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We present a new analysis of the E772 and E866 experiments on the nuclear dependence of D} Yan
lepton pair production resulting from the bombardmenfif Be, C, Ca, Fe, and W targets by 800 GeV/
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 Bjorkgs1 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 fractiorx; and dimuon masM. 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 yieldslE/dz=2.73+0.370.5 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.
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I. INTRODUCTION zation parton— hadron. As a rule, this hadron is subject to
absorption when it is produced inside the nucleus. The com-
Nuclei can serve as a unique tool to study the space-timplicated dynamics of thissee Ref[6] and the comparisons
development of the strong interaction during its early stagexf the predictions to datgb]) makes it extremely difficult to
which is inaccessible in collisions between individual had-single out the net effect of energy loss.
rons. The Drell-Yar(DY) reaction[1] on nuclear targets pro- High-p; production of hadrons off nuclei is even more
vides, in particular, the possibility of probing the propagationcomplicated, since it includes a convolution of the parton
of partons through nuclear matter in its ground state, with thelistribution in the incident hadron with the higiy- parton-
produced lepton pair carrying away the desired informatiorparton scattering cross section. Multiple parton interactions
on the energy and transverse momentum of the parent prdaside the nuclear mediurtCronin effecj also makes the
jectile quark after it has traveled in the nucleus. In this paperinterpretation extremely complicated. Yet another reaction
we are specifically interested in the determination of the ratgensitive to energy loss is charmonium production off nuclei.
of energy loss per unit lengtk=—dE/dz of a fast quark The violation ofx, scaling observed in the E772 experiment
propagating through a nucleus. We believe that the DY read-7] has already suggested the presence of energy-loss effects.
tion data provides the cleanest way to single out such energydowever, final-state absorption and coherence effeste

loss effects. Ref.[8]) do not allow a clear identification of energy loss in
One might also consider using other reactions for identithe data.
fying energy-loss effects, with deep-inelastic scatte(Df) In the DY reaction, the ratioR,,p of the cross section for

coming to mind as one possibility. However, experimentallya heavy nucleug& compared to a light onéhe deuterorD,
[2-5], it has proven difficult to identify the partonic energy say), are particularly relevant for the study of parton energy
loss, not to mention to specify how to best measure thidoss in nuclei. This is especially true in the region of large
potentially important phenomenon. The origin of the diffi- values of the the longitudinal momentum fraction of the pro-
culty can be appreciated by considering the following experijectile hadron carried by the DY pair, where significant
ment. Suppose one were to measure the nué®adepen- nuclear suppression is clearly seen in this ratio. In an early
dence of semi-inclusive DIS, with known four-momentum study[9], it was shown that a ratio such &, would be
transfer. In this experiment, th& dependence of the energy sensitive tox because the fractior, of the light-cone mo-
(momentum carried by a hadron created by the struck quarkmentum of the incoming hadrdncarried by projectile quark

is supposed to convey the information regarding parton eng shifts to smaller values imA collisions as a result of
ergy loss. However, besides the vacugimitiated by the initial-state energy loss. In the case of the DY reaction, this
DIS) and induceddue to multiple interactions of the struck shift Ax, suppresses the ratR,p because it results in the
parton) energy loss, one must also account for the hadronisampling of the parton distribution at largey (for the same
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momentum of the dileptonwhere the projectile parton den- antiquark fluctuation, which is brought to its mass shell by
sities are smaller. Thus, the rafy,p must decrease towards the interaction with the target. Again, this picture looks very
large Feynman variableg— 1 where energy loss leads to a different from the conventional parton model interpretation
strongest suppression. in the Breit frame, where it is described as absorption of the
At the same time, nuclear shadowing was observed inncident virtual photon by a quartantiquark, which in this
Ref.[9] to be a competing source of suppression at lxige case belongs to the target.
(more specifically, small values of the momentum fractign The two processes, DY and DIS, are known to be closely
of the targek As it is easy to mix up energy loss and shad-related in the parton model via QCD factorization. It is not
owing, one must take special precautions to disentangle thes@rprising that the rest frame descriptions of these reactions
two effects when analyzing experimental data. also look similar. One of the advantages of this approach is
The first Drell-Yan data suitable for such an analysis werehe clear and simple treatment of nuclear shadowing, which
obtained in Fermilab E772/E866 experiments. An analysis ofs described in terms of the usual Glauber-Gribov theory.
the E772 datd10] was made in Ref.11], ignoring shadow-  shadowing in both DY and DIS processes is controlled by
ing and assuming that rises linearly with energy. The latter the same universal color-dipole cross secf{iat], which is
assumption was criticizedi12] for violating the Landau- the cross section for freeing the fluctuations. The strategy
Pomeranchuk principle. used in present paper is to treat the dipole cross section phe-
A better analysis was performed recently by the the E86Gomenologically by fitting it to DIS data and then verifying
collaboration using the E866 dajta3]. The analysis of Va-  the theory by comparing it to DIS scattering data on nuclei in
siliev et al, which attempted to improve on that of REf1]  the shadowing regiotwhere there is no danger in confusing
by including shadowing, considered three scenarios for enshadowing with energy lossThen one can safely predict
ergy loss, one of which was the same as in R&L]. Al shadowing for the DY process. Such a strategy is based on

three of these gave consistent with essentially zero energy the universality of the dipole cross section, which is a mani-
loss, in contrast to the value~1.5 GeV/fm found in Ref.  festation of QCD factorization.

[11]. Thus, shadowing was found in R¢13] to be the main The lifetime of the fluctuations, or coherence length, is
source of nuclear suppression of the DY cross section ainother crucial quantity for understanding how energy loss
large X . and shadowing occur in the target rest frame. The coherence

Our present work differs from the previous analyses inlength is discussed and calculated in Sec. Il B. This turns out
that we attempt to unambiguously separate shadowing ang be mainly a function of Bjorkem,, with some corrections
energy loss by calculating the shadowing correction to thehat dramatically deviate from QCD factorization towards
DY data using theory. The concept of coherence lengthihe smallesk,.
which plays a key role in respecting the Landau- e discuss the use of the DY reaction as a probe for
Pomeranchuk principle, is essential to this formulation. It isquark energy loss in Sec. Ill. Section Ill A gives an overview
our belief that the procedure employed by Vasilieval.  of model expectations for energy loss. The string méSet.
overestimated the shadowing contribution and hence sult| A 1) predicts a constant rate of energy loss following the
stantially underestimated. The reason is that the shadowing first inelastic collision of the incident hadron on the nuclear
correction was taken from a phenomenological analys#$  surface. The magnitude of this is about the same as that of
that had already attributed the suppressiofRgh observed  the string tensionxs~1 GeV/fm. Multiple interactions of
in E772 data at larger entirely to shadowing. Preliminary the quark in the nuclear medium lead to an additional in-
results of our analysis are reported in RéfS]. duced energy loss whose rate rises linearly with the path

We describe the interplay between quark energy loss anéngth of the quark. Numerically this is a small correction to
shadowing by working in the target rest frame using thethe dominant constant term. Similar effects follow from per-
light-cone approach of Ref§16—19, where these are given turbative QCD(Sec. Ill A 2). The first inelastic interaction of
as separate contributions to the DY cross section. The targéie incident proton in the nuclear surface initiates a long-
rest frame formulation is discussed in Sec. Il A, where WEIasting g|u0n bremsstramung, providing a constant rate of
relate the DY process to projectile fluctuations containing theenergy loss of about the same value as that given by the
DY pair. In terms of such fluctuations, the DY reaction may string model. The energy loss induced by quark rescattering
be viewed as occurring when interactions with the targetiso rises quadratically with the length of the path and is of
break the coherence of the fluctuation and free a DY pairsimilar value as in the string model. These two sources of
ie., bringing it on its mass shell. Such an interpretation iSenergy loss are Comp|ementary and must be added, gi\/ing an
quite different from the conventional partonic treatment ofexpected rate of energy loss of about 2 GeV/fm.

DY process as annihilatioaq—ﬂ. However, the partonic In the target rest frame, the suppressiorRgfp by « is
interpretation is known to be Lorentz noninvariant and varyassociated with short-lived fluctuations in which the DY pair
from frame to frame. is released immediately after the interaction of the projectile

The important advantage of the rest frame formulation forquark with a target nucleon. The produced dilepton pair car-
the DY process is the possibility to predict shadowing, whichries undisturbed information about the energy of the quark
must be discriminated from energy-loss effects. Such an agraversing the nucleus only for such fluctuations. An impor-
proach bears a close analogy to the more familiar light-congant, although simple, consideration that arises here is the
description of deep-inelastic scatteri(iglS) at smallx [20]. determination of the length of the path in nuclear matter over
In that case, the incident virtual photon develops a quarkwhich the parton in the initial state loses energy. It is dem-
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In Sec. V C 2 we find that the different conclusions reached

T in Ref. [13] can be explained by the substantially different

c space-time variation in the DY reaction at smalland the

3 larger density of antiquarks at large, employed in this

G ] G work. We justify our own results based on detailed theoreti-
(IXZ) N (IXZ) cal arguments. In Sec. VI we summarize the results of the

' ! present analysis.

FIG. 1. Feynman diagrams for the cross section of lepton pair
production in a quark-nucleon collision with thé radiated before Il. DRELL-YAN REACTION IN THE NUCLEAR
(left) and after(right) the interaction with the target. REST FRAME

A. qg—11 annihilation or g—qll bremsstrahlung?
onstrated in Sec. Ill B that the mean length of this path does In the target rest frame, the Drell-Yan reaction at small

1/3 H i H
not follow an A™ dependence but is, in fact, quite short corresponds to the electromagnetic radiation of a lepton pair

compared to the nuclear radius. The distribution over paﬂb - :
. . : ; a projectile quarkvalence or sea, depending on the value
length is calculated for different nuclei. Nuclear suppression y aproj quark b 9

caused by energy loss is then given as a convolution of th&f X1) rather than tqg—I1 annihilation[16]. In this case,
quark distribution function of the incident hadron, modified thell pair is imagined to be liberated from a virtual fluctua-
by energy loss, with the DY cross section for the quark-tion of the projectile when it interacts with a nucleon of the
nucleon interaction(Sec. 11l ©. The former is borrowed nucleus. Two examples of Feynman diagrams contributing to
from phenomenological models successfully describing softhis are shown in Fig. 1. The cross section corresponding to
hadronic collisiongSec. Il C 1, while the latter is fitted to these and other diagrams not shown has a factorized form in
data from the E772 experiment on a deuterium tat§ec. the impact parameter representatjd6—18§,
I C2).

The other consideration in understanding the suppression dlf%’\\'( _f d2r v~ 5 1
of Ryp is, as we have remarked, the shadowing process. The  gm2da | Wan(rr,a)|?oglart,sen), ()
critical quantities for describing shadowing in this approach
are the coherence length and the effective fluctuation—freein\% .
cross sectiorfaveraged over different fluctuationdhe ef- heres, is the square of the center-of-mass energy of the
fective cross section is calculated in Sec. IV in terms of aduark-nucleon collisionM is the dilepton effective mass,
color-dipole cross section that describes data from HERA foRnd W qii(r,@) is the light-cone wave function of tHell)
the proton structure function at higp?. The shadowing cor- Fock component of the projectile quark. This wave function
rection is then calculated in an eikonal description of thedepends on both the transverse separatiobetween the |
multiple scattering of the incident quark in terms of theand the recoil quark and the fractian of the initial light-
color-dipole cross section. In Sec. IV we also confirm explic-cone momentum carried by thé pair. Here,ogq(p,S) is the
itly our description of shadowing by comparing the theory toynjversal dipole cross section for the interaction of a color-

deep inelastic scattering data, where energy loss is not 4ss dipoleaq with transverse separatign= ar from the

issue. We make our_determingtign effrom REB(x1,M?) nucleon, introduced in Refl21]. The appearance of the
based on the theoretical description of the effects of Shado"‘(:‘olor-dipole cross section in Eql) arises from the differ-

ing in Sec. V. We fit the parametarto the entire set experi- bet the int tion flay d| TN fluctuati
mental data without preselection, and the result is in agree?—_n.ce etween the interaction ) and|gll) fluctuations. .
his means, among other things, that the DY cross section

ment with the expected value af ives no contribution if the transver itions of th
We also performed a variety of tests to check the stabilit)[ece €s no co utio € transverse positions ot the

of our results. These tests are described in Sec. V B. In onér,“t'e?I and f!nﬁl q“?”‘; c0|ng(|jde,hand_ at Snr?"th's crohss

we examined the sensitivity of the rate of energy loss to theection vanishes p [21]. Sa|. Ot. erwise, w eny—0, the

relative contribution of shadowed and nonshadowed event§7ONd interaction cannot discriminate between the Fock

We determined that selecting only those events with smalfomponentsa) and|qll) and therefore radiation is not pos-

X5, where shadowing is the dominant effect, does not chang%'ble-

the results of the fit. We also artificially enlarged or elimi- AS usual for bremsstrahlung, one cannot say whether the

nated shadowing, corrected shadowing calculations for multvirtual) photon is radiated before or after the interaction

tiple interactions, etc., and found stable results. These tes®ith the target(via gluon exchange both are represented in

also provide a scale for the systematic uncertainties in oufig: 1. This quantum-mechanical uncertainty in the time of

analysis. radiation is called the coherence time, which is the same as
Section V C is devoted to the important issue of the disthe coherence length since we are near the light cone. In

agreement between our determination of the rate of energigms of the light-cone approach, the coherence time can also

loss and that of a previous analysis of the E866 data for thbe interpreted as the lifetime of thgll) fluctuation of the

DY reaction[13], which detected no energy-loss effect. In incoming quark.

Sec. V C 1 we discuss why the choice of the target rest frame As already noted, one may distinguish this approach from

is the natural one for formulating the theory of energy lossthe usual partonic interpretation of the DY reaction noting
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that the space-time development of high-energy feaCtiOﬂ$hereforepﬁ=apglepg, and the coherence lengtB)
treated in terms of the parton model is not Lorentz invariamaveraged over andk; reads
and depends on the reference frame. Indeed, since even the

time ordering varies from frame to frame, the lepton pair (KDY
produced at small values of Bjorke3<<1 in the DY reac- <|DY>: M=x, @)
tion may be equivalently viewed as annihilatigq—11 in ¢ MnX2
the rest frame of the photdri] or as the decay of a heavy
photon radiated in a bremsstrahlung process. where(KP¥) 2, is
B. Coherence length <KDY>M2,X1§<KDY(a’akT)>a,kT
The coherence length is an important quantity controlling
nuclear effects in the DY reaction. If the coherence length is B M2(1—a)
longer than the mean internucleon separation in the nucleus, - Mz(l—a)+a2m2+k$ ®
q a,k

different bound nucleons compete in freeing thefluctua-

tion. This phenomenon is known as nuclear shadowing. On

the other hand, if the coherence length is very short, thén perturbative calculations, one would takg, to be the
fluctuation has time to interact with only one bound nucleoncurrent quark mass. However, this is unsatisfactory in the
In this case, all nucleons contribute equally to the DY crosgpresent case because it leads to large transverse separations

section, i.e., there is no shadowing. between the parent and recoil quark when the radiated dilep-
The coherence length for a fluctuation of a projectileton takes esgentially the entire initial quark momentum
quarkq— 11q is given by the energy denominator, M?(1— @)~mg. Indeed, in this case the separation becomes

rt~1/m,, and one can grossly overestimate the contribution
oy p; of large separations when using the approximatgg(r )
I :H’ 2 ocr%. This divergence can be regularized by introducing an
g "4 effective quark mass that suppresses the probability of large
separations. Experience with DJ83] shows that employing
m,~0.2 GeV gives a good description of DIS data. We use
M2 m2 K2 the same effective mass in what follows for the DY reaction.
2 T S
=14 + - + w(l—a) 3 Of course, this dlverg_ence does not create any prot_JIem when
the dipole cross section saturates at large separations.
. . — . n Clearly the coherence length, which controls nuclear
is the erf.ectNe ‘mass squared of theq fluctuation, p;  ghadowing, may not scale i, and differs from the usually
=Eq+ pq is the light-cone momentum of the incident quark, yseq approximatioh, = 1/2x,my . Moreover, it follows from
M is the dilepton effective mass, ake¢l anda are the trans-  Eq.(8) that asx; —1,l,— 0 (sincea>X,), i.e., nuclear shad-
verse momentum and fraction of the light-cone momentunbwing vanishes. This fact is at variance with the usual ex-
of the parent quark carried by thé pair, respectively. pectation that shadowing increases towards the bmit1,
If energy is conserved, the longitudinal momentum transwhich corresponds to the smallest Although this contra-
fer between the initial statiy) and the quctuatiorjqﬂ) is  diction shows that QCD fgctorization preaks dpwn dramati-
g.=1/,. Thus, one can say that the coherence length is thgal[y at largexy, the.result is quite consistent with the obser-
maximal longitudinal distance between fluctuations that ar&/ation that all physics becomes s¢#2] at largex;.

where

M

in phase. The averaging in E¢(8) should be weighted by the light-
The DY variablesx; andx, satisfy the equations cone wave function of thgll fluctuation squared, which is
) known to divergg(for transversely polarized virtual photgns
X1X2=M—, 4) at small transversg— || separation'r, i.e., for largeky [18]
S (similar to the case of DIS for the fluctuatigif —qq). Such
fluctuations with smalt do not interact; therefore, to avoid
X1 Xo=Xp, (3 the nonsensical result thgk®Y)=0, which would arise

. . . . from the fact that the vacuum fluctuations are dominated by
wherexg is the Feynman variable, and they are interpreted "]arge k; —leading to a divergent normalization—one also

the parton model as the Bjorken variables of the annihilating, : - :
. . . eeds to includerg,(r,s) [16,18 in the evaluation of Eq.
qo\' T
quark and antiquark. They can equivalently be defined a%s). It is also necessary to include it here since we are inter-

i ight- = I ) . > . :
f(rba)lcuogs oftthe Iﬁ;‘t corlle mome’?ﬁg bE;—LhP IOf :he beam ested only in those fluctuations that participate in the inter-
and a targett) nucieon carried by the leplon par as 4etion, The dipole cross section plays the same role in Eq.

follows: (1), namely, it prevents the interaction from discriminating

between the fluctuatiofy) and|qll) asr;— 0. A distinction
(6) between the two Fock components is clearly needed in order

to liberate thel | pair.

+
|

X1:

=
o+
2|
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In what follows, we are interested in nuclear shadowing, which in lowest order originates from double scattering. For

reasons given above, the relevant mean coherence length should be weighteéq(\dmr,s). Thus, Eq.(8) can be written
explicitly as

l ~
L dqug(xq)j A2k Wiq (X1 /Xq k1) [PKPY (X1 /Xq, k7)
1

<KDY>M2,xl:

T — , €)
L dqug(xq)J A2k | Wi (Xq /Xq k) 2
1

wherng(xq) is the quark distribution function of the beam and the integration ove¢; in Eg. (9) can be performed ana-
hadron, which depends on the fractiapof the hadron light-  Iytically,
cone momentum carried by the quark. Hereafter we restrict

ourselves to the transversely polarizedpairs dominating oy 2MZ NPY
the DY cross section, noting that the contribution of longitu- (KT = 3 pbY’ (16)
dinal polarization vanishes in any casexas-1. The modi-
fied light-cone distribution amplitudﬁf’%q reads[23] where
~ T e T _ 2 _ 2
‘I’ﬁq(a,kT)=f d’r e T Togg(ary, )Wy, (@,r), NDY:Jldang(Xlla)(l a)a [16+(1 a)”] a7
(10 “a T
where[16-1§ 1 @?[1+(1—a)?
DDYzf daFg(xlla)#. (18
U (k)= Yem AT “ T
ig(@kr) =Zq =5 x10 xiKo( 7T 7). (11

The coherence lengll?” calculated with Eqs(7) and(16)—
(18) is plotted by solid curves as function »f in Fig. 2 for
different dilepton masselgl =45, ...,8 GeV.

Equation (16) should be compared with the analogous
factor (KP'S)=mux,(12') for DIS calculated in Ref[23],

Here x; ¢ are the spinors of the initial and final quark, is
their chargeKy(x) is a modified Bessel function, and

?=(1-a)M?+a’mj. (12)

N 2Q2 NDIS

The operatoO" has the form pisy_ 2~ 7
p S (KP'S) 3 oS’ (19
OT=imga?e* - (NX o)+ ae* - (e X V)—i(2—a)e* -V,
(13)  where

wheree is the polarization vector of the (virtual photon), R
n is the unit vector along the projectile momentum of the E=800GeV Rl

quark, andV acts onr.

To simplify calculations we use the dipole cross section in
the form corresponding to smal} (a more realistic shape,
leveling off at larger; [24,25, leads to similar results

Taq(r7,8)=C(X)r%, (14)

where the constant of proportionali§(x,) depends on the
productsr% (which is proportional to &?), rather than ors, p
otherwise the Bjorken sc.aling would be violated. Thi_; factc_)r 8:0 02 04 06 08 1.0
does not enter into the final results. Then, the modified dis- x,

tribution amplitude ink; representation has the form

FIG. 2. The mean coherence lendf as function ofx; and

~1 .o i @272 dimuon effective masM =45, ...,8 GeV(solid curve$. Dashed
Wiy (a k) =2ZgVaenC(Xz)e-kr—————, (15 lines show the predictions of QCD factorization which relates the
m(7°+kT) cross section of the DY reaction and DIS on a nucleus.
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4 0.5
E=800GeV E=800deV
3 N 041 x-07
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8
~ k: 0.2 1
11 0.1 1
M=4 GeV
0.0 —l
0 . . . — 0.001 0.01 0.1
0.1 0.3 0.5 0.7 0.9 xr
2

FIG. 4. FactorkPY appearing in the expression foi2Y) [Eq.
FIG. 3. The mean coherence lengi as function ofx; at fixed  (7)] as function ofx, atx;=0.7.
values ofx,=0.02,0.03. ..,0.08.

(KPYy=0.5. In the kinematical range of the E772/E866 ex-

os. [L, al-a)a®+(1-a)?] periments, M>4 GeV, and (KPY)~0.3 does not vary
N™P= | da 6 ’ 20 muych
0 € '
DIS a2+(1— a)2 Ill. ENERGY LOSS OF THE PROJECTILE QUARK
D™= | de——a— (21) IN NUCLEAR MATTER

The coherence among the soft partons of the incident pro-

and where ton is destroyed as a result of inelastic interactions of the

projectile in the surface of the nucleus. These partons then

€=a(l—a)Q%+ mg_ (22) propagate through the nucleus independently, losing energy

(to hadronization and having their transverse momentum
Obviously, (KP'S) depends only orQ2, while (KPY) de- broadgned by intergctions. Thi; is _predominantly a nonper-
turbative process, since the projectile quark contains mainly
soft fluctuations.
Eventually, one of these quarks may develop a hard fluc-

— (K)/myx, calculated with Eqs(16) and (19) for kinemat- tuation _cont_aining the lepton pair such that the Iifgtime of the
ics corresponding to the E772/E866 experiments. The dashetWCtuat'on is short Eoml?afe‘?' to th? mean spacing between
curves are calculated for DIS at the samg=Xx,. The dis- bound nucleons. ThH pair is immediately produced when a
crepancy between the two sets of curves, which increasdird interaction occurs with a bound nucleon within the very
towards x;=1, manifests a deviation from factorization. Short fluctuation time that we have referred to as the coher-
Nevertheless, factorization is restored at smalland/or at ~ €nce time. Any change in the longitudinal or transverse mo-
large M. Note that the factorization theorem requires onlymentum of the projectile quark caused by the preceding
that the soft physics, which is common to DIS and DY, initial-state interactions can diminish the energy of the pro-
should factor from the reaction mechanism at la@fe Since jectile quark participating in the DY reaction. Thls aﬁgcts the
shadowing in the distribution function is controlled in the Momentum spectrum for the produced DY pair, which then
target rest frame formulation by the coherence length and aR€rves as a probe for the dynamics of the initial state inter-
effective cross sectiorno(, discussed in Sec. IV belowfac- action. It corresponds to the first _of the_ two sources of
torization requires that these two quantities should also b8uclear suppression @, p(xg) mentioned in the introduc-
the same for DIS and DY in this limit. tion.
Note that thex, dependence of the mean coherence length
is controlled mainly by the denominator in E@), while the
factor (KPY) is a rather flat function ok, andx,. This is
demonstrated in Fig. 3 whex¢D") is plotted versus, for 1. String model
different fixed values ok,. The first inelastic interaction of the beam in the surface of
At fixed x; the coherence length is nearly constant withinthe nucleus via color exchange with a bound nucleon leads to
the kinematical range of the E772/E866 experiments;at the formation of color strings between the target and beam
<0.8. Thex, dependence ofk""), ., atx,;=0.7, depicted partons. Due to the constant retarding action of the string, the
in Fig. 4, demonstrates thgkP")=0.2—0.3 (see also in leading projectile quark loses energy with a constant rate per
Ref. [23]) is quite small compared to the usually acceptedunit length,dE/dz= — k. [9,26], which is invariant relative

pends onM? andx; and, as we have noted, vanishesxas
—1.
We compare in Fig. 2 the coherence length.)

A. Models for energy loss
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to longitudinal Lorentz boosts. The string tensiggis re-  where(n(z))=c%p,z is the mean number of collisions ex-
lated to the slope parametef, of the mesonic Regge trajec- perienced by the quark over the distazc®ne can approxi-
tories[27] as mate the value of the nuclear density py~0.16 fm 3,
since the path between the first inelastic collision and the DY
pair production covers essentially only the interior of the
nucleus. Correspondingly, the energy loss over a distance
acquires a correctiormL,
This value imposes a scale for the expected rate of energy
loss, which is independent of time. Correspondingly, the en-
ergy loss increases linearly with lengthof the path,AE
= kL. The energy lost goes into acceleration of the target
quarks and production of new hadrons. The phenomenological quark-nucleon cross section is model
In the simplest version of the string model, where at mostlependent. In the additive quark mOdab;qN=0'i’?|1N/3
one string can attach to a given quark, multiple interactions<10 mb. The same value follows from the dual parton
of the leading quark in the nuclear medium are expected tenodel [29,30], which uses the weight factors, for the
have no influence on its energy 10228]. Indeed, no matter n-fold scattering appearing in the Glauber model as powers
what happens to the leading quark before the hadronizationf gmN_ The new strings formed after each rescattering
is completed, it remains a color triplet and is slowed downshould be shared by three valence quarks.
with the same density of energy logg by the color-triplet In a more realistic moddI32], the main part of the had-
string attached to it: the quark is always being retarded witlronic cross section corresponds to a soft nonperturbative in-
the samec,. Although such a conclusion sounds puzzling, itteraction, which is unable to resolve and free the gluons that
does not mean that multiple interactions in nuclear matteare located with small transverse separation)=r
have no effect on hadronization. These interactions do make-0.3 fm around the valence quark®5]. This part of the
the fragmentation function of the quark softer, i.e., more parcross section is independent of energy and does not obey
ticles are produced in the fragmentation region of the nucleuguark additivity. Clearly, such soft interactions of the quark
(dn/dn=A'¥) as the leading hadron diminishes its energyskeletons of the proton contribute to the linear term in Eq.
[9,26]. This indeed may look like the result of energy loss, (25). Only a semihard interaction is able to resolve the small-
but it happens because each rescattering of the color string #ize gluon cloud and a correspondingly rather small quark-
nuclear matter initiates a new hadronization process from thaucleon cross section related to the excitation of quark and
very beginning, but with decreased initial enef@g|. gluon radiation. This process corresponds to the higher terms
The above treatment of the interaction is obviously over4n topological expansion in the dual parton model, i.e., con-
simplified; in fact, multiple interactions in nuclear medium tributes to thel.? term in Eq.(25). The predicted cross sec-
do induce extra energy loss. Indeed, the valence quarks afpn is an=(9/4)r§(s/so)A, where [32] A=0.17 ands,
surrounded by parton clouds, only a part of which can be=30 Ge\2. At s=1600 GeV, one getsc®N=4.2 mb,
resolved by a soft interaction. Multiple interactions in more than twice as small as the prediction of the additive
nuclear matter are obviously able to involve more of thequark model.
partons. Correspondingly, the energy loss should grow more The mean valueéL) and(L?) in a heavy nucleugwith

steeply than linearly in.. constant densifycorrected for the mean free path=2 fm
This idea is realized in the dual parton mod@B] (or  of the incident proton in the nucleus are

quark-gluon string mod€l30]) by assuming that each mul-
tiple interaction in the nuclear medium activates a new sea

gq pair, leading to the formation of an extra couple of color (L)= §RA_ A,

strings. The probabilities of multiple string production are

given by the Abramovsky-Gribov-KanchelAGK) cutting 1 4

rules[31]. The dual parton model skips over the space-time (L% = ERi—gRA?\H\Z- (26)
development of string production and decay, which takes the

long time proportional to the initial energy, jumping directly For example, folR\=6 fm the nonlineai? correction in

to the final spectrum of produced particles. We, however, ar . A o i :
interested in the early stage of hadronization when the proEq' (25) is only 24% and 10% in the two models discussed

jectile quark is still propagating through the nucleus and it above. It decrgases dramatlcz_illy, of course, for lighter nuclei.

cloud of sea partons is still coherent. Therefore, we shoul € ngglect this small corrgctlon and assume for further ap-

follow the overall energy loss of a nonperturbative constitu—pllcatlons that energy loss is a linear functionlof

ent quark retarded by more than just one color string. )
A quark covering the distancein the nucleus, from the 2. Perturbative QCD

point of the first inelastic interaction of the incident hadron, Although application of perturbative methods to soft pro-

Ks= -~1 GeV/fm. (23
2mag

, (25

1
AE= KS( L+ anNpAB

loses an energy per unit length given by cesses is not completely legitimate, one may hope to get at
least the scale of the effect by doing so. Energy loss treated

d_E_ [1+(n(2))] (24) perturbatively originates from gluon bremsstrahlung by a
dz s ' quark propagating through a medium. Here again one should
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distinguish between two sources of energy loss, namelyeceived much attention recenfl$4,36], since it may serve
gluon radiation originating in the first inelastic interaction, as a probe for the production of dense matter in relativistic
which occurs even in the vacuum, and gluon radiation in-heavy ion collisiond36]. The induced gluon radiation was
duced by multiple interactions of the quark in the medium. calculated perturbativel}36], and it was concluded that the

It was first demonstrated by Niedermay@3] that as a energy loss varies asExL2. This is a direct consequence of
consequence of coherence effedgghoton) gluon brems- the relation(29) between the rate of energy loss and the
strahlung in the vacuum carries energy away with a constarttansverse momentum squared of gluons, which follows that

rate, of the quarks and is known to varylL . The relation between
induced energy loss and nuclear broadening of the mean
AE(L)=E f &K Jxmaxd dng 27 transverse momentum squared of the quark was established
= XX s .
q /o dxdk% in Ref. [36],
WherelzT andx are the transverse momentum and fraction of AEZSQZSA(p%)(L), (30)

the quark light-cone momentum of the parent quark momen-

tum carried by the gluon, respectively. The upper integration ) )
limit x,nayis fixed by the condition that all gluons contribut- Where the broadening ¢pt) was measurefB7] to be rather

ing to AE are radiated within the path. In order to be Small A(p7)~0.1 GeV even for tungsten. Therefore the
radiated, the gluon must lose coherence with the parerftoefficient of (L) in Eg. (30) is about 0.075 GeV/fm, an
quark; otherwise one cannot disentangle between the quagder of magnitude smaller than the string tensian Of
plus its color field and the quark plus the radiated gluon. The&ourse, application of perturbative QCD to radiation of soft
distancel; over which this loss of coherence occurs anddgluons is not legitimate; therefore the results may be trusted
radiation formed is specified by the condition that the quarkonly to an order of magnitude.

gluon separation must exceed the transverse wavelength of The induced energy loss of a nonperturbative quark, both
the gluon, which leads tt}:qu/k%, whereE, is the quark the string and radiative parts, turn out to be a rather small
energy[34]. Note that this value is twice as small as the fraction, less than-10—15 %, of the total energy loss even

| <L we getXym= Lk%/Eq _ dependence, one can effectively absorb it into the main linear

The spectrum of radiated gluons Wkl% smaller than the €™M

mean momentum transfer squared in the collision was calcu- The dominant constant parts of the energy-los§ rate
lated in Ref.[35], dE/dz (so-called vacuum energy lgsselated to the string

tension(Sec. 1A 2 and to gluon radiation, have different
d 3 origins and, as we have said, should be added. The resulting
Ng ag .
= ) (29) rate of energy loss is thus expected to be
dxdky  72xké

dE
Thus, the density of energy loss reads - E~2 GeV/fm . (31)
dE 3as ,
T dz - 7<kT>’ (29) B. The quark path in the nucleus

) ) The DY reaction on a nuclear target is usually mediated
and a quark |05925 energy in the vacuum with a constant raig; the debris resulting from an inelastic collision between
proportional to(kt). Note that this is not the induced energy the incident hadron and a bound nucleon on the front surface
loss in a medium. of a nucleus. This debris, once produced, propagates through

The proper value ots~0.4 for gluon radiation was cal- the nucleus and produces the observed lepton pair when it
culated in[32]. The transverse momentum squared of radi-strikes a bound nucleon, as illustrated in Fig(tép). One
ated gluons is rather largkr~1/ry=650 MeV [25,32.  would not expect to observe any difference between this and
With these values we evaluate the energy loss (28 as  the DY reaction on a free nucleon fos—z,—0. The reason
dE/dz~0.8 GeV/fm, which is amazingly close to the string is that the primordial momentum distribution of the projec-
tension. Note that the radiative energy loss is not supposed t@le partons cannot be affected by soft inelastic interactions
be an alternative to what is given by the string model, but itoccurring over short times. However, when the distance
is rather a different source that should be added to it. This is- Z; is finite, the soft project”e partons may lose energy
analogous to the additive contributions to the total hadronic
cross section arising from nonperturbative strings and gluorR———
radiation[32]. Quite a different situation arises if the quark 145qr0n production was considered in RES8] as a source of
originates from a hard reaction as, say, in DIS or a tpgh-  energy-loss alternative to gluon radiation. It was assumed, however,
scattering event, where the rate of energy loss from gluomat the projectile proton degrades its energy as a whole. It was also
radiation is expected to be tremend¢6$ assumed that a parton propagating through nuclear matter experi-

Another source of energy loss is induced gluon radiatiorences no transverse momentum broadening, which according to
due to multiple quark interactions in the medium. This hasRef.[36] gives rise to an induced energy loss.
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FIG. 5. The space-time pattern for DY pair production off a e
nucleus. The upper example illustrates a case when the beam had- 0 - : ; - ;
ron experiences a soft inelastic interaction prior the hard interaction 0 1 2 3 4 5 6
in which thell pair is produced. The case where the DY pair is A1/3

produced in the first inelastic interaction is illustrated at the bottom.

FIG. 6. The mean length of the path of a quark between the
through hadronization and thus reach the panwith di- points of the first inelastic interaction of the beam proton and DY
minished energy. However, at fixed the DY pair has to be pair production calculated with E¢32) as a function oA (solid
produced with the same measured momentum, i.e., with acurve. The dashed curve shows the usual expectatitu)
increased fraction of the initial momentum. As a result, the=3Ra/4.
cross section for a DY pair produced with a given longitudi-
nal momentum turns out to be smaller on a nucleus than it is 0 r—Ra\ ] ?
on a free nucleon target. PA(r)=pa 1+9XF< c H : (34)

It is usually incorrectly assumed that the quark propagates
from the surface of the nucleus to the point where the DY, here
pair is produced, which would mean that the mean quark
path in the nucleus would b )~ 3R,/4. According to Fig. 3A
5, this should be shortened by at least the mean free path of p2=
a proton in a nucleus, 2 fm. This would substantially reduce 477Ri
(L), by a factor of 2 or more, so that the mean path between
the point of DY pair production and the first inelastic inter- and the nuclear radiu’, and the edge thicknesgsare fixed
action is actually shorter than the maximum possible disfor each nucleus by a fit to data on electron-nucleus scatter-
tance to the edge of the nucleus shown in Fig. 5. Addition4ing [39].
ally, there is some probabilitfdominant for light and As expected(L) is much shorter than RB,/4. Both of
medium-heavy nuclgithat the incident hadron has no inter- these results are plotted versAs”® in Fig. 6. The corre-
actions prior to DY pair production at poizb. In order to  sponding probability distribution ih is given by the expres-
find the mean path lengtL) of the projectile quark in sion
nuclear matter we should average,{z;) in accordance
with Fig. 5, as done in Ref9], W(L)=Wyd(L)+W,(L), (36)

71'2C

RA

2

; (39

where

O'imN * 22
(L)y=(1—-Wp) A fdzbJ_ dePA(b,Zz)f dzpa(b,zy)

hN © zZ
7 Wl(L):UI_nf dzbf dZZPA(vaZ)f ’ dzypa(b,z;)
X(zz—zl)exr{ —o{;Nf dzpa(b,2)|. (32) A —oe oo
Z1
The exponential factor requires that there is no inelastic in- X8(zz= 21~ L)ex;{ _‘Time_dePA(b’z) ,
teraction of the beam hadron prior poinit. The probability
of no inelastic interaction of the beam hadron in the nucleus (37)
prior the DY reaction(see the bottom part of Fig.) 3N,
reads which is normalized ag,dLW,(L)=1—W,.
Although they are not as large, the effects of energy loss
1 b oA affect the DY cross section on a deuteron target as well. In
qusz d’b[1-e n T ]=—. (33  this case the constat¥? is given by the standard Glauber
Adi, Aaiy formula [40],
We calculated(L) for a pA collision taking a}%”:SO mb NN
and ysing a Woods-Saxon parametrization for the nuclear W([)’:l— Otot wquFD(4q2)e‘B§Nq2, (39)
density[39] 167 Jo
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whereBYN~12 GeV 2, andFp(g?) is the deuteron charge Fig. 5 on the distributioW(L). We neglect the variation of
form factor parametrized and fitted in R¢#i1] to electron  «, assumingk=const, and integrate the numerator of Eq.

scattering data as (41) over AE weighted by the distributioWW(AE), with
W(L) given in Eq.(36).
Fo(q?) =c,e P19+ c,e b2, (39) The first term on the right-hand sidehs) of Eq. (41)

corresponds to the first term in E@6), which represents the
Here ¢,=0.55, ¢,=0.45, b;=19.66 GeV? and b, probability of no interaction preceding the DY reacti@he
=4.67 GeV 2. This leads tow5=0.96. Correspondingly, Pottom part of of Fig. 5 The second term corresponds to
the distribution functiorw,(L) for a deuteron is given by ©ne or more projectile interactions as illustrated in the upper
the wave function squared related to the form fa¢gs), part of Fig. 5.

L2 c 1. Distribution of the valence quarks in the proton
WR(L)=(1-WD) ! . . -

1 0 27| (4b, + BIN)32 As mentioned above, in the limit of short coherence
L el length12Y<R,, the radiated photon arises from a hard DY

K c, fluctuation (one lasting for a short timein the projectile

exp — e | T NN quark, whereas the energy-loss mechanism is dominated by

4(4by+Bg")/ (4by+Bg) the softer fluctuations. Therefore, to calculate E4fl) we

L2 need to know the distribution functioﬁg(xq) and, corre-

Xexp( _—NN” (40)  spondingly, the DY cross sectiodcrg'i(xg)/dx(j for soft
4(4by+Bg") (constituent quarks. This cross section is supposed to be

different from that in Eq(1), which is a result of perturba-
tive QCD calculations for a perturbatieurren) quark.

One should rely on a phenomenology of soft hadronic

Since the DY cross section decreases steeply as (fhteractions to find the soft quark distribution function
—xy)" for x;—~1, any loss of energy by the quark by the gfi(x ). The proper approach is found in the dual parton
time it reacheg the poir, will rgsult ina suppression of the model[29] (quark-gluon string modd¢B0]), which describes
DY cross section at large,. This effect was first suggested jnelastic hadronic interactions via convolution of the quark
and estimated in Ref9]. In the more detailed approach gistribution functions with the fragmentation functions of
taken here, we want to focus on the propagation and energyyarks to hadrons. The success of this phenomenology in
loss of the projectile quark that takes part in the DY reactiondescribing the available experimental data on soft hadronic
In this case, the rati®®,y of the DY cross sections of a jnteractions justifies the quark distribution functions used

C. Nuclear suppression caused by energy loss

nucleus to a nucleon can be represented as above.
RElosy The proton quark distribution function in E¢41) in-
AN (X1) cludes contributions from the valenog and downquarks,
) 1 - -
f dLWl(L)f dxgFh(xq) dod(x3)/dx] 8 1
w2 O Fh(xq)= g Fhixg) + g Fh(X), (42)
f dxF (X dod(x$)/dx]
“ where according to Ref$29,30,
(41
_ v \15 pN
HereFg(x,) is the quark distribution function in the incident FP(x ):Nm 1+ 6 &(l_x )@y
hadron;x, andxj=x,/x, are the fraction of the light-cone u VXq 5 87BPP ik
momentum of the incoming hadrdm carried by the quark
and the fraction of the quark momentum carried by the 6 (1—x,)25 g oPN
pair, respectively. The lower integration limit is given by Fg(xq)=N——q +—i(1—xq) . (44)
(Xq)min=xX1+AE/Ey, andxi=x, /(xq— AE/Ey). According 5 xq 7 87BPP

to the results of Sec. lll A we assume that the rate of energy

lossdE/dz= — « is constant, i.e. AE=«L. Note that as the HereN is a normalization factor inessential for E¢.); the

cross sectiorda§(x$)/dx{ in Eq. (41) corresponds to an factors 6/5 and 8/7 result from the normalization condition as

incident constituent quark, while that in Ed) corresponds well. The second terms in the square brackets in E4{3.

to a curreniperturbative quark. To emphasize that these areand (44) are the first unitarity correctioneve neglect the

different quantities, we use variabt§ in Eq. (41) instead of ~ small higher-order terms They contain the totapp cross

a as in Eq.(1). section oP?=40 mb, the slope of elastipp scattering,
The energy losAE varies due to fluctuations in the string BPP=12 GeV 2, and an extra factor of 2 dictated by the

tension and the number and energy of radiated gluons, andiGK cutting rules[31]. The behavior of these distribution

due the to the dependence of the distamge z; shown in  functions asx;—0 and asxq—1 is dictated by Regge phe-
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interfering(destructively in the production of the DY lepton
pair, a phenomenon usually called shadowing.

Naively, one would not expect significant shadowing for
hard reactions such as DIS, DY processes, heavy flavor pro-
duction, etc., because these processes have tiny cross sec-
tions and because bound nucleons clearly do not shadow
each other. However, substantial shadowing does exist for all
of these, particularly the DY process, at high energies. The
explanation is simple. First, shadowing arises from the soft
components present in the hard react{d®]. These soft
components are small because the probability to develop a
soft fluctuation in a hard reaction is small. However, this
small size is compensated by a large interaction cross sec-
tion. Once a soft fluctuation is created, the reaction is then
driven by the subsequent hadronic interactions with the
nucleus; these interactions are distinct from those producing

FIG. 7. The cross section of the DY reaction on deuterium inthe fluctuation to begin with and may be significant when the
arbitrary units as function of;. The data are from the E772 experi- lifetime of the fluctuationcoherence timeis long.
ment for the dimuon mass interva-8 GeV. The curve is the The light-cone dipole representation of this reaction is
result of the fite (1—x,)%362 especially suitable for the calculation of nuclear shadowing.

The DY cross section in this representation has the form
nomenology and is related to the intercept of the leading16-18,

meson trajectoriesrr(0)=0.5 and the nucleon trajectory

10*

10°L
1071

10' ¢

an(0)=—0.5[29,30. , dogy
2. Quark-nucleon DY cross section szXm
In order to evaluat®E/5Yx,) in Eq. (41) we first have to ida (X, , -
fix the xJ dependence of the quark-nucleon DY cross section. x| —F§ > f d?rr| Wiig(a,rp)[?og(ary),
As was emphasized above, in the limit of short coherence aa
length the quark that experiences initial-state interactions is a (47)

constituent quark requiring the distribution function for soft

quarks. Therefore, the DY quark-nucleon cross sectiorvvhere\lfﬁq(a,FT) is defined in Eq(11).

dody/dx{ should be treated correspondingly. Its shape can- |t | >R, the qil projectile fluctuations are frozen by
not be predicted reliably since it depends in an essential wayorentz time dilation during their propagation through the
on the model for constituent quarks, which lies in the domaimuycleus. Therefore, these fluctuations are eigenstates of the
of nonperturbative effects. Instead, we parametrize the crosgteraction and should have no inelastic corrections. One can
section in the form simply set in eikonal form the dipole cross section in relation
(47) in the case of a nuclear targex1,16,18,

Py o
———— =K(M?)(1-x)™, (45) 1
dM*dx - 2 | d?b| 1—exp — Sogg(arn)T(b
O'qq(arT)2 ex Za'qq(arT) D) |,
whereK(M?) andm are fitted parameters. We use dp4a] (48
for the DY cross section ip+ 2H collisions and fit it by the
expression where the averaging over andry is performed in accor-
NN . dance with relatiori47). In the case of weak shadowing, one
dopy 1 h X1 can expand the exponent, dropping the higher-order shadow-
o [ dXqFqg(Xg)| 1= —] (46) . ) ;
dxq X, a Xq ing corrections to obtain
with m=0.362+0.027 taken to be independent BF?. An A e
example of the fit to the E772 data on deuterium target is RUNE—5y =1- Zaeﬁ<T>+O(<03>), (49
depicted in Fig. 7 for the dimuon mass intervat 8 GeV. Aoy

where
IV. NUCLEAR SHADOWING: DY VERSUS DIS

2
i I o (ar
In the target rest frame, it is clear that the longitudinal T e Xq X s)=< qq(“ )
. . effl X1, X2, N
momentum transfer to the nucleus in the DY reaction be- (Tgq(ary))
comes small at high energies, in spite of the large effective
massM of the dilepton. Therefore, different nucleons startand where

(50
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1 Strictly speaking, this form factor must also be involved in
<T>:KJ d’bT?(b) (5))  the averaging procedure fot¢ sinceq.= 1/, depends omx

andky. In order to speed up the fitting procedusze be-

is the mean value of the nuclear thickness function low) we replacd ; by its mean valugl ). Comparison with
exact calculations for DIS done in RdR23] demonstrates

T(b)= foc dzpa(b,2), (52) that this approximation is sufficiently accurate.
— Beryllium is too light for the Woods-Saxon parametriza-
_ S tion (34) of the nuclear density with which we describe
with pa(r) the nuclear density distribution. heavier nuclei. Instead, we use for beryllium the harmonic
Note that naively one may expect a very small transversgscillator density39],

size ~1/M? for the |ql1) fluctuations that define the dipole

cross section in relatiotd8) and o4;. Although these fluc- 0 r2 r2

tuations appear with a vanishing probability at laMesoft pBe(r):pBe( 1+ a;) exp — | (56)

fluctuations witha—1 can have a large transverse separa- a

tion [16,18 [see Eqs(11) and(12)] where

9

(rH)~ (53)

(1_a)M2’ pge: ) (57)
(’7Ta2)3/2

1+3
Ea

as follows from Eq(11). For this reason, these soft fluctua-
tions have a large interaction cross section and can make a

sizable contribution tar.r, in contrast to the harder ones & /¢ M. anda=0.631. . .
[16.43 eff The expression in Eq55) is designed for medium and

. . . heavy nuclei and cannot be applied to the deuteron target
The transition region between the no-shadowirg ( . . . . 7
: : involved in our analysis. In this case, one should use a dif-
<2 fm, or x,~0.1) and asymptotic regimeg & (L), or

1/x,>3myR,), where Eq.(48) is applicable, is most com- ferent expressiof0] [compare with Eq(38)],

plicated and needs sophisticated calculations based on the o -

path-integral approacf44,23. Nevertheless, if shadowing R 1——eﬁf dg2Fp(4g?), (58)

corrections are smallwhich is the case for the E772 and 16mJo

E866 data, where we face only the onset of shadoiBg.

(49) can be easily interpolatdda3], whereg?=q3+q?2, with g the transverse momentum. Us-
ing the deuteron charge form factbi,(q?) in the form of

1 Eq. (39), we arrive at shadowing for a deuteron,
RAN=1— 7 oe(THFA(Q0). (54
shad_ 1 _ Oeff & —4b,q° & —4b,q?
WhereFi(qc) is the longitudinal form factor of the nucleus, Rpn=1 16#(4b1 1q°+4b2e 2e ). (59

2
(55) The effective cross sectiofu?)/(o) can be calculated by
’ averaging in accordance with E@L7),

J, dzé9?p,(b,z)

1
FAGO= 7y f d*b

1
J;( daFg(Xlla)[l-i-(l— a)z]Tz/azf derKi(TrT)O'qu(a’rT,Xz)
1

Ueﬁ(xl X2 !S) = ’ (60)

1
f daFg(Xlla)[l-l-(l— a)z] Tzlazf dZI’TKi( TrT)O'Eq(a’I'T X5)
1

X

whereK (y) is the modified Bessel function ands defined where 0,=23.03 mb and py(x) =0.4(x/xo)%*** fm,x,
in Eq.(12). It is reasonable to use here the phenomenologica 3.04x 10" 4. In the case of the DY reaction=Xx..

x-dependent dipole cross sectif@¥] which describes very The results of the calculations farg4(X;,%5,S) at s
well data from HERA for the proton structure function at =1600 Ge\? are depicted in Fig. 8 as a function »f for

high Q?, different fixed values ok,. Note that the effective absorp-
tion cross sectiomr o substantially increases withy. This is
p? a manifestation of factorization breaking, since suppression
aqq(p,x)zao[l—exp( - H (61) (i.e., shadowingof the nuclear structure function cannot in-
Po(X) crease with risindVi 2 at fixedx,. In the light-cone approach
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this behavior is easily interpreted: the mean transverse sepa- Although we cannot test our calculations of shadowing by
ration squared that enters into E@60), az(r$>~1/7-2 comparing them to nuclear suppression in DY reactions,
~1[M?(1—a)], increases as,— 1 becauser>x,. Never-  which are affected by energy-loss effects, we may check
theless, Fig. 8 shows that tlx¢ dependence ofro is quite  them against nuclear shadowing in DIS. In this casg
weak forx;<0.8. reads[ 23]

Jolda[a2+(1—a)2]ezf d2r rK3(erp) o (17.%)

oei (X2,Q%) =7 , (62)
f da[az-i-(l—a)z]ezf d2r 1K3(€r 1) ogq(r7,X2)
0

wheree is introduced in Eq(22). A more rigorous test would involve a direct comparison
The calculatedr2(x,,Q?) turns out to be rather differ- of the calculated nuclear shadowing for DIS with data. Shad-
ent fromady (x,,Q?) calculated with Eq(60). Their ratio is ~ 0wing can be calculated using Eq62) and(54), where the
plotted in Fig. 9 as a function af, for different dilepton ~ argument of the form factog.=xmy(K"'), is given by Eq.
masses. The fact that the ratio is not unity is a deviation from{19) (see Fig. 2 The results are plotted in Fig. 10 as the
factorization (except nearx;=1, where the factorization dashed curve and compared with data from the New Muon
theorem does not apply since, as we have noted, all physiégollaboration(NMC) experiment. Since the value @ in
becomes soft hef@2]). However, the ratio may be shown to the data varies witx we incorporate this correlation in our
approach unity logarithmically for largel? (andx,<1), as  calculations; we use the same sekaindQ? as in the NMC
required by the factorization theorem and as Suggested by t}{gita. Shadowing for the deuteron is also taken into account.
results in the figure. At large x~0.1, the data display about 2% antishadowing,
The effective absorption cross section controlling nucleathe origin of which is poorly understood, although it is prob-
shadowing is related to forward diffractive dissociat/@s]. ~ ably related to the same nuclear medium effects that cause
As a simple test, we can compare our resultsdgf® with ~ the European Muon Collaborati¢d&EMC) effect. As this dy-
data for diffractive dissociation of highly virtual photons that N@mics is not included in our calculations, it is not surprising
were measured at HERA to be about 10% of the total DIghat we underestimate the data in this region. At smaller
cross section, (and smallerQ?), as expected, the calculated shadowing
keeps decreasing and does not seem to saturate. This is due
DIS to the rise ofoqs(x,Q?) at smallx and Q2.
T dd :‘Te“(xl'XZ’S) ~01 (63 At even smaller, gluon shadowing also becomes impor-
oS 167BL® ' tant. The onset of gluon shadowing occurs onlk&t10 2
because it is related to fluctuations containing extra gluons

where the subscript dd means diffractive dissociation, andhat are heavier thaﬁq fluctuations. Correspondingly, the

BOS~5 GeV 2 coherence length for gluon shadowing is shorter than it is for
10 2.4
~
2.2 1
S 20
o 8 %
S b"@ 1.8 1
N ™\ 1.6
6 -
5 14 ]
[\ Q .
! S~
8 1.2
4 5
0.07 1.0
0.8 T . . .
2 . : . , 0.1 0.3 05 0.7 09
0.1 0.3 0.5 0.7 0.9

Xy
FIG. 9. Ratiooly/o%® as a function ofx; for M=4 (solid
FIG. 8. The effective cross sectipEqg. (60)] as a function ok, curve, 20 (dashegl and 100 GeV(dotted. Deviation from unity
for different fixed values ok,=0.02, 0.03, 0.05, and 0.07. demonstrates breakdown of QCD factorizatigee texk
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curve is calculated using Eq¢54), (58), and (62) for each data
point at the same values gfandQ?2. The solid curve includes also

: . FIG. 11. Examples of ratios of the DY cross sections on carbon
the effect of gluon shadowing as calculated in R&8]. P

to deuterium as functions of; for various intervals oM. Dashed

curves correspond to net shadowing contribution; solid curves show

quarks[23]. Nuclear shadowing for gluons at smé)lz rel-  the full effect including shadowing and energy loss. Data from
evant for the NMC data and at lowis predicted in Refl25]  Refs.[10,47.

(see Fig. 6 of that paperWe multiply FS/F2 by the gluon

shadowing factor as calculated in RE#5]. The result shown  pers of nucleons. Within the approximation that the double
by the solid curve is in good agreement with the data andcattering correction dominates, which is quite accurate if
confirms the reliability of our description of shadowing, shadowing is smallappropriate for the kinematics of the

which contains no free parameters. E772/E866 experimentsthe interference term always ap-
pears multiplied by the nuclear form factor squared, as in Eq.
V. ENERGY LOSS VERSUS SHADOWING (54). The transition from the shott- regime, described by

_ . _ R _ Eq. (41, to the regime of >R, , described by Eq(54), is
By including shadowing explicitly in the analysis of the |ikewise controlled by the nuclear form factor. It is easy to
DY data, we are able to utilize the entire data set of tthnte the interpo|ating expression, name|y'

E772/E866 experiments for the rafRy**{(x,M?). This must

be done recognizing that shadowing and energy loss are RA/N(Xl,MZ):[l—Fi(qc)][R/El/?\fs(Xl)—l]
complementary sources of nuclear suppression. If the life- )
time of a fluctuation containing the lepton pair substantially +RIA %, ,M?), (64)

exceeds the size of the nucleus, we assume that the energy
loss of the hadronic part of the fluctuation does not affect thavhere F2(q,) is given by Eq.(55) and RE and RS7are
spectrum of dileptons, which are created as a fluctuation longiven by Eqgs.(41) and (54) respectively. Obviously(64)
in advance of the nucledsThus, in the two limiting cases of correctly reproduces the short and long coherence length
very long or very short coherence time, one finds either shadimits and mixes these effects when both contribute. A nice
owing or energy loss present, correspondingly, not both tofeature of Eq.64) is that the effect of energy loss is weak-
gether. ened with rising . and eventually vanishes =R, .

The DY amplitude in the long. limit differs from that in
the shortl . limit by additional terms that account for inter-

. . . . A. Results
ference between the DY amplitudes involving different num-

With Eg. (64), we have adjusted to fit the entire set of
ratios C/D, Ca/D, Fe/D, W/D, Fe/Be, and W/Be from the

2This is different for nuclear broadening of the transverse momenE 7 72[10] and E866[13] experiments double-binned by
tum of a DY pair. Since a nuclear target supplies a stronger kick t&= 0.3 andM =4 GeV. Since the normalization of the data is

the quark part of the fluctuation compared to a nucleon target, théUbject to systematic uncertainties, we included them in the

nucleus is able to break up the coherence of harder fluctuations, i.dit by introducing for each experiment an overall normaliza-
fluctuations with larger transverse momentum of the lepton paition N=1xAN for the theoretical values of the nuclear ra-

[18]. tios. We allowed these to contribute ¥8 by treating them as
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We found the following value for the rate of energy loss:

dE
T4 2.73+0.37 GeV/im,

(65)
with x?/(degree of freedoi=0.9, and normalization factors
N(E772)=1.014+0.005 and N(E866)=0.996+0.006. A
nice feature of the fit is the consistency of the values of
dE/dz resulting from independent fits to the E7p#7] and
EB66[48] data,

dE
-5 = 2.32+0.52 GeV/fm (66)
z E772
dE
-5l = 3.14+0.53 GeV/fm, (67)
z E866

with x?/(degree of freedoi0.85 and 1.02 for the E772
and E866 data respectively, and normalization factors
N(E772)=1.01+0.006 andN(E866)=1.00+0.007.

The rate of energy loss given in E@&5) is larger than the

FIG. 12. The same as Fig. 11, except that the ratio of tungsten tg51,e 1 GeV/fm suggested by the string model. However the
deuterium is shown.

additional experimental points and assuming a normal distr

string tension,ks=2mag~1 GeV/fm is a static quantity,

irelated to the slope parametef describing the orbital ex-

bution for them. A few examples of the fit results are de-Citation spectrum of hadrons. Evidently the energy loss by a

picted in Figs. 11, 12, and 1@nore bins inM and a greater
variety of nuclei were involved in the fittingln addition to

quark includes an additional piece, such as the dynamical
contribution arising from gluon radiatidr®,26]. The magni-

the solid curves, which show the full result of the fit, we alsotude of the latter was determined in Sec. Ill A 2 to be similar

show the contribution of shadowing alone in the dashed" Size to the energy loss arising from the formation of
curves. Shadowing was calculated for the mean value oftfings. Adding this contribution, the resu5) agrees with
mass calculated for each interval @&M?).
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the expectation, Eq31).

The normalization factors found for the E772 and E866
data are well within the quoted systematic errors. These val-
ues of norms explain why the dashed curves representing net
shadowing in Figs. 11 and 12 do not match unity for short
coherence length. At the same time the dashed curves
slightly rise above 1 at large; and M, demonstrating anti-
shadowing. This is a result of the delayed onset of shadow-
ing toward smallx, for heavy nucleilW) compared to light
ones(D) as dictated by their form factors.

One can see from Figs. 11-13 that the effects of energy
loss and shadowing display quite different behaviors as a
function of A, x4, andM. For carbon nearly all nuclear sup-
pression, to the extent that it exists, comes from shadowing.
This is because the mean path length available for energy
loss in nuclear matter vanishes for nuclei as light as carbon,
as one can see from Fig. 6. At the same time, for tungsten,
energy loss makes a substantial contribution to nuclear sup-
pression, while shadowing vanishes for large masses because
the nuclear form factor falls steeply at large This differ-
ence in theA andM dependence helps to disentangle the two
effects rather effectively.

Another specific signature of energy loss is a suppression
that does not vanish even at smgjl Indeed, this effect of
the order of 4% seems to be supported by data for tungsten

FIG. 13. The same as Fig. 11, except that the ratio of tungsten tth Figs. 12 and 13, while data for carbon, Fig. 11, show no
beryllium is shown, with data from Ref§13,48|.

deviation from 1. This feature also helps to single out the

025203-15



M. B. JOHNSONet al. PHYSICAL REVIEW C 65 025203

5 r T ]
~ - -
1.00 £ : ]
N 45 a e -E772 +
8 % r o -E 866
N— 4 L ;.
) O [ ]
3 ~

R 095 —S 35 L > { __
~ : ]
LJ 3 7
© 5 ]
0.90 E ]
0.01 003 005 0.07 25 -
X2 E ?
2 F 3
FIG. 14. Shadowing in DY reaction on carbon, iron, and tung- N ]
sten as function ok, at M=4.5 GeV. Nuclear shadowing disap- 15 | .
pears at large and smad}, because the coherence length, E@3. r ]
and(8), vanishes in these limits. 1 F .
effect of energy loss since the data have especially high ac 0.5 3 g

curacy in this region of smakt;. o B

Notice that the ratios of tungsten to beryllium shown in 0.02 0.04 0.06 0.08 0.1 0.12

Fig. 13 reveal an interesting feature; namely, at large dimuor xmax
masses this ratio rises wiiy reaching values above 1, remi- 2
niscent of antishadowing. Ingtead of this, one might have £ 16. The rate of energy lossdE/dz=« as a function of
expected a stronger shadowing for a heavier nucleus. Qfe ypper cutofx,<xT. Closed and open circles correspond to
course Eq(54) cannot lead to any antishadowing. However, fis 1o the E772 and E866 data, respectively.
the onset of shadowing with decreasixgmust be delayed
for heavier nuclei whose form factors decrease more steeply
with g.. We illustrate this feature in Figs. 14 and 15, corre-
sponding to the dimuon massiés=4.5 and 7.5 GeV, respec- We have performed several tests of the stability of our
tively. We compare nuclear shadowing calculated with Eqresults given in Eqsi65)—(67). First, as already mentioned,
(54) for carbon, iron, and tungsten as functionxgf Indeed, the analysis could be affected by any overlooked physical
one can see in Fig. 14 that the onset of shadowing for heaviéffects that are related to nuclear structure and that exist at
nuclei occurs at smallex, (compare with Figs. 5 and 6 in large x, where no shadowing is expected. To test this, we
Ref. [25]). At the larger dimuon mass dfl=7.5 GeV in varied the relative number of shadowed and unshadowed
Fig. 15, the behavior is seen to be even more complicated. Iavents by imposing an upper cutoff® on the values ok,
this casel. is so short that it suppresses the form factor ofallowed in the data set. As this cutoff is lowered, more points
tungsten at alk,. In any case, these tiny variations of shad-are affected by shadowing. On the other hand, decreasing the
owing have no influence on our final results for energy losscutoff x5 diminishes the influence of any missed physical
Note that shadowing vanishes towards the kinematicagffects, as mentioned above. We have plotted the values of
limit x;=1, i.e., minimal values ok,. This is the result of the energy-loss rate resulting from separate fits to the E772
the coherence length vanishing in this lirtsee Fig. 3 This  and E866 data as a function xf**in Fig. 16. The results of
property is irrelevant for our analysis since there are no datéhe fits to both sets of data appear reasonably stable, confirm-
in this region. ing the correctness of our calculations for nuclear shadowing
of the DY cross section.
1.01 Second, we tested the sensitivity of our results to the mag-
nitude of the shadowing in the analysis. We replaced 1
—RML, C g 1- RS9, where the facto€gn,qwas varied.
Eliminating shadowing entirely by fixinG@sn,& 0, we found
—dE/dz=2.34+0.37 GeV/fm withy?= 240 from the com-
mon fit of the E772 and E866 data. Next, making another
extreme assumption, we doubled the amount of shadowing
by fixing Cg2 and found —dE/dz=3.00+0.37
GeV/fm with y>=259. Whereas one might be tempted to
conclude from this exercise that the treatment of shadowing
“R.01 003 005 007 is unimportant the extraction of energy loss, one clearly sees
23 from from Fig. 16 that this is not true: the energy-loss value
determined by the data acquires important contributions from
FIG. 15. The same as in Fig. 14, butMt=7.5 GeV. the shadowing region. We also checked the optimal value of

B. Stability of the solution

1.00

0.99
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Cqhag DY treating it as a free parameter and fou@g,.q To show this, we first note that the EMC/antishadowing

=0.88+0.18 with xy>=218, which confirms the correctness effects appear in thequark distribution function of the
of our calculations for shadowing. Thus, we conclude that byhuclear target, corresponding to antiquarks in the proton pro-
varying the amount of shadowing over a wide range, the ratéectile. We expect that the EMC/antishadowing corrections,
of energy loss remains unchanged within error bars, wfile  if appreciable, can affect the analysis only at smallsince
becomes substantially worse. antiquarks in the beam contribute only for smegjl These

Next, we examined the accuracy of the double-scatteringorrections enter the theory as expressed in(E4).in both
approximation in Eq(54). We had assumed that if the shad- RYa{x;,M?) [Eq. (54)] and RE(x,) [Eq. (4D)].
owing effect is weak, we could neglect the triple- and higher- Consider first the shadowing contributions. Shadowing is
order rescattering terms. The exact calculation of these comppreciable only for very smallx,<0.03. Taking s
rections in Refs[23,19 is too cumbersome to be used in the =1600 Ge, these small values o, correspond to values
fitting procedure. Instead, one can include the multiple interof x;=M?(sx,)  >0.3 at the smallest values ™ in our
action corrections in the same way as in Rdb], i.e., as- data set. Fox;>0.3, the antiquark distribution function is
suming that rescatterings happen with the same cross sectiguite small, and in any case.s, Eq. (60), is not very sen-
oo that governs the shadowing correction in relatiéd). sitive to how we average. So, we can neglect the antiquarks
Then, the form factor equatiof®5) should be modified as  in the shadowing region.

Consider next the energy-loss contribution. For the E772
experiment, all points in the data set correspond;to 0.3.
This means that the data points are uncontaminated by EMC
and antishadowing effect§.e., x,<0.1) for values ofM

z : <6.9 GeV. However, for larger values ofl in the E772

X f_xdzlpA(b,zl)exr{|qc(22—21) experiment, and for all values ®4 in the E866 experiment,
some region ok, will be affected. We have made quantita-
tive estimates of the size of this contamination by comparing
the quark and antiquark contributions to the integral in Eq.
(41). We evaluated the antiquark contribution using the same
_ L, - . cross sectiordody(x?)/dx? that we found for an incident
We repeated the fit replacin§(dc)=Fa(dc) in Eqs.(54)  quark, Eq.(45), and using the simple expressipo]
and(64) and found no visible deviation from the result in Eq.
(69). _ —  07(1-x)8

It was also of interest to know whether our results would q(xq)= T
change if, instead of using E¢64) to combine the effects of X
shadowing and energy loss, we make the maximal-strength

mixture of these two effects as assumed in IRES]; namely, or the atiquark distribution. ForA=184 and «
RA/N:RElospshad Fitting all data when we do this, we find =2.28 GeV/fm, we find that the antiquark contribution is

AN Ra/N - - o -
nearly the same value of the energy-loss rate that we prevRN!Y 0-3% of the quark contribution & =0.1. Additionally,

ously obtained~ dE/dz=2.18+0.31 GeV/fm. the relative size drops rapidly for larger valuesxef allow-

One can also extract from the results of these modificalld US to conclude that the EMC/antishadowing effects make
tiny contribution to the DY cross section throughout the

tions a scale for the model dependence of the systematics ical reqi idori 4 iustifvi
the rate of energy loss. We evaluate such a systematic error §f/€matical region we are considering and justifying our ne-
ect of these effects in the data analysis.

about=0.5 GeV/fm. Note that although all these variations 9
of the fitting procedure do not affect the results very much,
they do substantially increase the value)df compared to C. Why a previous analysis[13] found no energy loss

the fit done i_n Sec. VA, , One may wonder why the rate of energy losslE/dz
The pleasing stability of the results confirms the conclu—deduced from the E866 data in a previous analyk®is so

sion of Sec. V A that there should be no confusion betweerpﬂuch smaller ¢ dE/dz<0.44 GeV/fm) than the value we
the effects of shadowing and energy Idpsovided that the found fitting the same data. In this section we address this

dgta are sufficiently exact and blnneq bothxp and M) .__questio® A value smaller than the string tension
since these two effects behave very differently as functions

of A, x4, andM.
Finally, we would like to call attention to the fact that the

~ 2 o
200777 0| dzpa(d.22)

. (68)

Oeff [ 22
—%f dzpa(b,2)
Z1

(69

dat vzing f the ki tical . f SWe compare only with the second of three scenarios for energy
ata we are analyzing lor cover the kinematical region ol ¢ ¢onsidered ifl3]. The first oneglenergy loss is proportional to

the_ tgrgetx extendlng_ all the way out to Iargg valuesaf the initial energy violates the Landau-Pomeranchuk princifdee
This is a concern, since for,>0.1 there exist EMC and gjiscussion in Ref[12]), while the third version(induced energy
antishadowing effects in the nuclear quark distribution func4osg corresponds to energy loss induced by multiple interactions of
tion that we have not yet accounted for in the theory. Wea quark propagating through infinite nuclear maf@8]. However,
suppress the contribution of large selecting data withx;  the dominant contribution comes from vacuum energy Ieee
>0.3. Besides, we argue next that these effects make a negec. lll A) which has a constant and energy independent rate and is
ligible contribution to the data we are analyzing. properly treated with the second version considered in R&j.
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~1 GeV/fm would be at the same time both surprising and Unfortunately, in the rest frame of the dilepton the posi-
a serious problem for the theory. tion of gg annihilation cannot be localized to better than
One obvious reason for a difference is the effect discussed 1/M, while the nucleus is squeezed by the Lorentz trans-
in Sec. Il B and Fig. 6, namely, the observation that whenformation to a pancake shape of a much smaller thickness
the multiple scattering of the incident proton is properly con-~Xx,Ramy/M. The annihilation process clearly lacks suffi-
sidered, the mean path of a quark available for vacuum ereient resolution to probe such small distances. Additionally,
ergy loss in nuclear matter is more than twice as short as @ne cannot say whether it is the quark or the antiquark that
would be if such scattering were neglected. Taking this effeceropagates through the nucleus prior to annihilation, a dis-
alone, we estimate that it would increase the dpper limit ~ tinction that obviously must be made even before consider-

for the rate of energy loss found in Rdfl3] to —dE/dz N the issue of energy loss. . .
<1 GeV/im. For these reasons, it is quite tempting to switch reference

g_ames(which, however, we have argued is invalid, unless it

However, there are deeper reasons for the differences b . ;
P Is done properlyand view the reaction from the rest frame

tween the results of our analysis and that in R&8], which of the nucleus. Just such a switch occurred in R, 13,

tredats the DY pr(;)clesshaqaq annihilation asl in ;he Iehad]ing- For example, in Ref.13] the shiftAx, caused by energy loss
order parton mode. These reasons are related to the fact ks first fit to the E866 data in the rest frame of the dilepton.
the parton model interpretation of the space-time developrye 4 thors then switched to the rest frame of the nucleus,
ment of the interaction is not Lorentz invariant and depend%vriting their Eq.(2) in this frame and assuming, in accor-

on the reference frame. As mentioned already in Sec. Il Agance with Refs[33,17, thatx, is a constant independent of

the lack of Lorentz invariance arises because objects such s X,, ands. They find the rate of energy loss to e

. . 1
?alrtonsB are qual}tghm_fluctuattlons rtatherﬂ:han (;Iassuc_tal pa%- Ax;E/(3Ru/4), whereE=800 GeV is the beam energy.
Icles. Because of their quantum naturé, the partons fiveé and g4 might try to avoid these inconsistencies by treating
die differently in the different frames. Thus, one must avoid . — L
the DY reaction agjgq annihilation in the rest frame of the

trying to look at the same parton in different reference g . S .

frames, even though; is invariant under relative Lorentz hucleus, imagining the projectile pgrtqn trayellng through
boosts. For example, if the DY process is treated in the |abor_1uclea_r matter and suddenly ann|h|lat|_ng_ with a sea anti-
ratory frame, then the fraction of light-cone momentum car-durk in one of the bound nucleons. This is, however, prob-
ried by the valence quark,, is larger tharx,; [see Eq(9)].
However, in the dilepton rest frame,=x; this is no sur-

prise since they are not the same parton!

lematic for several reasons. First of all, the sea antiquarks
available for such annihilation are defined only in the infinite
momentum framethis is why Weitzaker-Williams photons
do not exist in the rest frame of the electron—they are its
static field. Second, annihilation of a high-energy massless
] ) o ) quark with an antiquark at rest to a dilepton of mdésio-
From the above discussion, it is clear that a consistentes energy-momentum conservation. To fix this problem,
approach to the calculation of energy loss would, in prin-gne may introduce next-to-leading order corrections, i.e.,
ciple, have to treat all effects in the same_frame. In the casgjuon radiation. As some of these gluons are radiated in ad-
of the standard parton model approdth this would be the  \ance of the dilepton and some later, one cannot treat the DY
rest frame of the dilepton. In this frame, the moving nucleuseaction as instantaneous but rather must consider its space-
is subject to a contraction by the Lorentz factor, Rz time development. Unavoidably, one arrives at the picture

1. Advantages of target rest frame formulation

=Ra /vy, where employed in present paper, where the DY pair is treated on
the same footing as the gluons, i.e., as bremsstrahlung.

M One is thus led in a natural way to the target rest frame

Y= m (70) formulation, which clearly identifies the incident quark as the

one that propagates through the nucleus and loses energy

The energy los\E* in this reference frame is diminished prior to the_ radiation.of thel pair. The relative contribution

by the same factor compared to the one in the nuclear re§f Shadowing and this energy loss is governed by the coher-
frame, AE* = AE/y. Indeed, the vacuum energy loss is me-€Nce Iength appearing as an argument of the angltudlnal
dium independent and proportionalltd =L/y. The induced ~ form factor in Eq.(64). Specifying this dependence is essen-
energy loss is proportional to the Lorentz boosted nucleafi@! for the determination of the correct value of the rate of
density pX = ypa, but also to [*)2=L%2. At the same energy loss from the data. This is because many of the E866

time, the cloud of antiquarks in the target nucleon spreads iHata_ are Iocated_ at Sma‘L' yvhere the coher_ence Ier_lgth IS
longitudinal direction over distance 2/M. Thus at smalk, relatively Iong(Flg. 3, implying that _shadowmg dom|_nates.
' over energy loss in all but the heaviest nuclei. Ignoring this

1 dependence or, would thus tend to overemphasize shad-
(72 owing and lead to a diminished rate of energy loss, just as in

X<
27 myRy Ref.[13].

(this is exactly the condition for the long coherence length, 2. Comparison of results for shadowing

i.e., for shadowing the size of the antiquark cloud substan-  Still a substantial fraction of the E866 data is located at
tially exceeds the nuclear radius. rather largex, where no shadowing is expected. For these
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1.00 P amount as the “shadowing” curve from Régfl4].

i . The influence of energy loss on the effective nuclear sup-
= 0.95 X pression of antiquarks found in RgfL4] extends down to
~ ' smallerx, (where most of the E866 data are concentrated
5 ' giving to thex, distribution quite a different shape compared
.g 0.30 to the shadowing we calculated. In particular, nuclear sup-
DCC) pression is strongest at the kinematical limit of smaliesn

the E772/E866 experiments, while shadowing shown by
0.85 M=4.5 GeV dashed curve vanishes in this limit. We should again empha-
size that shadowing disappearing at small and lacges a
0.80 model-independent expectation since it is based only on the
0.01 0.1 uncertainty principle and the kinematics of the DY reaction.

X2 Although the nuclear suppression from Réf3] depicted
in Fig. 17 by the thin solid line exceeds the calculated shad-
owing effect shown by the dashed curve even at small
~0.015-0.02 this is not the reason for our disagreement
with Ref.[13]. Indeed, as is stated above, we have checked
that even with shadowing twice as strong as the one shown
by the dashed curve in Fig. 1¥e., stronger at smaX, than
shadowing from Ref[14]), the resulting energy loss is es-
sentially the same. We suppose that the more important effect
events, another difference exists between REF] and our is the different shape suggested in Réf4] for the x, de-
results. This can be traced to the fact that the shadowingendence of the nuclear suppression, which does not vanish
correction in Ref[13], which is taken from the phenomeno- at largex,.
logical analysis by Eskolet al.[14], is quite different from In conclusion, we believe that incorrect physical input at
ours in this region. We compare our shadowing calculatesmallx, and the particular antiquark density at labgeem-
for tungsten atMl =4.5 depicted in Fig. 17 by the dashed ployed in the analysis of Ref13] led to an incorrect result
curve with the one from Ref14] (solid thin curve that was  of vanishing energy loss. Although this result was confirmed
used in Ref[13] to correct the E866 data. One can see quitewith much worse confidence by the recent analy5@ of
clearly the difference between these two prescriptions. data from the NA3 experiment, it comes as no surprise that
The source of the difference at largg arose, we believe, they arrived at the same conclusions since their analysis was
from a confusion between energy-loss effects and shadowingone essentially the same way as that in RES].
in the phenomenological extraction of the antiquark densities
in Ref.[14]. Shadowing for antiquarks cannot be extracted in
a model-independent way solely from DIS data, which are
blind to the sign of the electric charge. This is why the E772 We have presented a new analysis of the nuclear depen-
data for the DY reaction were included in the fit of Rgf4]  dence of the E772/E866 Drell-Yan lepton pair production
together with a variety of DIS data. Assuming QCD factor-data. This analysis makes use of a new formulation of DY in
ization, the evolution equations were applied to the partonhe rest frame of the target, according to which the lepton
distributions in nuclei. As usual, one needs to know the inpupair arises from the decay of a massive photon radiated by
x distributions at a medium high sca(@%. The shapes of the incident quark in a bremsstrahlung process. We have
these distribution were guessed in Reff4], and then their been particularly interested in these data as a source of in-
magnitude was fit to data. No physical input beyond theformation on the rate of energy loss of a quark propagating
QCD evolution was incorporated in the analysis. It is not athrough nuclear matter, encouraged by the observation that
surprise that substantial “shadowing” effects were found forthe rate of fall off of the DY cross section data with near
antiquarks even at large where no quantum interference is the pointx;=1 is extremely rapid and therefore sensitive to
possible because of the shortness of the coherence length.thie amount of energy lost by the quark prior to radiating the
was assumed in Ref14] that the ratio of the antiquark den- photon. Since shadowing has a similar effect to that of en-
sities is constant fox>0.08. The magnitude of this ratio was ergy loss, namely suppression of the cross section at small
fitted to the E772 data and found to be less than 1, as one cam, it is important that we have a good theoretical under-
see from Fig. 17. We think that this is where the misinterpre-standing of shadowing and that we explicitly use this under-
tation of the energy-loss effects as shadowing occurred istanding to model the shadowing.
Ref.[14]. Indeed, as we emphasized in Sec. V A and one can Identification of the dominant physical processes, as well
see in Figs. 11-13, energy loss suppresses the DY nucleas the determination of their relative contribution, is guided
cross section even at smalj (i.e., largex,) where no shad- by the notion of coherence time, which can be interpreted as
owing is possible. The thick solid curve in Fig. 17 represent-the lifetime of a virtual fluctuation of the incident quark into
ing our result for the combined effect of energy loss andthe massive phototand final quark In particular, for short
shadowing confirms this conjecture. Indeed, it is below thecoherence times, the massive photon is released immediately
shadowing(dashed curve at largex, exactly by the same from the fluctuation as the incident quark scatters from a

FIG. 17. Comparison of nuclear shadowifdashed curvyeand
combined effect of shadowing and energy I¢ssck solid curve
presented in our analysis, with “shadowing” for antiquarks found in
Ref. [14] from the combined analysis of DIS and DY ddtain
solid curvg. All calculations are done for tungsten and
=4.5 GeV. The behavior of the dashed curve at smalis ex-
plained in the text.

VI. SUMMARY AND CONCLUSIONS

025203-19



M. B. JOHNSONet al. PHYSICAL REVIEW C 65 025203

bound nucleon. These processes clearly depend on tleimination between the effects of energy loss and shadow-
amount of energy lost by the soft incident quark as it propaing. We foundx=2.28+0.31 GeV/fm, in close accord with
gates from its point of origin in a soft inelastic collision of our theoretical estimate of 2 GeV/fm determined by consid-
the incident proton with a bound nucleon to the point atering string dynamics and gluon radiation. Numerous tests
which it undergoes bremsstrahlung, and these processes amenfirming the stability of our numerical analysis were made.
also sensitive to the energy lost by this quark for reason3hey also provided a scale for the theoretical systematic un-
given above. Because the coherence time is short, the photaertainty in the rate of energy loss, which we estimated at
is radiated immediately, and the final quark has no time tabout+0.5 GeV/fm. Since the value we found feris sub-
multiply scatter from other nucleons before the radiation prostantially larger than the value reported in previous work, we
cess has come to completion. For long coherence times, thminted out the important differences between the two analy-
dominant processes correspond to terms in which the mases.
sive photon is radiated well in advance of any nuclear colli- One should be cautious determining nuclear shadowing of
sion, and shadowing becomes an issue as the final quagea quarks from DY data that may be substantially contami-
begins to scatter from other nucleons of the nucleus. Waated by energy loss. An essential demonstration of our con-
describe shadowing quantitatively and without free paramelusions requires similar data for the DY reaction on nuclei
eters in terms of a phenomenological color-dipole cross seat lower energies, where shadowing is of no importance but
tion (fit to HERA data for the proton structure functiothe  energy loss produces a stronger effect on the cross section.
nuclear thickness function, and the longitudinal nuclear formOn the other hand, at much higher energies of RHIC and
factor. Our model is shown to reproduce shadowing where itHC one can completely disregard energy loss and test mod-
has been observed, namely in DIS on nuclei taken by thels for shadowing by direct comparison to data. We expect
NMC collaboration. The transition between the regime ofspectacular shadowing effects producing a strong suppres-
long and short coherence time is governed by the longitudision of the DY cross section for a wide rangexaf
nal form factor, with the longitudinal momentum transfer
bearing a simple inverse relationship to the coherence length.
Our theory, as described above, contains one unknown
parameter, namely the rate of energy lessf a quark propa- We are grateful to Jg Hufner, Alberto Polleri, Jog
gating through nuclei. Usingc as a free parameter, the Raufeisen, Alexander Tarasov and Urs Wiedemann for nu-
theory was fitted to the E772/E866 data for DY lepton pairmerous inspiring and clarifying discussions, and to Don Gee-
production arising from bombardment &, Be, C, Ca, Fe, saman for valuable comments. This work has been partially
and W targets by 800 GeVW/protons. The data were binned supported by a grant from the Gesellschaft®chwerionen-
both in x; and M, a very important issue for reliable dis- forschung DarmstadiGSI), Grant No. GSI-OR-SCH.
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