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LOW ENERGY PP STRONG INTERACTIONS:
THEORETICAL PERSPECTIVE

Carl B. Dover

Brookhaven National Laboratory*
Upton, New York 11973

ABSTRACT

Several of the frontier problems in low energy nucleon-anti-
nucleon phenonenologz are addressed. Spin observables and dynamical
selection rules in NN annihilation are used as examples of phenomena
which offer particularly strong constraints on theoretical models,
formulated either in terms of meson and baryon exchange or as effect-
ive operators in a non—perturbative juark-gluon picture.

INTRODUCTION

The problem of nuclaon-antinucleon {XN) interactions Is a
fascinating one. 1In the low and medium energy (0 — 2 GeV/c} regime,
the advent of the LEAR (Low Energy Antiproton Ring) Facility at CERN
has led to a renaissance of interest in a_whole class of fundamental
guestions related to the physics of the NN system. Sevecal of these
questions are discussed in these Proceedings, for instance the tests
of fundamental symmetries, the search for baryonium and other exotic
mescns, etc. Here, we restrict ocur attention to the three following
problems:

1) How can we construct quantitative theoretical models for the
low energy NN interaction? -

{1i) To what extent can we understand the low energy NY data in
terms of conventional meson and baryon exchange mechanisms?

11i) ¥aich aspects of the NN problem, if any, require ihe explicit
introduction of the underlying quark-gluon degrees of Ereedom?

In trying to answer 1), we will review the implications of the
G-parity rule, which relates the meson exchange contributions to the
real part of the NN and NN potentials._ Questions ii) and fii) are
intimately related to the process of NN annihilation. Even at rest,
the NN system can dissolve into a sizable number of meseanic final
states. The relative branching ratios for these states, if knoun
precisely, exercise a strong constraint on the theory. We will dis-
cuss some recent data on pp » ata~xl from LEAR, which indicate that
dynamical selection rules operate in NN anaihilation. It is argued
that such rules are a signature of the underlying quark-gluon dyna-
wmics of the short range annihilation process. Othar coastraints on
the theory are provided by the spin observables for the pp + pp,
pP + nfl and fip + ifip reactions. Much more than total cross sections,
these observables probe frhe coherent tensor forces predicted by meson
theory, and the spin-isospin dependence of the annihilation poten-
tial. We provide several examples of how future experiments at a

*supported unrder contract DE-ACD2-76CH0O0015 with the U. S. Department
of Energy.



high intensity low energy S facility, with a capability for polarized
beams and targets, would shed light on a variety of fundamental
questions.

RELATION BETWEEN NN AND NN INTSRACTIONS

The connectlon between the meson exchange ccntribution to the NN

and NN potentifals (real, non-annihilation part) is provided by the
G-parity rule. Given an interaction potential

VNN - g v, (1

for the nuclaon-nucleon (NM) systez, where 1 labels the contrfibutfon
of any meson exchange (i = {7, n, p, wy, 5, & «== }), the correspond-
ing porential VNE is given by

Vi T E GiVy » (2)

where Gy is the G-pavity of meson iI. 7In coordinate space, the
potentials V; have the forn

1 1.1 i i L
Vg = (11.12) o (VotVg 0700, + Vg LeS + V7S, + Vis5iQy,) (3)

corresponding to isoscalar {l) or isovector {11 . 12) exchanges. The
tensor and quadratic spla orbit operators 812 andQ12 have the well

knowm form
S12 = 3g;°F gt - g0,

(%)
le = 1!2 (-gl'I.- \32-1: + gzc'[: gl.l-‘)

where L is the relative orbital angular momentum and S = (01 02)12
is the total intrinsic spin. _

The apparently innocent phase factor Gy = *1 produces an NN
potential which 1is qualitatively different from that for the NN case.
The key concept1 is coherence, namely the tendency for all mesons {
to yleld a contribution of the same sign to certaln coaoponents of the
interaction. For the NN system, scalar {g) and vector (w) meson ex-
change add coherently in the spln orbit term Vig, while they tend
to cancel in the central part Vg Pseudoscalar (x) and vector {p)
contributions appear with like signs in V; and opposite signs ia
V. The coherent spin~orbit potential is evident in NN scatteriog,
for instance, the zero in the 3PD phase shift is due to the short
range cohereant and repulsive V__ (which gives 5<0) coapeting agalnst
the long range attraction arising from r exchange (which alone leads
to 5>0)- _

For NN, 1n contrast, coherences occur in the central (w¥e),
tensor (a+p) and quadratic spin-orbit potentials. The very strong NN
attraction due to VD leads one to predict a nuober of bound states®,
most of which are expected to be very broad and difficult to observe.
The coherent tensor force for NN has several striking consequences
for spin observables, which we discuss later. To summarize, although




both the NN and NN real potentials arise from the same set of meson
exchange potentials V; , the different linear combinations

z Vi and }: Gy Vi
i i

of Eqs. (1) and {2) emphasize complementary aspects of the same
underlying exchange mechanisn.

THE NN ANNIHILATION POTENTIAL

Since the NN system has zero baryon number, It can dissolve Into
a spray of mesons, an option not available to the !N system. 1In the
language of the optical model, these proucesses can be simulated by a
means of a complex annihilation potential V,,,{(r). There are severa!
receat attempts?'3'“ to account for the available KN cross section
data in terms of a semi-phenomenological optical potential consisting
of a theoretical meson exchange part GyVy supplemented by a

parametrized form for Viap(r). In ref. (2), a spin, isospin and
energy independent Woods-Saxon function was assumed:

Vann(r) = = {vy + 19,)/{1 + e(TR)/a ) . (5)

Two parameter cholces which can account for the data on total NN
elastic, charge exchange and annihilation cross sectlons are given by

Dover and Richardz, namely

R=0, a = 1/5fm, Vy = 21 GeV, W, = 20 GeV (Model DR I)
(6)
R = 0.8fm, a = 1/5fm, Vo = 500 MeV, W, = 500 Me¥ (Model DR 1I)

The Paris group3 analyzed all the available NN data, Includiag angu~
lar distributions, assuning Re Vyuq = 0, but with a sore flexible
form for the absorptive potential:

Im Vana(r) = {gc(1+£.E) + ggg{l+fggE) 7;°0,

8Ls 1d ., Ky (2or)
teSutortital Ty - )

The range parameter 1/2m was held fixed at 0.1 fm (aucleon exchange)
and the numerous other paranmeters {different for isospin I = 0,1)
were adjusted to produce a best fit. The resulting model will be
referved to as "PARIS.” 1Models DR I, DR II and PARIS use very simi-

lar versions of the mason exchangs part Z Gi Vi of the NN pntential.

The PARIS model3 is characterized by a marked dependance of
Vann(T) on spin, 1sospin and energy. The spin dependence is parti-
cularly strong: the absorption for spin S=0 is roughly an order of
magnitude larger than for S=1. The isospin dependence is milder
although still significant. This wmodel stands In sharp contrast
to that of the Nijmegen group“, who use a coupled channel framework,
with coupling potentials dependent on T but not on S.

Clearly the existing NN data are insufficient to uniquely deter-
mine the spin-isospin dependence of V,,,{r), since only a limited
amount of elastic pclarization informa:tion exists, and the other spin
observable, remain completely unzeasured. One of the potentialities



of LEAR is that this void in the NN _data could be at least partially
filled in. Recently, Bertini et alS have presented a clever proposal
for a measurzment of several PN spin observadles, using a thin polar-
ized target and measuring the spin state of the recoiling nucleon.
This experiment counts on the lncreased antiproton intensity which
will be available during the ACOL era of LEAR.

In the discussion which follows, we compare the predictions of
the DR I, DR I and PARIS modals for spin observables. These modals
have the virtue of retaining quantitative contact with the data, and
the disadvantage of having essentially no theoretical input as to the
form of V,,, (except for the cholce of Kn(Zmr)lr in Eq. (7), which
corresponds to a nucleon exchange pictura of annihilation).

Recently, there has been a surge of interest in trying to derive
Vann in terus of a quark-gluoan picture. This approach oight be
referred to as “applied gquantum chromodynamics® at low energy
a regime where perturbative QCD does not apply. The Helsinki% and
Osaka’ groups have wmade extensive studies of quark rearrangement and
annihilation models for NN amnihilation, with seni-guantitative suc—
cess in explaining mesonic braaching ratios and NN scattering data.
There is much recent work on the problem of which effective cperacor
to use for a quark—antiquark (QQ) annihilation vertex, i.e., an
operator with the quantum nunmbers of one glucn®, or alternatively,
those of the vacuum {the 3p, model9). A critical discussion of these
alternatives can be found in ref. (10). The poteatial Vann which
results from the quark models®710 g dependent on S, I, and E; Im
Vann Increases with E, as found ia ref. (3), but the spin dependence
is not .particularly strong. Thus there appears to be no justifica~
tion in the framework of the quark model for an S=0 absorptive poten-
tial which is an order of magnitude stroanger than for S=1, as found
in the PARIS modeld. Unfortunately, no predictions of spin observ~
ables have yet been worked vut in quark-glucn modeis of the NN inter-~
action. As these models become more quantitative, this will be an
important task.

SPIN OBSERVABLES

Since NN forces depend strongly on spin and isospin in a compli-
cated way, they cannot be deduced uniquely from a few measurements
such as the differential cross section and polarization. In generazl,
difficult experiments involving polarized beams and/or polarized tar-
gets arz required. This places a preaium on obtaining high 1ntensity
N beams. Some of the reilevant experiments will be possible in the
ACOL era of LEAR. ©Note that the determination of the isospin depend-
ence of the NN force involves a study of charge exchange {pf-+nii) and
fip (or equivalently Pn) elastic scattering in addition to the pp+pp
channel. Since charge exchange cross sections are small, the
measurement of spin quantities will be even pore demanding than for
PP + pPp. However, the most dramatic spin effects are expected in
PP + nfl, as we see later. One might try to obtain information on Pa
scattering by studying $d in the spactator regime, or by using charge
exchange to produce a polarized il beam and then scattering it from a
hydrogen target.



In this section, e present a variety of predictions for spin
observables in NN scattering, using the mnda1s DR 7, DR I1. and PARIS
devaloped earller. We emphasize the interplay betwaen the coherent
tensor force and the spin-isospin dependence of the annihilation
potential. The results displayed here aupplement those given in
ref. {(11). We use the notation of Hoshizakil2, who discussed the
formalism for the case of NN scattering._The structure of the forau-
lae is esseatially the same for NN and NN, except that the symmetries
due to the Paull principle are abaeat for ¥V {0 » 7 ~ 3 relations,
restrictions of I and S). _

Tensor forces play a dominant role in NN spin physics, but thefir
effect Is already evident in total cross sections, particularly that
for charge exchange, as shown in Fig. 1. If we start with the exact
PARIS model, and turn off wvarlous spin dependent components of the NN
interaction (both real and imaginary parts) ian turn, we see that the
tensor (S;,) component is most imporcant. The pp + nn cross section

Sep drops by a factor of three 1f tensor forces are set to zero! In
Opp» the coherent contributlion of 7 + p exchange enters, although the

pion plays the most important role because of its long range.

The same strong tensor force effect is visible in maay of the
spin observables. TFor example, the depclarization DI as a function of
cosd (O = lab scattering angle) is shown in Fig. 2 at a 1ladb kinecic
energy E = 130 MeV. If 512 and Q;, terms are turned off, D 1s prac-—
tically unity, its value in the absence of any spin dependence. With
tensor forzes, D differs dramatically from 1 in the backward hemi-
sphere. The aagular dependence of D is very different for elastic
scattering and charge exchange. The sharp structure in D for small
angles is almost model {independent, and reflects the dominant one
pion exchange contribution.

The depolarization D is accompanied by the spin rotation para-~
meters R, A, R’ and A*, which occcur on the same footing. Let P; and
Pg be the incident and cutgoing N momeata in the lab system, and
choose an orthogonal set of unit wvecto:rs

S N VAT X

3, =fxp, (8

py = B/ li:’il

for the initial state i and another_set {n, Sf, pf} for the final
state f. Now consider an incident N beam prepared with polarization
<g»;, while the target nucleon is assvmed to bz unpolarized. Then
the differential cross section is glven by

dafdn = (do/dR)uapol + F <1 « Tr(id™) 9

where M is the NN scattering amplitude, pormalized so that the eross
section dc/dn)un o1 for an unpolarized N 1nc1dent on an unpolar;zed
N is Tr {™MM ]/4 The lab expectation value u>{ 2% the XN spin ia
the final state is given by
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+,  do/dp = [ 241 \2
{o>¢ (@070Dunpol (P + D<op>y )n + [A<gp, 5 + RCog;>1)5¢

+ (A'<0p1>1 + R'(Usi.)i)ﬁf . {10}

Now consider some special cases. For an ¥ beam with uait polar—

fzation along 4, we find
D+ P

e TTFF an
Thus if D=1, the scattered beam remains completely polarized along
n. 1In general, we have l<0n>fl é.l, so that 21?1 -15pf1.
Suppose now that we prepdre the N beam with polatization +1 along §1
(transverse to the beam direction). Then

<ﬂn>f = P
<0'sf>f =R (12)
<0pf>f = R'

or, equivalently,

R = (1-P2)Y2 cos (0-8) as

R = (1-p2)172 gin (0~8)
where 9 1s the lab scattering angle and 8 is the ungle of rotation of
the N polarization vector in the scattering plane. A and A' have_a
similar interpretation to R and R' for a case where the incident N
has unit polarization aloag 51 {longitudinal)e.

In Figs. 3 and 4, we display predictions of dgfdn, P, D, R, A,
R', A' for elastic pP + pp scattering for lab kinetic energies of
E = 160 and 220 MeV. Models DR I and PARIS are seen to yield very
similar predictions for the elastic scattering angular distribution,
since only the spin-~averaged optical potential is involved here. The
spin observables show a more marked model dependence, with the PARIS
results showing wore dramatic angular structures. The sharpest angu-
lar variation in D, R, A, R’ and A' occurs in the regioa of the Jif-
fraction minimum in dg¢/dQ. Here, where we are best able to distin-
guish the theoretical models, the cross sections are small (typically
0.1 - 0.2 mb/sr) and the experimental measurements will be most dif-
ficult. 1In the forward angle region (cos 0 > 0.6), do/dQ is about
two orders of magnitude larger, but the nodel dependence of the spia
observables is much morzs modest, so precision measuremeats will be
needed. In any case, the study of NN spin physics, although reward-
ing, appears difficult, and certainly reguires the hiphest possible P
intensities. _

The main features of the NN potential, ac mentioned earlier, are
a strong isospin dependent tensor component and an annihilation part
W, which could depend strongly on spin, isospir, and energye. The
interplay between these components, as reflected in the spia observ-
ables, is very complicated. Measurements of the full angular depend-
ence of spin quantities at several evergies are necessary in order to
attempt to disentangle the energy-independent tensor term comiang from
t-channel meson exchange from spin and enetgy dependent contributions
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coning from annihilation (i.e., s-channel meson exchange).

In Figs. 5 and 6, we show the energy dependence of D, R, A, R’
and A' for model DR I. The sharp minima in D, R' and A' track the
movement of the diffraction minimum in dg/d3. The observables R and
A are predicted to be only weakly dependent on energy in model DR I.
In che PARIS model, on the other hand, the energy dependence is more
pronounced.

The strong spin dependence of W in the PARIS model is evident {in

the differences

AUL =g, = U,
< »>

(14)

bo, = 0O g

T +4 +e
of cross sections for different longitudinal (L} or transverse (T)
spin orientations with respect to the direction defined by the inci-
dent N beam momentum. The ratios AUL,TIU, where ¢ is the zappropriate
spin-averaged cross section, are shown for elastic (EL), charge ex-
change (CE) and annihilation {A) cross sections in Figs. 7, 8, and
9. For models DR I and DR II, the deviations of Ag/c from zero pri-~
marily reflect the influence of the coherent tensor potential (here
W is spin independent). For elastic scattering, the effect of the
strong spin dependence of W in the PARIS model is to more than double
the values of Aor/o and Acp/o (for E > 150 nmeV).

As seen in Fig. 8, the spin effects are particularly dramatic
for pp + nil charge exchange. (aoy/o)cg is of order -1 throughout the
low energy regime, i.e., g, » 3u,. Again, the largest single effect

is that of the tensor poteﬁtlal,*which favors NN scattering in spin-
2ligned configurations. For example, we have

- 0.43 (exact)
0.38 (no le)
0.35 (no LS) (15)
0.11 (no 512)

70 MeV in the PARIS model, and

0.72 (exact) .

~ 0.77 (no Q,.,) ‘
0.90 {no 159 (16)

D.49 (no 312)

From Egs. {15) and (16), we see that the predicted spin dependence of
pB + nft cross sections is c¢oasidera®bly reduced if teasor (S 2) teras
are suppressed, while the effect is much less dramatic if LS or le
terms are set to zero. Note that for AoL]c, however, there remains
considerabl: spin dependence when tensor forces are abseat (note that
Aopfo = - 1/2 implies o, = 5/3 ¢,). For tha PARIS model, this is
mainly due to the stron§ spin deﬁendeuce of W. Since the absorption
into mesonic channels is much less strong for S=1 than for S=0 states
in the PARIS model, the charge exchange cross section for S=1 will be
larger than for S=0, i.e., g,, which corresponds to pure S=1, will

exceed g,, which is a mixture of 8=0, 1. Tensor forces augmaat this

AJTIG

for pp » nil at E

AaL/c =

rS
effect, siuce they produce additional attraction for S=1, while they
are absent for 5 = Q.
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Other striking spin effects for pP + ofl include the followingllz
D(18C0°) ~ ~ 0.75
A'(0°) = ~ D.85 {(17)
Ac(0°) » + 0.9

for model DR I at € = 130 MaV. These strong effects parsist at other
energies in the other medels. Even with an unpolarized 7 beam incl-
dent on an unpolarized target, the pf + nii reaction produces strongly
polarized T's.

Although AcL/c and Aoyp/y are large for pp + af, they are rather
small for the total annihilation cross section, as shown in Fig. 9.
Although ¥ depends strongly on spin, being stronger for S=0 in the
PARIS model, the real potentlal, which is more attractive for S=1,
has a compernsating effect. For S=1, the increased attraction serves
to focus the NN wave function to short distances, where absorption
becones more effective. The ratlo aA(S=D)/aA(s-1) thus does nni
simply follow the ratio WU(S=0)/W0(S=1) of absorptive well depths.

A similar effect is observed!* for the widths of atomlc levels of
the pp system, i.e., T(S=0)/T(S5=1) = 2 for the PARIS model, whereas
wo(s=0)/wo(s-1) ~ i0.

The Fact that (8op/o)a is rather small, as per Fig. 9, implies
that {Ao7/o)7oT 1s alsoc modest in size, since annihilation represents
roughly 2/3 of the cross section. This has ioportant implications
for the spin filtering technique, which has beea suggestedl as a
means of producing polarized P beams. The idea {s to let an initi-
ally unpolarized P beam impinge on a polarized (4) hydrogen target.
At time t = 0, the beam, of total_ intensity I@,Ts%nsists half of p(4)
and half of $(+). Letting o4 =_ois and g. = gy . » we fiad that the
intensities I, of the p(4) and p(4) componeants of the beam are
attenuated according to

a1,
dt = = Utﬂ.f I: = - (Un * 'Ul)nf It {18)

where n is the polarized target density, and f is the revolution
- frequency of the T beam. The total beam intensity I(t) = Iy + I.
at time t is given by

I(t) = 1, e-t/tD cosh (t/t;) (19)
while the polarization P(t) of the T beam, resuiting from the
inequaliry of o4 and u_, is

P(t) = (Iy = T-)/({I4 + I.) = - tanh(z/t,) , (20)
= 1/oynf and ¢, = llclnf. Now we note that

ty/ty = 0,/5y = = 1/2(aop/odT0T - {21)

with t,

For t £ l-tl, we have to a good approximatien,

2
CoI(e) = I, va-t"t~'n

P(t) = -t]tl

(22)



Thus t, is the time scale assoclated with the attenuvation of the B
beam intensity, and t; is the time needed to build up an appraciable
P polarization.

If t, is comparable to t,, we have a chaace to produce polarized
p 's before the beam disappears due to interactions with the target.
However, in a realistic case, 2s shown in Table I, we have g fuu <
0.1 in the whole low energy region for modals DR I, DR IT, and PARIS.
Thus ¢, > 10 t,, and the situation is unfavorable for producing
appreciable polarization. The most favorable case we hava found is
model DR I at energias E < 50 MeV. Hewe clloD 1s somewhat larger
than the values listed in Table 1. For instance, for © = 30 MeV, an
enargy coasidered by Steffensl3, we find oTpT ™ 272 mb, o fan =
0.075. Using the values!3 n = 10%/em?, £ = 105/sec, we find

to = 10.2 hrs

(23)
tl hd 13-3 tn ~ 136 hts .
At t = 48 hrs, we then find
I(t) = 0.0095 1
(t) 0 2%)
P(t) == 0.34 .
13 are

The prospects for the success of the spin filtering techaique
thus rather grim. Even using the maxinum value of ':rll'c:r‘D predicted by

TABLE 1.
Cross Section Ratio ¢;/o, for Spin Filtering
E (MeV) g,/0y (PARI3) o0;/0y (DR I) ©;/0; (DR II)
70 0.055 D.052 0.030
100 0.062 0.04% 0.017
130 0.065 0.037 0.009
160 0.065 0.032 - 0.003
190 0.063 0.028 0.002
220 0.061 0.025 =-0.002
250 0.060 0.022 -0.003
280 0.058 0.020 ~0.004
310 0.036 0.013 -0.008

our models, we still lose 997 of the beam before the P ponlarizatioa
has built up to values of about - 1/3. The assumption that g,/c, >
0.1, used by Steffens!3, is more optimistie than our realistic modals
suggest.

The spin observables of low and medium energy HN scattering rep-
resent a seasitive test of ocur theories of the meson exchange and
annihilation potentials. A number of dramatic spin effects are aati-
cipated, particularly ia the pp + nu channel. A wvariety of wmodels



Other striking spin effects for pd + nff include the followlngll-
D(180°) = = 0.75
A'(0°) =~ - 0.85 17
Ac(0°) = + 0.9

for model DR I at E = 130 MaV. These strong effects parsist at other
encrgles in the other models. Even with an unpolarized P beam inci-

dent on an unpolarized target, the pp + nfi reaction praduces strongly
polarized ti's.

Although Aoy/c and aor/y are large for pp » nii, they are rather
small for the total anninilation cross section, as shown in Fig. 9.
Although W depends stroagly on _pin, being stronger for S=0 in the
PARIS model, the real potential, which is more attractive for S=1,
has a compensating effect. For S=1, the increased attraction serves
to focus the NN wave function to short distances, where absorption
becones more effective. The ratio g {SSO)/a {5=1) thus does not
simply follow the ratio W (S=0)/H (S=1) of absorptive well depths.

A similar effect is observedl“ for the widths of atomlc levels of
the pp system, i.e., I{S=0)/r(S=1) = 2 for the PARIS model, whereas
W, (s=0)/w {5=1) = 10.

The fact that (Aop/o)p is rather small, as per Fig. 9, implies
that (asp/o)ToT Is also modest in size, since annihilatioa represents
roughly 2/3 of the crris section. This has iaportant implications
for the spin filtering *echalque, which has been supggested!? as a
means of producing polarized § beams. The idea is to let an Initi-
ally uupolarized § beam impinge on a polarized (+) hydrogen target.
At tlme t = 0, the beam, of total intemnsity I,, Sonsists half of P{3)
and half of P{+). Letting o4 5_0*2 and g.. 5 gy » we find that the
jatensities I, of the p(4) and p(4) components of the beam are

attenuated according to

3;1 == Ounf I, =~ (95 % 0y)nf I, {18)

where n is the polarized target density, and f is the revolution
- frequency of the P beam. The total beam intensity I(t) = L + I_
at time t is given by

() = I, e /%0 cosh (e/t;) (19)

while the polarization P(t) of the § beanm, rasulting from the
inequality of g4 and uv., is

P(t) = (Iy - 1)/(L4 + 1) = = tanh(t/t,) , 20)
= lfoggnf and t, = /g nf. Now we note that
to/ty = 0,/04 = = 1/2(aop/odT0T - (21)

with to

For t £ %-:1, we have to a good approximatioen,

() ~ 1, e S

r(r) = -t/t;

(22)



Thus t, is the time scale associated with the attenuvation of the
beanm intensity, and t,; is the time needed to build up an appreciable
¥ polarization.

If t, is comparable tw» t,, we have a chance to produce polarized
E's before the beanm disappears due to interactiocns with the target.
However, in a realistic case, as shown in Table I, we have g,/o, <
0.1 in the whole low energy region for modals DR I, DR IT, aud PARIS.
Thus £, > 10 t,, and the situation is unfavorable for producing
appreciable polarization. The most favorable case we have found is
model DR I at encrgles E < 50 MeV. Here ¢ lub is somewhat larser
than the wvalues listed in Table l. Fur instance, Eoxr © = 30 MeV, an
enaergy considered by Steffensl3, we find oroT ™. 272 mb, unfun =
0.075. Usiag the values!3® n = 101*/en2, £ = 105/sec, we find

ty = 10.2 hrs

23)
tl e 13.3 to » 136 hrs ™
At t = 48 hrs, we then find
I{t) = 0.0095 1
¢ 0 24)

P(t) = - 0.34 .

The prospects for the success of the spin filtering techniquel3 are
thus rather grim. Even using the maximum value of ullu“ predicred by

TABLE 1.
Cross Section Ratio ¢,/c, for Spin Filtering

E (MeV) g;/0y (PARIS) o;/0, {DR I) o0,/0, (DR II)
70 0.055 0.052 0.030
100 0.062 0.044 0.017
130 0.065 0.037 0.009
160 0.065 0.032 ~ 0.003
190 0.063 0.028 0.002
220 0.061 0.025 -0.002
250 0.060 0.022 -0.003
280 0.058 0.020 -0.004
310 0.03b 0.013 -0.006

our models, we still losa 997 of the beam before the P polarizatioa
has built up to values of about = 1/3. The assumption that g.fo. >
0.1, used by Steffensla, is more optimistic than our realistié wmodels
suggest. -

The spin observables of low and medinm energy NN scattering rep-
resent a sensitive test of our theories of the meson exchange and
annibiiation potentials. A number of dramatic spin effects are anti-
cipated, particularly in the p§ + ni chananel. A variety of wodels



which yvield the saze spin—averaged total cross sections lead to dis-
tinctively different spin dependences. The one pion exchange mechan-
ism, supplemented by important contributions from vector meson ox-—
changes, is crucial in producing marked spin dependences. Such ef-
fects are less important for total elastic and absorption cross sec—
tions. The ccherent tensor potential due to 7, p and w exchanges
dominates the spin physics of the NN system. Spin-orbit and spin-
spin forces play a_more modest role. The spin informatfon to be
gleaned from tie NN system i3 somewhat complementary to that obtatined
from a study of NN scattering, where L. and 3. .5, terms play a more
significant part. Spin data will be of preaier importance in achiev-
ing a unified picture of the NN and NN interzcticns.

QUARK DYNAMICS OF NN ANNIHILATICN: THE mp PUZZLE

The annihilation modes of the NN system at low and medium ener-
gies enable us to probe aspects of the underlying quark-gluon dynam-
ics which are not so clearly revealed in othar processes. The signa—
tures of quark dynamics appear in the form of approximate dynamical
selection rules, that is, an unanticipated strong dependence of cer-
tain mesonic branching ratios on orbital angular momentunm 7., ingrin-
sic spin S, and/or isospin I. The “standard" model dascrites NN »
mesons in terms of a baryon exchange mechanism. At high energies,
where many L values contribute, this mechanism is well establish-
ed!5. Tt has been applied with some success to selected two meson
NN annihilation modes by Moussallanl®. For peripheral partial waves
(large L), the idea of baryon exchange (i.e., three quavks witk
particular spin-flavor correlations and a well defined mass M and
corresponding range 1/2M) seems reasonable, since the N and N quark
"bags"” do not overlap much in a collision with large impact para-
meter. For low partial waves (L=0,1), however, we expect the finite
size of the N and N to play an important role. It is here that we
hope to find evidence for quark-gluon degrees of freedom. For
instance, baryon exchange models produce a szoooth L dependencelu'lﬁ,
while quark mechanisms can lead to a dramatic difference between L=0
and L=1 annihilation.

Let us fllustrate these general remarks by consideration of a
specific example, namely the annihilation mode

p; > wtamad . (25)
An analysis of the old data with a2 1liguid hyvirogen target attributed
53% of the rate te the quasi-~two-body (QI3) chaauel rp and 45% to
“incoherent” three-body w1 v events. The NTB channel »f was not
seen {upper limit 10%). Because of the stroang Stark effect in

liquid, annihilation takes place mostly from L=0 (-93%, as per
ref. (10)). A dynamical selection rule {DSR) on the branching ratics
was observed, namely

BR(13Sl + 73 p® » BR(BISD + 73p%) {26a)
BRO3IS ) » (atamx%y;00) 3> BR(YIs, + (7F7¥)ia0) (26b)

where 2I*1, 25+11; labels the quantum numbers of the NN atom. By
“dynamical,” we mean that a2 transitlon parmisted by general guantum



nechanical selection rules, such as g . 7%5%, is suppressed.
Recent data from the ASTERIX collaborationi‘ show a similar sel-
ection rule for L=1l. With a gas ta 2et, they find that the reaction
(25) consists of 40% np, 40% (a¥tn~1%)g,. and 207 #°f. If we take
into account the Fact thst p annihilatlion at rest in gas takes placa
about 577 of the time } from L=l atomic orbits and 437 from L=0, we

find for pp + atra? the proportions
(i) L0036

(mpdLay = 0.29 {27)
(2f)=1 = 0.35

A detalled analysisl?® yields

BR(1IP, » 7%pF) = 9 BR(33P1’2 + T%p7F) {28a)

BR(33p, » 7)) =~ 4 .« BR(3%p, » 2%f) (28b)
Again, a _transition allowed by general gquantum mechanical selection
rules (33p + 1¥p¥) is not seen experimentally. We refer to the
dynamical sélection rules {DSR) of Egs. {26) and (28) as the "xp
puzzle.”
The explanation of DSR seems to require consideration of the
quark~gluon mechan‘sm of pp annihilation. The coaventional baryon
exchaage mechanism!® does not vield Eqs. (26) and (28) in any obwious
way, although this question should be looked at in more detafl. 1In
the quark model, the relevant processes ate depicted in Fig- 10. The
pure rearrangement process R, can lead to the "ineohereat™ ata=w
signal, which can also arise fron the QTB processes Rz and A,, where
one of the mesons is the wvery broad e {an s-wave unr enhancement with
J C(16) = ott(6¥)). The other permfssible QT3 modes rorrespond to
gmu;:oinrr ats™ together to form the o' °(1-=(17y), f{2++(0 )),
g°(3°"(i*)), etc., or taking n*1° as a pair to moke p, g*, etc.

TABLE II.
Allowed Transitions2 pp + nis~n?, considered as
Quasi-two-body (QTB8) Processes, for L=0,1

Initial State 2I+1,28+1p; Final States
s, | 7s(2¢=0), v*pF(eg=1), =f(2g=2)|
1331 j 7957, Lo (Rg=1)
p 1900, wto%(2¢=0,2)
33p, 70e(Re=1), tpT(Rg=0,2),
j 7P£(2¢=1,3)
33P2 1 mto%(2g=2), "Of(2ge=1,3)

4rne relative orbital angular momentwm of the two meson final state
is denoted by 2¢



Fig. 10. Quark rearrangenent and amaihilation graphs for two (Ry,4,)
and three (R3) neson final states from an initial NN system.




Since the 7g wode offers wery little phase space for production from
Pp at rest, we do not consider it Ffurtber. The QTB transitioas which
are allowed by conservation of total angular momentunm J, parity =,
G-parity and C-parity (two neutral mesons only) are collected in
Table II.

Now let us consider the sclectinn rules associated with the
quark graphs of Flg. 10. The rearrangement process Ry is the simpl-
est case. The effective operator is taken to be proportional te
unity; that is, spin flip processes are assumed to be small, and
hence A4S = [S-S¢| = 0 for the allowed transitions, where S is the NN
inteinsic spin and S is the total intrinsic spin of the mesons.

For Ry, if a urit of orbital angular momentum is pumped into the
initial state, it reappears in the final state as an internal orbital
angular momentum 2 of the quark—antiquark (QQ) pair in a meson,

not as a relative orbital angular momentum of two mesons. If

s = [ﬂ,n,n ,p,m} denotes the family of s-wave mesons {2=0) and

P = {§,€,5%,A,,D,4,,f,B »H} the group of p-wave mesoas (2=1), the
selection rules for R, are

Allowed transitions. L=0 + sss
L=1 »+ ssp

Forbidden tramsitions: L=0 + ssp (29)
L=l + sss

The preferred transitioas for R, and A, depend on the structure of

the effective ogerator for QQ annihilation (tie dots ir Fig. 10).

Several authors8'1? have used a one gluon vertex, of operator charac-
- . (3 x &), where S = = 1 {5 the total Q7 intrinsic spin,

ter

/2 gs the’spin of a secong quark whicht is struck by the {(dressed)
gluon, and g is the momentum transferred to this quark. Some diffi-
culties with this approach are discussed in ref. (10). Alternative-
ly, one may assume®'1Y that the QQ pair has the gquantum numbers of
the vacuum {0**50 BPD 1n LS coupling). This choice is motivated
by the success of the Po model” for meson and baryor resonance
decays, in which only one QQ pair is produced. The 3P model can be
"derived” in a strong coupling Hamiltonian lattice formulation21 of
QCD, in whichk gluons are replaced by flux tube degrees of freedom
(collective modes of the gluon field). The "perturbative™ and
"strong coupling” versions of the effective QQ vertex cannot be easi-
ly distinguished if one considers only total rates, i.e., spin aver-
aged quantities. However, their distinct spin structures show up in
the m-state populations of vector mesons produced from mesen or N
2tom daecay. As noted Ia raf. [10), th2 polarization of {p,w) in the
decays A, »+ 1mp and B + 7» is nicely consistent with the 3P0 @odel,
and at odds with the effective “one gluon™ approach. We do not pur-
sue this matter further here, and instead concentrate cur attention
on the P model.

First let us consider pp + 7T~ x? for L=0. The “incoherent™
7tn~1% events can be understood as arising from graph R; or from pp +
1%, followed by the decay ¢ + ntr". Since S¢=0 for the three-body
ata a0 state, the AS=0 selection rule for Ry implies that S, *~
+tr~a0 is Forbidden. From Table II, we further aote that 135l > ﬂng
is forbidden (by J,n conservation and also by C conservation). Thus



we obtain immediately the celection rule {26b).

The AS=0 selection rule is exact for graph Ra. Tor R and A
the AS=0 rule still holds approximately in the P model, even though
it is W-spin rather thza ordinary intrimsic spia which is rigorously
conserved, in analogy to the situation for meson and baryen resonance

decays2?., Thus we have

45=0 - 45=1 -
BR( 35, —— n%p%) > BR(3§; — 157 , (30)

providing an equanation of Eq. (26a). In any case, large production
of up from the channel s expected, since from Table II we see
that mp 1s the only QTB channel permitted, whereas a 31§, state has
in principle several decay options.

The absence of a % signal for L=0 can also be understood if we
note that 3ls  + 7 f(2f=0) is forbidden by J conservatioa and 2 S -

Df(zf=2) from A, or R, .3 suppressed.

Now consider pf + ntn™ a® from an L=1 initial state. From Table
11, we see that a sizable rate for P1 -+ np is anticipated, since
only this mode 1s permitted (leadlng to 7y n@). On the other hand,
the Pl state can choose moe, 7=o* or £ decay modes, each of which
is a prefarred AS=0 transition. The competltion between these modes
depends on the relative amplitudes for processes R, and Ay. If we
consider R, alone, we obtain

BR(33P + nDe, nof) =0

: (31

BR(”P1 > w¥p¥) = 18 « BR(}!P, 5 2%pF)

in comglete contradiction to the data of Eqs. (27) and (28a). Esti-
mates?? indicate that R, and A are comparable in aoplitude; Az gives
rise to substantial 7 s%if-l) and = f(zf-l) production for L=1. We
are thus able to understand the DSR of Eg. {(28a) in terms of a deple-
tion of BR( 3P1 > 712p%) due to a severe conpetition from the %

and 77F channelé. The multi-channel aspect of the problem is thus
seen to be crucial. One canndt Just cdﬁpé?b Born amplitudes for a

single channel (i.e., Py » = ¥+ varsus P + T p .

. Given that nip production is disfavored from the 33P1 channel,
and noting further that the transition 33 P, + n-p+(25=2) is suppress-—

ed, we might naively expect that

Br(33p, » %) >§ . Ba(3%, + %) (32)

~oesw

bacause of the statistical factor {3j+1) and the competition of tha
n%¢ channel for 23P.,. This is in clear contradiction to Eq. (28b).
However, this simple argument is incorrect because of the stronz
influence of isospin mixing: the very strong NN tensor poteatial
induces a sizable mixing of nil and pp configurations 3, so that 5=1
atomic states with 1L.=0,1 are closer to besing eigeastates of isosp11
than pure pp configurations. For instance, one finds that the 3p
atomic state is mostly I=0 at short distances (where annihilation
takes place), the 3?1 state is predominantly I=1, and the lPl config—~
uration has comparable I=0 and I=1 components {i.e., close to pure
pP). This mixing pattern arises because the teusor potential is
coherently attractive for 13P2, repulsive for 13P1, and absent for



l1p.. In the limiting case where the atomic eigenstates are taken

to be 13p_, 33p y» and 1//2(311’1 + lp 1), we would assizn staristical
welights in the proportions 331’1 : llPl : 33p, = 3:3/2:0. This would
explain the smallness of #0f production Erom‘the 33P channel, as

in Eq. {28b).

For L=l, the “"incohereat” nTn~n® production cannot come fronm
graph R,, because of the selection rule of Eq. (29), but rather from
the transition 33?1 > 105, followed by tha decay £ 1+n o If we

nake the plausible assuaption that BR( 33p Pyan °g) = BR( 3Pl+n°f). since
both are AS=0, 2¢=l transitions, and use the modified stacistical
weights given above, then we expect

- ( ) x 1/3
iﬂc 7E Pl (33)

(ﬂ+n-u0)

{n f)33P1 = 1/3, (ﬂp)llPl = 1/3

in good agreement with the data of Egq. (27).
We have indicated how explicit consideration of the quark react-

ion amplitudes R,, R, and A, of Fig. 10 can lead to an understanding
of dynamical selec:ion rules which have been observed in ntp~ 3% de-
cays of L=0,1 NN atomic states. Similar considcratmns1 lead one to
an_explanation of the observed strong suppression of the Kt~ and
K°X® modes for L=l relative to L»0. Such strange particle modes do
not arise from Ra or R,, except due to the sasll strange quazk admix-
tures in the infcial state (AA, zr, etes.). Ratios such as XK/#r are
thus a test of the relative size of R, and 4,. DSR are also expected
in other aunihilation channels such as 4n, 5r, K5, etc. OQOaly the
tip of the iceberg of DSR has been explored thus far! Precision
measurements of relative branching ratios, as well as detailed ampli-
tude analyses, are required. For these tasks, the premium is on P
beams of high intensity. Other phencmena which are very revealing of
the quark mechanismlo, and require high intensity beams, include i)
p—w interference, ii) & production, and iii) polarization studies of
vector mesons in anaihilation.

THE FUTURE

We have emphasized only two aspects of the very rich area of low
and mediun energy ¥N interactions, nanely spin observables and dvna-
mical selection rules in NN annihilation._ A substaantial spin and
isospin dependence is predicted for the NN iIanteraction, but is not so
readily revealed by elastic and annihilation crosc sections alone.
Measurements of spin observables are required, and these place a pre-
aium on obtaining the highest possible P bean intensities. Experi~-
ments with polarized beams_and/nr polarized targets are in general
necessary to unravel the NN spin dependence, but much progress could
already be made using a polarized target and an unpolarized § bean.
Scattering of B's by nuclei and pp spin filtering do not seem promis—
ing as a means of producing polarized p's. The charge exchange pro-—
cess pp + ni, on the other hand, leads to a highly polarized © beamn.




The spin observables for the NN system provide a signature for
the strong coherences in meson exchange forces (dominantly the tensor
component) predicted by theory. NN and W scattering are sensitive
to somewhat complementary aspects of the sace underlying fater—
actions. The effects of coherent tensor forces ara expected to be
evident in N spin quantities in spite of the strong influence of
annihilation. Note that this tensor coherence is a feature which
emerges from 7 + p + w exchange, after che G-parity transformation
has been applied to the INN potential. 1If one replaces the conven-
tional vector mesons by an effective one gluon exchange mechanism,
the strong tensor coherence does not survive (i.e., sinzle gluon
exchange, treated perturbatively, does not change sign like the w In
passing from NN to NN). _Thus if we wish to treat both the real and
imaginary parts of the NN interaction on the_same footing within the
context of QCD, surely a laudable aim, the NN spin observables will
exercise a strong constraint on the form of the effective operators.

The strong L dependence of certain NN annihilation modes and the
existence of approximate selection rules offer promising signatares
of the underlying quark-gluon dynamics. These selection rules high-
light the difference between the decay of an ovrdinary QQ meson and an
NN system with the same external quaantum nunbetrs {L, S, J, I}. Even
if one can understand these features in terms of a baryon exchange
picture with phenomenologically adjusted coupling constants and ver-
tices, a quark—gluon picture s likely to provide a more economical
way of coming to grips with the observed selection rules and strong L
dependence. High statistics experiments on NN annihilation are re~
quired in order to distinpuish between models. Modes containing more
than one neutral meson and rare modes involving 4 production are also
cey eleaments in the picture. Once again, we find strong motivation
for developing P beams of the highest possible intensity.

One area we have not addressed, but which was clearly one of the
main motivating Forces behind LEAR, is the use of the NN amnihilation
process to search for new mesons, such as baryonium states {Q<Q<°),
hybrids (QQg) or glueballs (gg, ggz). It now appeacs that such ob~
jects are unlikely to be long-lived, so their existence and quantum
numbers can only be deduced by detailed amplitude analysis. Precise
data on individual two-body annihilation channels, as a fumccion of S
energy, would be particularly valuable, since broad structures are
notoriously difficult to extract from total cross sections. Such
spectroscopy studies are underway at LEAR, but much work remaims to
be done.

Ta summary, there are nua2cous exciting physics quastiovas which
could be addressed with a dedicated low and medium energy p facility
of even higher inteasity than LEAR. Only a few of these have baen
discussed in this paper; many more are dealt with elsewhere fn these
Proceedings. 1t seems naive to assume that this area of physics will
be so thoroughly wmianed by LEAR in the 1980s that little of interest
will remain. A dedicated low energy p facility in the US should be
given serious coansideration.



