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A brief sun_ of A-dependen: effects which have been observed in various high
energy scattering processes from nuclear targets is given. Reactions which are discussed
include dijet production, dihadron production, Drell-Yan, deep inelastic muon scattering,
and low-pt hadron production. The data arc described in terms of multiple scattering of a
fast patton in nuclear matter. Some suggestions for future work are given.

INTRODUCTION

This paper concerns the nuclear scattering of patrons which participate in hard
scattering processes - which is about as close to the literal intersection of high energy and
nuclear physics as one can get. It is a fascinating and important intersection for many
reasons: it involves an interesting QCD puzzle, there are some key experimental issues still
to be resolved, nuclear targets offer practical and physics advantages for many fixed targe:
high energy physics experiments, and it provides a needed testing ground for models of
high energy heavy ion collisions to be studied at RHIC and elsewhere. In this paper, we
will summarize existing data from several types of reactions, and point out ways in which
new data could help to clarify thephysics issues.

DUET PRODUCTION

Almost all of the published data on nuclear effects in dijet production by hadrons
has come from two Fermilab experiments, E609 and E557, which were run about 10 years
ago. Hard quark-quark scattering followed by quark (string) fragmentation is shown
diagramaticaUy in Fig. I. Multiple nuclear scattering of the outgoing quarks can broaden
the back-to-back azimuthal correlation of the outgoing dijets. This is indeed what was
observed in the data (1, 2), as shown in Fig. 2 and 3.

(_7 __ Fig. 1 Quark hard scattering
> - - - _'_ and fragmentation in a ppcollision.
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DISCL_R

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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Fig. 2 Distribution in A¢, the azimuthal Fig. 3 Azimuthal distribution of
angle between the jet axis. The narrower transverse energy determined from
distribution is from an H target; the broader momenta of charged tracks in
is from a Pb target. Both distributions are E557, ref. 2. The trigge.r jet is at
normalized to the same number of events. (_= 0. The lines are to guide the
E609 data, ref. 1. eye for H and Pb target data.

used to make Fig. 2 also showed (1) that 1) the angular wiam ota jet is neany tnuclJ
of A, and 2) the apparent broadness of the away-side jet, so impressive for a heavy target
in Fig. 3, is in fact caused almost entirely by nuclear scattering of the pattens, which
causes them to lose some of their original 180 degree correlation in the azimuthal angle. It
is also worth noting that Fig. 3 shows the transverse ene;gy flow distribution as deduced
from curvature measurements on charged tracks, and is thus more independent of
triggering, jeff'mding, and angular resolution effects than is the usual energy flow as
measured by calorimetry.

resent the nuclear broadening of the dijCt aza;nm.th_ang,ul_.c_or_fl.au_We shall rep . _-.,. .... _1,,,,k.-tnuctear), its value ;s uum,,
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from expedrnental data by as g

f k for a nucleon target plus kt¢(nuclear) plus an instrumental and jet-
the quadratic sum o . t(I)........ "'-- -"-ta are consistent (3) with kt_(nuclear) being
finding contribution KtCUet_mamg)" ' nc -*

proportional to A 1/6, as would be expected if the nuctear scattering is a multiple _canenng
process.

Using the E609 data on dijet production in 400 GeV pA collisions, as shown in Fig
2, a surprisingly large value of kt_(Pb) of about 2.5 GeV/c was found. At this conference,
new experimental results for nuclear kt¢ in dijet f'mal states produced by incident photons
and pions are being reported (4, 5) from Fermilab experiments E683 and E706. These
experiments find substantial values, 1 to 1.5 GeV/c, for nuclear kt¢, and are also yielding
information on the beam energy dependence of kt(nuclear).
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DIHADRON PRODUCTION

Several experiments have obtained high precision data on the nuclear dependence of
high mass dihadron production (6). Such data can give accurate information on nuclear
contributions to kt_ if analyzed along the lines of the dijet phenomena described above.
Some apparent discrepancies between the results of various dihadron experiments may be
artifacts of such k t effects, as was described in a paper last year (7). Note that describing
the nuclear effect in terms of kt rather than the usual nuclear enhancement factor a is
advantageous both conceptually and for comparing results from different experiments. It
will be interesting to see if values of kt_ derived from dihadron experiments agree with
those from dijet measurements.

DRELL-YAN PRODUCTION

Nuclear scattering of the incident parton in DY production will impart an additional
transverse momentum kt (DY, nuclear) to the final state lepton pair. This transverse
momentum is assumed to combine in quadrature with the transverse kick due to normal
initial state gluon radiation (as would be observed using a free nucleon targe0 in the same
way as described above. Experimentally, it has been found that kt(DY, hydrogen)) is very
similar to the value kt(dijets, hydrogen). However, the RUfdg_ scattering which is
contributed by a heavy nucleus, kt (DY, nuclear), is observed to be quite small, about 0.4
GeV/c, for DY production by either pions or protons (8) over a wide range of beam
energies. For a single transverse component such as ktt_, this value is further reduced by a
factor of x/2 to about 0.3 GeV/c.

There seem to be no theoretical papers in the literature which predict or explain the
large nuclear scattering in dijet production compared to the small value observed for DY
producfon. Nevertheless, it is an apparent experimental fact that the nuclear scattering of
the incoming quark in a DY reaction experiences much less nuclear scattering than does a
(presumably final state) parton in parton-parton scattering. Theoretical papers at this
conference by Ralston (9) and by Kopeliovich (10) address this puzzle in terms of QCD
concepts.

DEEP INELASTIC MUON SCATTERING (DIS)

DIS can lead to a single jet from the fragmentation of the quark which was struck
by the virtual photon [the so called 1(+ i) jet events]. Nuclear scattering of the struck quark
would then contribute an additional transverse component kt(nuclear) to the quark's
momentum, transverse to the direction of the virtual photon. At higher energies, the virtual
photon collision will lead to dijet final states [2(+ 1) jet events]. The effects of nuclear
scattering upon these dijet events could be compared directly to the experimental results (4)
which have been obtained using real photons in Fermilab E683.

Published data about nuclear effects in DIS are only from the 1(+ 1) events. The
results are given in terms of the Pt distribution of the detected hadrons relative to the virtual
photon direction. Fig. 4 and 5 show the observed nuclear effects as measured by the ratio
of Pt distributions for a heavy nucleus compared to a deuterium target. These data (11, 12)
are from Fermilab experiment E665 and from the EMC experiment. Of course, transverse
scattering of the quark would have little effect upon the Pt of low z hadrons from
hadronization of the quark. At large z, nuclear kt would increase the mean value of Pt-



Fig. 5 shows some evidence for a nuclear enhancement of Pt, and a quantitative analysis
would be valuable. This could be done by reconstructing the "quark jet" direction or by
using a Monte Carlo fragmentation model to predict the distributions of Fig. 4 and 5 for
various values of kt(nucleon) and kt(nuclear). Lacking such analyses, it is not yet clear
how the DIS nuclear scattering effects compare with those described above.
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Fig. 4 Xe/D ratio of Pt distributions. E665 data, ref. 11.
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Fig. 5 CulD ratio of Pt distributions. EMC data, ref. 12.

LOW-PT HADRON PRODUCTION

Here we make the bold assumption that we canapply similar ideas about quark
multiple scattering in nuclear matter to a "soft" process. The process we shall consider is
inclusive production of pions in pA collisions at large xf and small Pt (<1 GeV/c). The data
of Barton et al. (13) showed a long time ago that the (narrow) distribution in Pt of such
pions was practically the same whether the A of the target was small or large. If we think
of these pions as arising from the fragmentation of a fast quark, then the Pt distribution of
the pions would be a measure of the nuclear scattering of the fast quark. In fact, in the dual
patton model (14) for these soft inelastic events, the quark line diagram can be the same as
for hard parton scattering (Fig 1).

Experimental data (13) imply an upper limit for kt(nuclear) of about 0.3 GeV/c,
with 0.1 GeV/c being a more likely value. Of course, this reaction does not involve a hard
scattering and so should not be compared in a direct way to those discussed above.
Nevertheless, it may be showing us that quarks in an incident hadron, in the absence of a
hard scattering, can somehow provide each other with major shielding from color



Ii,

interactions with surrounding nuclear matter. Perhaps a similar effect occurs in the initial
state of the Drell-Yan reaction.

PARTON ENERGY LOSS

There is insufficient space here to describe the important connection between the
multiple scattering and the energy loss of a fast parton as it traverses nuclear matter (15, 9).
From a purely experimental point of view, it should be emphasized that direct experimental
information about nuclear energy loss was obtained in E609 (16), and this kind of data
could also be obtained in other hard-scattering experiments.

This work was supported by the U.S. Department of Energy, Division of High Energy
Physics under contract No. W-31-109-ENG-38.
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