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PROBING NUCLEI WITH HIGH-ENERGY HADRONIC 
REACTIONS 

J. M. MOSS 
Los Alamos National Laboratory, Los Alamos, NM 87545, USA 

I review the subject of hadron-nucleus collisions at energies where perturbative theory is 
applicable. Reactions studied experimentally at the Fermilab Tevatron and CERN's Super 
Proton Synchrotron include the Drell-Yan process, direct photon production, quarkonium 
production, and open charm production. I conclude with an observation about a new e n of 
proton-nucleus and nucleus-nucleus experiments which will be carried out at the hadron 
colliders, RHIC and LHC. 

1 Introduction3 

Very high-energy reactions have been employed to study nuclei at short-distance 
scales for more than 10 years. For most of the nuclear physics community the 
emergence of this subfield began in 1983 with the publication of the now famous 
European Muon Collaboration (EMC) effect. The EMC experiment and experi
ments at SLAC demonstrated conclusively that the quark distributions of bound 
nucleons are not the same as those of free ones. 

The reaction employed in these and later studies is the well-calibrated workhorse 
of quark-level physics of the nucleon for die past 25 years, the one pioneered at 
SLAC in the early 1970s, for which the 1990 Nobel Prize in Physics was awarded -
deep inelastic lepton scattering (Fig. 1). The "first" quark effects in nuclei were 
discovered by precision measurements of DIS in which the cross section of the 
process is compared for free and bound nucleons.b Now, good as it is as a probe of 
quark structure, DIS cannot reveal all. This is why reactions induced by hadron 
beams have appealed to those who would look deeper into the mysteries of quark and 
gluon effects in nuclei. For reasons of experimental feasibility and theoretical 
simplicity, proton-nucleus reactions have seen by far the most action. Fortunately, 
at the parton level, the proton is an exceedingly well characterized object Figure 2 

a I would like to acknowledge the many contributions of my colleagues in Fermilab experiments E772 
and E789. 
° The Deuteron often serves as an approximation of a free p + n target. 
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Figure 1: Feynman graph of deep-inelastic lepton nucleon scattering. 
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Figure 2: Quark structure functions of the proton versus momentum fraction. 
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shows the quark and antiquark structure functions of the proton. A high-energy 
proton can be roughly visualized as a superposition of beams of u-quarks, d-quarks, 
antiquaries, and gluons (not shown) - a "white" source of partons similar to white 
sources of neutrons and bremsstrahlung photons. A sufficiently complete recon
struction of the final state of a reaction allows one to determine the energy of the 
initial parton as well as its identity in many cases. 

Among the processes which could conceivably be used to study parton effects in 
nuclei are shown in Fig. 3. Shown at the bottom of the figure is a diagram for 
gluon fusion leading to heavy quarkonium production. Unlike the others, this is 
not a purely perturbative process, since it involves a hadronic final state. 
Nevertheless, because of the large production Q2 and the large amount of data 
currently available, heavy quarkonium production, with a little hope and creative 
phenomenology, may tell us important things about nuclei. 
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Figure 3: Feynman graphs for perturbative processes in hadron-hadron collisions (top 
three). Shown at the bottom of the figure gluon fusion leading to heavy quarkonium 
production. It is not a purely perturbative process, since a hadronic final state is formed. 
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Now the key to the use of these processes in nuclear dependence experiments is 
that the structure function of the "probe" particle be that of the free hadron - not 
obviously fulfilled if one thinks of all the damage that could occur to a proton 
traversing a nucleus on its way to a hard scattering. Fortunately it is well 
established both theoretically and experimentally that hard scattering (high Q2) 
processes occur before initial state interactions have time to change the initial 
hadron's wave function.0 

2 The Drell-Yan Process 

The Drell-Yan (DY) process is closely related to its electromagnetic cousin deep 
inelastic lepton scattering, as is evident from Fig. 1 and Fig. 3. It is extremely well 
characterized both experimentally, based on 20 years of data from fixed-target 
programs at CERN and Fermilab, and theoretically, following 15 years of extensive 
study of QCD corrections to the electromagnetic vertex. Fermilab E772 was the 
first experiment to carry out a precision study of the nuclear dependence of the DY 
process. E772 used die proton as a u-quark beam to look for possible enhance
ments in the u(x) distribution of nucleons in nuclei. To understand how this 
works, consider the parton model formula for the DY cross section: 

where a is the fine-structure constant, M = -^XiX2s is the dimuon mass, et the 
electric charge of a quark or antiquark of flavor i, and ?,(ifc) are quark (antiquark) 
structure functions. By convention in fixed-target experiment the subscripts 1 and 2 
refer to the beam and target structure functions, respectively. Measurement of the 4-
momenta of the two muons allows one to reconstruct the 4-momenta of the original 
qq pair. By focusing on events where JCX > 0.1, it is clear from Fig. 2 that beam 
(proton) quarks are much more numerous than antiquarks. Further, the weighting 
by the square of the quark charge ensures dominance of u over d. Under these 
conditions the cross sections simplifies to: 

c This applies only to longitudinal momentum degradation. The effects of multiple partonic scattering 
on the transverse momentum are well established. 
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d2a 
dxxdx^ 9M 

Ana2 , w v 
TXu(xiHxz) • (2) 

i.e., one has a beam u-quark annihilating with a target u -quark. 
Figure 4 shows the well-known and surprising result - no net increase in u(x) 

in nuclei in spite of the complex mixture of meson exchanges responsible for 
nuclear binding. On the contrary, at small x2 one sees a decrease in u(x) in heavy 
targets. This is usually interpreted as the first evidence of small-* shadowing in 
hadronic reactions. Shadowing is a well established feature of nuclear quark 
distributions from DIS studies. 
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Figure 4: Nuclear dependence of the antiquarfc distribution from E772, 
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The second application of the DY process I want to discuss relates to the 
antiquark structure of the proton. Here the stage has been set by a precision 
comparison of deep-inelastic muon scattering from *H and H at CERN. The 
results imply 

j(dp(x)-up(x))dx = 0 . (3) 
o 

Because the DIS results yield only the integral nonequality of the distributions, one 
must appeal to other methods to learn more about the isospin structure of the 
antiquark sea. 

Following the DIS result the NA51 collaboration at CERN employed the 
venerable NA10/NA38 dilepton spectrometer to make a comparison of the DY 
process in 400-GeV p + JH and 2H collisions. Here again one uses the proton as a 
u-quark beam to study the up(x) structure of the proton target When the target is 
changed to a neutron (alas, 2H is as good as we can get!), «„(x) is determined. 
Invoking charge symmetry, known to be an excellent approximation from low-
energy nuclear physics, un(x) -» dp(x). Figure 5 shows the NA51 result along 
with limits set by comparing isoscalar and non-isoscalar targets from E772. A 
more extensive DY experiment employing *H and 2H targets at Fermilab (E866) 
with 800-GeV protons will map out the details of dp(x)/up(x) over the range 
0.05 < x <, 0.25. 

3 Direct Photon Production 

Direct photon production has been touted for years theoretically as a probe of gluon 
structure. Among the dominant diagrams is the gluon Compton term shown in 
Fig. 3. In recent years direct photon production data have approached their promise 
in pp collider experiments where fine-grained electromagnetic calorimeters have 
been constructed and away-side jet detection is feasible. In hadron-nucleus 
experiments, however, progress has been much slower. The difficulty is, of course, 
that direct photons are a small signal in the raw data compared to photons from n° 
and 7j° decay. Preliminary data from Fermilab E706 (515-GeV n~ + A 
interactions) show no nuclear dependence within error over the range 3 <, p, £ 8 
GeV. It should be noted that inclusive direct photon production (without coincident 
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Figure 5: Isospin asymmetry of the antiquark sea of the proton measured by the DY 
process in CERN experiment NA51 8 and limits set by Fermilab E772.6 The vertical bars at 
zero asymmetry are error estimates for Fermilab E866, a DY production experiment to be 
performed in 1996-97. 

detection of the jet) is kinematically incomplete and therefore does not isolate the 
term q(.Xx)G(x2) uniquely. One often uses the approximation x : » x 2 » 2p,/"Js. 
Thus E706 is probing the nuclear dependence of a mixture of large-* quark, 
antiquark, and gluon effects. 

During the future RHIC era when higher energies allow one to probe the 
smaller x region where cross sections are higher, and more elaborate calorimeters 
make background correction more tractable, direct photon production may realize its 
potential as a probe of gluonic structure of nucleons and nuclei. 
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4 Heavy Quark Production 

Figure 6 shows the problem - and the opportunity - for hadroproduction of heavy 
quarkonia from nuclei. Nuclear effects are large. In terms of the usual parameteri
zation, <xA = <yN x Aa, a is always less than unity. Similar effects are seen in 
pion and antiproton production of the J/y/ resonance. Attempts to interpret the 
attenuation in terms of a quarkonium-nucleus cross section have been largely 
discredited. At 800 GeV, for example, even central ( y = xF = 0 ) production results 
in a hadron that cannot reach its classical equilibrium size until many nuclear 
diameters have been traversed. It is also noteworthy that the attenuation of the J/y/ 
and y/' are the same despite the fact that the equilibrium radius of the yr' is twice 
as large as the J/y/; this would translate into an equilibrium absorption cross 
section 4 times as large. Likewise the attenuation observed for the Y and excited 
states of the Y are identical, although substantially less than that observed for the 
charmonium states. 
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Figure 6: Nuclear dependence of J/yr, 1/, and Y production with 800-GeV protons from E772.' 
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The mystery is further compounded by die very strong dependence of the 
attenuation on xF. Figure 7 shows a versus xF for 800-GeV proton-induced J/yr 
production. The fastest moving hadrons show the largest absorption. Figure 8 also 
shows the that there is no attenuation for open charm production at the same beam 
energy. This result is a tour-de-force in the realm of A-dependence experiments. It 
is due to Fermilab E789 where a microvertex detector was employed with an open 
aperture spectrometer configuration to pick out downstream decays of neutral D 
mesons via D° -» Kit. Fermilab E769 has also reported measurement of nuclear 
dependence of D meson production with 250-GeV pions; they also find no 
attenuation, with the result a = 1.00 ± 0.05 ± 0.02. 
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Figure 8: Attenuation versus x^ for J/yr production with 200-GeV protons11 and 800-
GeV protons showing the violation of x^ scaling. Also shown for comparison are similar 
data for DY production with 800-GeV protons.3 

A feature of quarkonium production which appears roughly in accord with 
theoretical expectation is the A dependence of (pf) shown in Fig. 9 for the Y and 
for DY production with 800-GeV protons from E772. Similar broadening of the pt 

distribution for J/y/ production*1 has been found was found by the NA3 collabo
ration using 200-GeV protons. Qualitatively the increase in (pf \ with A is 

d The J/\jf production data from E772 has a very limited p, range thus reducing the quality of the 
dependence of (pfj on A. 
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expected as the effect of multiple parton-parton scattering. As the size of the target 
nucleus increases, so does the effective path length. The DY process shows a 
weaker increase with A, in part due to the smallness of the quark-nuclear matter 
cross section relative to that of gluons. Final state multiple scattering could also 
cause some of the increase observed for J/\jr and Y production. 

A final note in the quarkonium saga, if one compares the attenuation versus ^ 
(target momentum fraction), the effect does not scale with energy as is seen in 
Fig. 8. Thus what might appear to resemble shadowing when measured at 200 
GeV changes completely at 800 GeV. Note also, in comparison with the DY 
process where shadowing is likely to be seen in the smallest x point, the attenuation 
in J/y production is too large. 
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The above are the facts. What does theory say? Fortunately or unfortunately, 
depending on your viewpoint, quite a lot. The large nuclear dependence of 
quarkonium production, and the relatively new finding that open heavy flavor 
production scales as A, have inspired an enormous amount of theoretical activity in 
recent years. Some recent references are listed in Ref. 12. The models are quite 
varied in their approaches. They may be roughly lumped into to the following 
categories: 

° Nuclear Dependence. The best established nuclear effect on parton structure is 
shadowing. As discussed earlier small x2 from E772 suggest that shadowing 
has been observed in the DY process. Some of the suppression seen in 800-
GeV //\ff production may be ascribed to this phenomenon. 

° Co-Mover Interactions. Quarkonia may interact with a large density of hadronic 
debris resulting in depletion through processes, e.g., J/\jf+p-*D+D. 
Experimental data in the region of negative xF are crucial to further 
understanding of this mechanism. 

° Nuclear Attenuation. Interaction of the primordial QQ state with the rest of 
the nucleus may provide some attenuation. Many authors consider this 
mechanism to be unimportant at high energies (> 800 GeV), since hadronic 
formation lengths become large compared to nuclear diameters. Color screening 
implies small cross sections for the primordial QQ state. 

° Initial-State Energy Loss. This issue has been reexamined recently. Sufficient 
energy loss may be accumulated in traversal of nuclear matter to yield some or 
all of the observed A-dependence of the xF distribution. 

° Intrinsic Heavy Flavor. If the wave function of the initial hadron contains Fock 
components of QQ pairs, these may contribute to very large xF quarkonium 
production where the cross section is small. General arguments applied to this 
mechanism yield a = 2/3 in the large xF domain. 

° Quark-Gluon Plasma. Debye screening, inhibiting die formation of the J/yr, 
would prevail in deconfined quark matter. This mechanism is presumably 
operative only in central collisions of the heaviest nuclei where the conditions 
for deconfinement may be achieved. 

The current data, particularly the A-dependence of the xF distributions of J/yr, 
\ff', and Y production, are inconsistent with any one model explanation. Many of 
die above mechanism may, of course, be operable. What is needed for further 
progress is data in heretofore unexplored kinematic regions. The collider 
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environment, opening new energy and kinematic domains, will undoubtedly be most 
important in providing such data. 

It has often been observed that the quark-gluon plasma (QGP) search programs 
at RHIC and LHC will require pp and pA data for "calibration" of QGP signals. I 
hope I have made the point here thatpA physics at these future facilities should lead 
to deeper insight into some fascinating unresolved problems in QCD, whether or 
not they are directly relevant to search for the QGP. On this note I want to conclude 
with my personal choice of an extremely important measurement which will be 
feasible in a few years at RHIC, and hopefully in a few years beyond that at LHC. 

5 Drell-Yan Production In Nucleus-Nucleus Collisions 

Figure 10 shows a most remarkable page from a recent review article on the DY 
process.13 The data are from Fermilab E605, 1 4 800-GeV p + Cu DY production at 
various values of xF and Vr s Ai/^fs. The curves are DY calculations with next-
to-leading order (NLO) QCD corrections included, using structure functions derived 
largely from DIS data. There are no adjustable parameters or fudge factors. To put 
it in different words, the NLO calculation of the NN cross section multiplied by the 
atomic weight of the target, 63.54, gives the correct cross section for p + Cu for 
DY production at VI = 38.9 GeV! This of course follows from the lack of A 
dependence in the DY process. 

In a few years when one is able to measure DY pairs from central Au + Au 
collisions at RHIC at 4s = 200 GeV, will the answer be follow simply from the 
rules for calculating hard QCD process in heavy-ion collisions - <JM = A ^ x o ^ ? 
Unlikely - say several theoristse who have recently calculated the spectrum of 
lepton pairs from an equilibrating QGP. Factors of up to 10 increase over the A 4^ 
scaling are predicted to be observed in the "safe" DY region, M ^ 5 GeV. Recall 
that E772 looked for A dependence effects at the level of 2% changes in the cross 
section per nucleon! 

Whatever the outcome it is clear that the DY process presents a most clear cut 
test of new physics potentially lurking in the production of hot, dense hadronic 
matter at nucleus-nucleus colliders. 

See the discussion in a recent review of signatures of the QGP. 
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