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Measurements of the Drell-Yan process and of charmonium and bottomonium production at CERN
and Fermilab show a depletion at high Feynman x in large relative to small nuclear targets. We can
attribute this depletion to energy loss of initial and final states, provided that the loss is (dE/

4
dz)opdi. vga g (dE/dz), h.„,~—1.S GeV/fm at the highest xr measured. This small loss is magnified in

the diA'erential cross section due to the strong behavior —(I —x)" of the projectile's structure functions
at large x.

PACS numbers: 25.40.Ve, 13.85.Ni, I 3.85.Qk

Fermilab experiment E772 has measured the 3 depen-
dence of the Drell-Yan process [1] and J/iit production
[2] in proton-nucleus collisions at the center-of-mass en-

ergy Js =40 GeV. Data for the ratio A '(der„z/dxt-)/
(dtTPP/dxF) in Fig. 1 exhibit a strong depletion for J/ilt
and Drell-Yan pairs carrying a significant fraction xF of
the projectile momentum. While NA3 at CERN had re-

ported [3] a similar behavior for J/ilt at Js =20 GeV,
E772's is the first demonstration of such a nuclear xF
dependence in the Drell-Yan process. We propose that
energy loss due to multiple parton scattering can con-
sistently explain the high-xF depletion in the Drell-Yan
process and J/ilt production. Depletion arises because of
a sensitive dependence of the projectile's structure func-
tions at large x to small energy losses of the initial- and
final-state partons.

The fractional loss for the projectile quark needed to
explain the Drell-Yan depletion at the highest xF =0.64

~ ~ ~ ~

0.8

b
0.6

b
0,4

E772 data
O J/g DY

» & I i & t i I & i i i j

0.2 0.3 0.4 0.5 0.6 0.7

FIG. l. The depletion from tungsten. The dotted and dashed

curves are the expected depletion in J/itt prodiictjon arising sole-

ly from initial-state scattering using two diA'erent sets of struc-

ture functions. Also included are the results for the Drell-Yan

data (squares). The solid curve compares our calculation for

charmonium including final-state energy loss to J/itt data (cir-

cles).
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is quite small, (AxF)„=0.0125 in tungsten. For the

E772 beam energy Eb„„. =800 GeV, this loss corresponds
to an energy degradation per unit distance dE/dz
—/)xFEb, „m/R —1.5 GeV/fm (R =6.5 fm for tungsten).
We will extrapolate this Drell-Yan energy loss to describe
the J/iy' depletion at high xF. Our analysis implies an es-

timate, perhaps an upper bound, on dE/dz because other

nuclear effects can also contribute to the depletion, such

as sea-quark structure function modification in the target

[1,4,5] in the Drell-Yan process and intrinsic charm in

the projectile [6] in J/lit production. However, evidence

for multiple scattering [7] is seen in the ps data of the

Drell-Yan process and Y production data [8]. The possi-

bility that partons lose energy while traversing a nucleus

is discussed elsewhere in the literature [9], most recently

in the context of jet quenching [IO]. Gyulassy, Pliimer,

and co-workers [10,11] extract a similar dE/dz —1-2
GeV/fm for quarks from an analysis of deep inelastic

lepton-nucleus scattering data from SLAC and Fermilab

F665 [12].
A larger fractional loss (AxF)s = 4 (hxt;)v is expected

for J/ i' production, where the incident partons are

gluons. In fact, the measured high-xF depletion is sub-

stantially stronger in J/ilt production than in the Drell-

Yan process, owing in part to this enhanced loss and, as

discussed below, to a greater structure function sensitivity

for gluons. However, an additional energy loss can arise

because the cc pair can interact in the final state. At low

p&, the J/ilt forms predominantly through gluon fusion

g+g cc+g, where at least one soft or collinear gluon

must be radiated to render the charm pair a color singlet.

The proper time needed for this gluon emission —0. 1 —1

fm is Lorentz dilated at high energy, so that pairs with

xF &0.3 at E772 energy require & 8-80 fm to form in

the target rest frame. Such a pair will traverse the nu-

cleus as a color octet and lose energy as if it were a gluon.

A small fraction —30% of J/ilt are produced via a color

singlet state through g formation [13,14]. We expect this

fraction to suffer roughly half the energy loss of the octet

majority. Note that final-state interactions that dissoci-

ate the pair must resolve the two quarks and are inhibited

by time dilation at large xF. Most applications of color
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transparency to J/y formation [15] do not address these
eA'ects involving color.

The parton energy loss that we describe here, although
present in a wide range of nuclear phenomena, is quite
small on the scale of high-energy collisions. The high-xF
Drell-Yan process and J/y production are nevertheless
sensitive to this loss due to their structure function depen-
dence. The Drell-Yan cross section for a pair with mass

1s

Q', = ' ' ga& [q(x))q(x2)+q(x2)q(x))],
dxFdQ xi+x2 v

where q and q are the quark and antiquark structure
functions, xF =x~ —x2, x~x2=Q /s, and x~ 2 are the2

momentum fractions carried by the projectile and target
partons. A similar expression for J/y production that
depends on the gluon structure function g is given below

[Eq. (4)]. At high xF, this rate is acutely sensitive to the
projectile structure functions near x I =1:

xq(x)-(1 —x)', xq(x)-(I —x)', xg(x)-(I —x)'.
(2)

If a fraction of the incoming or outgoing energy is lost
due to initial- or final-state interactions, then the mea-
sured xF-x~ is smaller than the initial x~. Consequent-

ly, hA collisions sample the parton distribution at a larger
x ~

where the structure functions are smaller than those in

hN interactions at the same xF. Observe that J/y pro-
duction through gluon fusion is more sensitive to this
eA'ect than the Drell-Yan process.

We expect open charm and J/y production to display
essentially the same high-xF depletion. In addition, we

expect high-xF direct photon production [16] to be sensi-
tive to energy loss through the parton density dependence
in Compton scattering and annihilation processes, al-
though such eAects have not been resolved in the present
data. Analogously, deep-inelastic scattering data can
reflect the energy loss of the quark or antiquark jet of en-

ergy v in the 3 dependence of the leading hadrons at high
z =Eq.„q„„/v, due to the 2)-(1 —z)" falloff of the frag-
mentation functions near z= 1. However, we estimate
the effect on S~/2)„ to be within 5% for the kinematics
probed by most current experiments. Indications [12] of
energy loss at the lowest v and highest z~0.4 are dis-
cussed in Refs. [10,11].

To explore the eAect of energy loss in the Drell-Yan
production, we determine the cross section Eq. (1) at
xF=x~ —x2 —hx, where hx is the average loss of the
projectile parton in a nuclear collision. This approxima-
tion is reasonable provided these losses are small. We ex-
tract the average loss for the quark, Axq, needed to de-
scribe the Drell-Yan data in tungsten at xF=0.64, and
fix the A and parton-variable dependence to confront the
other data. Motivated by the QCD analysis of Sterman

and co-workers [16-18],we take

hx; = x.x;C;(Qo/Q) "8 ' (3)

where C„=3 for gluons, Cv =4/3 for quarks, and the
Drell-Yan data imply x =0.003 at Q = Qo—=4 GeV. En-

ergy loss in QCD is a higher twist effect. Although the
higher twist analysis of the Drell-Yan process in Ref.
[17] does not address energy loss per se, we infer the
qualitative form of (3) by analogy to the discussion of the
transverse spin asymmetry in direct photon production in
Ref. [16]. There, the leading twist-3 contribution in-
creases with increasing xF due to a dependence on the x
derivative of a higher twist parton distribution. We ex-
pect a similar dependence in the Drell-Yan process, and
simulate the corresponding increase by the schematic
linear x dependence in (3). Generally, hx must vanish as
x 0, since a projectile parton near x; =0 carries none
of the projectile's energy and has nothing to lose. Fur-
thermore, one expects the leading contribution to the un-
polarized Drell-Yan cross section to be twist 4, so that
AxeeQ for large Q, i.e., n=2. However, corrections
to the cross section from (3) will be large for J/y pro-
duction, perhaps signifying a breakdown of the Q ex-
pansion. We also consider the possibility that hx is in-
dependent of Q, corresponding to n =0.

One can interpret (3) as follows: Suppose that the pro-
jectile hadron h suA'ers nI, ~ ~A ' soft, inelastic hadron-
nucleon subcollisions on its way to a hard interaction in-
volving the parton i from h. The average loss hx;
=El, 'hE; is roughly hx;=nq~(P(ij (hN)bxj), where
P(ij (hN) is the probability that i can strike a target par-
ton j in a hN subcollision, bx;~ is the loss from the ij in-
teraction, and ( . ) represents an average over the par-
ton distribution in N. Partons lose energy through soft
gluon interactions, and the linear form (3) is reminiscent
of the QED Bethe-Heitler result for relativistic electrons
(see, however, the penultimate paragraph). The proba-
bility P(ij (hN)-aj/ai, ~ is determined by the parton
cross section cr;~ and depends on poorly known parton dis-
tributions at soft scales. One can argue that the trans-
verse wavelength -Q ' of the projectile parton deter-
mines a~, so that P(ij (hN)-Q . On the other hand,
it is plausible that a;J is determined by soft physics, e.g. ,
Fermi motion, and is independent of Q. These alterna-
tives correspond to n=2 and 0 in (3), respectively. Ob-
serve that for n =2, the parton mean free path
X-a,.j '-Q is typically much larger than the nuclear
size, so that the Bethe-Heitler linear x dependence of (3)
should strictly apply [10].

Our calculations for the Drell-Yan process in tungsten
are presented as the upper curves in Fig. 1. The dotted
and dashed curves show the expected depletion using the
two structure function sets discussed below. The corre-
sponding curves in Fig. 2 contain our results for iron. In
each case we obtain excellent agreement with the data.
The E772 data strictly include muon pairs of masses
4~ M» ~ 9 and M» ~ 11 GeV. In computing (1), we
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assume that the rate is dominated by the lowest Q —4 GeV.
We now turn to charmonium production. To obtain concrete estimates, we use the phenomenologically successful

color evaporation model [19] in which charmonium production is determined from the cc rate below the open charm DD
threshold. Gluon fusion gg cc and quark annihilation qq cc are included. The rates for specific J/y and y' states
are given by A-independent empirical factors 2 (f( 7. One writes

-f ' ', ger« "[q(x))q(x2)+q(xp)q(x])]+a" "g(xi)g(x2) ~

dxF al 4IB
Q x ) +X2

for the charm quark and D meson masses m, . —I.5 GeV
and m —l.85 GeV. We expect the same 2 dependence
for all charmonium states. As in the Drell-Yan process,
(3) and (4) imply that the energy loss effect essentially
scales with xF at high energies. Unlike the case for the
Drell-Yan process, (4) depends on the gluon structure
function at large x] and small x2 where there is little ex-
perimental information. To estimate the associated un-
certainty, we use a scaling form [20] and a Q-dependent
parametrization [21] of g(x) at leading order.

The calculated depletion due to initial- and final-state
scattering is compared to E772 data for pA J/@+X at
Js =40 GeV in Figs. I and 2. The dotted and dashed
curves illustrate the eff'ect of initial-state scattering alone
for the loss (3) with n=0 for the two different structure
function sets. The solid curves show the additional eA'ects

of a final-state loss =hxg for the octet cc using the first
structure function set [20]. Calculations for n=2 in Eq.
(3) are in similar accord with data for (i) initial- and
final-state scattering using the second set [21], and (ii)
initial-state scattering alone using the first set. Observe
that the energy loss for an octet with n =2 at Q =mjp~
extracted from the Drell-Yan triplet value at Q=4 GeV
is large, (dE/dz)„=~ = 6 GeV/fm, compared to the n =0
octet value (dF/dz)„=0=3 GeV/fm. We feel that the
n=0 value is more appropriate at the lower Q, since the
leading twist n=2 approximation is suspect when correc-
tions to the cross section are too large. As expected, the
measured nuclear effects in y' and J/y production [2]
are the same within experimental errors [cf. Eq. (4)].

1.0 I
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I I ~ I

I

I I

More importantly, we find similar agreement for pA and
zA J/y data at vs =20 GeV using the pion's g(x)
from Ref. [3]. Although structure function uncertainties
obscure detailed information about Ax(Q), the overall

agreement with charmonium data is quite good.
We expect bottomonium production [22] at Fermilab

to display less depletion than charmonium since it is pro-
duced predominantly through quark fusion. Using the
n=0 hx for both initial- and final-state scattering to-

m

gether with the second structure function set, we obtain
the dashed curve in Fig. 3. Taking n =2 in Eq. (3) as the

Q expansion suggests [17], we obtain the solid curve.
We emphasize that these calculations apply equally for
Y]q, Yq,q, and Y3,q production. These data sugge. t that
this effect is of a higher twist nature. In contrast to J/y
production, applications of a Q expansion to the
Drell-Yan process and Y production is better founded,
since the corrections are relatively small. In particular,
experimental studies of the 3 dependence of' dv/dxl. dQ-
for the Drell- Yan process can provide Important informa-
tion on the Q- behavior of energy loss.

One may ask why the parton energy loss in hadron-
nucleus collisions is so small —dE/dz = 1.5 GeV/fm for
a x~E~,.„. „,= 500 GeV quark. Recently, Gyulassy eI al.
[10] have studied the radiative losses of a fast parton in a

homogeneous quark-gluon plasma including the Landau-
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FIG. 2. The depletion from iron.
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Migdal-Pomeranchuk (LMP) effect. In QED, the in-
terference between successive bremsstrahlung and pair
production events inhibits the radiative loss of an ultra-
relativistic electron of energy E in matter, so that rough
estimates yield (dE/dz) t.M p ~ JE in contrast to the
linear Bethe-Heitler behavior [23]. Recent QCD esti-
mates [10] indicate that an analogous LMP interference
can limit the losses of quarks and gluons to —1-2 and
2-4 GeV/fm, respectively, for the parton energies probed
in the present data [1-3,12]. These values are in agree-
ment with our estimates. Moreover, we find that the hx;
obtained from Ref. [10], which increases logarithmically
with increasing x;, is comparable to (3) in its agreement
with the data at all but the lowest xF. Nevertheless, to
assess the quantitative role of the LMP effect in the
present hA context, one must understand the emission of
gluons from distinct hN subcollisions in a finite nucleus
together with a hard interaction.

To summarize, we have explored the role of energy loss
in the Drell-Yan process and in charmonium and bot-
tomonium hadroproduction in nuclear targets at high xF.
Our analysis only provides an estimate for the energy loss
because intrinsic charm [6] and nuclear structure func-
tion effects [1,4,5] may also contribute to the high-xF de-
pletion at some level. Furthermore, our assumption that
the cc loses additional energy as a color octet depends on
poorly understood details of the production process, al-
though our results support such final-state energy loss.
As we have mentioned, Q -resolved Drell-Yan and high-
xF direct photon production can help to resolve the vari-
ous nuclear effects that may contribute. Recently, Drees
and Kim have proposed that experimental studies of asso-
ciated J/@+y production can help to isolate the direct
formation of color singlet ee in collider experiments [24].
We expect that final-state energy loss would not affect
the depletion of such states at high xF, so that associated
data from nuclear targets would clarify the role of
initial-state interactions. With the information in hand,
however, many features of our simple model are in good
accord with data. The magnitude of dE/dz extracted
from the Drell-Yan process is consistent with analyses of
deep-inelastic scattering data [10,11]. The similarity of
the J/y data at 200 and 800 GeV from NA3 [3] and
E772 [1], respectively, is consistent with the xF-x

~
scal-

ing of the energy loss of the projectile parton. The re-
duced high-xF nuclear depletion of bb relative to cc is
consistent with the proposed higher-twist nature of the
energy loss mechanism [17,18]. Data on y, tv', and Y,
15, 25, and 35 states support our expectation that reso-
nances of similar masses suffer roughly the same energy
loss.
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