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1. Introduction 
High-energy processes in nuclear media provide important tests of quantum chromodynamics, 
since in principle one can use the nuclear environment to perturb and study the mechanisms 
involved in confinement and hadronization. In this talk I will discuss several examples of nuclear 
effects in QCD affecting the propagation and hadronization of quarks and gluons in nuclear 
matter. The issues include: possible signatures for quark-gluon plasma formation in heavy ion 
collisions, particularly J/(/I production; hadronization due to jet coalescence; the limits of validity 
of QCD factorization formulae due to initial- and final-state interactions; formation zone physics; 
shadowing of the quark and gluon structure functions of nuclei; and color transparency in hard 
quasielastic reactions inside of nuclei. 

2. Inclusive J/$J Production in Heavy-Ion Collisions 
The production of heavy quark bound states in nuclear collisions can test many of the funda- 
mental features of QCD. A simplifying feature of such reactions is that the underlying pro- 
duction subprocess involves heavy quark pair production at small transverse distances rl S 
l/M*. Although the production time for the cg system (in the target rest frame) is quite 
short, rprOd u (l/iQ)(p,/M~) - 10 GeV-’ = 2 fm at p7 - 100 GeV, the formation time 
required for the tic to separate to a transverse size comparable to the radius of the J/rl, is 
rformation N (rJ,+)/ul - ) fm/()GeV/p,) - 1 fm p7 (GeV). Thus even at p7 - 10 GeV the 
J/$ state is produced far from the nucleus. Such processes have become especially interesting to 
study in nuclear collisions because of the suggestion [l] that the attenuation of J/l/l production 
in central (high transverse energy) heavy ion-ion collisions relative to the lepton-pair background 
might provide a signal for quark-gluon plasma formation. Matsui and Satz argue that at suffi- 
ciently high ‘quagma” temperatures, the QCD confining force will be screened, so that it would 
be more favorable for the c and ‘E to form charmed hadrons rather than combine to form the J/+. 

Since the J/$J formation time grows linearly with its energy [2], the influence of the plasma can 
only be important in the central region, zJ/+ - 0. Also, because of the geometry of the nuclear 

collisions, one only expects suppression at low pT J" 131. Th e ratio of J/$ to continuum muon 
pairs at the same invariant mass has been measured as a function of the associated transverse 
energy ET has been measured by the NA-38 group [4] at the CERN SPS. The suppression 

[#(J/‘lI)/#(~+d]high I&>50 CeV = o 61 * o M  

~#(J/~)/#b+~-)]low ET<28 CeV * ’ 
measured in the central region, and the observed growth with pi (see fig. 1) are consistent with 
the quagma expectations, although it is perhaps surprising that oxygen-uranium collisions at 
200 GeV laboratory energy per nucleon is sufficient to show plasma effects. 

Is there a reasonable alternative explanation ? Final-state absorption [S] of the J/+ cannot 
account for the data because of the small values of the effective u( J/$ p) cross section indicated 
by J/1/, photoproduction experiments. The ratio of gluon to quark structure functions in nuclei 
could be correlated with the produced ET to produce J/tl, to continuum suppression, but a 
detailed calculation, based on a cluster model for nuclear structure functions, by Efremov et 
al. [6] gives only a 7% suppression. 

In fact, as recently discussed by Mueller and myself [7], th ere is a final-state interaction ef- 
fect which must be considered in the QCD description of Jf$ production. After the heavy 
quark pair is formed, the c or F can interact strongly with a co-moving quark or gluon specta- 
tor produced in the nuclear collision to form charmed hadrons. The “coale.scencen of the charm 
quark with beam spectators can increase the production rate of eq or cqq states at the expense 
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Figure 1. NA-St data for the ratio of Jl$ production at low and high ET M  a function of the J/G 
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of CE formation, and the forward production of J/I/J will be strongly depleted in central nuclear 
collisions (high transverse energy) relative to continuum lepton-pair production because of the 
increased density of co-moving partons from the beam [7]. Since the cemoving spectators have 
low pi, the depletion is limited to charmed quarks and J/q5 at low pi, in agreement with fig. 1. 
In contrast to predictions based on the existence of a quark-gluon plasma, this depletion occurs 
independent of whether the target is a light or heavy nucleus! We thus urge that ion beam 
experiments be carried out on hydrogen or light nuclear targets where a plasma is not expected 
to be formed. 

Alternatively, as discussed by J. Hufner et al. IS], the increased production rate with Pi” could 
be due to the increased multiple scattering of the incident gluon in long pathlength (high ET) 
events, in analogy to the increased (see sec. 3) lepton-pair transverse momentum distribution 
in nuclei reported by the NA-10 experiment IS]. The deduced product o(gN) < pt >#N- 
0.39 f 0.08 fm2 GeV2 is roughly twice the corresponding quark-nucleon values. 

In general, particles produced at low velocities relative to other partons will have their mo- 
mentum strongly distorted by final-state interactions. For example, the coalescence of the heavy 
quarks with beam spectators can cause severe distortions of the momentum distribution of heavy 
hadrons produced in the beam direction. Gunion, Soper and I [lo] note that this effect, which 
is analogous to the Sommerfeld [ll] correction in Coulomb scattering, may account for some of 
the anomalies observed in charm hadroproduction experiments, such as the large cross section 
for charmed-strange baryon production at large ZL by a 135 GeV/c hyperon beam measured 
by the WA42 collaboration 112) at the SPS, the large cross sections recently reported by the 
E-100 group at Fermilab [13] for open charm hadron production by high-energy neutron beams, 
as well as the ISR results for A, production in pp collisions. We find that the correction to the 
total production rate, integrated over relative rapidity, vanishes only as a single inverse power of 
the heavy quark mass, and thus may give signifi&nt~corrections to-charm production rates and 
distributions. The coalescence effect may be modified by the nuclear environment which could in 
turn cause an ct-dependence of the prohuctioh rate fo; charmed hadrons in nuclear targets. 

3. QCD Factorication in Nuclear Targets 
A remarkable corollary of the QCD factorization theorem for hard inclusive reactions in nuclei 
is the prediction that induced collinear radiation from inelastic initial- or final-state interactions 
does not occur at high parton energy. QCD predicts that the entire nuclear dependence of the 
cross section du/dQ2dzL(A1A2 + I+I-X) for the production of heavy lepton pairs in heavy ion 
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collisions is contained in the quark and antiquark structure functions Ge,~(z, Q), at least to lead- 
ing order in l/Q 2. Factorization thus implies that the qq + p+p- subprocess occurs without 
attenuation throughout the nucleus. In fact, one can show explicitly [14] that the initial-state 
radiation, normally expected to be induced by initial-state inelastic collisions as the quarks propa- 
gate throughout the nucleus, is cancelled by the destructive interference of radiation from different 
sources in the nucleus. This can be understood in terms of the “formation zone* principle: a quark 
cannot change its state or virtual mass instantaneously-a iinite time At = (l/AE) = (pq/Am2) 
is required for it to radiate a gluon. (Am is the change in parton mess before and after radiation.) 
The essential criteria for the validity of factorization in a long target is given by the “target length 
condition”: If the incident parton energy is large compared to a scale proportional to the length of 
its respective target: pq > Am2L, then the induced radiation is coherently cancelled, contrary to 
classical intuition. Although hard collinear radiation is suppressed, elastic scattering still occurs 
from initial- and final-state interactions, leading to smearing of the transverse momentum of the 
propagating parton [14]. 

Recent measurements of the Drell-Yan process tA -+ #/J-X by the NA-10 group [Q] at the 
CERN-SPS have shown that the cross section for muon pairs at large transverse momentum is 
increased in a tungsten target relative to a deuteron target. This provides a measure [14,15] of 
the quark elastic cross section inside of nuclear matter. Since the total cross section for lepton- 
pair production scales linearly with A (aside from relatively small EM&effect corrections), there 
must be a corresponding decrease of the ratio of the differential cross section at low values of the 
di-lepton transverse momentum. This is also apparent in the NA-10 data. However, these effects 
have not been confirmed by Fermilab experiments. 

The target length condition and formation zone physics are clearly important for the general 
understanding of the propagation of quark and gluon jets in nuclear matter. In the case of deep 
inelastic lepton scattering in a nucleus, the leading hadrons of the recoil jet are formed at large 
distances outside the nucleus. If the recoiling parton satisfies the target length condition, it will 
not suffer induced collinear radiation. Low-energy gluons, emitted in the deep, inelastic lepton- 
quark collision, can suffer radiative losses, leading to cascading of soft particles in the nucleus. 
It is clearly important to study this phenomena as a function of recoil quark energy and nuclear 
size. Collision broadening due to elastic final-state interactions of the recoil quark should also 
occur. Thus one predicts that the mean square transverse momentum of the recoil quark and its 
leading particles will increase ss A1j3. 

The nuclear dependence of structure functions [IS] implies that quarks in a nucleus have smaller 
average longitudinal momentum than in a nucleon. Independent of the specific physical mech- 
anism underlying the EMC effect, quarks in a nucleus would also be expected to have smaller 
transverse momentum. This effect may counteract to a certain extent the collision broadening of 
the outgoing jet. 

4. Shadowing of Quark and Gluon Nuclear Structure Functions 
SLAC [17] and EMC-NMC IS] measurements of deep inelastic lepton-nucleus scattering show 
that the structure function o 1 a nucleus in nuclei is shadowed; i.e., falls below nucleon additivity 
at low z 5 .Ol. The EMC data indicates that the shadowing effect is essentially Q2-independent, 
suggestive of a leading twist contribution. Shadowing of the Q2 = 0 photoabsorption cross 
section is accounted for by vector meson dominance, but this type of contribution is relatively 
suppressed by at least a power of l/Q” so it cannot account for the EMC observations. Recent 
measurements of the nuclear dependence of J/$ production in rA and PA collisions from the 
ES37 1191 experiment at Fermilab are very relevant to the shadowing problem. The ES37 data 
(see fig. 2) show a dramatic falloff of J/$ for heavy nuclei at large z J/$,. The simplest explanation 
of this suppression is that the gluon distribution in the nucleus is strongly shadowed at low z, 
even more than the quark distribution at the same z. 

Is it plausible that the nuclear distributions themselves are shadowed? As first shown by 
Landshoff et al. [20], the structure function of a parton at low z is related to the total absorptive 
cross section of the anti-parton at high energies, B w p2/z. One expects o(gA) and o(gA) 
to be surface-dominated; thus it is natural that the gluon and quark structure functions are 
shadowed 1211. Q  uantum mechanically, this occurs because of the interference of one-step and 
two-step scattering processes in the nuclei, es illustrated in fig. 3. Nachtmann and Pirner [22), 
have shown how to relate the degree of shadowing of structure functions to surface dependence 
of the nuclear binding energy. A somewhat different approach to shadowing based on parton 
coalescence and QCD evolution is given by Mueller and Qiu 1231. 
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Figure 1. ES37 data for the longitudinal ZF and target parton ~2 dependence of forward J/4 pro- 
duction in pion-nucleus colliaione. The ratio of da/&~ for tungetcn over beryllium target8 is ehown. 
Curves (a-c) are model predictions for variow explanations of the EMC eflect. Curve (d) is the nu- 
clear shadowing prediction of Qiu [.S]. Curve (e) ia a rcscattering model prediction. Curve (f) is the 
prediction of a three-gluon fusion model of Clavelli et al. Further detail8 and references are given in 
Ref. 19. 

Shadowing is a general feature which will modify QCD effects in nuclei. For example, strong 
shadowing will limit the production of low-mass lepton pairs in nuclear collisions to the nuclear 
surface because of two-step processes involving the p, w, and 4 1211. Thus one cannot use real 
photons or low-mass lepton pairs as simple probes of the interior region of heavy ion collisions. 
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A 

Figure 9. Interference model for nuclear shadowing. The elaetic forward ecattering of the parton 
on nucleon Nr (two-rtep amplitude) attenuate.9 the strength of the parton distribution from Nl due 
to destructive coherence with the corresponding one-step amplitude. The inset figure illustrates the 
analogous two-step amplitude for gluon-nucleus interactions. 

5. Color Transparency and Quasiexclusive 3/+ Production in #A Collisions 
Perturbative QCD predicts a particularly novel phenomenon for hard exclusive processes occur- 
ring inside of a nucleus. The key observation is that only the fluctuation of the valence Fock 
component of a hadron’s wavefunction with small transverse size of order l/Q contributes to an 
exclusive amplitude at high-momentum transfer in QCD. Such a wavefunction component has 
only a small color-dipole moment, and thus has a strong interaction cross section which scales 
ss 1/Q2. This implies that a hadron can hard-scatter on every nucleon in a nucleus without 
attenuation from initial- or final-state interactions! In contrast to inclusive hard reactions, both 
elastic and inelastic initial- and final-state interactions are predicted to be suppressed. Because of 
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the finite formation time, the color-singlet state stays small over a distance which grows with its 
energy. The prediction that the rate for quasielastic hard-scattering exclusive processes will be 
additive on the number of nucleons in the nucleus at large momentum transfer and hadron energy 
is referred to as ycolor transparency” 124). The simplest test of this phenomena is quasielastic 
lepton-proton scattering in the nucleus-QCD predicts a monotonic rise in the transparency ratio 
as the momentum transfer is raised until complete additivity is reached. The energy dependence 
of the formation zone effect can be isolated by studying final-state attenuation ss a function of 
recoil proton energy at a given momentum transfer Q2. 

The first test of QCD color transparency has recently been carried out at BNL in large mo- 
mentum transfer quasielastic pp scattering at 8,, = n/2 in several nuclear targets (C, Al, Pb) by 
a BNL-Columbia-Penn State collaboration [25]. The attenuation of the scattered and recoil pro- 
tons as they traverse the nucleus and the out-of-plane momentum distribution dN/dp, transverse 
to the x-z scattering plane were measured. 

The result of the BNL experiment was unexpected. As shown in fig. 4, the quasielastic cross 
section is strongly attenuated at low pie) - 6 GeV/c consistent with conventional Glauber initial- 
and final-state absorption. As plab is increased the attenuation. decreases rapidly as predicted 
by perturbative QCD. This appears to support the color transparency prediction. However, 
beyond pl&, = 10 GeV/c the transparency ratio falls, and at PI& = 12 GeV/c, normal attenuation 
is observed, in contradiction to the expectation from perturbative QCD that the transparency 
effect should become even more apparent! Thus neither conventional nuclear physics nor leading 
twist perturbative QCD can explain the data. However, de Teramond and I [26] note that the 
spin-spin correlation, ANN also has a dramatic anomaly at p1.b = 11.75 GeV/c (271. We thus 
have attempted to explain the origin of both phenomena in terms of the onset of new degrees 
of freedom; i.e., a resonance or threshold enhancement in the dibaryon system at ds - 5 GeV, 
possibly associated with the onset of charmed hadron production. Color transparency fails at a 
resonance since the full Fock structure of the proton is involved. 

I ’ I ’ 
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Figure 4. Measurements of the transparency ratio T = [do/dt(pA + pp(A - l)]/Zdo/dt(pp + pp) 
near 90” on Aluminum (jrom Ref. 25). Conventional Glauber theory predict8 that thie ratio should be 
constant in energy. Perturbative QCD predicts a monotonic rise. 

Color transparency can also be studied by measuring quasiexclusive J/$ production by anti- 
protons in a nuclear target [28]. One can study the quasiexclusive annihilation process j iA -+ 
J/ll, (A - I), h w ere the nucleus is left in a ground or excited state and extra hadrons are not 
created. The transverse momentum integrations are controlled by the charm mass scale and thus 
only the Fock state of the incident anti-proton which contains three anti-quarks at small impact 
separation can annihilate. We can again apply the same argument as for hard elastic scattering. 
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Since this Fock state has a relatively small color-dipole moment, it should have a longer than usual 
mean-free path in nuclear matter; i.e., %olor transparency.” Thus, unlike traditional expectations, 
QCD predicts that the pp annihilation into charmonium is not restricted to the front surface of 
the nucleus. The exact nuclear dependence depends on the formation time for the physical p to 
couple to the small QQQ configuration, r~ a Ep. It may be possible to study the effect of finite 
formation time by varying the beam energy, Ep, and using Fermi-motion to stay at the J/$ 
resonance. For example, if the J/(c, * p d is ro uced at nonrelativistic velocities in this low-energy 
experiment, it can be formed inside the nucleus. The A-dependence of the quasiexclusive reaction 
can thus be used to determine the J/1/, -nucleon cross section at low energies. In contrast, at high 
energy, such as in the Fermilab photoproduction experiments 1291, the formation time of the J/G 
is so long that one can only observe the interactions of the produced CE system in the nucleus, 
not the J/q4 itself 171. 
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