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Anti—proton annihilation in a nuclear target can test many novel aspects of quantum chro-
modynamics. In this talk I discuss a number of interesting features of such processes, in-
cluding (1) the formation of nuclear-bound quarkonium, (2) tests of color transparency in
hard, quasi-elastic nuclear reactions, (3) higher—twist, coherent, and formation zone effects
in hard inclusive nuclear reactions, (4) reduced amplitude predictions for exclusive nuclear
amplitudes, and (5) color filter effects in inclusive open and hidden charm production in
nuclei.

Introduction

Although quantum chromodynamics has been extensively tested in high momen-
tum transfer reactions, the most challenging testing ground of the theory remains the
detailed study of hadronic and nuclear phenomena at moderate energies and momen-
tum transfer. We know that perturbative calculations in QCD must break down at
momentum transfer of order A7z, the invariant momentum scale where the QCD run-

ning coupling constant a,(Q?) becomes large. A recent determination’ at LEP gives
the values for Agg = 216 + 85 MeV. On the other hand, scaling laws characteristic
of the underlying quark and gluon degrees of freedom and subprocesses, particularly
the Bjorken scale invariance of electroproduction structure functions and the inverse
power law fall-off of electromagnetic form factors, are clearly evident at momentum
transfer of 1 GeV or even less. Thus critical tests of QCD-—at the intersection of
perturbative and non-perturbative physics where coherent effects and hadron sub-
structure become manifest—require the study of reactions with momentum transfers
of only a few GeV or less.

Anti-protons can play a special role in testing QCD in the intermediate energy
domain, particularly in total annihilation channels where all of the valence quarks
and valence anti—quarks of the initial system are forced to annihilate at distances of
the order of the proton Compton scale, ~ 1/M,. Important annihilation processes
include exclusive production of two-body systems, inclusive production of lepton-
pairs and photon-pairs, and open and closed charm production near threshold. My
main emphasis in this talk will be the study of the annihilation of anti-protons in
nuclear matter, using the nucleus as a filter to sort out competing QCD sub-processes
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and different aspects of the hadronic wavefunctions. The nucleus can also modify
QCD hadronization processes in a number of novel ways. In a sense, the background
nuclear field plays the role in QCD that external magnetic and electric fields provide in
atomic physics, allowing one to modify and probe the basic parameters of fundamental
interactions. I will only have space here to give a brief description of the novel
phenomena predicted by QCD for anti-proton interactions in nuclei. A more detailed
discussion of many of these topics is given in Refs. 2 and 3.

1. THE NUCLEUS AS A QCD FILTER IN ANTI-PROTON REACTIONS

There are a large number of ways in which a nuclear target can probe funda-
mental aspects of QCD. A primary concept is that of the “color filter”: if the in-
teractions of an incident hadron are controlled by gluon exchange, then the nucleus
will be transparent to those fluctuations of the incident hadron wavefunction which
have small transverse size. Such Fock components have a small color dipole moment
and thus will interact weakly in the nucleus; conversely, Fock components of normal
hadronic size will interact strongly and be absorbed during their passage through the
nucleus.! For example, large momentum transfer quasi—exclusive reactions, are con-
trolled in perturbative QCD by small color-singlet valence-quark Fock components
of transverse size b; ~ 1/Q; thus initial-state and final-state corrections to these
hard reactions are suppressed at large momentum transfer, and they can occur in a
nucleus without initial or final state absorption of the interacting hadrons. Thus at
large momentum transfer and energies, quasi-elastic exclusive reactions occur addi-
tively in the nuclear volume, unaffected by initial or final state multiple-scattering or
absorption of the interacting hadrons. This remarkable phenomenon is called “color
transparency.”6 Thus QCD predicts that the “transparency ratio of quasi—elastic
annihilation of the anti-proton in the p — €¢ reaction will be additive in proton

. 7
number in a nuclear target: ’

755 (PA — (A - 1))
352 (pp — €0)

A (1)

for asymptotic Q%. In contrast to the QCD color transparency prediction, the tra-
ditional (Glauber) theory of nuclear absorption predicts that quasi-elastic scattering
occurs primarily on the front surface of the nucleus. The above ratio thus should be
proportional to Z2/3, i.e. the number of protons exposed on the nuclear surface.

Conditions for Color Transparency Color transparency is a striking prediction of
perturbative QCD at high momentum transfers. There are two effects which set
the kinematic scale where the effect should be evident. First, the hard scattering
subprocess must occur at a sufficiently large momentum transfer so that only small
transverse size wavefunction components ¥(zi,b; ~ 1/Q) with small color dipole
moments dominate the reaction. Second, the state must remain small during its




transit through the nucleus. The expansion distance is controlled by the time in which
the small Fock component mixes with other Fock components. By Lorentz invariance,
the time scale 7 = 2E5/AM? grows linearly with the energy of the hadron in the
nuclear rest frame, where AM? is the difference of invariant mass squared of the Fock
components. Estimates for the expansion time are given in references 9, 10, and 11.

There are a number of important tests of color transparency and color filter
that can be carried out with anti-proton beams of moderate energy.12 Since total
annihilation processes such as pp — €€ or pp — vy and pp — J/v automatically
involve short distances, the first condition for color transparency should be satisfied.
The study of the energy dependence of these processes inside nuclei (quasi-elastic
reactions, integrated over Fermi-motion) can clarify the role of the expansion time

scale 7. A recent analysis by Jennings and Miller'® shows that T = 2E5/AM? is
controlled by the mass difference of states which are close in mass to that of the
asymptotic hadronic state. Thus color transparency may well be visible in low energy
anti-proton annihilation processes, including quasi—elastic pp — J/v annihilation in
the nucleus.

The only existing test of color transparency is the measurement of quasi—elastic

large angle pp scattering in nuclei at Brookhaven® The transparency ratio is observed
to increase as the momentum transfer increases, in agreement with the color trans-
parency prediction. However, in contradiction to perturbative QCD expectations,
the data suggests, surprisingly, that normal Glauber absorption seems to recur at the
highest energies of the experiment pj,p, ~ 12 GeV/c. It should be noted that this is

the same kinematic domain where a strong spin correlation Ayy is observed!® The
probability of protons scattering with their spins parallel and normal to the scattering
plane is found to be twice that of anti-parallel scattering, which is again in strong

contradiction to QCD expectations. However, Guy De Teramond and 1" have noted
that the breakdown of color transparency and the onset of strong spin—spin corre-
lations can both be explained by the fact that the charm threshold occurs in pp
collisions at /s ~ 5 GeV or pap ~ 12 GeV/c. At this energy the charm quarks are
produced at rest in the center of mass. Since all of the eight quarks have zero relative
velocity, they can resonate to give a strong threshold effect in the J =L =5 =1
partial wave. (The orbital angular momentum of the pp state must be odd since
the charm and anti-charm quarks have opposite parity.) This partial wave predicts
maximal spin correlation in Ay y. Most important, such a threshold or resonant ef-
fect couples to hadrons of conventional size which will have normal absorption in the
nucleus. If this non—perturbative pp — pp amplitude dominates over the perturbative
QCD amplitude, one can explain both the large spin correlation and the breakdown
of color transparency at the charm threshold. Thus the nucleus acts as a filter, ab-
sorbing the non-perturbative contribution to elastic pp scattering, while allowing the
hard scattering perturbative QCD processes to occur additively throughout the nu-

clear volume.” Similarly, one expects that the charm threshold will modify the color
transparency and hard-scattering behavior of quasi-elastic pp reactions in nuclei at



energies \/s ~ 3 GeV.

Diffractive Production of Jets in Anti-Proton Nuclear Reactions In our original pa-

per on the color filter, Bertsch, Goldhaber, Gunion, and It suggested that diffrac-
tive nuclear reactions could be used as a color filter, i.e. fluctuations of an incident
hadron with small color dipole moments and hence could emerge unscathed after
transit through a nucleus without nuclear excitation. In the case of anti-proton reac-
tions, the fluctuations of the valence Fock state where the three anti-quarks has small
transverse separation and thus small color dipole moment will be produced in the
form of three jets on the back side of the nucleus. The longitudinal and transverse
momentum dependence of the pA — A Jet Jet Jet cross section will reflect the ggq
composition of the incident anti-proton wavefunction.

The Color Filter and Hadron Fragmentation in Nuclei Recently, Hoyer and 1'® have

shown that the color filter ansatz can explain the empirical rule that the nuclear

dependence of hadronic spectra g:;g:; ((gﬁzga{)) = A%(#F) s nearly independent of

particle type H'. The essential point is that fluctuations of the initial hadron H which
have the small transverse size have the least differential energy loss in the nucleus.
Anti-proton reactions can provide further tests of this explanation.

Color Transparency and Intrinsic Charm A remarkable feature of the hadronic pro-
18

duction of the J/¢ by protons in nuclei’ ™*® is the fact that the cross section per-

sists to high zp, but with a strongly suppressed nuclear dependence, A%(*F) ~ 0.7.
The magnitude of the cross sections for high momentum charmonium reported by

the NA-3 group17 at CERN is, in fact, far in excess of what is predicted from
gluon fusion or quark anti-quark annihilation subprocesses. Both the anomalous A-
dependence and the high—-zp excess can be explained by assuming the presence of

intrinsic charm components of the incident hadron wave-functions.” The essential
physics point is as follows: the intrinsic charm Fock components, e.g. |uudce) in the
proton have maximum probability when all of the quarks have equal velocities, i.e.

when z; « /m? + k_zL.. This implies that the charm and anti—charm quarks have

the majority of the momentum of the proton when they are present in the hadron
wavefunction. In a high energy proton-nucleus collision, the small transverse size,
high-z intrinsic ¢¢ system can penetrate the nucleus, with minimal absorption and
can coalesce to produce a charmonium state at large z . The remaining spectators
of the nucleon have normal transverse size and interact on the from surface of the
nucleus, leading to a production cross section approximately proportional to A%,
Since the formation of the charmonium state occurs far outside the nucleus at high
energies, one predicts similar A%(#F)_dependence of the J/v and ' cross sections,

in agreement with recent results reported by the E772 experiment at Fermilab!® It
would be very interesting to test these ideas using incident anti-protons over a wide
range of beam momenta, since the fusion processes can be computed reliably in p
inclusive reactions. '



Shadowing, Anti-Shadowing of Inclusive Anti-Proton Reactions In the case of in-

clusive reactions, such as Drell-Yan massive lepton pair production pp — ££X, mul-
tiple scattering of the interacting partons in the nucleus can lead to shadowing and
anti-shadowing of the nuclear structure functions and a shift of the pair’s transverse
momentum to large transverse momentum. Hung Jung Lu and I have shown that nu-
clear shadowing of leading-twist QCD reactions can be related to Pomeron exchange
in the multiple interactions of the quark or anti—quark in the nucleus, and that the
complex phase of the quark-nucleon scattering amplitude due to non-singlet Reggeon
exchange leads to anti-shadowing; i.e. an excess of the nuclear cross section over nu-

cleon a,dditivity.1 ¥ It would be useful to probe in pA reactions since there are almost
no uncertainties in the knowledge of the incident parton distributions.

The definiteness of the leading order QCD predictions for fp — ££ reactions also
makes the Drell Yan process an ideal reaction for isolating QCD dynamical higher
twist processes. Power-law suppressed contributions must be present at some level
of normalization due to the coherent annihilation of multi-quark systems. This in-
cludes correlated processes such as virtual meson annihilation and diquark annihi-
lation §gqq — €€. Since the diquark (correlated qq) carries a high fraction of the
proton’s light—-cone momentum fraction, such subprocesses give cross sections which
can dominate leading twist contributions at z ~ 1. A representative form for the
coherent contributions to the Drell-Yan reaction, including factors with the charac-
teristic QCD end-point behavior at z ~ 1 is:

do(pp — £0)
dQdzqdzs
A1 — 21)3(1 — 22)3(1 + cos? 6) + B(1 — z1)(1 — z2)sin? 4 (2)
B Q? Q°
Cﬁtlm (ﬁs(l + cos? §)
+ Q10 :

Dimensional counting and spectator counting rules dN/dz ~ (1 —z)*Nsreet—1 are used
here to determine the end-point behavior. Some modification of these predictions can
occur because of spin selection rules. The lepton angular distribution reflects the co-
herence of the annihilating partons: e.g. sin® @ for diquark-anti-diquark annihilation.
The study of anti-proton annihilation into lepton pairs from low to high energies
would allow the study of the transition of QCD mechanisms from full coherence to
leading-twist incoherence.

There is empirical evidence for higher-twist contributions in the Drell-Yan due
to the coherent g — 4*q subprocess. Measurements of the cross section for 1N —
ptu=X at CERN?® are consistent with the prediction that the lepton angular dis-
tribution changes from 1+ cos%0 to sin® @ at large zF as the higher twist contribution
becomes dominant?’ Recently Qiu and Sterman’’ have extended the QCD fac-



torization theorem for general inclusive reactions to include next-to-leading-twist
contributions of this type.

Formation Zone Effects in Anti-Proton Inclusive Reactions An essential aspect of
the proofs of QCD factorization of inclusive reactions such as Drell-Yan massive lepton
pair production in a nuclear target is that the entire nuclear dependence of the cross
section is contained in the nuclear structure functions as measured in deep inelastic
lepton-nucleus scattering. Thus the factorization theorem predicts that there is no
initial state absorption or scattering that can significantly modify an incident hadron’s
parton distributions as it propagates through the nucleus. In particular, induced hard
colinear radiation due to inelastic reactions in the nucleus before the annihilation or
hard-scattering subprocess occurs must be dynamically suppressed. As shown by

Bodwin, Lepage, and myself,2 % this suppression occurs automatically in the nucleus
due to the destructive interference of the various multiple-scattering reactions in the
nucleus. The interference occurs if the inelastic processes can occur coherently in the
nucleus. This requires that the momentum transfer to target nucleons must be small
compared to the inverse correlation length in the nucleus; i.e. Ez > AMZL4 >
1, where E, is the laboratory energy of the annihilating anti-quark, AM? is the
change of mass squared of the quark in the inelastic reaction (small for hard colinear
gluon emission of the anti—quark), and L4 is the length between target centers in the
nucleus. It is important to test this formation zone effect by studying the nuclear
dependence as a function of anti-quark laboratory energy in anti-proton reactions.

Exclusive Nuclear Amplitudes Exclusive nuclear reactions such as pd — yn or pd —

7% can provide an important test of the reduced amplitude formalism for large

. ) 24
momentum transfer exclusive nuclear reactions. Recent measurements at SLAC™ are

in striking agreement with the reduced amplitude predictions for photo-disintegration
vd — np at a surprising low momentum transfer. The corresponding anti-proton
reactions will allow an important test of both the scaling behavior of exclusive nuclear
reactions and their crossing behavior to the annihilation channel. I will discuss this
topic in more detail in Sections 3 and 4.

Hidden Color Nuclear Components In QCD the six—quark deuteron is a linear su-
perposition of five color singlet states, only one of corresponds to the conventional

n—p state>> One can search for hidden color excitations of the deuteron in pHe®
elastic scattering at large angles.

Nuclear Bound Quarkonium The production of charmonium at threshold in a nu-
clear target is particularly interesting since it is possible that the attractive QCD van
der Waals potential due to multi-gluon exchange could actually bind the 7. to light
nuclei. Consider the reaction pa — (c¢)H*® where the charmonium state is produced
nearly at rest. At the threshold for charm production, the incident nuclei will be
nearly stopped (in the center of mass frame) and will fuse into a compound nucleus
because of the strong attractive nuclear force. The charmonium state will be attracted
to the nucleus by the QCD gluonic van der Waals force. One thus expects strong




final state interactions near threshold. In fact, Guy De Teramond, Ivan Schmidt, and

1?° have argued that the ¢¢ system will bind to the H3 nucleus. It is thus likely
that a new type of exotic nuclear bound state will be formed: charmonium bound to

nuclear matter>" Such a state should be observable at a distinct pa center of mass
energy, spread by the width of the charmonium state, and it will decay to unique
signatures such as pa — H3yv. The binding energy in the nucleus gives a measure of
the charmonium’s interactions with ordinary hadrons and nuclei; its hadronic decays
will measure hadron-nucleus interactions and test color transparency starting from
a unique initial state condition. I will discuss this topic in detail in the following
section.

2. TESTING THE QCD VAN DER WAALS INTERACTION IN ANTI-PROTON IN-
26
TERACTIONS

In quantum chromodynamics, a heavy quarkonium QQ state such as the 7, in-
teracts with a nucleon or nucleus through multiple gluon exchange. This is the QCD
analogue of the attractive QED van der Waals potential. Unlike QED, the potential
cannot have an inverse power-law at large distances because of the absence of zero
mass gluonium states. Since the (QQ) and nucleons have no quarks in common, the
quark interchange (or equivalently the effective meson exchange) potential should be
negligible. Since there is no Pauli blocking, the effective quarkonium-nuclear interac-
tion will not have a short-range repulsion.

The QCD van der Waals interaction is the simplest example of a nuclear force

in QCD.27 In this paper we shall show that this potential is sufficiently strong to
bind quarkonium states such as the 7., to nuclear matter. The signal for such states
will be narrow peaks in energy in the production cross section. On general grounds
one expects that the effective non-relativistic potential between heavy quarkonium

and nucleons can be parameterized by a Yukawa form V(Q@- A= —59;. Since the

gluons have spin-one, the interaction is vector-like. This implies a rich spectrum of
quarkonium-nucleus bound states with spin-orbit and spin-spin hyperfine splitting.

Thus far lattice gauge theory and other non-perturbative methods have not de-
termined the range or magnitude of the gluonic potential between hadrons. A phe-
nomenological estimate of the effective Yukawa potential applicable to mesonium

bound states and resonances QQQQ has been given by Liu?®, Using experimental
evidence for resonant structure in both ¢ — ¢ and ¥ — 1 systems, he finds an effective
Yukawa potential for ¢ — 1 interactions with strength o ~ 0.45 and inverse range
g = 1 GeV. One would expect the 5. — N interaction to have a somewhat larger
magnitude and longer range.

We can obtain another estimate of the effective QCD Van der Waals potential
using high energy information. Here we have in mind a QED analog, where one may
use high energy lepton-lepton scattering to normalize the Coulomb potential at low
energies. In our case, we relate vector-exchange contributions to the high energy



forward hadron-nucleon scattering amplitude to the vector part of the multi-gluon
exchange potential at low energies. This should be a good approximation to the
extent that the QCD Van der Waals potential behaves like a local spin-one potential,
analogous to vector boson exchange. In effect we identify pomeron exchange with the
eikonalization of the two-gluon exchange potential.

We shall use the phenomenological model of high energy pomeron interactions

developed by Donnachie and Landshoff 2 , where as in the Chou-Yang model, one
has an s—independent parameterization of the meson-nucleon and meson-nucleus
cross sections at small t: do/dt(MA — MA) = [28Fy(t))2[3ABF4(t))*/4x. Here
B = 1.85 GeV~1 is the flavor-independent pomeron-quark coupling constant, and A
is the nucleon number of the nucleus. To first approximation the form factors can be
identified with the helicity-zero meson and nuclear electromagnetic form factors.

Ignoring corrections due to eikonalization, the cross section at s >> |t| can
be identified with that due to the vector Yukawa potential do/dt(MA — MA) =
4ma?/(—t + p*)%. We then can calculate the effective coupling a and the range p
from (do/dt)!/? and its slope at t = 0. For 7 — N or K — N scattering, one obtains
a~0.5and g~ 0.5 GeV.

In the case of the 5. — N interaction, the radius of the meson is roughly half that of
ordinary mesons.’ In the fully-screened model of Gunion and Soper,3 % this reduces

the total cross section by a factor of 4. In the Donnachie-Landshoff rnodel,2 S screening
is not so effective because of the approximately local coupling of the pomeron to
hadrons. If we assume partial screening corresponding to a reduction of the elastic

cross-section by a factor of two relative to K — N scaxttering,3 ® we obtain a = 0.4
and g = 0.6 GeV for the effective 5. — N potential. Non-screening corresponds to
a = 0.6 and g = 0.6 GeV. In either case these estimates are roughly consistent with
Liu’s values.

In the case of 5.-nucleus scattering, the slope is dominated by the nuclear size
since the (c€) radius is comparatively small; thus p=2 = |dFa(t)/dt|t=0 =< R% >
/6 and a = 3AB%u%/2x, for the unscreened case. For 5, — He® scattering, one
finds a ~ 0.3 and the inverse range is g ~ 250 MeV reflecting the smearing of
the local interaction over the nuclear volume. For partially screened charmonium
interactions, a is reduced by 1/4/2. The QCD van der Waals potential is effectively the
only QCD interaction between the charmonium bound state and nuclear matter. In
the threshold regime the 5. is non-relativistic, and an effective-potential Schrodinger
equation of motion is applicable. To first approximation we will treat the 5. as a
stable particle. The effective potential is then real since higher energy intermediate
states from charmonium or nuclear excitations should not be important.

The binding energy can be computed using the variational wavefunction ¥(r) =
\/(73 /7 )ezp(—~r). Results for binding energies are presented in Table I for values of
the coupling constant corresponding to the unscreened and partially screened cases.
The condition for binding by the Yukawa potential with the above wavefunction



is amyeq > p. This condition is not met for charmonium-proton or charmonium-
deuterium systems. However, the binding of the 7. to a heavy nucleus increases
rapidly with A, since the potential strength is approximately linear in A, and the

kinetic energy < ?2/2m,ed > decreases faster than the square of the nuclear size.
If the width of the ¢€ is much smaller than its binding energy, the charmonium state
lives sufficiently long that it can be considered stable for the purposes of calculating
its binding to the nucleus. For n.H? and o = 0.33 the computed binding energy is
19 MeV, and for n.He* the binding energy is over 140 MeV. The predicted binding
energies are large even though the QCD van der Waals potential is relatively weak
compared to the one-pion-exchange Yukawa potential; this is due to the absence of
Pauli blocking or a repulsive short-range potential for heavy quarks in the nucleus.
Table I gives a list of computed binding energies for the ¢ nuclear systems. A two-
parameter variational wavefunction of the form (e~*" — e~*2")/r gives essentially
the same results. Our results also have implications for the binding of hidden strange

hadrons to nuclei’’ However, the strong mixing of the 5 with non-strange quarks
makes the interpretation of such states more complicated.

Table I

Binding energies ¢ = | < H > | of the 7. to various nuclei, for unscreened and partially
screened potentials; all masses are given in GeV. The data for < Ri >1/2 (in GeV~1)
are from ref. 34.

12 unscreened partially screened
A (Ri) T Myed ! 0% (H) a 5 (H)
1 3.9 0.60 0.715 0.59 >0 0.42 >0
2 10.7 0.23 1.15 0.172 >0 0.122 >0

3 9.5 0.26 1.45 0.327 0.40 -0.019 } 0.231 0.24 -0.003
4 8.2 0.30 1.66 0.585 0.92 -0.143 | 0.414 0.62 -0.051

6 11.2 0.22 1.95 0.470 0.89 -0.128 | 0.332 0.61 -0.050




Searching for ¢ Nuclear-Bound States It is clear that the production cross section
for charm production near threshold in nuclei will be very small. However the signals
for bound ¢ to nuclei are very distinct. The most practical measurement could be
the inclusive process pd — He3X, or pa — H3X, where the missing mass My is
constrained close to the charmonium mass. (See Fig. 1.) Since the decay of the
bound c¢ is isotropic in the center—-of-mass, but backgrounds are peaked forward,
the most favorable signal-to-noise is at backward He® or H3 cm angles. If the 7.
is bound to the recoil nucleus, a peak will be found at a distinct value of incident
energy: v/s = M, + Mpy: — ¢, spread by the intrinsic width of the n.. Here € is the
nc—nucleus binding energy predicted from the Schrodinger equation.

el
b

cc
EEE% N
7
H 3
H 3

9-90 6719A7

Figure 1. Formation of the (c¢) — H3 bound state in the process pa — H3X.

The momentum distribution of the outgoing nucleus in the center—of-mass frame
is given by dN/d3p = |1(p)|>. Thus the momentum distribution gives a direct mea-
sure of the cc—nuclear wavefunction. The width of the momentum distribution is given
by the wavefunction parameter 7, which is tabulated in Table I. The kinematics for
several different reactions are given in Table II. From the uncertainty principle we

expect that the final state momentum 7’ is related inversely to the uncertainty in the
cc position when it decays. By measuring the binding energy and recoil momentum
distribution in p’, one determines the Schrodinger wavefunction, which then can be
easily inverted to give the quarkonium-nuclear potential.

Energy conservation in the center of mass implies
Ly ®)
2M!

Here M} = (1/Mx + 1/M4)7! is the reduced mass of the final state system. The
missing invariant mass is always less than the mass of the free 7. :

Ecm=Ex+Eps>~Mx+My+

2

P
=M, —c— - 4
MX Mﬂc € 2M,’. ) ( )
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Table IT

Kinematics for the production of n.—nucleus bound states. All quantities are given in

GeV.

Process M, M, My e VS  Pem p’l“b
yHe? — (He3n,) 0 2.808 2.808 0.020 5.77 2.20 4.52
pd — (Hene) 0.938 1.876 2.808 0.020 5.77 2.48 17.64
pHet — (H3p,) 0.938 3.728 2.808 0.020 577 1.48 2.30
yHe* — (Hetn,) 0 3.728 3.728 0.120 6.59 2.24 3.96
nHe® — (He'n,) 0.938 2.808 3.728 0.120 6.59 2.60 6.09
dd — (Hen,) 1.876 1.876 3.728 0.120 6.59 2.71 9.51

thus the invariant mass varies with the recoil momentum. The mass deficit can be
understood as the result of the fact that the 5. decays off its energy shell when bound
to the nucleus.

More information is obtained by studying completely specified final states—
exclusive channels such as fa — 47y H3. Observation of the two-photon decay of
the 5. would be a decisive signal for nuclear-bound quarkonia. The position of the
bound c¢ at the instant of its decay is distributed in the nuclear volume according to
the eigen—-wavefunction ¢( 7). Thus the hadronic decays of the € system allows the
study of the propagation of hadrons through the nucleus starting from a wave-packet
centered on the nucleus, a novel initial condition. In each case, the initial state con-
dition for the decay is specified by the Schrodinger wavefunction with specific orbital
and spin quantum numbers. Consider, then, the decay 7. — pp. As the nucleons
transit the nuclear medium, their outgoing wave will be modified by nuclear final
state interactions. The differential between the energy and momentum spectrum of
the emitted proton and anti—proton should be a sensitive measure of the hadronic
amplitudes. More interesting is the fact that the nucleons are initially formed from
the c¢ — gg decay amplitude. The size of the production region is of the order of the
charm Compton length £ ~ 1/m,.. The out-going proton and anti-proton thus inter-
act in the nucleus as a small color singlet state before they are asymptotic hadron
states. The distortion of the outgoing hadron momenta thus tests formation zone

physics30 and color tra,nsparency.6

Possibility of J/1¥~Nucleus Bound States The interactions of the J/1¢ and other ex-
cited states of charmonium in nuclear matter are more complicated than the 7. in-
teraction because of the possibility of spin—exchange interactions which allow the c¢

11



system to couple to the .. This effect, illustrated in Fig. 2, adds inelasticity to the
effective ¢ nuclear potential. In effect the bound J/v — He? can decay to 7. d p and
its width will change from tens of KeV to MeV. However if the J/1-nucleus binding
is sufficiently strong, then the 7. plus nuclear continuum states may not be allowed
kinematically, and the bound J/v could then retain its narrow width, >~ 70 KeV. As
seen in Table I this appears to be the case for the J/¢ — He* system. An impor-
tant signature for the bound vector charmonium state will be the exclusive £7¢~ plus
nucleus final state.

J/
(>
(&) HE
—
p
H3 d
9-89 6469A2

Figure 2. Decay of the J/¢ — He? bound state into n.pd.

The narrowness of the charmonium states implies that the charmonium-nucleus
bound state is formed at a sharp distinct cm energy, spread by the total width I' and
the much smaller probability that it will decay back to the initial state. By duality
the product of the cross section peak times its width should be roughly a constant.
Thus the narrowness of the resonant energy leads to a large multiple of the peak cross
section, favoring experiments with good incident energy resolution.

The formation cross section is thus characterized by a series of narrow spikes
corresponding to the binding of the various ¢ states. In principle there could be higher
orbital or higher angular momentum bound state excitations of the quarkonium-
nuclear system. In the case of J/¢ bound to spin-half nuclei, we predict a hyperfine
separation of the L = 0 ground state corresponding to states of total spin J = 3/2
and J = 1/2. This separation will measure the gluonic magnetic moment of the
nucleus and that of the J/1. Measurements of the binding energies could in principle
be done with excellent precision, thus determining fundamental hadronic parameters
with high accuracy.

Stopping Factor The production cross section for creating the quarkonium-nucleus
bound state is suppressed by a dynamical “stopping” factor representing the proba-
bility that the nucleons and nuclei in the final state convert their kinetic energy to
the heavy quark pair and are all brought to approximately zero relative velocity. For
example, in the reaction pd — (c¢)He3 the initial proton and deuteron must each
change momentum from pcm to zero momentum in the center of mass. The proba-
bility for a nucleon or nucleus to change momentum and stay intact is given by the
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square of its form factor F3(¢%), where ¢4 = [(M3 + P2 )% — My)? — pt.]. We can
use as a reference cross section the pp — cépp cross section above threshold, which
was estimated in Ref. 14 to be of order ~ 1ub. Then

F3 (d4)F5.(d4,)
Fy(e%)

o(A1A2 — ccAy2) = o(pp — ccpp)

()

We thus obtain a suppression factor relative to the pp channel of F ‘12(4.6 GeV?)

Fp2(3.2 GeV?)[F4(2.8 GeV?) ~ 1075 for the pd — ccHe3 channel, giving a cross sec-
tion which may be as large as 10735 ¢m?. In the case of the pa reaction, one requires
the annihilation of the anti-proton on a proton with high virtual momentum compo-
nents: above threshold, one can write do(FA — 1.(A —1))/dz = Gy/a(z)o (PP — 7).
Information on the shape of the required quasi-exclusive A — p(z)(A — 1) fractional
momentum distribution (essentially an inelastic form factor squared) for virtual pro-
tons in a nucleus can be obtained theoretically from spectator counting rules or exper-
imentally by measuring the corresponding form factors in electroproduction or nuclear
fragmentation experiments. Large enhancements of this rate would be expected near
threshold. Considering the uniqueness of the signal and the extra enhancement at
the resonance energy, it is likely that both the pa and pd formation experiments are

experimentally viable.

Conclusions on Nuclear-Bound Quarkonium In QCD, the nuclear forces are identi-
fied with the residual strong color interactions due to quark interchange and multiple-

gluon exchange.3 " Because of the identity of the quark constituents of nucleons, a
short-range repulsive component is also present (Pauli-blocking). From this perspec-
tive, the study of heavy quarkonium interactions in nuclear matter is particularly
interesting: due to the distinct flavors of the quarks involved in the quarkonium-
nucleon interaction there is no quark exchange to first order in elastic processes, and
thus no one-meson-exchange potential from which to build a standard nuclear poten-
tial. For the same reason, there is no Pauli-blocking and consequently no short-range
nuclear repulsion. The nuclear interaction in this case is purely gluonic and thus of a
different nature from the usual nuclear forces.

The production of nuclear-bound quarkonium would be the first realization of
hadronic nuclei with exotic components bound by a purely gluonic potential. Fur-
thermore, the charmonium —nucleon interaction would provide the dynamical basis
for understanding the spin-spin correlation anomaly in high energy p — p elastic
sc::xttering.14 In this case, the interaction is not strong enough to produce a bound
state, but it can provide a strong enough enhancement at the heavy—quark threshold

characteristic of an almost-bound system.3
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3. EXCLUSIVE ANTI-PROTON REACTIONS

A primary test of QCD in exclusive reactions’ is the time-like Compton process:
pp — 77. Many features of this annihilation reaction can be predicted from first
principles at large momentum transfer. The amplitude can be factorized in the form
of a hard scattering amplitude Ty for the annihilation ¢qqggg — 77, convoluted with
the proton distribution amplitudes, ¢p(zi, Q) ép(zi, @), z1 + z2 + 23 = 1, the basic
amplitude that controls the distribution of light—cone momentum of the three quarks
in the lowest particle (valence) wavefunction. at the momentum scale Q ~ pr. The
nominal scaling law predicted from QCD and dimensional counting is

(o2 0202 COS Uem
d 2(pr)S(c0s Oem) )

z(pﬁ —7Y) = o

The angular dependence f(cosfcm) reflects both the structure of the perturbative
graphs that control Ty and the shapes of the distribution amplitude. Measurements
of the Compton process pp — 77 is thus important for a number of reasons: (1) The
s dependence at fixed 0.y, checks the fundamental scaling law of the perturbative
theory. (2) The shape of the angular dependence gives a measure of the distribution
amplitude of the proton. (3) Comparison with measurements of the proton Comp-
ton amplitude allow one to test the crossing properties of the QCD predictions. (4)
The helicity structure of the amplitudes reflects the underlying chiral invariance of
the theory. The dominant contribution corresponds to hadron helicity conservation
i.e. A\p + Ay = 0. (5) The dominant amplitude at large transverse momentum should
be approximately independent of photon mass; vector meson dominance contribu-
tions should be power-law suppressed. (6) The amplitude should obey color trans-
parency; i.e. minimal absorption of the anti-proton when one measures quasi—elastic
PA — yy(A — 1) in a heavy nuclear target. As discussed in the introduction this
violation of traditional nuclear physics absorption theory reflects the fact that the
dominant amplitude at large transverse momentum is controlled by the fluctuation
of the anti—proton wavefunction when it contains just the three anti-quarks at trans-
verse separation b; ~ 1/p;. Such a wavefunction has a small color dipole moment
and thus has minimal hadronic interactions in the nucleus.

Detailed predictions % for the process pp — v and the reversed reaction vy — pp
have been given for real and virtual photons by Farrar, et al. For definiteness one
assumes the shape and normalization of the distribution amplitude given by QCD
sum rule constraints. Existing measurements of 4y — pp in two-photon experiments
are at too low of energy to test the leading twist predictions; however, the observed
magnitude of the cross section at s &~ 5 GeV? is of the correct size predicted by the
theory.

The time-like Compton process is just one example of pp annihilation exclusive
processes important for testing QCD. The reactions include:

pp — ete ,yy,YM°,MM,BB . (7)
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In each case one can make detailed predictions based on factorization theorems, evolu-
tion equations for the logarithmic log Q% dependence of meson and baryon distribution
amplitudes, scaling laws for the hard scattering distributions (dimensional counting
rules). In most cases one has to analyze the Landshoff pinch singularity diagrams,
which correspond to multiple quark scattering through the same angle. A recent
careful analysis by Botts and Sterman-has confirmed Mueller’s explicit calculation of
the Sudakov suppression of these singularities and their dominance by short distance
distribution amplitudes. Thus up to small corrections, one predicts fixed-angle scal-
ing: %% = {g‘_’;‘ where N = Ny + Np + N¢ + Np is the total minimum number of
elementary quark, lepton, or photon fields participating in the hard subprocess. In
each case one predicts hadron helicity conservation: A4+ Ap = Ac+Ap, independent
of the photon or lepton helicity. One can also test mechanisms for the hard scattering
subprocess with simple crossing properties: e.g. the quark interchange amplitude for
proton-proton scattering has the approximate form: %‘;—(pp — pp) & ;1,- {1; ;l; . If this
is the dominant mechanism for pp scattering then by s < u crossing one predicts:
%%(f)'p — Pp) = ;15 t—l; ; 1.e. a forward, but no backward peak in 8.,.

4. REDUCED NUCLEAR AMPLITUDES

Explicit signals of QCD in nuclei have been elusive, in part because of the fact
that an effective Lagrangian containing meson and nucleon degrees of freedom must
be in some sense equivalent to QCD if one is limited to low—energy probes. The
distinction between QCD and other treatments of nuclear amplitudes is particularly
clear in the reaction yd — np; i.e. photodisintegration of the deuteron at fixed center
of mass angle. Using dimensional counting, the leading power-law prediction from
QCD is simply %‘%(7d — np) ~ F(0cm)/s'!. Of course in the nuclear amplitude, the
virtual momenta are partitioned among many quarks and gluons, so that finite mass
corrections will be significant at low to medium energies. Nevertheless, there is an ele-
gant way to test the basic QCD dynamics in these reactions taking into account much
of the finite-mass, higher-twist corrections by using the “reduced amplitude” formal-

ism™ The basic observation is that for vanishing nuclear binding energy ¢4 — 0, the
deuteron can be regarded as two nucleons sharing the deuteron four-momentum (see
Fig. 3). The momentum £ is limited by the binding and can thus be neglected. Thus
the photodisintegration amplitude contains the probability amplitude (i.e. nucleon
form factors) for the proton and neutron to each remain intact after absorbing mo-
mentum transfers p, — 1/2p; and pp, — 1/2p4, respectively. After the form factors are
removed, the remaining “reduced” amplitude should scale as F(0cm)/pr. The single
inverse power of transverse momentum pr is the slowest conceivable in any theory,
but it is the unique power predicted by PQCD. '

A test of the prediction that f(f.yn) is energy dependent at high-momentum
transfer is compared with experiment in Fig. 4. It is remarkable to see the QCD
prediction verified at incident photon lab energies as low as 1 GeV. A comparison with
a standard nuclear physics model with exchange currents is also shown for comparison
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Figure 3. Construction of the reduced nuclear amplitude for the two-body inelastic
deuteron reactions pd — ')fn.4 0
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Figure 4. Comparison of deuteron photodisintegration data with the scaling prediction
(dotted line) which requires f2(f.m) to be at most logarithmically dependent on energy at
large momentum transfer. The data are from the recent experiment of Ref. 24. The nuclear
physics prediction (solid curve) is the meson—exchange current calculation of Ref. 42.

in Fig. 4. The fact that this prediction falls less fast than the data suggests that meson
and nucleon compositeness are not taken to into account correctly.

There are a number of related tests of QCD and reduced amplitudes which require
P beams.! including pd — yn and pd — 7 p in the fixed 0., region. Dimensional
counting rules predict the asymptotic behavior %% (pd — 77p) ~ f(fem)/(p%)'2, since
there are 14 initial and final quanta involved. One cannot expect the onset of such
scaling laws until pr is well into the multi-GeV regime since each hard propagator
must carry significant momentum transfer. However, again one notes that the pd —
7~ p amplitude contains a factor representing the probability amplitude (i.e. form
factor) for the proton to remain intact after absorbing momentum transfer squared
t = (p— 1/2pd)? and the NN time-like form factor at 3 = (P + 1/2p4)%. Thus
Mgd_x-p ~ Fin(t) Fin(5) M,, where M, has the same QCD scaling properties as
quark meson scattering. We thus predict
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~ (8)
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The analogous analysis of the deuteron form factor as defined in
do . do 212
— (ld—td) = —  (Fa(Q) (9)
dt dt | gint

yields a scaling law for the reduced form factor (see Fig. 5):

e e

! _
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6-86 5446A10

Figure 5. Application of the reduced amplitude formalism to the deuteron form factor
at large momentum transfer.

Fy(@%) 1
(@) e (@

i.e. the same scaling law as a meson form factor. As shown in Fig. 6, this scaling is

£2(@%) (10)

consistent with experiment for Q@ = pr & 1 GeV. We have also seen the evidence™®
for reduced amplitude scaling for vd — pn at large angles and pr & 1 GeV. (see
Fig. 4). We thus expect similar precocious scaling behavior to hold for pd — =~ p
and other pd exclusive reduced amplitudes. All of these exclusive nuclear amplitudes
provide important tests of the influence of scale-invariant quark-gluon interactions in
the nuclear domain.
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