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Energy loss versus shadowing in the Drell-Yan reaction on nuclei
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We present a new analysis of the E772 and E866 experiments on the nuclear dependence of Drell-Yan~DY!
lepton pair production resulting from the bombardment of2H, Be, C, Ca, Fe, and W targets by 800 GeV/c
protons at Fermilab. We employ a light-cone formulation of the DY reaction in the rest frame of the nucleus,
where the dimuons detected at small values of Bjorkenx2!1 may be considered to originate from the decay
of a heavy photon radiated from an incident quark in a bremsstrahlung process. We infer the energy loss of the
quark by examining the suppression of the nuclear-dependent DY ratios seen as a function of projectile
momentum fractionx1 and dimuon massM. Shadowing, which also leads to nuclear suppression of dimuons,
is calculated within the same approach employing the results of phenomenological fits to deep inelastic
scattering data from HERA. The analysis yields2dE/dz52.7360.3760.5 GeV/fm for the rate of quark
energy loss per unit path length, a value consistent with theoretical expectations including the effects of the
inelastic interaction of the incident proton at the surface of the nucleus. This is the first observation of a
nonzero energy loss effect in such experiments.

DOI: 10.1103/PhysRevC.65.025203 PACS number~s!: 24.85.1p, 13.85.Qk, 25.40.Ve
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I. INTRODUCTION

Nuclei can serve as a unique tool to study the space-t
development of the strong interaction during its early stag
which is inaccessible in collisions between individual ha
rons. The Drell-Yan~DY! reaction@1# on nuclear targets pro
vides, in particular, the possibility of probing the propagati
of partons through nuclear matter in its ground state, with
produced lepton pair carrying away the desired informat
on the energy and transverse momentum of the parent
jectile quark after it has traveled in the nucleus. In this pap
we are specifically interested in the determination of the r
of energy loss per unit lengthk52dE/dz of a fast quark
propagating through a nucleus. We believe that the DY re
tion data provides the cleanest way to single out such ene
loss effects.

One might also consider using other reactions for ide
fying energy-loss effects, with deep-inelastic scattering~DIS!
coming to mind as one possibility. However, experimenta
@2–5#, it has proven difficult to identify the partonic energ
loss, not to mention to specify how to best measure
potentially important phenomenon. The origin of the dif
culty can be appreciated by considering the following exp
ment. Suppose one were to measure the nuclear~A! depen-
dence of semi-inclusive DIS, with known four-momentu
transfer. In this experiment, theA dependence of the energ
~momentum! carried by a hadron created by the struck qu
is supposed to convey the information regarding parton
ergy loss. However, besides the vacuum~initiated by the
DIS! and induced~due to multiple interactions of the struc
parton! energy loss, one must also account for the hadro
0556-2813/2002/65~2!/025203~21!/$20.00 65 0252
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zation parton→ hadron. As a rule, this hadron is subject
absorption when it is produced inside the nucleus. The co
plicated dynamics of this~see Ref.@6# and the comparisons
of the predictions to data@5#! makes it extremely difficult to
single out the net effect of energy loss.

High-pT production of hadrons off nuclei is even mo
complicated, since it includes a convolution of the part
distribution in the incident hadron with the high-pT parton-
parton scattering cross section. Multiple parton interactio
inside the nuclear medium~Cronin effect! also makes the
interpretation extremely complicated. Yet another react
sensitive to energy loss is charmonium production off nuc
The violation ofx2 scaling observed in the E772 experime
@7# has already suggested the presence of energy-loss eff
However, final-state absorption and coherence effects~see
Ref. @8#! do not allow a clear identification of energy loss
the data.

In the DY reaction, the ratiosRA/D of the cross section for
a heavy nucleusA compared to a light one~the deuteronD,
say!, are particularly relevant for the study of parton ener
loss in nuclei. This is especially true in the region of lar
values of the the longitudinal momentum fraction of the p
jectile hadron carried by the DY pair, where significa
nuclear suppression is clearly seen in this ratio. In an e
study @9#, it was shown that a ratio such asRA/D would be
sensitive tok because the fractionxq of the light-cone mo-
mentum of the incoming hadronh carried by projectile quark
q shifts to smaller values inhA collisions as a result of
initial-state energy loss. In the case of the DY reaction, t
shift Dxq suppresses the ratioRA/D because it results in the
sampling of the parton distribution at largerxq ~for the same
©2002 The American Physical Society03-1
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momentum of the dilepton!, where the projectile parton den
sities are smaller. Thus, the ratioRA/D must decrease toward
large Feynman variablesxF→1 where energy loss leads to
strongest suppression.

At the same time, nuclear shadowing was observed
Ref. @9# to be a competing source of suppression at largexF
~more specifically, small values of the momentum fractionx2
of the target!. As it is easy to mix up energy loss and sha
owing, one must take special precautions to disentangle t
two effects when analyzing experimental data.

The first Drell-Yan data suitable for such an analysis w
obtained in Fermilab E772/E866 experiments. An analysis
the E772 data@10# was made in Ref.@11#, ignoring shadow-
ing and assuming thatk rises linearly with energy. The latte
assumption was criticized@12# for violating the Landau-
Pomeranchuk principle.

A better analysis was performed recently by the the E8
collaboration using the E866 data@13#. The analysis of Va-
siliev et al., which attempted to improve on that of Ref.@11#
by including shadowing, considered three scenarios for
ergy loss, one of which was the same as in Ref.@11#. All
three of these gavek consistent with essentially zero energ
loss, in contrast to the valuek'1.5 GeV/fm found in Ref.
@11#. Thus, shadowing was found in Ref.@13# to be the main
source of nuclear suppression of the DY cross section
largexF .

Our present work differs from the previous analyses
that we attempt to unambiguously separate shadowing
energy loss by calculating the shadowing correction to
DY data using theory. The concept of coherence leng
which plays a key role in respecting the Landa
Pomeranchuk principle, is essential to this formulation. I
our belief that the procedure employed by Vasilievet al.
overestimated the shadowing contribution and hence s
stantially underestimatedk. The reason is that the shadowin
correction was taken from a phenomenological analysis@14#
that had already attributed the suppression ofRA/D observed
in E772 data at largexF entirely to shadowing. Preliminary
results of our analysis are reported in Ref.@15#.

We describe the interplay between quark energy loss
shadowing by working in the target rest frame using
light-cone approach of Refs.@16–19#, where these are give
as separate contributions to the DY cross section. The ta
rest frame formulation is discussed in Sec. II A, where
relate the DY process to projectile fluctuations containing
DY pair. In terms of such fluctuations, the DY reaction m
be viewed as occurring when interactions with the tar
break the coherence of the fluctuation and free a DY p
i.e., bringing it on its mass shell. Such an interpretation
quite different from the conventional partonic treatment
DY process as annihilationq̄q→ l̄ l . However, the partonic
interpretation is known to be Lorentz noninvariant and va
from frame to frame.

The important advantage of the rest frame formulation
the DY process is the possibility to predict shadowing, wh
must be discriminated from energy-loss effects. Such an
proach bears a close analogy to the more familiar light-c
description of deep-inelastic scattering~DIS! at smallx @20#.
In that case, the incident virtual photon develops a qua
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antiquark fluctuation, which is brought to its mass shell
the interaction with the target. Again, this picture looks ve
different from the conventional parton model interpretati
in the Breit frame, where it is described as absorption of
incident virtual photon by a quark~antiquark!, which in this
case belongs to the target.

The two processes, DY and DIS, are known to be clos
related in the parton model via QCD factorization. It is n
surprising that the rest frame descriptions of these react
also look similar. One of the advantages of this approac
the clear and simple treatment of nuclear shadowing, wh
is described in terms of the usual Glauber-Gribov theo
Shadowing in both DY and DIS processes is controlled
the same universal color-dipole cross section@21#, which is
the cross section for freeing the fluctuations. The strat
used in present paper is to treat the dipole cross section
nomenologically by fitting it to DIS data and then verifyin
the theory by comparing it to DIS scattering data on nucle
the shadowing region~where there is no danger in confusin
shadowing with energy loss!. Then one can safely predic
shadowing for the DY process. Such a strategy is based
the universality of the dipole cross section, which is a ma
festation of QCD factorization.

The lifetime of the fluctuations, or coherence length,
another crucial quantity for understanding how energy l
and shadowing occur in the target rest frame. The cohere
length is discussed and calculated in Sec. II B. This turns
to be mainly a function of Bjorkenx2, with some corrections
that dramatically deviate from QCD factorization towar
the smallestx2.

We discuss the use of the DY reaction as a probe
quark energy loss in Sec. III. Section III A gives an overvie
of model expectations for energy loss. The string model~Sec.
III A 1 ! predicts a constant rate of energy loss following t
first inelastic collision of the incident hadron on the nucle
surface. The magnitude of this is about the same as tha
the string tension,ks'1 GeV/fm. Multiple interactions of
the quark in the nuclear medium lead to an additional
duced energy loss whose rate rises linearly with the p
length of the quark. Numerically this is a small correction
the dominant constant term. Similar effects follow from pe
turbative QCD~Sec. III A 2!. The first inelastic interaction o
the incident proton in the nuclear surface initiates a lon
lasting gluon bremsstrahlung, providing a constant rate
energy loss of about the same value as that given by
string model. The energy loss induced by quark rescatte
also rises quadratically with the length of the path and is
similar value as in the string model. These two sources
energy loss are complementary and must be added, givin
expected rate of energy loss of about 2 GeV/fm.

In the target rest frame, the suppression ofRA/D by k is
associated with short-lived fluctuations in which the DY p
is released immediately after the interaction of the projec
quark with a target nucleon. The produced dilepton pair c
ries undisturbed information about the energy of the qu
traversing the nucleus only for such fluctuations. An imp
tant, although simple, consideration that arises here is
determination of the length of the path in nuclear matter o
which the parton in the initial state loses energy. It is de
3-2
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ENERGY LOSS VERSUS SHADOWING IN THE DRELL- . . . PHYSICAL REVIEW C65 025203
onstrated in Sec. III B that the mean length of this path d
not follow an A1/3 dependence but is, in fact, quite sho
compared to the nuclear radius. The distribution over p
length is calculated for different nuclei. Nuclear suppress
caused by energy loss is then given as a convolution of
quark distribution function of the incident hadron, modifie
by energy loss, with the DY cross section for the qua
nucleon interaction~Sec. III C!. The former is borrowed
from phenomenological models successfully describing
hadronic collisions~Sec. III C 1!, while the latter is fitted to
data from the E772 experiment on a deuterium target~Sec.
III C 2!.

The other consideration in understanding the suppres
of RA/D is, as we have remarked, the shadowing process.
critical quantities for describing shadowing in this approa
are the coherence length and the effective fluctuation-free
cross section~averaged over different fluctuations!. The ef-
fective cross section is calculated in Sec. IV in terms o
color-dipole cross section that describes data from HERA
the proton structure function at highQ2. The shadowing cor-
rection is then calculated in an eikonal description of
multiple scattering of the incident quark in terms of t
color-dipole cross section. In Sec. IV we also confirm exp
itly our description of shadowing by comparing the theory
deep inelastic scattering data, where energy loss is no
issue. We make our determination ofk from RA/D

expt(x1 ,M2)
based on the theoretical description of the effects of shad
ing in Sec. V. We fit the parameterk to the entire set experi
mental data without preselection, and the result is in ag
ment with the expected value ofk.

We also performed a variety of tests to check the stab
of our results. These tests are described in Sec. V B. In
we examined the sensitivity of the rate of energy loss to
relative contribution of shadowed and nonshadowed eve
We determined that selecting only those events with sm
x2, where shadowing is the dominant effect, does not cha
the results of the fit. We also artificially enlarged or elim
nated shadowing, corrected shadowing calculations for m
tiple interactions, etc., and found stable results. These t
also provide a scale for the systematic uncertainties in
analysis.

Section V C is devoted to the important issue of the d
agreement between our determination of the rate of ene
loss and that of a previous analysis of the E866 data for
DY reaction @13#, which detected no energy-loss effect.
Sec. V C 1 we discuss why the choice of the target rest fra
is the natural one for formulating the theory of energy lo

FIG. 1. Feynman diagrams for the cross section of lepton
production in a quark-nucleon collision with theg* radiated before
~left! and after~right! the interaction with the target.
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In Sec. V C 2 we find that the different conclusions reach
in Ref. @13# can be explained by the substantially differe
space-time variation in the DY reaction at smallx2 and the
larger density of antiquarks at largex2 employed in this
work. We justify our own results based on detailed theore
cal arguments. In Sec. VI we summarize the results of
present analysis.

II. DRELL-YAN REACTION IN THE NUCLEAR
REST FRAME

A. q̄q\ l̄ l annihilation or q\q l̄ l bremsstrahlung?

In the target rest frame, the Drell-Yan reaction at smallx2
corresponds to the electromagnetic radiation of a lepton
by a projectile quark~valence or sea, depending on the val
of x1) rather than toqq̄→ l l̄ annihilation@16#. In this case,
the l l̄ pair is imagined to be liberated from a virtual fluctu
tion of the projectile when it interacts with a nucleon of th
nucleus. Two examples of Feynman diagrams contributing
this are shown in Fig. 1. The cross section correspondin
these and other diagrams not shown has a factorized form
the impact parameter representation@16–18#,

dsDY
qN

dM2da
5E d2r TuCq l̄ l~r T ,a!u2s q̄q~ar T ,sqN!, ~1!

wheresqN is the square of the center-of-mass energy of
quark-nucleon collision,M is the dilepton effective mass
andCq l̄ l(r T ,a) is the light-cone wave function of theuq l̄ l &
Fock component of the projectile quark. This wave functi
depends on both the transverse separationr T between thel̄ l
and the recoil quark and the fractiona of the initial light-
cone momentum carried by thel̄ l pair. Here,s q̄q(r,s) is the
universal dipole cross section for the interaction of a col
less dipoleq̄q with transverse separationr5ar T from the
nucleon, introduced in Ref.@21#. The appearance of th
color-dipole cross section in Eq.~1! arises from the differ-
ence between the interaction foruq& and uq l̄ l & fluctuations.
This means, among other things, that the DY cross sec
receives no contribution if the transverse positions of
initial and final quarks coincide, and at smallr this cross
section vanishes}r2 @21#. Said otherwise, whenr T→0, the
strong interaction cannot discriminate between the F
componentsuq& anduq l̄ l & and therefore radiation is not pos
sible.

As usual for bremsstrahlung, one cannot say whether
~virtual! photon is radiated before or after the interacti
with the target~via gluon exchange!; both are represented i
Fig. 1. This quantum-mechanical uncertainty in the time
radiation is called the coherence time, which is the same
the coherence length since we are near the light cone
terms of the light-cone approach, the coherence time can
be interpreted as the lifetime of theuq l̄ l & fluctuation of the
incoming quark.

As already noted, one may distinguish this approach fr
the usual partonic interpretation of the DY reaction noti

ir
3-3
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that the space-time development of high-energy react
treated in terms of the parton model is not Lorentz invari
and depends on the reference frame. Indeed, since eve
time ordering varies from frame to frame, the lepton p
produced at small values of Bjorkenx2!1 in the DY reac-
tion may be equivalently viewed as annihilationq̄q→ l̄ l in
the rest frame of the photon@1# or as the decay of a heav
photon radiated in a bremsstrahlung process.

B. Coherence length

The coherence length is an important quantity controll
nuclear effects in the DY reaction. If the coherence length
longer than the mean internucleon separation in the nucl
different bound nucleons compete in freeing thel̄ l fluctua-
tion. This phenomenon is known as nuclear shadowing.
the other hand, if the coherence length is very short,
fluctuation has time to interact with only one bound nucle
In this case, all nucleons contribute equally to the DY cro
section, i.e., there is no shadowing.

The coherence length for a fluctuation of a project
quarkq→ l̄ lq is given by the energy denominator,

l c
DY5

pq
1

M l̄ lq
2

2mq
2

, ~2!

where

M l̄ lq
2

5
M2

12a
1

mq
2

a
1

kT
2

a~12a!
~3!

is the effective mass squared of thel̄ lq fluctuation, pq
1

5Eq1pq
uu is the light-cone momentum of the incident quar

M is the dilepton effective mass, andkWT anda are the trans-
verse momentum and fraction of the light-cone moment
of the parent quark carried by thel̄ l pair, respectively.

If energy is conserved, the longitudinal momentum tra
fer between the initial stateuq& and the fluctuationuq l̄ l & is
qc51/l c . Thus, one can say that the coherence length is
maximal longitudinal distance between fluctuations that
in phase.

The DY variablesx1 andx2 satisfy the equations

x1x25
M2

s
, ~4!

x12x25xF , ~5!

wherexF is the Feynman variable, and they are interpreted
the parton model as the Bjorken variables of the annihilat
quark and antiquark. They can equivalently be defined
fractions of the light-cone momentaP65E6Puu of the beam
~b! and a target~t! nucleon carried by the lepton pair a
follows:

x15
pl̄ l

1

Pb
1

, x25
pl̄ l

2

Pt
2

. ~6!
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1

5apq
15x1Pb

1 , and the coherence length~2!
averaged overa andkT reads

^ l c
DY&5

^KDY&M2,x1

mNx2
, ~7!

where^KDY&M2,x1
is

^KDY&M2,x1
[^KDY~a,kT!&a,kT

5K M2~12a!

M2~12a!1a2mq
21kT

2L
a,kT

. ~8!

In perturbative calculations, one would takemq to be the
current quark mass. However, this is unsatisfactory in
present case because it leads to large transverse separ
between the parent and recoil quark when the radiated di
ton takes essentially the entire initial quark momentu
M2(12a);mq

2 . Indeed, in this case the separation becom
r T;1/mq , and one can grossly overestimate the contribut
of large separations when using the approximations q̄q(r T)
}r T

2 . This divergence can be regularized by introducing
effective quark mass that suppresses the probability of la
separations. Experience with DIS@23# shows that employing
mq'0.2 GeV gives a good description of DIS data. We u
the same effective mass in what follows for the DY reactio
Of course, this divergence does not create any problem w
the dipole cross section saturates at large separations.

Clearly the coherence length, which controls nucle
shadowing, may not scale inx2 and differs from the usually
used approximationl c51/2x2mN . Moreover, it follows from
Eq. ~8! that asx1→1,l c→0 ~sincea.x1), i.e., nuclear shad-
owing vanishes. This fact is at variance with the usual
pectation that shadowing increases towards the limitx151,
which corresponds to the smallestx2. Although this contra-
diction shows that QCD factorization breaks down drama
cally at largex1, the result is quite consistent with the obse
vation that all physics becomes soft@22# at largex1.

The averaging in Eq.~8! should be weighted by the light
cone wave function of theq l̄ l fluctuation squared, which is
known to diverge~for transversely polarized virtual photons!

at small transverseq2 l̄ l separationr T , i.e., for largekT @18#

~similar to the case of DIS for the fluctuationg* →q̄q). Such
fluctuations with smallr T do not interact; therefore, to avoi
the nonsensical result that^KDY&[0, which would arise
from the fact that the vacuum fluctuations are dominated
large kT —leading to a divergent normalization—one al
needs to includes q̄q(r T ,s) @16,18# in the evaluation of Eq.
~8!. It is also necessary to include it here since we are in
ested only in those fluctuations that participate in the int
action. The dipole cross section plays the same role in
~1!, namely, it prevents the interaction from discriminatin
between the fluctuationuq& anduq l̄ l & asr T→0. A distinction
between the two Fock components is clearly needed in o
to liberate thel̄ l pair.
3-4
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In what follows, we are interested in nuclear shadowing, which in lowest order originates from double scatterin
reasons given above, the relevant mean coherence length should be weighted withs q̄q

2 (ar T ,s). Thus, Eq.~8! can be written
explicitly as

^KDY&M2,x1
5

E
x1

1

dxqFq
h~xq!E d2kTuC̃ l̄ lq~x1 /xq ,kT!u2KDY~x1 /xq ,kT!

E
x1

1

dxqFq
h~xq!E d2kTuC̃ l̄ lq~x1 /xq ,kT!u2

, ~9!
m

tri

tu

he

i
,

to
dis

-

us

the
whereFq
h(xq) is the quark distribution function of the bea

hadron, which depends on the fractionxq of the hadron light-
cone momentum carried by the quark. Hereafter we res
ourselves to the transversely polarizedl̄ l pairs dominating
the DY cross section, noting that the contribution of longi
dinal polarization vanishes in any case asx1→1. The modi-
fied light-cone distribution amplitudeC̃ l̄ lq

T reads@23#

C̃ l̄ lq
T

~a,kT!5E d2r TeirWT•kWTs q̄q~ar T ,s!C l̄ lq
T

~a,r T!,

~10!

where@16–18#

C l̄ lq
T

~a,kT!5Zq

Aaem

2p
x f Ô

Tx iK0~tr T!. ~11!

Herex i , f are the spinors of the initial and final quarks,Zq is
their charge,K0(x) is a modified Bessel function, and

t25~12a!M21a2mq
2 . ~12!

The operatorÔT has the form

ÔT5 imqa2eW* •~nW 3sW !1aeW* •~sW 3¹W !2 i ~22a!eW* •¹W ,
~13!

whereeW is the polarization vector of thel̄ l ~virtual photon!,
nW is the unit vector along the projectile momentum of t
quark, and¹W acts onrWT .

To simplify calculations we use the dipole cross section
the form corresponding to smallr T ~a more realistic shape
leveling off at larger T @24,25#, leads to similar results!,

s q̄q~r T ,s!5C~x2!r T
2 , ~14!

where the constant of proportionalityC(x2) depends on the
productsrT

2 ~which is proportional to 1/x2), rather than ons,
otherwise the Bjorken scaling would be violated. This fac
does not enter into the final results. Then, the modified
tribution amplitude inkT representation has the form

C̃ l̄ lq
T

~a,kT!52ZqAaemC~x2!eW•kWT

ia2t2

p~t21kT
2!3

, ~15!
02520
ct

-

n

r
-

and the integration overkT in Eq. ~9! can be performed ana
lytically,

^KDY&5
2M2

3

NDY

DDY
, ~16!

where

NDY5E
x1

1

daFq
h~x1 /a!

~12a!a2@11~12a!2#

t6
~17!

DDY5E
x1

1

daFq
h~x1 /a!

a2@11~12a!2#

t4
. ~18!

The coherence lengthl c
DY calculated with Eqs.~7! and~16!–

~18! is plotted by solid curves as function ofx1 in Fig. 2 for
different dilepton massesM54,5, . . . ,8 GeV.

Equation ~16! should be compared with the analogo
factor ^KDIS&5mNx2^ l c

DIS& for DIS calculated in Ref.@23#,

^KDIS&5
2Q2

3

NDIS

DDIS
, ~19!

where

FIG. 2. The mean coherence length~7! as function ofx1 and
dimuon effective massM54,5, . . . ,8 GeV~solid curves!. Dashed
lines show the predictions of QCD factorization which relates
cross section of the DY reaction and DIS on a nucleus.
3-5
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NDIS5E
0

1

da
a~12a!@a21~12a!2#

e6
, ~20!

DDIS5E
0

1

da
a21~12a!2

e4
, ~21!

and where

e25a~12a!Q21mq
2 . ~22!

Obviously, ^KDIS& depends only onQ2, while ^KDY& de-
pends onM2 andx1 and, as we have noted, vanishes asx1
→1.

We compare in Fig. 2 the coherence length^ l c&
5^K&/mNx2 calculated with Eqs.~16! and~19! for kinemat-
ics corresponding to the E772/E866 experiments. The das
curves are calculated for DIS at the samexB j5x2. The dis-
crepancy between the two sets of curves, which increa
towards x151, manifests a deviation from factorizatio
Nevertheless, factorization is restored at smallx1 and/or at
large M. Note that the factorization theorem requires on
that the soft physics, which is common to DIS and D
should factor from the reaction mechanism at largeQ2. Since
shadowing in the distribution function is controlled in th
target rest frame formulation by the coherence length and
effective cross section (seff discussed in Sec. IV below!, fac-
torization requires that these two quantities should also
the same for DIS and DY in this limit.

Note that thex2 dependence of the mean coherence len
is controlled mainly by the denominator in Eq.~7!, while the
factor ^KDY& is a rather flat function ofx2 and x1. This is
demonstrated in Fig. 3 wherêl c

DY& is plotted versusx1 for
different fixed values ofx2.

At fixed x2 the coherence length is nearly constant with
the kinematical range of the E772/E866 experiments atx1
,0.8. Thex2 dependence of̂KDY&x1 ,x2

at x150.7, depicted

in Fig. 4, demonstrates that^KDY&50.220.3 ~see also in
Ref. @23#! is quite small compared to the usually accep

FIG. 3. The mean coherence length~7! as function ofx1 at fixed
values ofx250.02,0.03, . . . ,0.08.
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^KDY&50.5. In the kinematical range of the E772/E866 e
periments, M.4 GeV, and ^KDY&'0.3 does not vary
much.

III. ENERGY LOSS OF THE PROJECTILE QUARK
IN NUCLEAR MATTER

The coherence among the soft partons of the incident p
ton is destroyed as a result of inelastic interactions of
projectile in the surface of the nucleus. These partons t
propagate through the nucleus independently, losing en
~to hadronization! and having their transverse momentu
broadened by interactions. This is predominantly a nonp
turbative process, since the projectile quark contains ma
soft fluctuations.

Eventually, one of these quarks may develop a hard fl
tuation containing the lepton pair such that the lifetime of t
fluctuation is short compared to the mean spacing betw
bound nucleons. Thel̄ l pair is immediately produced when
hard interaction occurs with a bound nucleon within the ve
short fluctuation time that we have referred to as the coh
ence time. Any change in the longitudinal or transverse m
mentum of the projectile quark caused by the preced
initial-state interactions can diminish the energy of the p
jectile quark participating in the DY reaction. This affects t
momentum spectrum for the produced DY pair, which th
serves as a probe for the dynamics of the initial state in
action. It corresponds to the first of the two sources
nuclear suppression ofRA/D(xF) mentioned in the introduc-
tion.

A. Models for energy loss

1. String model

The first inelastic interaction of the beam in the surface
the nucleus via color exchange with a bound nucleon lead
the formation of color strings between the target and be
partons. Due to the constant retarding action of the string,
leading projectile quark loses energy with a constant rate
unit length,dE/dz52ks @9,26#, which is invariant relative

FIG. 4. FactorKDY appearing in the expression for^ l c
DY& @Eq.

~7!# as function ofx2 at x150.7.
3-6
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to longitudinal Lorentz boosts. The string tensionks is re-
lated to the slope parameteraR8 of the mesonic Regge trajec
tories @27# as

ks5
1

2paR8
'1 GeV/fm. ~23!

This value imposes a scale for the expected rate of en
loss, which is independent of time. Correspondingly, the
ergy loss increases linearly with lengthL of the path,DE
5ksL. The energy lost goes into acceleration of the tar
quarks and production of new hadrons.

In the simplest version of the string model, where at m
one string can attach to a given quark, multiple interactio
of the leading quark in the nuclear medium are expecte
have no influence on its energy loss@28#. Indeed, no matter
what happens to the leading quark before the hadroniza
is completed, it remains a color triplet and is slowed do
with the same density of energy lossks by the color-triplet
string attached to it: the quark is always being retarded w
the sameks . Although such a conclusion sounds puzzling
does not mean that multiple interactions in nuclear ma
have no effect on hadronization. These interactions do m
the fragmentation function of the quark softer, i.e., more p
ticles are produced in the fragmentation region of the nucl
(dn/dh}A1/3) as the leading hadron diminishes its ener
@9,26#. This indeed may look like the result of energy los
but it happens because each rescattering of the color strin
nuclear matter initiates a new hadronization process from
very beginning, but with decreased initial energy@28#.

The above treatment of the interaction is obviously ov
simplified; in fact, multiple interactions in nuclear mediu
do induce extra energy loss. Indeed, the valence quarks
surrounded by parton clouds, only a part of which can
resolved by a soft interaction. Multiple interactions
nuclear matter are obviously able to involve more of t
partons. Correspondingly, the energy loss should grow m
steeply than linearly inL.

This idea is realized in the dual parton model@29# ~or
quark-gluon string model@30#! by assuming that each mu
tiple interaction in the nuclear medium activates a new
q̄q pair, leading to the formation of an extra couple of co
strings. The probabilities of multiple string production a
given by the Abramovsky-Gribov-Kancheli~AGK! cutting
rules @31#. The dual parton model skips over the space-ti
development of string production and decay, which takes
long time proportional to the initial energy, jumping direct
to the final spectrum of produced particles. We, however,
interested in the early stage of hadronization when the p
jectile quark is still propagating through the nucleus and
cloud of sea partons is still coherent. Therefore, we sho
follow the overall energy loss of a nonperturbative consti
ent quark retarded by more than just one color string.

A quark covering the distancez in the nucleus, from the
point of the first inelastic interaction of the incident hadro
loses an energy per unit length given by

dE

dz
5ks@11^n~z!&#, ~24!
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where^n(z)&5sqNrAz is the mean number of collisions ex
perienced by the quark over the distancez. One can approxi-
mate the value of the nuclear density byrA'0.16 fm23,
since the path between the first inelastic collision and the
pair production covers essentially only the interior of t
nucleus. Correspondingly, the energy loss over a distancL
acquires a correction}L,

DE5ksS L1
1

2
sqNrAL2D , ~25!

The phenomenological quark-nucleon cross section is mo
dependent. In the additive quark model,sqN5s in

NN/3
'10 mb. The same value follows from the dual part
model @29,30#, which uses the weight factorssn for the
n-fold scattering appearing in the Glauber model as pow
of s in

NN . The new strings formed after each rescatter
should be shared by three valence quarks.

In a more realistic model@32#, the main part of the had
ronic cross section corresponds to a soft nonperturbative
teraction, which is unable to resolve and free the gluons
are located with small transverse separation^r T&5r 0
50.3 fm around the valence quarks@25#. This part of the
cross section is independent of energy and does not o
quark additivity. Clearly, such soft interactions of the qua
skeletons of the proton contribute to the linear term in E
~25!. Only a semihard interaction is able to resolve the sm
size gluon cloud and a correspondingly rather small qua
nucleon cross section related to the excitation of quark
gluon radiation. This process corresponds to the higher te
in topological expansion in the dual parton model, i.e., co
tributes to theL2 term in Eq.~25!. The predicted cross sec
tion is sqN5(9/4)r 0

2(s/s0)D, where @32# D50.17 ands0

530 GeV2. At s51600 GeV2, one getssqN54.2 mb,
more than twice as small as the prediction of the addit
quark model.

The mean valueŝL& and ^L2& in a heavy nucleus~with
constant density! corrected for the mean free pathl'2 fm
of the incident proton in the nucleus are

^L&5
2

3
RA2l,

^L2&5
1

2
RA

22
4

3
RAl1l2. ~26!

For example, forRA56 fm the nonlinearL2 correction in
Eq. ~25! is only 24% and 10% in the two models discuss
above. It decreases dramatically, of course, for lighter nuc
We neglect this small correction and assume for further
plications that energy loss is a linear function ofL.

2. Perturbative QCD

Although application of perturbative methods to soft pr
cesses is not completely legitimate, one may hope to ge
least the scale of the effect by doing so. Energy loss trea
perturbatively originates from gluon bremsstrahlung by
quark propagating through a medium. Here again one sho
3-7
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distinguish between two sources of energy loss, nam
gluon radiation originating in the first inelastic interactio
which occurs even in the vacuum, and gluon radiation
duced by multiple interactions of the quark in the medium

It was first demonstrated by Niedermayer@33# that as a
consequence of coherence effects,~photon! gluon brems-
strahlung in the vacuum carries energy away with a cons
rate,

DE~L !5EqE d2kTE
0

xmax
dxx

dng

dxdkT
2

, ~27!

wherekWT andx are the transverse momentum and fraction
the quark light-cone momentum of the parent quark mom
tum carried by the gluon, respectively. The upper integrat
limit xmax is fixed by the condition that all gluons contribu
ing to DE are radiated within the pathL. In order to be
radiated, the gluon must lose coherence with the pa
quark; otherwise one cannot disentangle between the q
plus its color field and the quark plus the radiated gluon. T
distancel f over which this loss of coherence occurs a
radiation formed is specified by the condition that the qua
gluon separation must exceed the transverse waveleng
the gluon, which leads tol f5Eqx/kT

2 , whereEq is the quark
energy @34#. Note that this value is twice as small as t
coherence length defined in Eq.~2!. Applying the condition
l f,L we getxmax5LkT

2/Eq .
The spectrum of radiated gluons withkT

2 smaller than the
mean momentum transfer squared in the collision was ca
lated in Ref.@35#,

dng

dxd2kT

5
3as

p2xkT
2

. ~28!

Thus, the density of energy loss reads

2
dE

dz
5

3as

p
^kT

2&, ~29!

and a quark loses energy in the vacuum with a constant
proportional tô kT

2&. Note that this is not the induced energ
loss in a medium.

The proper value ofas'0.4 for gluon radiation was cal
culated in@32#. The transverse momentum squared of ra
ated gluons is rather largekT'1/r 05650 MeV @25,32#.
With these values we evaluate the energy loss rate~29! as
dE/dz'0.8 GeV/fm, which is amazingly close to the strin
tension. Note that the radiative energy loss is not suppose
be an alternative to what is given by the string model, bu
is rather a different source that should be added to it. Thi
analogous to the additive contributions to the total hadro
cross section arising from nonperturbative strings and gl
radiation@32#. Quite a different situation arises if the qua
originates from a hard reaction as, say, in DIS or a highpT
scattering event, where the rate of energy loss from gl
radiation is expected to be tremendous@6#.

Another source of energy loss is induced gluon radiat
due to multiple quark interactions in the medium. This h
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received much attention recently@34,36#, since it may serve
as a probe for the production of dense matter in relativis
heavy ion collisions@36#. The induced gluon radiation wa
calculated perturbatively@36#, and it was concluded that th
energy loss varies asDE}L2. This is a direct consequence o
the relation~29! between the rate of energy loss and t
transverse momentum squared of gluons, which follows t
of the quarks and is known to vary}L. The relation between
induced energy loss and nuclear broadening of the m
transverse momentum squared of the quark was establi
in Ref. @36#,

DE5
3as

8
D^pT

2&^L&, ~30!

where the broadening of^pT
2& was measured@37# to be rather

small D^pT
2&'0.1 GeV2 even for tungsten. Therefore th

coefficient of ^L& in Eq. ~30! is about 0.075 GeV/fm, an
order of magnitude smaller than the string tensionks . Of
course, application of perturbative QCD to radiation of s
gluons is not legitimate; therefore the results may be trus
only to an order of magnitude.1

The induced energy loss of a nonperturbative quark, b
the string and radiative parts, turn out to be a rather sm
fraction, less than;10215 %, of the total energy loss eve
for heavy nuclei. Although this correction has a differentL
dependence, one can effectively absorb it into the main lin
term.

The dominant constant parts of the energy-loss r
dE/dz ~so-called vacuum energy loss!, related to the string
tension~Sec. III A 2! and to gluon radiation, have differen
origins and, as we have said, should be added. The resu
rate of energy loss is thus expected to be

2
dE

dz
'2 GeV/fm . ~31!

B. The quark path in the nucleus

The DY reaction on a nuclear target is usually media
by the debris resulting from an inelastic collision betwe
the incident hadron and a bound nucleon on the front surf
of a nucleus. This debris, once produced, propagates thro
the nucleus and produces the observed lepton pair whe
strikes a bound nucleon, as illustrated in Fig. 5~top!. One
would not expect to observe any difference between this
the DY reaction on a free nucleon forz22z1→0. The reason
is that the primordial momentum distribution of the proje
tile partons cannot be affected by soft inelastic interactio
occurring over short times. However, when the distancez2
2z1 is finite, the soft projectile partons may lose ener

1Hadron production was considered in Ref.@38# as a source of
energy-loss alternative to gluon radiation. It was assumed, howe
that the projectile proton degrades its energy as a whole. It was
assumed that a parton propagating through nuclear matter ex
ences no transverse momentum broadening, which accordin
Ref. @36# gives rise to an induced energy loss.
3-8
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through hadronization and thus reach the pointz2 with di-
minished energy. However, at fixedx1 the DY pair has to be
produced with the same measured momentum, i.e., with
increased fraction of the initial momentum. As a result,
cross section for a DY pair produced with a given longitu
nal momentum turns out to be smaller on a nucleus than
on a free nucleon target.

It is usually incorrectly assumed that the quark propaga
from the surface of the nucleus to the point where the
pair is produced, which would mean that the mean qu
path in the nucleus would bêL&'3RA/4. According to Fig.
5, this should be shortened by at least the mean free pa
a proton in a nucleus, 2 fm. This would substantially redu
^L&, by a factor of 2 or more, so that the mean path betw
the point of DY pair production and the first inelastic inte
action is actually shorter than the maximum possible d
tance to the edge of the nucleus shown in Fig. 5. Additi
ally, there is some probability~dominant for light and
medium-heavy nuclei! that the incident hadron has no inte
actions prior to DY pair production at pointz2. In order to
find the mean path lengtĥL& of the projectile quark in
nuclear matter we should average (z22z1) in accordance
with Fig. 5, as done in Ref.@9#,

^L&5~12W0!
s in

hN

A E d2bE
2`

`

dz2rA~b,z2!E
2`

z2
dz1rA~b,z1!

3~z22z1!expF2s in
hNE

2`

z1
dzrA~b,z!G . ~32!

The exponential factor requires that there is no inelastic
teraction of the beam hadron prior pointz1. The probability
of no inelastic interaction of the beam hadron in the nucl
prior the DY reaction~see the bottom part of Fig. 5! W0
reads

qW05
1

As in
hNE d2b@12e2s in

hNT(b)#5
s in

hA

As in
hN

. ~33!

We calculated̂ L& for a pA collision taking s in
pN530 mb

and using a Woods-Saxon parametrization for the nuc
density@39#

FIG. 5. The space-time pattern for DY pair production off
nucleus. The upper example illustrates a case when the beam
ron experiences a soft inelastic interaction prior the hard interac

in which the l̄ l pair is produced. The case where the DY pair
produced in the first inelastic interaction is illustrated at the botto
02520
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rA~r !5rA
0F11expS r 2RA

c D G21

, ~34!

where

rA
05

3A

4pRA
3 S 11

p2c2

RA
2 D 21

, ~35!

and the nuclear radiusRA and the edge thicknessc are fixed
for each nucleus by a fit to data on electron-nucleus sca
ing @39#.

As expected,̂ L& is much shorter than 3RA/4. Both of
these results are plotted versusA1/3 in Fig. 6. The corre-
sponding probability distribution inL is given by the expres-
sion

W~L !5W0d~L !1W1~L !, ~36!

where

W1~L !5
s in

hN

A E d2bE
2`

`

dz2rA~b,z2!E
2`

z2
dz1rA~b,z1!

3d~z22z12L !expF2s in
hNE

2`

z1
dzrA~b,z!G ,

~37!

which is normalized as*0
`dLW1(L)512W0.

Although they are not as large, the effects of energy l
affect the DY cross section on a deuteron target as well
this case the constantW0

D is given by the standard Glaube
formula @40#,

W0
D512

s tot
NN

16pE0

`

dq2FD~4q2!e2Bel
NNq2

, ~38!

ad-
n

.
FIG. 6. The mean length of the path of a quark between

points of the first inelastic interaction of the beam proton and D
pair production calculated with Eq.~32! as a function ofA1/3 ~solid
curve!. The dashed curve shows the usual expectation^L&
53RA/4.
3-9
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whereBel
NN'12 GeV22, andFD(q2) is the deuteron charg

form factor parametrized and fitted in Ref.@41# to electron
scattering data as

FD~q2!5c1e2b1q2
1c2e2b2q2

. ~39!

Here c150.55, c250.45, b1519.66 GeV22, and b2

54.67 GeV22. This leads toW0
D50.96. Correspondingly

the distribution functionW1(L) for a deuteron is given by
the wave function squared related to the form factor~39!,

W1
D~L !5~12W0

D!
L2

2Ap
F c1

~4b11Bel
NN!3/2

3expS 2
L2

4~4b11Bel
NN!

D 1
c2

~4b21Bel
NN!3/2

3expS 2
L2

4~4b21Bel
NN!

D G . ~40!

C. Nuclear suppression caused by energy loss

Since the DY cross section decreases steeply as
2x1)n for x1→1, any loss of energy by the quark by th
time it reaches the pointz2 will result in a suppression of the
DY cross section at largex1. This effect was first suggeste
and estimated in Ref.@9#. In the more detailed approac
taken here, we want to focus on the propagation and en
loss of the projectile quark that takes part in the DY reacti
In this case, the ratioRA/N of the DY cross sections of a
nucleus to a nucleon can be represented as

RA/N
Eloss~x1!

5W01

E
0

`

dLW1~L !E
(xq)min

1

dxqFq
h~xq!dsDY

qN~ x̃1
q!/dx̃1

q

E
x1

1

dxqFq
h~xq!dsDY

qN~x1
q!/dx1

q
.

~41!

HereFq
h(xq) is the quark distribution function in the inciden

hadron;xq and x1
q5x1 /xq are the fraction of the light-cone

momentum of the incoming hadronh carried by the quark
and the fraction of the quark momentum carried by thel̄ l
pair, respectively. The lower integration limit is given b
(xq)min5x11DE/Eh , andx̃1

q5x1 /(xq2DE/Eh). According
to the results of Sec. III A we assume that the rate of ene
lossdE/dz52k is constant, i.e.,DE5kL. Note that as the
cross sectiondsDY

qN(x1
q)/dx1

q in Eq. ~41! corresponds to an
incident constituent quark, while that in Eq.~1! corresponds
to a current~perturbative! quark. To emphasize that these a
different quantities, we use variablex1

q in Eq. ~41! instead of
a as in Eq.~1!.

The energy lossDE varies due to fluctuations in the strin
tension and the number and energy of radiated gluons,
due the to the dependence of the distancez22z1 shown in
02520
(1

gy
.

y

nd

Fig. 5 on the distributionW(L). We neglect the variation o
k, assumingk5const, and integrate the numerator of E
~41! over DE weighted by the distributionW(DE), with
W(L) given in Eq.~36!.

The first term on the right-hand side~rhs! of Eq. ~41!
corresponds to the first term in Eq.~36!, which represents the
probability of no interaction preceding the DY reaction~the
bottom part of of Fig. 5!. The second term corresponds
one or more projectile interactions as illustrated in the up
part of Fig. 5.

1. Distribution of the valence quarks in the proton

As mentioned above, in the limit of short coheren
length l c

DY!RA , the radiated photon arises from a hard D
fluctuation ~one lasting for a short time! in the projectile
quark, whereas the energy-loss mechanism is dominate
the softer fluctuations. Therefore, to calculate Eq.~41! we
need to know the distribution functionFq

h(xq) and, corre-
spondingly, the DY cross sectiondsDY

qN(x1
q)/dx1

q for soft
~constituent! quarks. This cross section is supposed to
different from that in Eq.~1!, which is a result of perturba
tive QCD calculations for a perturbative~current! quark.

One should rely on a phenomenology of soft hadro
interactions to find the soft quark distribution functio
Fq

h(xq). The proper approach is found in the dual part
model@29# ~quark-gluon string model@30#!, which describes
inelastic hadronic interactions via convolution of the qua
distribution functions with the fragmentation functions
quarks to hadrons. The success of this phenomenolog
describing the available experimental data on soft hadro
interactions justifies the quark distribution functions us
above.

The proton quark distribution function in Eq.~41! in-
cludes contributions from the valenceup anddownquarks,

Fq
p~xq!5

8

9
Fu

p~xq!1
1

9
Fd

p~xq!, ~42!

where according to Refs.@29,30#,

Fu
p~xq!5N

~12xq!1.5

Axq
F11

6

5

s tot
pN

8pBpp
~12xq!G , ~43!

Fd
p~xq!5N

6

5

~12xq!2.5

Axq
F11

8

7

s tot
pN

8pBpp
~12xq!G . ~44!

HereN is a normalization factor inessential for Eq.~41!; the
factors 6/5 and 8/7 result from the normalization condition
well. The second terms in the square brackets in Eqs.~43!
and ~44! are the first unitarity corrections~we neglect the
small higher-order terms!. They contain the totalpp cross
section s tot

pp540 mb, the slope of elasticpp scattering,
Bpp512 GeV22, and an extra factor of 2 dictated by th
AGK cutting rules@31#. The behavior of these distributio
functions asxq→0 and asxq→1 is dictated by Regge phe
3-10
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nomenology and is related to the intercept of the lead
meson trajectoriesaR(0)50.5 and the nucleon trajector
aN(0)520.5 @29,30#.

2. Quark-nucleon DY cross section

In order to evaluateRA/N
Eloss(x1) in Eq. ~41! we first have to

fix the x1
q dependence of the quark-nucleon DY cross sect

As was emphasized above, in the limit of short cohere
length the quark that experiences initial-state interactions
constituent quark requiring the distribution function for so
quarks. Therefore, the DY quark-nucleon cross sec
dsDY

qN/dx1
q should be treated correspondingly. Its shape c

not be predicted reliably since it depends in an essential
on the model for constituent quarks, which lies in the dom
of nonperturbative effects. Instead, we parametrize the c
section in the form

d2sDY
qN

dM2dx1
q

5K~M2!~12x1
q!m, ~45!

whereK(M2) andm are fitted parameters. We use data@42#
for the DY cross section inp12H collisions and fit it by the
expression

dsDY
NN

dx1
}E

x1

1

dxqFq
h~xq!S 12

x1

xq
D m

, ~46!

with m50.36260.027 taken to be independent ofM2. An
example of the fit to the E772 data on deuterium targe
depicted in Fig. 7 for the dimuon mass interval 728 GeV.

IV. NUCLEAR SHADOWING: DY VERSUS DIS

In the target rest frame, it is clear that the longitudin
momentum transfer to the nucleus in the DY reaction
comes small at high energies, in spite of the large effec
massM of the dilepton. Therefore, different nucleons st

FIG. 7. The cross section of the DY reaction on deuterium
arbitrary units as function ofx1. The data are from the E772 exper
ment for the dimuon mass interval 728 GeV. The curve is the
result of the fit}(12x1)0.362.
02520
g

n.
e
a

n
-
y

n
ss

is

l
-
e
t

interfering~destructively! in the production of the DY lepton
pair, a phenomenon usually called shadowing.

Naively, one would not expect significant shadowing f
hard reactions such as DIS, DY processes, heavy flavor
duction, etc., because these processes have tiny cross
tions and because bound nucleons clearly do not sha
each other. However, substantial shadowing does exist fo
of these, particularly the DY process, at high energies. T
explanation is simple. First, shadowing arises from the s
components present in the hard reaction@16#. These soft
components are small because the probability to develo
soft fluctuation in a hard reaction is small. However, th
small size is compensated by a large interaction cross
tion. Once a soft fluctuation is created, the reaction is th
driven by the subsequent hadronic interactions with
nucleus; these interactions are distinct from those produc
the fluctuation to begin with and may be significant when
lifetime of the fluctuation~coherence time! is long.

The light-cone dipole representation of this reaction
especially suitable for the calculation of nuclear shadowi
The DY cross section in this representation has the fo
@16–18#,

M2
dsNN

DY

dM2dx1

}E
x1

1 da

a2
Fq

pS x1

a D E d2r TuC l̄ lq~a,rWT!u2s q̄q~ar T!,

~47!

whereC l̄ lq(a,rWT) is defined in Eq.~11!.
If l c@RA , the q l̄ l projectile fluctuations are frozen b

Lorentz time dilation during their propagation through t
nucleus. Therefore, these fluctuations are eigenstates o
interaction and should have no inelastic corrections. One
simply set in eikonal form the dipole cross section in relati
~47! in the case of a nuclear target@21,16,18#,

s q̄q~ar T!⇒2E d2bH 12expF2
1

2
s q̄q~ar T!T~b!G J ,

~48!

where the averaging overa and rWT is performed in accor-
dance with relation~47!. In the case of weak shadowing, on
can expand the exponent, dropping the higher-order shad
ing corrections to obtain

RA/N
shad5

sA
DY

AsN
DY

512
1

4
seff^T&1O~^s3&!, ~49!

where

seff~x1 ,x2 ,s!5
^s q̄q

2
~ar T!&

^s q̄q~ar T!&
, ~50!

and where
3-11
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^T&5
1

AE d2bT2~b! ~51!

is the mean value of the nuclear thickness function

T~b!5E
2`

`

dzrA~b,z!, ~52!

with rA(r ) the nuclear density distribution.
Note that naively one may expect a very small transve

size;1/M2 for the uq l̄ l & fluctuations that define the dipol
cross section in relation~48! andseff . Although these fluc-
tuations appear with a vanishing probability at largeM, soft
fluctuations witha→1 can have a large transverse sepa
tion @16,18# @see Eqs.~11! and ~12!#

^r T
2&;

1

~12a!M2
, ~53!

as follows from Eq.~11!. For this reason, these soft fluctu
tions have a large interaction cross section and can ma
sizable contribution toseff , in contrast to the harder one
@16,43#.

The transition region between the no-shadowingl c
!2 fm, or x2;0.1) and asymptotic regimes (l c@^L&, or
1/x2@3mNRA), where Eq.~48! is applicable, is most com
plicated and needs sophisticated calculations based on
path-integral approach@44,23#. Nevertheless, if shadowin
corrections are small~which is the case for the E772 an
E866 data, where we face only the onset of shadowing!, Eq.
~49! can be easily interpolated@43#,

RA/N
shad'12

1

4
seff^T&FA

2~qc!, ~54!

whereFA
2(qc) is the longitudinal form factor of the nucleus

FA
2~qc!5

1

^T&E d2bU E
2`

`

dzeiqczrA~b,z!U2

. ~55!
ic

at
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Strictly speaking, this form factor must also be involved
the averaging procedure forseff sinceqc51/l c depends ona
and kT . In order to speed up the fitting procedure~see be-
low! we replacel c by its mean valuê l c&. Comparison with
exact calculations for DIS done in Ref.@23# demonstrates
that this approximation is sufficiently accurate.

Beryllium is too light for the Woods-Saxon parametriz
tion ~34! of the nuclear density with which we describ
heavier nuclei. Instead, we use for beryllium the harmo
oscillator density@39#,

rBe~r !5rBe
0 S 11a

r 2

a2DexpS 2
r 2

a2D , ~56!

where

rBe
0 5

9

~pa2!3/2S 11
3

2
a D , ~57!

a51.77 fm, anda50.631.
The expression in Eq.~55! is designed for medium and

heavy nuclei and cannot be applied to the deuteron ta
involved in our analysis. In this case, one should use a
ferent expression@40# @compare with Eq.~38!#,

RD/N
shad512

seff

16pE0

`

dqT
2FD~4q2!, ~58!

whereq25qT
21qc

2 , with qT the transverse momentum. Us
ing the deuteron charge form factorFD(q2) in the form of
Eq. ~39!, we arrive at shadowing for a deuteron,

RD/N
shad512

seff

16p S c1

4b1
e24b1qc

2
1

c2

4b2
e24b2qc

2D . ~59!

The effective cross section̂s2&/^s& can be calculated by
averaging in accordance with Eq.~47!,
seff~x1 ,x2 ,s!5

E
x1

1

daFq
p~x1 /a!@11~12a!2#t2/a2E d2r TK1

2~tr T!s q̄q
2

~ar T ,x2!

E
x1

1

daFq
p~x1 /a!@11~12a!2#t2/a2E d2r TK1

2~tr T!s q̄q~ar T ,x2!

, ~60!
-

ion
-

whereK1(y) is the modified Bessel function andt is defined
in Eq. ~12!. It is reasonable to use here the phenomenolog
x-dependent dipole cross section@24# which describes very
well data from HERA for the proton structure function
high Q2,

s q̄q~r,x!5s0F12expS 2
r2

r0
2~x!

D G , ~61!
al
where s0523.03 mb and r0(x)50.4(x/x0)0.144 fm,x0
53.0431024. In the case of the DY reaction,x5x2.

The results of the calculations forseff(x1 ,x2 ,s) at s
51600 GeV2 are depicted in Fig. 8 as a function ofx1 for
different fixed values ofx2. Note that the effective absorp
tion cross sectionseff substantially increases withx1. This is
a manifestation of factorization breaking, since suppress
~i.e., shadowing! of the nuclear structure function cannot in
crease with risingM2 at fixedx2. In the light-cone approach
3-12
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this behavior is easily interpreted: the mean transverse s
ration squared that enters into Eq.~60!, a2^r T

2&;1/t2

'1/@M2(12a)#, increases asx1→1 becausea.x1. Never-
theless, Fig. 8 shows that thex1 dependence ofseff is quite
weak forx1,0.8.
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a- Although we cannot test our calculations of shadowing
comparing them to nuclear suppression in DY reactio
which are affected by energy-loss effects, we may ch
them against nuclear shadowing in DIS. In this caseseff
reads@23#
seff
DIS~x2 ,Q2!5

E
0

1

da@a21~12a!2#e2E d2r TK1
2~er T!s q̄q

2
~r T ,x2!

E
0

1

da@a21~12a!2#e2E d2r TK1
2~er T!s q̄q~r T ,x2!

, ~62!
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wheree is introduced in Eq.~22!.
The calculatedseff

DIS(x2 ,Q2) turns out to be rather differ
ent fromseff

DY(x2 ,Q2) calculated with Eq.~60!. Their ratio is
plotted in Fig. 9 as a function ofx1 for different dilepton
masses. The fact that the ratio is not unity is a deviation fr
factorization ~except nearx151, where the factorization
theorem does not apply since, as we have noted, all phy
becomes soft here@22#!. However, the ratio may be shown t
approach unity logarithmically for largeM2 ~andx1,1), as
required by the factorization theorem and as suggested by
results in the figure.

The effective absorption cross section controlling nucl
shadowing is related to forward diffractive dissociation@45#.
As a simple test, we can compare our results forseff

DIS with
data for diffractive dissociation of highly virtual photons th
were measured at HERA to be about 10% of the total D
cross section,

sdd
DIS

s tot
DIS

5
seff~x1 ,x2 ,s!

16pBdd
DIS

'0.1, ~63!

where the subscript dd means diffractive dissociation,
Bdd

DIS'5 GeV22.

FIG. 8. The effective cross section@Eq. ~60!# as a function ofx1

for different fixed values ofx250.02, 0.03, 0.05, and 0.07.
ics

he

r
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A more rigorous test would involve a direct comparis
of the calculated nuclear shadowing for DIS with data. Sh
owing can be calculated using Eqs.~62! and~54!, where the
argument of the form factor,qc5xmN^KDIS&, is given by Eq.
~19! ~see Fig. 2!. The results are plotted in Fig. 10 as th
dashed curve and compared with data from the New Mu
Collaboration~NMC! experiment. Since the value ofQ2 in
the data varies withx we incorporate this correlation in ou
calculations; we use the same set ofx andQ2 as in the NMC
data. Shadowing for the deuteron is also taken into acco
At large x;0.1, the data display about 2% antishadowin
the origin of which is poorly understood, although it is pro
ably related to the same nuclear medium effects that ca
the European Muon Collaboration~EMC! effect. As this dy-
namics is not included in our calculations, it is not surprisi
that we underestimate the data in this region. At smallex
~and smallerQ2), as expected, the calculated shadowi
keeps decreasing and does not seem to saturate. This is
to the rise ofseff(x,Q2) at smallx andQ2.

At even smallerx, gluon shadowing also becomes impo
tant. The onset of gluon shadowing occurs only atx,1022

because it is related to fluctuations containing extra glu
that are heavier thanq̄q fluctuations. Correspondingly, th
coherence length for gluon shadowing is shorter than it is

FIG. 9. Ratioseff
DY/seff

DIS as a function ofx1 for M54 ~solid
curve!, 20 ~dashed!, and 100 GeV~dotted!. Deviation from unity
demonstrates breakdown of QCD factorization~see text!.
3-13
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quarks@23#. Nuclear shadowing for gluons at smallQ2 rel-
evant for the NMC data and at lowx is predicted in Ref.@25#
~see Fig. 6 of that paper!. We multiply F2

C/F2
D by the gluon

shadowing factor as calculated in Ref.@25#. The result shown
by the solid curve is in good agreement with the data a
confirms the reliability of our description of shadowin
which contains no free parameters.

V. ENERGY LOSS VERSUS SHADOWING

By including shadowing explicitly in the analysis of th
DY data, we are able to utilize the entire data set of
E772/E866 experiments for the ratioRexpt(x,M2). This must
be done recognizing that shadowing and energy loss
complementary sources of nuclear suppression. If the
time of a fluctuation containing the lepton pair substantia
exceeds the size of the nucleus, we assume that the en
loss of the hadronic part of the fluctuation does not affect
spectrum of dileptons, which are created as a fluctuation l
in advance of the nucleus.2 Thus, in the two limiting cases o
very long or very short coherence time, one finds either sh
owing or energy loss present, correspondingly, not both
gether.

The DY amplitude in the longl c limit differs from that in
the shortl c limit by additional terms that account for inte
ference between the DY amplitudes involving different nu

2This is different for nuclear broadening of the transverse mom
tum of a DY pair. Since a nuclear target supplies a stronger kic
the quark part of the fluctuation compared to a nucleon target,
nucleus is able to break up the coherence of harder fluctuations
fluctuations with larger transverse momentum of the lepton p
@18#.

FIG. 10. Normalized ratio of carbon to deuterium structu
functions. The data are from the NMC experiment@46#. The dashed
curve is calculated using Eqs.~54!, ~58!, and ~62! for each data
point at the same values ofx andQ2. The solid curve includes also
the effect of gluon shadowing as calculated in Ref.@25#.
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bers of nucleons. Within the approximation that the dou
scattering correction dominates, which is quite accurate
shadowing is small~appropriate for the kinematics of th
E772/E866 experiments!, the interference term always ap
pears multiplied by the nuclear form factor squared, as in
~54!. The transition from the short-l c regime, described by
Eq. ~41!, to the regime ofl c@RA , described by Eq.~54!, is
likewise controlled by the nuclear form factor. It is easy
write the interpolating expression, namely,

RA/N~x1 ,M2!5@12FA
2~qc!#@RA/N

Eloss~x1!21#

1RA/N
shad~x1 ,M2!, ~64!

whereFA
2(qc) is given by Eq.~55! andRA/N

Eloss andRA/N
shad are

given by Eqs.~41! and ~54! respectively. Obviously,~64!
correctly reproduces the short and long coherence len
limits and mixes these effects when both contribute. A n
feature of Eq.~64! is that the effect of energy loss is wea
ened with risingl c and eventually vanishes atl c@RA .

A. Results

With Eq. ~64!, we have adjustedk to fit the entire set of
ratios C/D, Ca/D, Fe/D, W/D, Fe/Be, and W/Be from th
E772 @10# and E866@13# experiments double-binned inx1
>0.3 andM>4 GeV. Since the normalization of the data
subject to systematic uncertainties, we included them in
fit by introducing for each experiment an overall normaliz
tion N516DN for the theoretical values of the nuclear r
tios. We allowed these to contribute tox2 by treating them as

-
o
e
e.,
ir

FIG. 11. Examples of ratios of the DY cross sections on carb
to deuterium as functions ofx1 for various intervals ofM. Dashed
curves correspond to net shadowing contribution; solid curves s
the full effect including shadowing and energy loss. Data fro
Refs.@10,47#.
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ENERGY LOSS VERSUS SHADOWING IN THE DRELL- . . . PHYSICAL REVIEW C65 025203
additional experimental points and assuming a normal dis
bution for them. A few examples of the fit results are d
picted in Figs. 11, 12, and 13~more bins inM and a greater
variety of nuclei were involved in the fitting!. In addition to
the solid curves, which show the full result of the fit, we al
show the contribution of shadowing alone in the dash
curves. Shadowing was calculated for the mean value
mass calculated for each interval asA^M2&.

FIG. 12. The same as Fig. 11, except that the ratio of tungste
deuterium is shown.

FIG. 13. The same as Fig. 11, except that the ratio of tungste
beryllium is shown, with data from Refs.@13,48#.
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We found the following value for the rate of energy los

2
dE

dz
52.7360.37 GeV/fm, ~65!

with x2/(degree of freedom!50.9, and normalization factor
N(E772)51.01460.005 and N(E866)50.99660.006. A
nice feature of the fit is the consistency of the values
dE/dz resulting from independent fits to the E722@47# and
E866 @48# data,

2
dE

dz U
E772

52.3260.52 GeV/fm ~66!

2
dE

dz U
E866

53.1460.53 GeV/fm, ~67!

with x2/(degree of freedom!50.85 and 1.02 for the E772
and E866 data respectively, and normalization fact
N(E772)51.0160.006 andN(E866)51.0060.007.

The rate of energy loss given in Eq.~65! is larger than the
value 1 GeV/fm suggested by the string model. However
string tension,ks52paR8'1 GeV/fm is a static quantity,
related to the slope parameteraR8 describing the orbital ex-
citation spectrum of hadrons. Evidently the energy loss b
quark includes an additional piece, such as the dynam
contribution arising from gluon radiation@9,26#. The magni-
tude of the latter was determined in Sec. III A 2 to be simi
in size to the energy loss arising from the formation
strings. Adding this contribution, the result~65! agrees with
the expectation, Eq.~31!.

The normalization factors found for the E772 and E8
data are well within the quoted systematic errors. These
ues of norms explain why the dashed curves representing
shadowing in Figs. 11 and 12 do not match unity for sh
coherence length. At the same time the dashed cu
slightly rise above 1 at largex1 andM, demonstrating anti-
shadowing. This is a result of the delayed onset of shad
ing toward smallx2 for heavy nuclei~W! compared to light
ones~D! as dictated by their form factors.

One can see from Figs. 11–13 that the effects of ene
loss and shadowing display quite different behaviors a
function of A, x1, andM. For carbon nearly all nuclear sup
pression, to the extent that it exists, comes from shadow
This is because the mean path length available for ene
loss in nuclear matter vanishes for nuclei as light as carb
as one can see from Fig. 6. At the same time, for tungs
energy loss makes a substantial contribution to nuclear s
pression, while shadowing vanishes for large masses bec
the nuclear form factor falls steeply at largex2. This differ-
ence in theA andM dependence helps to disentangle the t
effects rather effectively.

Another specific signature of energy loss is a suppress
that does not vanish even at smallx1. Indeed, this effect of
the order of 4% seems to be supported by data for tung
in Figs. 12 and 13, while data for carbon, Fig. 11, show
deviation from 1. This feature also helps to single out t

to

to
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M. B. JOHNSONet al. PHYSICAL REVIEW C 65 025203
effect of energy loss since the data have especially high
curacy in this region of smallx1.

Notice that the ratios of tungsten to beryllium shown
Fig. 13 reveal an interesting feature; namely, at large dim
masses this ratio rises withx1 reaching values above 1, rem
niscent of antishadowing. Instead of this, one might ha
expected a stronger shadowing for a heavier nucleus.
course Eq.~54! cannot lead to any antishadowing. Howev
the onset of shadowing with decreasingx2 must be delayed
for heavier nuclei whose form factors decrease more ste
with qc . We illustrate this feature in Figs. 14 and 15, corr
sponding to the dimuon massesM54.5 and 7.5 GeV, respec
tively. We compare nuclear shadowing calculated with E
~54! for carbon, iron, and tungsten as function ofx2. Indeed,
one can see in Fig. 14 that the onset of shadowing for hea
nuclei occurs at smallerx2 ~compare with Figs. 5 and 6 in
Ref. @25#!. At the larger dimuon mass ofM57.5 GeV in
Fig. 15, the behavior is seen to be even more complicated
this casel c is so short that it suppresses the form factor
tungsten at allx2. In any case, these tiny variations of sha
owing have no influence on our final results for energy lo

Note that shadowing vanishes towards the kinemat
limit x151, i.e., minimal values ofx2. This is the result of
the coherence length vanishing in this limit~see Fig. 3!. This
property is irrelevant for our analysis since there are no d
in this region.

FIG. 14. Shadowing in DY reaction on carbon, iron, and tun
sten as function ofx2 at M54.5 GeV. Nuclear shadowing disap
pears at large and smallx2 because the coherence length, Eqs.~7!
and ~8!, vanishes in these limits.

FIG. 15. The same as in Fig. 14, but atM57.5 GeV.
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B. Stability of the solution

We have performed several tests of the stability of o
results given in Eqs.~65!–~67!. First, as already mentioned
the analysis could be affected by any overlooked phys
effects that are related to nuclear structure and that exis
large x2 where no shadowing is expected. To test this,
varied the relative number of shadowed and unshado
events by imposing an upper cutoffx2

max on the values ofx2

allowed in the data set. As this cutoff is lowered, more poi
are affected by shadowing. On the other hand, decreasing
cutoff x2

max diminishes the influence of any missed physic
effects, as mentioned above. We have plotted the value
the energy-loss ratek resulting from separate fits to the E77
and E866 data as a function ofx2

max in Fig. 16. The results of
the fits to both sets of data appear reasonably stable, con
ing the correctness of our calculations for nuclear shadow
of the DY cross section.

Second, we tested the sensitivity of our results to the m
nitude of the shadowing in the analysis. We replaced
2RA/D

shad⇒Cshad(12RA/D
shad), where the factorCshadwas varied.

Eliminating shadowing entirely by fixingCshad50, we found
2dE/dz52.3460.37 GeV/fm withx25240 from the com-
mon fit of the E772 and E866 data. Next, making anot
extreme assumption, we doubled the amount of shadow
by fixing Cshad52 and found 2dE/dz53.0060.37
GeV/fm with x25259. Whereas one might be tempted
conclude from this exercise that the treatment of shadow
is unimportant the extraction of energy loss, one clearly s
from from Fig. 16 that this is not true: the energy-loss val
determined by the data acquires important contributions fr
the shadowing region. We also checked the optimal value

-

FIG. 16. The rate of energy loss2dE/dz5k as a function of
the upper cutoffx2,x2

max. Closed and open circles correspond
fits to the E772 and E866 data, respectively.
3-16
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ENERGY LOSS VERSUS SHADOWING IN THE DRELL- . . . PHYSICAL REVIEW C65 025203
Cshad by treating it as a free parameter and foundCshad
50.8860.18 with x25218, which confirms the correctnes
of our calculations for shadowing. Thus, we conclude that
varying the amount of shadowing over a wide range, the
of energy loss remains unchanged within error bars, whilex2

becomes substantially worse.
Next, we examined the accuracy of the double-scatte

approximation in Eq.~54!. We had assumed that if the sha
owing effect is weak, we could neglect the triple- and high
order rescattering terms. The exact calculation of these
rections in Refs.@23,19# is too cumbersome to be used in th
fitting procedure. Instead, one can include the multiple in
action corrections in the same way as in Ref.@45#, i.e., as-
suming that rescatterings happen with the same cross se
seff that governs the shadowing correction in relation~54!.
Then, the form factor equation~55! should be modified as

F̃A
2~qc!5

2

^T&E d2bE
2`

`

dz2rA~b,z2!

3E
2`

z2
dz1rA~b,z1!expF iqc~z22z1!

2
seff

2 E
z1

z2
dzrA~b,z!G . ~68!

We repeated the fit replacingFA
2(qc)⇒F̃A

2(qc) in Eqs. ~54!
and~64! and found no visible deviation from the result in E
~65!.

It was also of interest to know whether our results wou
change if, instead of using Eq.~64! to combine the effects o
shadowing and energy loss, we make the maximal-stren
mixture of these two effects as assumed in Ref.@13#; namely,
RA/N5RA/N

ElossRA/N
shad. Fitting all data when we do this, we fin

nearly the same value of the energy-loss rate that we pr
ously obtained,2dE/dz52.1860.31 GeV/fm.

One can also extract from the results of these modifi
tions a scale for the model dependence of the systematic
the rate of energy loss. We evaluate such a systematic err
about60.5 GeV/fm. Note that although all these variatio
of the fitting procedure do not affect the results very mu
they do substantially increase the value ofx2 compared to
the fit done in Sec. V A.

The pleasing stability of the results confirms the conc
sion of Sec. V A that there should be no confusion betwe
the effects of shadowing and energy loss~provided that the
data are sufficiently exact and binned both inx1 and M )
since these two effects behave very differently as functi
of A, x1, andM.

Finally, we would like to call attention to the fact that th
data we are analyzing fork cover the kinematical region o
the targetx extending all the way out to large values ofx2.
This is a concern, since forx2.0.1 there exist EMC and
antishadowing effects in the nuclear quark distribution fu
tion that we have not yet accounted for in the theory.
suppress the contribution of largex2 selecting data withx1
.0.3. Besides, we argue next that these effects make a
ligible contribution to the data we are analyzing.
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To show this, we first note that the EMC/antishadowi
effects appear in thequark distribution function of the
nuclear target, corresponding to antiquarks in the proton p
jectile. We expect that the EMC/antishadowing correctio
if appreciable, can affect the analysis only at smallx1, since
antiquarks in the beam contribute only for smallx1. These
corrections enter the theory as expressed in Eq.~64! in both
RA/N

shad(x1 ,M2) @Eq. ~54!# andRA/N
Eloss(x1) @Eq. ~41!#.

Consider first the shadowing contributions. Shadowing
appreciable only for very smallx2,0.03. Taking s
51600 GeV2, these small values ofx2 correspond to values
of x15M2(sx2)21.0.3 at the smallest values ofM in our
data set. Forx1.0.3, the antiquark distribution function i
quite small, and in any caseseff , Eq. ~60!, is not very sen-
sitive to how we average. So, we can neglect the antiqua
in the shadowing region.

Consider next the energy-loss contribution. For the E7
experiment, all points in the data set correspond tox1.0.3.
This means that the data points are uncontaminated by E
and antishadowing effects~i.e., x2,0.1) for values ofM
,6.9 GeV. However, for larger values ofM in the E772
experiment, and for all values ofM in the E866 experiment
some region ofx1 will be affected. We have made quantita
tive estimates of the size of this contamination by compar
the quark and antiquark contributions to the integral in E
~41!. We evaluated the antiquark contribution using the sa
cross sectiondsDY

qN(x1
q)/dx1

q that we found for an inciden
quark, Eq.~45!, and using the simple expression@49#

q̄~x1!5
0.7~12x!8

4x
~69!

for the atiquark distribution. For A5184 and k
52.28 GeV/fm, we find that the antiquark contribution
only 0.3% of the quark contribution atx150.1. Additionally,
the relative size drops rapidly for larger values ofx1, allow-
ing us to conclude that the EMC/antishadowing effects m
a tiny contribution to the DY cross section throughout t
kinematical region we are considering and justifying our n
glect of these effects in the data analysis.

C. Why a previous analysis†13‡ found no energy loss

One may wonder why the rate of energy loss2dE/dz
deduced from the E866 data in a previous analysis@13# is so
much smaller (2dE/dz,0.44 GeV/fm) than the value we
found fitting the same data. In this section we address
question.3 A value smaller than the string tensio

3We compare only with the second of three scenarios for ene
loss considered in@13#. The first one~energy loss is proportional to
the initial energy! violates the Landau-Pomeranchuk principle~see
discussion in Ref.@12#!, while the third version~induced energy
loss! corresponds to energy loss induced by multiple interaction
a quark propagating through infinite nuclear matter@36#. However,
the dominant contribution comes from vacuum energy loss~see
Sec. III A! which has a constant and energy independent rate an
properly treated with the second version considered in Ref.@13#.
3-17
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;1 GeV/fm would be at the same time both surprising a
a serious problem for the theory.

One obvious reason for a difference is the effect discus
in Sec. III B and Fig. 6, namely, the observation that wh
the multiple scattering of the incident proton is properly co
sidered, the mean path of a quark available for vacuum
ergy loss in nuclear matter is more than twice as short a
would be if such scattering were neglected. Taking this eff
alone, we estimate that it would increase the 1s upper limit
for the rate of energy loss found in Ref.@13# to 2dE/dz
,1 GeV/fm.

However, there are deeper reasons for the differences
tween the results of our analysis and that in Ref.@13#, which
treats the DY process asqq̄ annihilation as in the leading
order parton model. These reasons are related to the fac
the parton model interpretation of the space-time deve
ment of the interaction is not Lorentz invariant and depe
on the reference frame. As mentioned already in Sec. I
the lack of Lorentz invariance arises because objects suc
partons are quantum fluctuations rather than classical
ticles. Because of their quantum nature, the partons live
die differently in the different frames. Thus, one must avo
trying to look at the same parton in different referen
frames, even thoughx1 is invariant under relative Lorent
boosts. For example, if the DY process is treated in the la
ratory frame, then the fraction of light-cone momentum c
ried by the valence quark,xq , is larger thanx1 @see Eq.~9!#.
However, in the dilepton rest framexq5x1; this is no sur-
prise since they are not the same parton!

1. Advantages of target rest frame formulation

From the above discussion, it is clear that a consis
approach to the calculation of energy loss would, in pr
ciple, have to treat all effects in the same frame. In the c
of the standard parton model approach@1#, this would be the
rest frame of the dilepton. In this frame, the moving nucle
is subject to a contraction by the Lorentzg factor, RA*
5RA /g, where

g5
M

2x2mN
. ~70!

The energy lossDE* in this reference frame is diminishe
by the same factor compared to the one in the nuclear
frame,DE* 5DE/g. Indeed, the vacuum energy loss is m
dium independent and proportional toL* 5L/g. The induced
energy loss is proportional to the Lorentz boosted nuc
density rA* 5grA , but also to (L* )25L2/g2. At the same
time, the cloud of antiquarks in the target nucleon spread
longitudinal direction over distance;2/M . Thus at smallx2,

x2!
1

mNRA
~71!

~this is exactly the condition for the long coherence leng
i.e., for shadowing!, the size of the antiquark cloud substa
tially exceeds the nuclear radius.
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Unfortunately, in the rest frame of the dilepton the po
tion of q̄q annihilation cannot be localized to better tha
;1/M , while the nucleus is squeezed by the Lorentz tra
formation to a pancake shape of a much smaller thickn
;x2RAmN /M . The annihilation process clearly lacks suf
cient resolution to probe such small distances. Additiona
one cannot say whether it is the quark or the antiquark
propagates through the nucleus prior to annihilation, a d
tinction that obviously must be made even before consid
ing the issue of energy loss.

For these reasons, it is quite tempting to switch refere
frames~which, however, we have argued is invalid, unless
is done properly! and view the reaction from the rest fram
of the nucleus. Just such a switch occurred in Refs.@11,13#.
For example, in Ref.@13# the shiftDx1 caused by energy los
was first fit to the E866 data in the rest frame of the dilept
The authors then switched to the rest frame of the nucle
writing their Eq. ~2! in this frame and assuming, in acco
dance with Refs.@33,12#, thatk2 is a constant independent o
x1 , x2, and s. They find the rate of energy loss to beDE
5Dx1E/(3RA/4), whereE5800 GeV is the beam energy.

One might try to avoid these inconsistencies by treat
the DY reaction asqq̄ annihilation in the rest frame of the
nucleus, imagining the projectile parton traveling throu
nuclear matter and suddenly annihilating with a sea a
quark in one of the bound nucleons. This is, however, pr
lematic for several reasons. First of all, the sea antiqua
available for such annihilation are defined only in the infin
momentum frame~this is why Weitza¨cker-Williams photons
do not exist in the rest frame of the electron—they are
static field!. Second, annihilation of a high-energy massle
quark with an antiquark at rest to a dilepton of massM vio-
lates energy-momentum conservation. To fix this proble
one may introduce next-to-leading order corrections, i
gluon radiation. As some of these gluons are radiated in
vance of the dilepton and some later, one cannot treat the
reaction as instantaneous but rather must consider its sp
time development. Unavoidably, one arrives at the pict
employed in present paper, where the DY pair is treated
the same footing as the gluons, i.e., as bremsstrahlung.

One is thus led in a natural way to the target rest fra
formulation, which clearly identifies the incident quark as t
one that propagates through the nucleus and loses en
prior to the radiation of thel̄ l pair. The relative contribution
of shadowing and this energy loss is governed by the co
ence length appearing as an argument of the longitud
form factor in Eq.~64!. Specifying this dependence is esse
tial for the determination of the correct value of the rate
energy loss from the data. This is because many of the E
data are located at smallx2, where the coherence length
relatively long~Fig. 3!, implying that shadowing dominate
over energy loss in all but the heaviest nuclei. Ignoring t
dependence onx2 would thus tend to overemphasize sha
owing and lead to a diminished rate of energy loss, just a
Ref. @13#.

2. Comparison of results for shadowing

Still a substantial fraction of the E866 data is located
rather largex2 where no shadowing is expected. For the
3-18
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events, another difference exists between Ref.@13# and our
results. This can be traced to the fact that the shadow
correction in Ref.@13#, which is taken from the phenomeno
logical analysis by Eskolaet al. @14#, is quite different from
ours in this region. We compare our shadowing calcula
for tungsten atM54.5 depicted in Fig. 17 by the dashe
curve with the one from Ref.@14# ~solid thin curve! that was
used in Ref.@13# to correct the E866 data. One can see qu
clearly the difference between these two prescriptions.

The source of the difference at largex2 arose, we believe
from a confusion between energy-loss effects and shadow
in the phenomenological extraction of the antiquark densi
in Ref. @14#. Shadowing for antiquarks cannot be extracted
a model-independent way solely from DIS data, which
blind to the sign of the electric charge. This is why the E7
data for the DY reaction were included in the fit of Ref.@14#
together with a variety of DIS data. Assuming QCD facto
ization, the evolution equations were applied to the par
distributions in nuclei. As usual, one needs to know the in
x distributions at a medium high scaleQ0

2. The shapes of
these distribution were guessed in Ref.@14#, and then their
magnitude was fit to data. No physical input beyond
QCD evolution was incorporated in the analysis. It is no
surprise that substantial ‘‘shadowing’’ effects were found
antiquarks even at largex2 where no quantum interference
possible because of the shortness of the coherence leng
was assumed in Ref.@14# that the ratio of the antiquark den
sities is constant forx.0.08. The magnitude of this ratio wa
fitted to the E772 data and found to be less than 1, as one
see from Fig. 17. We think that this is where the misinterp
tation of the energy-loss effects as shadowing occurred
Ref. @14#. Indeed, as we emphasized in Sec. V A and one
see in Figs. 11–13, energy loss suppresses the DY nu
cross section even at smallx1 ~i.e., largex2) where no shad-
owing is possible. The thick solid curve in Fig. 17 represe
ing our result for the combined effect of energy loss a
shadowing confirms this conjecture. Indeed, it is below
shadowing~dashed! curve at largex2 exactly by the same

FIG. 17. Comparison of nuclear shadowing~dashed curve! and
combined effect of shadowing and energy loss~thick solid curve!
presented in our analysis, with ‘‘shadowing’’ for antiquarks found
Ref. @14# from the combined analysis of DIS and DY data~thin
solid curve!. All calculations are done for tungsten andM
54.5 GeV. The behavior of the dashed curve at smallx2 is ex-
plained in the text.
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The influence of energy loss on the effective nuclear s

pression of antiquarks found in Ref.@14# extends down to
smallerx2 ~where most of the E866 data are concentrate!,
giving to thex2 distribution quite a different shape compare
to the shadowing we calculated. In particular, nuclear s
pression is strongest at the kinematical limit of smallestx2 in
the E772/E866 experiments, while shadowing shown
dashed curve vanishes in this limit. We should again emp
size that shadowing disappearing at small and largex2 is a
model-independent expectation since it is based only on
uncertainty principle and the kinematics of the DY reactio

Although the nuclear suppression from Ref.@13# depicted
in Fig. 17 by the thin solid line exceeds the calculated sh
owing effect shown by the dashed curve even at smallx2
;0.01520.02 this is not the reason for our disagreeme
with Ref. @13#. Indeed, as is stated above, we have chec
that even with shadowing twice as strong as the one sh
by the dashed curve in Fig. 17~i.e., stronger at smallx2 than
shadowing from Ref.@14#!, the resulting energy loss is es
sentially the same. We suppose that the more important e
is the different shape suggested in Ref.@14# for the x2 de-
pendence of the nuclear suppression, which does not va
at largex2.

In conclusion, we believe that incorrect physical input
small x2 and the particular antiquark density at largex2 em-
ployed in the analysis of Ref.@13# led to an incorrect resul
of vanishing energy loss. Although this result was confirm
with much worse confidence by the recent analysis@50# of
data from the NA3 experiment, it comes as no surprise t
they arrived at the same conclusions since their analysis
done essentially the same way as that in Ref.@13#.

VI. SUMMARY AND CONCLUSIONS

We have presented a new analysis of the nuclear de
dence of the E772/E866 Drell-Yan lepton pair producti
data. This analysis makes use of a new formulation of DY
the rest frame of the target, according to which the lep
pair arises from the decay of a massive photon radiated
the incident quark in a bremsstrahlung process. We h
been particularly interested in these data as a source o
formation on the rate of energy loss of a quark propagat
through nuclear matter, encouraged by the observation
the rate of fall off of the DY cross section data withx1 near
the pointx151 is extremely rapid and therefore sensitive
the amount of energy lost by the quark prior to radiating
photon. Since shadowing has a similar effect to that of
ergy loss, namely suppression of the cross section at s
x2, it is important that we have a good theoretical und
standing of shadowing and that we explicitly use this und
standing to model the shadowing.

Identification of the dominant physical processes, as w
as the determination of their relative contribution, is guid
by the notion of coherence time, which can be interpreted
the lifetime of a virtual fluctuation of the incident quark int
the massive photon~and final quark!. In particular, for short
coherence times, the massive photon is released immedi
from the fluctuation as the incident quark scatters from
3-19
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bound nucleon. These processes clearly depend on
amount of energy lost by the soft incident quark as it pro
gates from its point of origin in a soft inelastic collision o
the incident proton with a bound nucleon to the point
which it undergoes bremsstrahlung, and these processe
also sensitive to the energy lost by this quark for reas
given above. Because the coherence time is short, the ph
is radiated immediately, and the final quark has no time
multiply scatter from other nucleons before the radiation p
cess has come to completion. For long coherence times
dominant processes correspond to terms in which the m
sive photon is radiated well in advance of any nuclear co
sion, and shadowing becomes an issue as the final q
begins to scatter from other nucleons of the nucleus.
describe shadowing quantitatively and without free para
eters in terms of a phenomenological color-dipole cross s
tion ~fit to HERA data for the proton structure function!, the
nuclear thickness function, and the longitudinal nuclear fo
factor. Our model is shown to reproduce shadowing wher
has been observed, namely in DIS on nuclei taken by
NMC collaboration. The transition between the regime
long and short coherence time is governed by the longitu
nal form factor, with the longitudinal momentum transf
bearing a simple inverse relationship to the coherence len

Our theory, as described above, contains one unkn
parameter, namely the rate of energy lossk of a quark propa-
gating through nuclei. Usingk as a free parameter, th
theory was fitted to the E772/E866 data for DY lepton p
production arising from bombardment of2H, Be, C, Ca, Fe,
and W targets by 800 GeV/c protons. The data were binne
both in x1 and M, a very important issue for reliable dis
ed
Y
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crimination between the effects of energy loss and shad
ing. We foundk52.2860.31 GeV/fm, in close accord with
our theoretical estimate of 2 GeV/fm determined by cons
ering string dynamics and gluon radiation. Numerous te
confirming the stability of our numerical analysis were mad
They also provided a scale for the theoretical systematic
certainty in the rate of energy loss, which we estimated
about60.5 GeV/fm. Since the value we found fork is sub-
stantially larger than the value reported in previous work,
pointed out the important differences between the two an
ses.

One should be cautious determining nuclear shadowin
sea quarks from DY data that may be substantially conta
nated by energy loss. An essential demonstration of our c
clusions requires similar data for the DY reaction on nuc
at lower energies, where shadowing is of no importance
energy loss produces a stronger effect on the cross sec
On the other hand, at much higher energies of RHIC a
LHC one can completely disregard energy loss and test m
els for shadowing by direct comparison to data. We exp
spectacular shadowing effects producing a strong supp
sion of the DY cross section for a wide range ofx1.
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