drell-Yan[44] process indicate
that there is no excess of pions or antiquarks as-was. expected in some versions of the
theory. The K* nucleus scattering [36, 38] can be simply understood in terms of an
enlarged confinement region for the nucleon but heavy meson exchange theories seem
to get a variety of results[42]. While a straightforward application of isospin mixing
between the p and w would seem to give a semiquantitative agreement with isospin
breaking in the nucleon-nucleon system[17], questions have been raised in trying to
understand this process from the point of view of quark substructure[22]. A direct
transposition of this theory to the pion-nucleon system gives the wrong sign for the
breaking effect(8]. ‘

Does our theory of hadronic interaction need a major overhaul or just a minor
tune-up? What new parts are needed? The areas I plan to pursue eddress these
questions.

Pion-nucleon Interaction Since the pion plays a central role in the nucleon-nucleon
and nuclear system, it is of prime importance that we understand the structure of
the interaction. The structure of the nucleon can be expected to be revealed by the
composition of its excited states, traditionally formed by pion-nucleon resonances.
The new data to be taken at CEBAF will bear on this question, particularly on the
matter of gluonic content of the P, resonance (and the nucleon). I plan to continue
my studies of the pion-nucleon system and the excited states of the nucleon.

Spin Structure of the Nucleon Through studies of the spin-transfer variables the
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proper degrees of freedom may be indicated. A number of experiments have been
done on spin transfer at high energies but there is no successful theory for these
observations{45]. Since the attempts have been largely in terms of quarks perhaps -
hadronic color singlet exchange is still playing a role at a greater energy than pre-
viously believed. We have recently found that one pion exchange (corrected for the
5-function) gives a semiquantitative description of these data up to about 2 GeV/c
where a sudden change takes place in the value of Cyy. An understanding of this tran-
sition would very likely tell us a good deal about hadronic interactions. If hadronic
coupling remains important at moderately high momentum transfers, the interpre-
tation of the spin EMC effect[46] and the HERMES[47] measurement could well be

. impacted through vector meson dominance.

Pt

Inclusive and Exclusive Nuclear Reactions The ability to model inclusive nu-
clear reactions is essential to the extraction of any information with high-energy
beams. At CEBAF the final states will consist of hadrons propagating through the
nucleus. Even for heavy ion reactions at RHIC, where the primary interaction is
expected to take place among the fundamental degrees of freedom, the final particles
observed will have passed through a condensation phase where “ordinary” hadronic
systems are involved. The clustering into deuterons and heavier nuclei can tell us
about the thermodynamic properties of the system at “freeze out.”
~In the search for “color transparency” we must remember that there are cases in
which “hadronic transparency” occurs (in inclusive pion scattering [6] and in low-
energy pion elastic scattering[26]). Without a thorough understanding of these phe-
" nomena it will be difficult to know when the fundamental degrees of freedom are
being probed. It is not clear why a transparency due to composite structures is any
less interesting than that due to quarks, for example.

Polarized Nuclei A natural extension of the study of the spin structure of the
nucleon and the original EMC effect is to ask if the spin properties of the nucleon
are altered in the nucleus. For this purpose scattering from polarized nuclei is a
necessary tool. While all probes will be needed, the pion is again important because
of its special role in the nucleon-nucleon interaction and its lack of spin.



Chapter 5
Personnel

" The Principal Investigator on this grant is ..... m R. Gibbs.

Since January 1993 one graduate student, Li Ai, has been participating in the research
effort and supported by the grant. Due to the pressure of other commitments on the
part .of the student for the spring semester Li Ai was taken off of the grant and Lowell

Cummings was supported instead.
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