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xF dependence ofc and Drell-Yan production
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We discuss the nuclear dependence ofc andc8 production in hadron-nucleus interactions as a function of
longitudinal momentum fractionxF . Nuclear effects such as final-state absorption, interactions with comovers,
shadowing of parton distributions, energy loss, and intrinsic heavy-quark components are described separately
and incorporated into the model which is then compared to the preliminary E866 data. The resulting nuclear
dependence of Drell-Yan production at 800 GeV and proposed measurements ofc, c8, and Drell-Yan pro-
duction at 120 GeV are also calculated.

PACS number~s!: 24.85.1p, 25.40.Ep
an
e

he
e

he
s
pi
e

n
ra
cle
le

ic
io
ha

.

se

-
e
nt
le
r

pr

um

ffer-
of

dent

the

d to
t

cha-
ns.

y-
n-

nt

ear
an
rd

g in
om-

sig-
b-
es

ic
ap-

first

g

I. INTRODUCTION

The factorization theorem of perturbative QCD@1# sepa-
rates the perturbatively calculable short-distance quark
gluon interactions from the nonperturbative dynamics und
lying the parton distribution functions in the hadron. T
effectiveness of the factorization theorem in nuclear targ
with mass numberA can be obtained by a comparison of t
perturbative production cross sections of hard processe
nuclei to those in a free proton, or, since nuclear isos
effects are generally small, a nucleon. The dependenc
particle production on atomic mass numberA is convention-
ally parameterized by a power law as@2–9#

spA5spNAa, ~1!

where spA and spN are the integrated particle productio
cross sections in proton-nucleus and proton-nucleon inte
tions, respectively. If factorization is satisfied, then parti
production should be independent of the presence of nuc
matter andspA would grow linearly with A, implying a
51. Drell-Yan production, integrated over all kinemat
variables, shows this linear growth to rather high precis
@2#. A number of experiments have measured a less t
linearA dependence forc andc8 production@3–9#. Typical
values of the exponenta in Eq. ~1! are between 0.9 and 1
This nonlinear growth of thec cross section withA has been
used to determine an effective nuclear absorption cross
tion @7,10,11# under the assumption that the deviation ofa
from unity is solely due toc dissociation by nucleons. How
ever, attributing the entirety of the integrated nuclear dep
dence to final-state absorption neglects other possible co
butions, perhaps resulting in an overestimate of the nuc
absorption cross section. This paper identifies a numbe
possible nuclear effects onc and, consequently, Drell-Yan
production, and examines their contributions to Eq.~1!.

Any dependence on the kinematic variables such as
jectile energy or longitudinal momentum fraction,xF , would
reveal the importance of going beyond a simpleA scaling for
production and a constant absorption cross section forc pro-
duction. Indeed, it has long been known that in quarkoni
productiona decreases as a function ofxF @3–5#. There are
a number of effects which could contribute to thexF depen-
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dence. The nuclear parton densities are systematically di
ent from those in a deuteron or a free proton as a function
parton momentum fractionx @12#. Such alterations of the
parton densities are universal because they are indepen
of the final state, affecting bothc and Drell-Yan production.
Another possible universal component is energy loss by
incoming parton as it traverses the nucleus@13,14#. The re-
maining mechanisms primarily affectc and c8 production.
Absorption of the producedc or cc̄ state by interactions
with nucleons and/or produced particles has been claime
be responsible for allc suppression in nuclear collisions, a
least up toS1U interactions@10,11,15,16#. The importance
of these absorption effects depends on the production me
nism and the magnitude of the interaction cross sectio
Energy loss by the final-state color octetcc̄ has also been
suggested@17#. Finally, the presence of an intrinsic heav
quark component of the projectile wave function is also co
sidered@18,19#.

We study thexF dependence using a two-compone
model employing concepts developed in Ref.@20#. The first
component, based on perturbative QCD@21#, is a hard-
scattering approach that would yield an approximately lin
A dependence, as in dilepton production by the Drell-Y
mechanism. TheA dependent effects associated with ha
scattering are final-state interactions, nuclear shadowin
the target, and energy loss in the projectile. The second c
ponent of thexF dependence arises from intrinsiccc̄ pairs in
the projectile wave function@18,19#. Since the charm quark
mass is large, these intrinsic heavy quark pairs carry a
nificant fraction of the longitudinal momentum and contri
ute at largexF , whereas perturbative production decreas
strongly withxF . The light spectator quarks in the intrins
cc̄ state interact on the nuclear surface, leading to an
proximateA2/3 dependence@19#.

Such a separation of production mechanisms was
proposed by the NA3 Collaboration@3# when they divided
their data into hard and diffractive components so that

dspA

dxF
5Aa8

dsh

dxF
1Ab

dsd

dxF
. ~2!

The ‘‘hard’’ component,sh , includes nuclear shadowin
©2000 The American Physical Society03-1



R. VOGT PHYSICAL REVIEW C 61 035203
FIG. 1. The preliminary E866 data@9# for the
c andc8 A dependence as a function ofxF .
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and parton energy loss which can alter its effectiveA depen-
dence. Final state dissociation of thec or cc̄ state by nucle-
ons and secondaries, which does not affect the parton de
ties, also contributes to the effective exponenta8. The
‘‘diffractive’’ component, sd , is assumed to be due to in
trinsic charm and only contributes significantly atxF.0.25.
The NA3 Collaboration founda850.97 andb50.71 for
proton projectiles@3#. Taken together, these components g
the effectivea of Eq. ~1!. We will discuss each mechanism
in detail in the following sections. Since Drell-Yan produ
tion would also be affected by nuclear shadowing in the
get and energy loss by the projectile partons, its effectivA
dependence should also depend onxF . Thus we will include
the Drell-YanA dependence in our study.

We will calculatea(xF) for each effect individually and
then compare the shapes ofa(xF) with the preliminary E866
c andc8800 GeVpA data@9#, shown in Fig. 1, when all the
mechanisms are combined. For thec a'0.94 until xF
'0.25, decreasing toa'0.7 at largexF and for thec8 a
'0.91, effectively constant, untilxF'0.5. The two values of
a are essentially compatible with each other within the
perimental uncertainties. No decrease at negativexF is ob-
served, contrary to previous results@6,8#. The drop toa
'0.7 atxF'0.9 is similar to previous measurements@3,5#.
Since the E866 targets are tungsten, W (A5184), and beryl-
lium, Be (A59), we calculate the cross section per nucle
for each target according to Eq.~2!, obtaining from Eq.~1!,

a~xF!511
ln@~dspW /AWdxF!/~dspBe/ABedxF!#

ln~AW /ABe!
. ~3!

We first discussc and Drell-Yan production in QCD and
then each nuclear effect in turn. Quarkonium production
color evaporation and in nonrelativistic QCD is discussed
Sec. II and dilepton production by the Drell-Yan mechani
is briefly touched upon in Sec. III. Three different models
nuclear absorption are discussed in Sec. IV. The first t
absorption of pure color octet and color singlet states, res
tively, are used in conjunction with the color evaporati
model of quarkonium production. The last, a combination
octet and singlet absorption, is coupled to quarkonium p
duction in nonrelativistic QCD. A discussion of quarkoniu
dissociation by comoving secondaries is presented in Sec
Three different parametrizations of nuclear shadowing
described in Sec. VI. Several models of energy loss are
cussed in Sec. VII. The intrinsic charm model is introduc
in Sec. VIII. The combined results are given in Sec. I
03520
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along with predictions for projected lower energy measu
ments at 120 GeV. A nontrivial combination of effects
required to understand thec andc8 data.

II. CHARMONIUM PRODUCTION

There are two basic models of quarkonium hadroprod
tion that have enjoyed considerable phenomenological s
cess. The first, the color evaporation model, treats all ch
monium production identically tocc̄ production below the
DD̄ threshold. The more recent nonrelativistic QCD a
proach involves an expansion of quarkonium production
powers of v, the relativeQ-Q̄ velocity within the bound
state. Each approach will be described in turn and thexF
distributions inpp interactions will be presented to provide
basis for understandingdsh /dxF , Eq. ~2!, before nuclear
effects are included. We will also show the relative cont
butions fromgg fusion, qq̄ annihilation, andgq scattering
~in nonrelativistic QCD only!.

A. The color evaporation model

In the color evaporation model~CEM! quarkonium pro-
duction is treated identically to open heavy-quark product
except that the invariant mass of the heavy quark pai
restricted to be less than twice the mass of the lightest me
that can be formed with one heavy constituent quark.
charmonium the upper limit on thecc̄ pair mass is then
2mD . The hadroproduction of heavy quarks at leading or
~LO! in perturbative QCD is the sum of contributions fro
qq̄ annihilation andgg fusion. The hadroproduction cros
section is a convolution of theqq̄ and gg partonic cross
sections with the parton densities in projectileA and targetB.
If xF is the cc̄ longitudinal momentum fraction in theAB
center-of-mass frame andAs is the center-of-mass energy o
a nucleon-nucleon collision, the cross section for product
of free cc̄ pairs with massm is @22#

dscc̄

dxFdm2
5E

0

1

dx1dx2 d~x1x2s2m2!

3d~xF2x11x2!HAB~x1 ,x2 ;m2! ~4!

5
HAB~x01,x02;m2!

AxF
2s214m2s

, ~5!
3-2
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FIG. 2. Thec xF distributions at~a! 800 GeV
and ~b! 120 GeV in the CEM. The contributions

from gg fusion ~dashed! and qq̄ annihilation
~dot-dashed! are given along with the tota
~solid!.
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wherex1 andx2 are the fractions of the hadron momentu
carried by the projectile and target partons, respectively.
ter integration over the delta functions in Eq.~4!, x01,02

5 1
2 (6xF1AxF

214m2/s). The convolution of the partonic
cross sections@22,23# and the parton densities is

HAB~x1 ,x2 ;m2!5 f g
A~x1 ,m2! f g

B~x2 ,m2!sgg~m2!

1 (
q5u,d,s

@ f q
A~x1 ,m2! f q̄

B
~x2 ,m2!

1 f q̄
A
~x1 ,m2! f q

B~x2 ,m2!#sqq̄~m2!,

~6!

where the parton densitiesf i(x,m2) are evaluated at momen
tum fractionx and scalem25x1x2s, andm is the invariant
mass of thecc̄ pair. The sum overq includes only light
quark flavors.

The LO charmonium cross section for charmonium st
i, s̃ i , is then obtained by integrating the freecc̄ cross section
over the pair mass from thecc̄ production threshold, 2mc , to
the open charm threshold, 2mD53.74 GeV. Then

ds̃ i

dxF
52FiE

2mc

2mD
m dm

dscc̄

dxFdm2
, ~7!

whereFi is the fraction ofscc̄ that produces the final-stat
cc̄ resonance.

The CEM assumes that the quarkonium dynamics
identical to those of low invariant masscc̄ pairs. The had-
ronization of the charmonium states from thecc̄ pairs is
nonperturbative, involving the emission of one or more s
gluons. A different nonperturbative matrix element is need
for the direct production of each charmonium state. Ea
nonperturbative matrix element is represented by a sin
universal factorFi which depends on the charm quark ma
mc , the scale ofas , m, and the parton densities. In ou
calculations with the CEM, we use the leading order MR
LO parton distributions@24#. This set has a low initial
Q2, Q051 GeV. The mass and scale parameters aremc
51.2 GeV andm52mc . OnceFi has been determined fo
each state, e.g.,c, c8, or xcJ , the model successfully pre
dicts the energy and momentum dependencies. We note
Fc includes both directc production and indirect productio
through radiative decays of thexcJ states and hadronicc8
decays.
03520
f-

e

re

ft
d
h
le
,

hat

SinceFi must be a constant for the model to have a
predictive power, the relative differential and integrat
quarkonium production rates should be independent of p
jectile, target, and energy. This appears to be true for
charmonium production ratios(JxcJ /c'0.4 and c8/c
'0.14 @25–28#. See Ref.@21# for more details.

The next-to-leading order~NLO! quarkonium production
cross section in the CEM@21# was calculated using theQQ̄
production code of Ref.@29# with the mass cut in Eq.~7!.
When the NLO contribution is included, thepT dependence
of c production at the Tevatron has been shown to ag
with the CEM calculations@30#. The LO and NLO calcula-
tions agree equally well with the energy andxF dependent
data if Fi

LO is defined asFi
NLO multiplied by a theoreticalK

factor, the ratio of the NLO to LO cross sections@21#. At
next-to-leading order,Fc

NLO is 2.54%@21#.
Figure 2 shows the forwardxF distributions forc produc-

tion in pp collisions1 in the CEM at 800 and 120 GeV. Th
c8 distributions are identical except for the relative fracti
of c8 production below theDD̄ threshold and are thus no
shown. Note that at largexF , xF>0.6 at 800 GeV and>0.5
at 120 GeV,qq̄ annihilation is the most important contribu
tion to the cross section.

B. Quarkonium production in nonrelativistic QCD

An alternative model of quarkonium production, the col
singlet model @31#, predicted that highpT c production
would be dominated byxcJ decays. It also predicted tha
direct c and c8 production would be rare because a ha
gluon emission was required to make a color singlet3S1
state on a perturbative time scale. On the other hand,
CEM is an average over the color and spin of the produ
cc̄ pair and cannot make such predictions. Soon after
high pT Tevatron data@32# made it clear that the hard gluo
emission constraint in the color singlet model severely
derpredicted directc and c8 production, the nonrelativistic
QCD ~NRQCD! approach to quarkonium production wa
formulated@33#. This approach does not restrict the angu
momentum or color of the quarkonium state to only the le
ing singlet state. For example, the final-statec may be pro-
duced as a3P0 color octet state which becomes ac through
nonperturbative soft gluon emissions. Thus the NRQC

1The xF distributions are symmetric aroundxF50 in pp produc-
tion.
3-3
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FIG. 3. Thec xF distributions at~a! 800 GeV
and ~c! 120 GeV in NRQCD. The contributions

from gg fusion ~dashed!, qq̄ annihilation ~dot-
dashed!, gq scattering ~dotted!, and the total
~solid! are given. The correspondingc8 distribu-
tions are given in~b! and ~d!. The curves show

gg fusion ~dashed!, qq̄ annihilation~dot-dashed!,
and the total~solid!.
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model is similar in spirit to the CEM albeit with more non
perturbative parameters, as we will see.

ThexF distribution of a charmonium state,C, in NRQCD
is

dsC

dxF
5(

i , j
E

0

1

dx1dx2d~xF2x1

1x2! f i
A~x1 ,m2! f j

B~x2 ,m2!ŝ~ i j →C! ~8!

ŝ~ i j →C!5(
n

CQQ̄[n]
i j

^O n
C&, ~9!

where theC production cross section,ŝ( i j →C), is the prod-
uct of expansion coefficients,CQQ̄[n]

i j , calculated perturba
tively in powers ofas(m

2) and nonperturbative parameter
^O n

C&, describing the hadronization of the charmonium sta
In the model,xc0 andxc2 are produced as color singlets b
gg fusion and as color octets throughqq̄ annihilation, both
with CQQ̄[n]

i j
}as

2 . The threexcJ states, thec, andc8 are all

produced as color octets throughqq̄ annihilation with
CQQ̄[n]

i j
}as

2 . Direct c and c8 occurs through gluon fusion

both in color octet production withCQQ̄[n]
i j

}as
2 and in color

singlet production withCQQ̄[n]
i j

}as
3 . In addition, thexc1 can

be produced as a color singlet throughgg fusion andg(q
1q̄) scattering withCQQ̄[n]

i j
}as

2 . For charmonium produc
tion proportional toas

2 , an additional delta function enter
Eq. ~8! so thatx1 andx2 are both fixed as in Eq.~2!. How-
ever, when the expansion coefficients are proportional toas

3 ,
only x1 or x2 can be fixed by the delta function in Eq.~8!,
while the other momentum fraction must be integrated ov
We use the parameters determined by Beneke and Roth
@34# for fixed-target hadroproduction of charmonium wi
mc51.5 GeV andm52mc , and the CTEQ 3L parton den-
sities @35#.
03520
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The totalc xF distribution includes radiative decays o
the xcJ states and hadronic decays of thec8,

dsc

dxF
5

dsc
dir

dxF
1 (

J50

2

B~xcJ→cX!
dsxcJ

dxF
1B~c8→cX!

dsc8
dxF

.

~10!

In contrast, in the CEM, thexF distributions of all states are
assumed to be the same. ThusFc in Eq. ~7! implicitly in-
cludes thexcJ andc8 decay contributions given explicitly in
Eq. ~10!. See Ref.@34# for the expressions for the charmo
nium cross sections and the values of the nonperturba
parameterŝO n

C&.
In Ref. @34#, the singlet matrix elements were calculat

from the quarkonium wave functions at the origin. The oc
matrix elements were fit to Tevatron production data exc
for D8 @34# which was obtained from a fit to total cros
sections data at fixed-target energies. In NRQCD, three
rameters are needed to fix thec8 production cross section
while eight are needed for the totalc cross section. Only one
parameter for each state is needed in the CEM, a consi
able reduction.

The totalc forwardxF distributions2 at 800 and 120 GeV,
Eq. ~10!, are shown in Figs. 3~a! and 3~c!, respectively. Since
thexc0 branching ratio toc is less than 1%, its contribution
is virtually negligible. However,'27% of the producedxc1
states decay toc, including thegq scattering contribution,
are shown in the dotted curves. At 800 GeV this compon
is only a factor of 2–3 less than the totalqq̄ contribution to
the full c cross section. Thegg contribution fromxc1 de-
cays and the smallerxc2 decay contribution,'14%, provide
most of the singlet component of totalc production. Inter-
estingly, when thexcJ decays are included, the octet cont
bution to the totalc production cross section is 60%, close

2Note that, as in the CEM, thepp xF distributions are symmetric
aroundxF50.
3-4
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FIG. 4. The Drell-YanxF distributions for 4
,M,9 GeV at~a! 800 GeV and~c! 120 GeV.
The Drell-Yan mass distributions, integrated ov
xF are shown in~b! and~d! at 800 and 120 GeV,
respectively. The leading order results are giv
by the solid curves, the next-to-leading order r
sults are shown in the dashed curves.
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the c8. At 120 GeV, the percentage of octet production
larger for both the totalc andc8, 67 and 78 %, respectively
The c8 xF distributions at 800 and 120 GeV are given
Figs. 3~b! and 3~d!, including the individual contributions
from gg fusion andqq̄ annihilation. Here theqq̄ contribu-
tion is largest atxF'0.7 at 800 GeV and'0.6 at 120 GeV,
similar to the CEM. However, for the totalc xF distribu-
tion, theqq̄ contribution is significantly smaller than in th
CEM, resulting in a narrowerc xF distribution in NRQCD.
The NRQCD cross section is a factor of 3 smaller than
CEM cross section atxF'0.9 and a factor of 1.5 smaller a
xF'0.5 where the two are equal atxF50. Theqq̄ compo-
nent does not dominate the totalc distribution until xF
'0.8 at 800 GeV and'0.7 at 120 GeV. These relativ
differences can influence the strength of nuclear effects
depend on the nuclear quark and gluon distributions.

III. DRELL-YAN PRODUCTION

Lepton pairs are produced by the Drell-Yan process,qq̄

annihilation into a virtual photon at leading order,qq̄→g!

→ l 1l 2 @36#. The partonic cross section for Drell-Yan pro
duction is

dŝ

dM
5

8pa2

9M
eq

2d~ ŝ2M2!, ~11!

whereŝ5x1x2s. To obtain the hadroproduction cross secti
as a function of pair mass,M, and xF , we must fold the
partonic cross section with the quark and antiquark dens
evaluated atM, taken here to be in the range 4,M,9 GeV,
between thec andY family regions. Then

dsDY

dxFdM
5

8pa2

9M E
0

1

dx1dx2 d~x1x2s2M2!d~xF2x11x2!

3(
q

eq
2@ f q

p~x1 ,M2! f q̄
A
~x2 ,M2!

1 f q̄
p
~x1 ,M2! f q

A~x2 ,M2!#. ~12!
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After integrating the delta functions, the LO cross sectio
including the isospin of the target nucleus, is

dsDY

dxFdM
5

8pa2

9M

1

AxF
2s214M2s

(
q

eq
2@ f q

p~x01,M2!

3„zAf q̄
p
~x02,M2!1nAf q̄

n
~x02,M2!…

1 f q̄
p
~x01,M2!„zAf q

p~x02,M2!1nAf q
n~x02,M2!…#,

~13!

wherezA5Z/A andnA5N/A are, respectively, the fraction
of protons and neutrons in the target nucleus.

When this leading order cross section is compared to d
it falls short by an approximately constant factor, known
the K factor. Experimentally, it is'1.722.5, depending on
the energy, mass range, and parton distribution functions
NLO, the Compton and annihilation processes,qg→qg!

andqq̄→gg!, respectively contribute, in addition to virtua
corrections, to the LO cross section, resulting in a theoret
K factor — the ratio of the NLO to the LO cross sections
of approximately 1.422, somewhat less than that obtaine
by comparison to the data@36#. This theoreticalK factor
serves the same purpose as the adjustment ofFc between the
LO and NLO calculations in the CEM, discussed earlier.

In Figs. 4~a! and 4~c! the Drell-Yan xF distribution is
shown for masses between 4 and 9 GeV at 800 and 120 G
The 120 GeVxF distribution does not extend over allxF
since the phase space for highxF and high mass pairs be
comes limited. Because the quark distributions have a ha
x dependence than the gluon, the Drell-YanxF distribution is
broader than thec xF distributions shown in Figs. 2 and 3
For comparison, both the LO and the NLO distributions a
shown. There is some dependence of theK factor onxF . At
800 GeV andxF;0, the theoreticalK factor is 1.4, increas-
ing to 2.1 atxF50.9. The calculatedK factor is 20% larger
at 120 GeV. The change withxF reflects the increasing im
portance of the Compton process with increasingxF , corre-
sponding to an increase in the gluon density at lowx2. The
3-5
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R. VOGT PHYSICAL REVIEW C 61 035203
Drell-Yan mass distribution, integrated over the correspo
ing xF ranges given in Figs. 4~a! and 4~c!, is shown in Figs.
4~b! and 4~d! at 800 and 120 GeV, respectively. SincexF is
integrated over, the lowerxF values are the most importan
for the determination of theK factor as a function of mass
The theoreticalK factor is'1.4 at 800 GeV and 1.8 at 12
GeV, and does not change more than a few percent w
mass.

Since the Drell-Yan mechanism produces lepton pa
which only interact electroweakly, theA dependence is ex
pected to be weak because no final-state interactions a
the lepton pair. However, initial-state interactions such
shadowing and energy loss may influence theA dependence
as we discuss in Secs. VI and VII.

IV. NUCLEAR ABSORPTION IN pA INTERACTIONS

Thecc̄ pair may interact with nucleons and be dissocia
or absorbed before it can escape the target. The effec
nuclear absorption alone on thec production cross section in
pA collisions may be expressed as@23#

spA5spNE d2bE
2`

`

dzrA~b,z!Sabs~b! ~14!

5spNE d2bE
2`

`

dzrA~b,z!

3expH 2E
z

`

dz8rA~b,z8!sabs~z82z!J , ~15!

whereb is the impact parameter,z is thecc̄ production point,
Sabsis the nuclear absorption survival probability, andsabsis
the charmonium@or (cc̄)8g @37## nucleon absorption cros
section. Nuclear charge density distributions from data
used forrA @38#. Note that expanding the exponent in E
~15!, integrating, and reexponentiating the results assum
A is large leads to Eq.~1! with a5129sabs/(16pr 0

2) @23#.
We study three different models of nuclear absorpti

either all quarkonium states are produced as color octet
color singlets or as a combination of octet and singlet sta
When pure octet or pure singlet absorption is consideredc
andc8 production are calculated in the CEM. When a co
bination of octet and singlet absorption is assumed, NRQ
is used to obtain the correct balance between octet and
glet production. Both the CEM and NRQCD model para
eters are tuned to fitpp production. In this section, we onl
give examples of a range of cross sections for each abs
tion model. The actual values ofsabsare set in Sec. IX after
initial state effects have also been included.

In our considerations ofc absorption, we include the
'30% contribution fromxcJ decays@25# and the'12%
contribution fromc8 decays@21#. Then the totalc survival
probability, including indirect production, is

Sc
abs~b!50.58Sc,dir

abs ~b!10.3SxcJ

abs~b!10.12Sc8
abs

~b!. ~16!
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The c8 itself is only produced directly since other, mo
massive, charmonium resonances decay toDD̄ pairs.

The first case is pure octet production. Here, thecc̄ is
produced in a color octet state, (cc̄)8, which travels through
the nucleus. As it leaves the field of the nucleon that p
duced it, it neutralizes its color by combining with a colline
gluon in a nonperturbative interaction. The resulting (cc̄)8g
state is a color singlet as it traverses the nucleus. The fi
state charmonium resonance will be formed when the
companying gluon is absorbed by the (cc̄)8 state. When the
(cc̄)8g state interacts with nucleons, a gluon is exchang
which can couple to either theg or the (cc̄)8, leaving the
remaining state colored. Since this colored state is not
bound, any interaction can lead to the break up of the st
There is thus no energy dependent threshold forc breakup in
this description. Because the initial color octet is the sa
regardless of the eventual final-state resonance,sabs5scN

o

5sc8N
o

5sxcJN
o . Therefore Soct

abs5Sc,dir, oct
abs 5SxcJ ,oct

abs 5Sc8,oct
abs

and the feed-down contributions to thec in Eq. ~16! do not
affect the absorption. The time needed for the formation
the final-state resonance ist8;0.3 fm in the (cc̄)8 rest frame
during which the state travels a distanced8;t8cosh(ycm
1yc) in the rest frame of the target. This distance is lar
enough that the color neutralization takes place outside la
nuclear targets at 800 GeV.

The octet cross section has typically been assumed to
energy independent because thec A dependence seems to b
independent of projectile energy. This assumption has b
used in most models ofc suppression in nuclear collision
@23#. While this apparent energy independence has been
tributed to nuclear absorption alone, it could be caused b
convergence of competing effects. For the sake of clarity,
assumescN

o is a constant, independent of energy andxF and

treat absorption as if only the (cc̄)8g interacts with nucleons
not the final charmonium states. In Fig. 5~a!, a is given for
several values of the (cc̄)8g cross section:sabs51, 3, 5, and
7 mb corresponding toa50.98, 0.95, 0.92, and 0.90 respe
tively. It is obvious that octet production alone will no
modify the shape ofa as a function ofxF .

We now discuss absorption when allcc̄ pairs are pro-
duced as color singlets. If thecc̄ pair is produced as a colo
singlet, it is initially small with a spatial extent on the ord
of its production time,t}mc

21 , ignored in the calculation
The proper time required for the formation of the final cha
monium bound state obtained from potential models@39#,
tc;122 fm, is considerably longer. Thecc̄–N absorption
cross section may be expected to grow as a function
proper time untiltc i

when it saturates at the asymptot

valuesc iN
s . We simulate the growth of the absorption cro

section by@15,40#

sabs~z82z!5H sc iN
s S t

tc i
D k

if t,tc

sc iN
s

otherwise.

~17!
3-6
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FIG. 5. TheA dependence of nuclear absor
tion models is given in~a!, ~b!, and ~c!, and the
comoverA dependence is shown in~d!. In ~a!,
octet cross sections of 1 mb~solid!, 3 mb
~dashed!, 5 mb ~dot-dashed!, and 7 mb~dotted!
are shown. Singlet absorption is shown in~b! for
c with scN

s 55 mb ~solid! and 10 mb~dashed!,
as well asc8 with sc8N

s
515 mb~dot-dashed! and

20 mb ~dotted!. A combination of octet and sin-
glet production is assumed in~c!. The curves rep-
resentc absorption withsabs

oct51 mb andsabs
sing

51 mb ~solid!, andsabs
oct53 mb andsabs

sing55 mb
~dot-dashed!; c8 absorption withsabs

oct51 mb and
sabs

sing53.7 mb ~dashed!, and sabs
oct53 mb and

sabs
sing519 mb ~dotted!. In ~d!, comover interac-

tions are shown forscco50.67 mb ~solid! and
sc8co53.7scco ~dot-dashed!.
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The exponentk determines the increase ofsabs during had-

ronization of thecc̄ pair. If sabs is proportional to the geo
metric cross section, then we expectk;2. @See also@41# for
predictions ofscN

s if k51.# The proper timet is related to

the path length traversed by thecc̄ pair through nuclear mat
ter, t5(z82z)/gv. The g factor introducesxF and energy
dependencies in the growth of the cross section. Depen
on the initial energy of the projectile and the size of t

target, thecc̄ pair may form ac inside or outside of the
target.

In Fig. 5~b!, examples ofa are given for directc andc8
absorption at 800 GeV. The solid and dashed curves ass
scN

s 55 and 10 mb, respectively, while the dot-dashed a
dotted curves are forsc8N

s
515 and 20 mb. In our calcula

tions, we assume that the asymptotic absorption cross
tions scale in proportion to the squares of the charmon
radii @42#, sc8N

s '3.7scN
s and sxcJN

s '2.4scN
s . Thus each

contribution to Eq.~16! has a differentA dependence wher
typically Sc,dir, sing

abs .Sc8,sing
abs . The c andc8 formation times

are different,tc50.92 fm andtc851.5 fm @39#. Thec and
c8 results atxF,0 in Fig. 5~b! reflect the differences in
formation times as well as the gamma shift due to th
masses. At 800 GeV, byxF50 the final-state meson is pro
duced outside the target so thata'1 for xF.0. Therefore,
the A dependence of color singlet production is virtually i
dependent ofsc iN

s for xF.0 at 800 GeV. At 120 GeV, both

states can be produced inside the target atxF.0 and influ-
ence theA dependence at forwardxF as well.

More realistically,c production is a combination of octe
and singlet states, as in NRQCD. The ratio of octet to sin
production is energy andxF dependent@34# so that the rela-
tive absorption of each state depends onxF since the octet
and singlet absorption cross sections are expected to be
ferent @43#. Because thec8 is directly produced, thexF de-
pendence of absorption is straightforward,
03520
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dspA
c8

dxF
5

dspp
c8,oct

dxF
E d2b dz Soct

abs~b!

1
dspp

c8,sing

dxF
E d2b dz Sc8,sing

abs
~b!, ~18!

wheresabs
oct and sabs

sing replacesabs in Eq. ~15!. The c distri-
bution is more complicated since we must account for
fact that the octet absorption cross section is independen
the charmonium state while the singlet cross sections are
In the octet case, the sameSoct

abs can be applied to all state
feeding thec, while singlet absorption is different for eac
individual state. Then,

dspA
c,tot

dxF
5Fdspp

c,dir, oct

dxF
1 (

J50

2

B~xcJ→cX!
dspp

xcJ ,oct

dxF

1B~c8→cX!
dspp

c8,oct

dxF
G E d2b dzSoct

abs~b!

1E d2b dzFdspp
c,dir, sing

dxF
Sc,dir, sing

abs ~b!

1 (
J50

2

B~xcJ→cX!
dspp

xcJ ,sing

dxF
SxcJ ,sing

abs ~b!

1B~c8→cX!
dspp

c8,sing

dxF
Sc8,sing

abs
~b!G . ~19!

In Ref. @43#, the singlet cross section was assumed to
negligible. Therefore,sabs

oct511 mb was needed to produce a
effective a equivalent to the assumption of pure octet pr
duction withsabs57.3 mb obtained in@11#. We use Eq.~17!
andscN

s Þ0. Also, in Ref.@43#, the authors only calculated
the xF-integrated cross sections. Here we use Eqs.~19! and
~18! with the full xF dependence to calculatea(xF) for c
3-7
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R. VOGT PHYSICAL REVIEW C 61 035203
andc8 absorption, shown in Fig. 5~c! at 800 GeV. The dif-
ferences between thec and c8 results arise from their dis
tinct xF dependencies in the NRQCD model, predominan
from thexcJ contributions toc production.

We have illustrated several different combinations ofc8
and c absorption cross sections in Fig. 5~c!. We choose
sc8N

oct
5scN

oct as in pure octet production, Fig. 5~a!, andsc8N
sing

'3.7scN
sing, as in the pure singlet case shown in Fig. 5~b!.

The differences ina(xF) for c andc8 are small, especially
between the solid and dashed curves withsabs

oct51 mb. The
only obvious differences are atxF,0 when thec8 singlet
contribution is larger and thec8 is still produced inside the
target. However, at largeuxFu, qq̄ annihilation, an octet con
tribution to c8, begins to become more important, causi
the change in slope ofa(xF) here. This effect is not as stron
for the c because theqq̄ contribution does not overtake th
gg until largerxF . It is interesting to note that the effectiv
a in the solid curve (sabs

oct51 mb andsabs
sing51 mb! is similar

to the sabs
o 51 result shown in Fig. 5~a! for pure octet ab-

sorption. Assuming a 3 mboctet absorption cross sectio
results in a similar effectivea at xF,0 in Figs. 5~a! and
5~c!—compare the dashed curve in 5~a! with the dot-dashed
curve in 5~c!. However, at forwardxF , the effectivea in
5~c! is larger since the color singlet components escape w
out absorption, at least until the growingqq̄ contribution
causes the octet mechanism to dominatec absorption once
again atxF.0.7. The effect of singlet absorption would b
even weaker at 120 GeV because the octet contribut
make up a larger fraction of the production cross section
this energy.

The results with the absorption cross sections shown
Fig. 5 are only examples of the magnitude of the effects. I
clear, both from the data in Fig. 1 and from the initial sta
effects discussed in the following sections, that the mo
absorption cross sections must be smaller than those
previously when no initial state effects were includ
@10,11#.

V. HADRONIC COMOVERS IN pA INTERACTIONS

Comoving secondaries, formed aftert0;122 fm, may
also scatter with thecc̄ pair or thec. Becausetc&t0, the
final-state charmonium is assumed to interact with the
movers. A spectator hadron moving with a velocity close
that of the charmonium state enhances the dissociation p
ability.

TheA dependence ofc production due to comovers alon
is determined from

shA5shNE d2b@0.58Sc,dir
co ~b!10.3SxcJ

co ~b!10.12Sc8
co

~b!#.

~20!

The directc-comover survival probability depends on th
relative velocity of thec and comovers,v, and the density of
comovers at timet and impact parametern(t,b) @15#. The
initial density of the system can be related to the final had
rapidity density@44#. In a pA collision, the final-state multi-
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plicity is 'shNTA(b)dN/dy wheredN/dy is the multiplic-
ity in pp interactions. The rapidity density grows wit
center-of-mass energy@45#. The shape of the produced pa
ticle rapidity density with inclusivec production is un-
known. We assume that the multiplicity slope is the same
both sides of midrapidity:

dN

dy
5

dN

dy U
y50

2ay, ~21!

where we takedN/dyuy5051.07 in pp interactions at 800
GeV anda50.108@45#. SinceshN is approximately equal to
the transverse area over which the comovers are produ
the directc survival probability inhA collisions is@23#

Sc,dir
co ~b!'expH 2^sccov&

dN

dy
lnS t I

t0
DTA~b!J , ~22!

wheret I is the effective proper time the comovers intera
with the c andscco is thec-comover interaction cross sec
tion. The nuclear density profile isTA(b)5*2`

` dzrA(b,z).
The other survival probabilities for comover interactio
with charmonium states are similar. We takescco50.67 mb
from a study ofc suppression in nucleus-nucleus data@10#
with sc8co'3.7scco andsxcJco'2.4scco @42#, assuming that
the asymptotic charmonium states interact with the com
ers.

The similarity between the survival probabilities in Eq
~15! and ~22! suggests thatc-comover interactions do no
introduce any unusualA dependence. Thus comover cont
butions topA interactions, while small, are difficult to rule
out entirely.

VI. NUCLEAR SHADOWING

Measurements of the nuclear charged parton distributi
by deep-inelastic scattering off both a large nuclear tar
and a deuterium target show that the ratioRF2

5F2
A/F2

D has a
characteristic shape as a function ofx @12#. The region below
x;0.1 is referred to as the shadowing region and the ra
0.3,x,0.7 is known as the EMC region. In both region
the parton density is depleted in the heavy nucleus relativ
the deuteron, i.e.,RF2

,1. At very low x, x'0.001, RF2

appears to saturate@46#. Between the shadowing and EM
regions, an enhancement, antishadowing, is seen whereRF2

.1. There is also an enhancement asx→1, assumed to be
due to nucleonic Fermi motion. The general behavior ofRF2

as a function ofx is often referred to as shadowing. Althoug
this behavior is not well understood for allx, the shadowing
effect can be modeled by anA dependent fit to the nuclea
deep-inelastic scattering data.

We have assumed that the nuclear parton distributi
factorize into the nucleon parton distributions, independ
of A, and a shadowing function that parametrizes the mo
fications of the nucleon parton densities in the nucleus,
pendent onA, x, andQ2:

f i
A~x,Q2,A!5Si~A,x,Q2! f i

p~x,Q2!.
3-8
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FIG. 6. ~a! TheS1 shadowing parametrization
for W ~solid! and Be~dashed! targets as a func-
tion of x. The resultingA dependence for~b! c
production in the CEM and~c! Drell-Yan produc-
tion is given at 800 GeV~solid! and 120 GeV
~dashed!. The NRQCDc results are shown in~b!
at 800 GeV~dot-dashed! and 120 GeV~dotted!.
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While the location of the parton in the target could influen
Si @47#, the impact parameter is difficult to resolve inpA
collisions. We use three different parametrizations of
shadowing function,Si(A,x,Q2).

The first parametrization is a fit to nuclear deep-inelas
scattering data which does not differentiate between qu
antiquark, and gluon modifications and does not include e
lution in Q2. Therefore, it is not designed to conserve bary
number or momentum. We defineRF2

5S1(A,x) @48# with

S1~A,x!55
Rs

110.0134~1/x21/xsh!

110.0127A0.1~1/x21/xsh!
x,xsh

aemc2bemcx xsh,x,xFermi

Rf S 12xFermi

12x D 0.321

xFermi,x,1,

~23!

where Rs5aemc2bemcxsh, Rf5aemc2bemcxFermi,
bemc5 0.525(12A21/321.145A22/31 0.93A211 0.88A24/3

20.59A25/3), andaemc511bemcxemc. The fit fixes thex val-
ues at the boundaries of thex regions, xsh50.15, xemc
50.275, andxFermi50.742. Thus, the nuclear parton distr
butions are modified so that

f i
A~x,Q2!5S1~A,x! f i

p~x,Q2!. ~24!

The parametrization is available for allA and is designed so
that S1[1 whenA51. Figure 6~a! shows the parametriza
tion for A5184 andA59. Note that the antishadowing re
gion is rather narrow and saturation appears atx,1023. Fig-
ures 6~b! and 6~c! give a(xF) for c and Drell-Yan
production, respectively. Since this parametrization affe
all partons equally, the results are independent of the cho
parton distribution function. They are also virtually indepe
dent of the charmonium production mechanism althou
there is a slight model dependence because the CEM
volves an integral over 2mc /As,x,2mD /As, Eq. ~7!,
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while in NRQCDx1 andx2 are either both fixed, e.g., whe
CQQ̄[n]

i j
}as

2 , or x1 is fixed by the delta function in Eq.~8!,

while 4mc
2/x1s,x2,1, whenCQQ̄[n]

i j
}as

3 .
The second parametrization,S2

i (A,x,Q2), modifies the
valence quark, sea quark, and gluon distributions separa
and also includesQ2 evolution @49#, beginning atQ5Q0
52 GeV and continuing up toQ510 GeV. It is based on a
fit to the data using the Duke-Owens parton densities@50#. In
this case, the nuclear parton densities are modified so th

f V
A~x,Q2!5S2

V~A,x,Q2! f V
p~x,Q2!, ~25!

f S
A~x,Q2!5S2

S~A,x,Q2! f S
p~x,Q2!, ~26!

f G
A~x,Q2!5S2

G~A,x,Q2! f G
p ~x,Q2!, ~27!

where f V5uV1dV is the valence quark density andf S

52(ū1d̄1 s̄) is the total sea quark density. It is assum
that S2

V andS2
S are the same for all valence and sea quar

consistent with the symmetric sea of the Duke-Owens pa
distributions. These modifications conserve baryon num
*0

1dx fV
p(x,Q2)5*0

1dx fV
A(x,Q2), and the parton momentum

sum, (P*0
1dx x fP

p(x,Q2)5(P*0
1dx x fP

A(x,Q2) where P
5V, S, andG, at all Q2. Using parton densities other tha
Duke-Owens may lead to small deviations in the conser
tion rules.

The parametrization is only available forA532 and 200.
It is thus applied only to the tungsten target and the be
lium densities are left unmodified. Figure 7~a! shows the
ratiosS2

V , S2
S , andS2

G at Q5Q0 andQ510 GeV. AtQ0 the
sea quarks are shadowed, more strongly at lowx than the
gluons. Both the valence quarks and gluons are antish
owed while the sea quarks are not. The effects of evolut
are weakest for the valence quarks and strongest for the
ons. Figures 7~b! and 7~c! showa(xF) for c and Drell-Yan
production, respectively. Thec results in the CEM are given
for the MRST LO@24# distributions and in the NRQCD ap
3-9
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FIG. 7. ~a! TheS2 shadowing parametrization
for A5200 as a function ofx. The valence ratios,
RV , are given by the solid curves, the sea qua
ratios, RS , by the dashed curves, and the gluo
ratios, RG , are given by the dot-dashed curve
At small x, the lower curves are atQ52 GeV
and the upper are atQ510 GeV. In~b! the c A
dependence is illustrated for the CEM wit
MRST LO distributions at 800 GeV~solid! and
120 GeV~dot-dashed!. The NRQCD results with
the CTEQ 3L densities are also shown at 80
GeV ~dashed! and 120 GeV~dotted!. In ~c! the
Drell-Yan A dependence is given for the MRS
LO distributions at 800 GeV~solid! and 120 GeV
~dashed!.
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proach with the CTEQ 3L @35# parton distributions. The
main differences in the production models appear at nega
xF , corresponding to the EMC dip at largex and appears
because of the evolution of the gluon distributions at largex.
The two calculations evolve differently becausemc51.2
GeV in the CEM and 1.5 GeV in NRQCD. The larger sca
causes a smaller EMC dip in the shadowing ratio for
NRQCD calculation. The differences between product
models at largexF are due in part to thegq scattering con-
tribution. Since this component is virtually negligible at 12
GeV, the model dependence is then small forS2. Choosing
other parton distribution functions for CEMc and Drell-Yan
production results in very similar ratios as for MRST LO.

A more recent shadowing parametrization,S3
i (A,x,Q2),

based on the GRV LO parton distributions@51#, is now avail-
able@52,53#. The initial scale was chosen to equal the cha
quark mass in the GRV LO distributions,Q5Q051.5 GeV.
At this scale all sea quark ratios are assumed to be equa
03520
ve

e
n

as

are both the valence ratios. The parameters are constra
by nuclear deep-inelastic scattering and Drell-Yan data. T
gluon ratio is then fixed by the momentum sum rule as w
asc electroproduction data. AboveQ0, the individual quark
and gluon distributions are evolved separately. The glu
distribution has a larger antishadowing peak in this para
etrization, while the sea quarks are shadowed in the s
region, a significant difference fromS2. The Drell-Yan data
on the violation of the Gottfried sum rule@54# is taken to

account, thusS3
ūÞS3

d̄ aboveQ0. Evolution is taken up toQ
5100 GeV and the parametrization is generalized to allA,
both improvements overS2. Again, however, using othe
parton densities besides GRV LO could lead to small dev
tions from the conservation rules.

In Figs. 8~a! and 8~b!, we show ratios for theuV , ū, and
g densities atQ5Q0 and 10 GeV for W and Be respectively
Figures 8~c! and 8~d! give the correspondinga(xF) for c
s

t

h

0

T

FIG. 8. TheS3 shadowing parametrization a
a function ofx for ~a! W and~b! Be targets. The
valence up ratios,RuV

, are given by the solid

curves, theū ratios, Rū , by the dashed curves
and the gluon ratios,RG , are given by the dot-
dashed curves. At smallx, the lower curves are a
Q51.5 GeV, while the upper curves are atQ
510 GeV. The resultingA dependence for~c! c
and ~d! Drell-Yan production is given. In~c! the
c A dependence is illustrated for the CEM wit
MRST LO distributions at 800 GeV~solid! and
120 GeV~dot-dashed!. The NRQCD results with
the CTEQ 3L densities are also shown at 80
GeV ~dashed! and 120 GeV~dotted!. In ~d! the
Drell-Yan A dependence is given for the MRS
LO distributions at 800 GeV~solid! and 120 GeV
~dashed!.
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xF DEPENDENCE OFc AND DRELL-YAN PRODUCTION PHYSICAL REVIEW C 61 035203
and Drell-Yan production. Thec results in the CEM are
given for the MRST LO distributions. Since gluon shado
ing is not as strong as in theS2 parametrization at lowx, the
effective a is larger at largexF than in Fig. 7~b!. We have
checked the CEM results with other parton distributions a
found that the differences between the parton distributi
are also more pronounced at largexF since the individual
quark and antiquark distributions evolve separately, wh
with S2, the valence and sea quarks, respectively, were c
sidered together. In NRQCD, the effectivea with the CTEQ
3L densities at 800 GeV is similar to the CEM results exc
at largerxF due to thegq scattering contribution, as with th
S2 parametrization. However, at 120 GeV, the model dep
dence is more pronounced than withS2, due to the larger
relative importance ofqq̄ annihilation in the CEM than in
NRQCD. This difference is again less important with theS2
parametrization because it does not distinguish between
individual quark and antiquark distributions. At negativexF
there is no difference due to evolution at the EMC dip b
cause the ratios at largex in Figs. 8~a! and 8~b! are essen-
tially independent ofQ2. The Drell-Yan results are only
shown for the MRST LO distributions. The reduced an
quark shadowing at lowx results in a largera than with the
S2 parametrization.

To summarize, we note that the shape ofa(xF) is fixed
by each parametrization. It is clear from the results in Fi
6–8 that shadowing alone is insufficient to describe the p
liminary E866c data as a function ofxF . This fact has been
known for some time since the NA3@3# and E772@5# c A
dependence was similar as a function ofxF but not as a
function of x2 as would be expected if the nuclear depe
dence was dominated by shadowing.

VII. EFFECTS OF ENERGY LOSS

Partons are expected to lose energy when traversing
ter. This effect has been discussed primarily in the contex
jet quenching@55,56#. Since the projectile parton is typicall
expected to feel the effects of energy loss, the scaling of
A dependence at different energies withxF or x1 suggested
that energy loss could be the cause. We will introduce th
models of energy loss that have been applied earlier tc
production and discuss their influence in the context of
E866 data.

A. Initial state loss

Initial state energy loss, as studied by Gavin and Mila
@13# and subsequently developed by Brodsky and Ho
@14#, takes a multiple scattering approach that essentially
pletes the projectile parton momentum fraction,x1, as the
parton moves through the nucleus. Both the quarks and
ons can scatter elastically and lose energy before the
scattering. This loss produces a similar effect for Drell-Y
and c production. The motivation for this model stemme
from the fact that theA dependence ofc production at 200
and 800 GeV seemed to scale withxF ~or x1) and notx2
@3,5#. The projectile parton momentum fraction involved
the hard scattering is thenx185x12Dx1 where x1 is the
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original projectile parton momentum fraction when the p
ton first entered the target andDx1 represents the loss inx1

due to multiple scatterings. Thus the shifted value,x18 , enters
the partonic cross sections but the parton distributions m
be evaluated at the initialx1. An additional delta function is
added to Eqs.~4! and ~8! with the corresponding integra
over x18 so that Eq.~4! becomes

dscc̄

dxFdm2
5

1

sE0

1

dx18dx1dx2

3d~x182x11Dx1!d~xF2x181x2!

3d~x18x2s2m2!HAB~x1 ,x18 ,x2 ;m2!, ~28!

while Eq. ~8! is then

dsC

dxF
5(

i , j
E

0

1

dx18dx1dx2

3d~x182x11Dx1!d~xF2x181x2!

3 f i
A~x1 ,m2! f j

B~x2 ,m2!ŝ~ i j →C!. ~29!

We first discuss the model by Gavin and Milana@13# and
then the modifications suggested by Brodsky and Hoyer@14#
with later refinements by Baieret al. @56#.

The first model of initial-state energy loss applied toJ/c
production was proposed by Gavin and Milana@13#, referred
to as GM hereafter. In their model, they assumed that

Dx15e ix1A1/3S Q

Q0
D 2n

, ~30!

with n51. We do not include theQ2 dependence in ou
calculations so that heren50. The energy loss depends o
the parton identity in this formulation. The initialx1 is

x15
x18

12e iA
1/3

, ~31!

wherei 5q or g with eq50.00412 andeg59eq/4 due to the
difference in the color factors. Whenn50, Eq. ~30! corre-
sponds to 2dE/dzuq;1.5 GeV/fm and 2dE/dzug;3.4
GeV/fm @13#. In our calculations, we assume only initia
state elastic scattering of the quarks and gluons. Final-s
effects on thec included in Ref.@13# are left out here unde
the assumption that final-state absorption provides a com
satory effect.

In Fig. 9 we show the results for this mechanism alone
the A dependence ofc and Drell-Yan production. TheA
dependence is weak at negativexF wherex1 is already small
so that further reduction does not significantly change
quark and gluon distributions. This is true even for part
distributions that increase asx1

2a when x1 is small anda
50.320.5. AsxF increases,x1 grows larger and if the par
ton densities behave as;(12x1)nP as x1→1, a slight de-
crease inx1 is magnified. The effect should be stronger forc
than Drell-Yan production becauseng;5.nqV

;3 in simple
3-11
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FIG. 9. TheA dependence assuming GM los
for c production in ~a! the CEM and in ~b!
NRQCD and~c! Drell-Yan production. In~a! the
c A dependence is illustrated for the MRST L
distributions at 800 GeV~solid! and 120 GeV
~dashed!. The NRQCD results with CTEQ 3L are
shown in ~b! at 800 GeV~solid! and 120 GeV
~dashed!. In ~c! the Drell-Yan A dependence is
given for the MRST LO distributions at 800 GeV
~solid! and 120 GeV~dashed!.
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spectator counting models@57# and the valence quark distr
butions are most important for Drell-Yan production at lar
xF ~andx1). The choice of parton densities does not chan
the shape ofa(xF). The energy dependence is also rath
weak. A comparison of Figs. 9~a! and 9~b! shows that the
behavior ofa(xF) does not depend strongly on thec pro-
duction model although there is evidence that the effect
gins to be non-negligible at a lowerxF in the NRQCD ap-
proach.

Later, Brodsky, and Hoyer@14# ~BH! argued that the en
ergy loss in the Gavin and Milana model was too large
cause there is not enough time after the initial QCD brem
strahlung for the color field of the parton to be regenerat
Therefore, the subsequent interactions of the parton in
target do not lead to a large increase in energy loss@58#.
From the uncertainty principle they deduced that the l
should be independent of parton type and the change inDx1
should be bound so that
03520
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Dx1,
^k'

2 &LA

2E
, ~32!

whereLA is the path length through the medium and^k'
2 & is

the average transverse momentum of gluons radiated by
incoming parton. IfE5x1s/2mp andLA;RA}A1/3, then

Dx1<
k

x1s
A1/3, ~33!

where k}mp^k'
2 &. The average radiative loss is thus e

pected to be2dE/dz;0.25 GeV/fm with another 0.25
GeV/fm loss expected to arise from elastic scattering. In t
case, whenDx1}c/x1 ,x150.5„x181A(x18)

214c…. The xF

dependence ofa whenc5kA1/3/s, referred to henceforth a
‘‘original BH loss,’’ is given by the dotted and dot-dash
dashed curves in Fig. 10 forc and Drell-Yan production.
s

0
V.

in
he

sh-
FIG. 10. TheA dependence assuming BH los
for c in ~a! the CEM and in~b! NRQCD, and~c!
Drell-Yan production. The MRST LO distribu-
tions are used for CEMc and Drell-Yan produc-
tion, while CTEQ 3L densities are used with
NRQCD c production. The maximum BH loss
@Eq. ~37!#, is shown in the solid curves at 80
GeV and in the dot-dashed curves at 120 Ge
The minimum BH loss@Eqs. ~38! and ~39!#, is
shown in the dashed curves at 800 GeV and
the dot-dot-dot-dashed curves at 120 GeV. T
original BH loss@Eq. ~33!#, is shown in the dot-
ted curves at 800 GeV and in the dot-dash-da
dashed curves at 120 GeV.
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Subsequently, the bound ondE/dz was refined through
the work of Baieret al. @56,59# where they determined

2
dE

dz
5

3as

4
^p'W

2 &, ~34!

with ^p'W
2 & the characteristic squared transverse momen

of the parton.3 The value of the radiative loss is independe
of the details of the scattering process as long asLA is large.
In this description,Dx1 is then

Dx15
3as

2

mp

x1s
LA^p'W

2 &, ~35!

where the average transverse momentum^p'W
2 & is propor-

tional to A1/3 @56#. Since^p'W
2 &}A1/3,Dx1}A2/3 in Eq. ~35!

rather thanA1/3 as postulated by Brodsky and Hoyer@14#
@Eq. ~33!# because they assumed that^k'

2 & was independen
of A.

Two estimates of̂ p'W
2 & were provided in Ref.@56#. The

larger value, used as an upper limit, comes from a sin
nuclear rescattering of photoproduced dijets@61#,

^p'W
2 &5p2asl LQS

2 A1/3
CAsg

gA1CFsq
gA

sgA
. ~36!

They obtained 0.05,lLQS
2 ,0.1 GeV2 by assuming that dije

production is dominated either by quarks or gluons using
measuredpT broadening as a function ofA. With the lower
bound onlLQS

2 ,

^p'W
2 &.0.658asA

1/3 GeV2. ~37!

Since the initial states could not be explicitly identified, w
assume that̂p'W

2 & is identical for quarks and gluons. The
whenas;0.3 andA5184, we find2dE/dz.1.28 GeV/fm
with Eq. ~37!. We refer to this as ‘‘maximum BH loss’’ in
the remainder of the discussion even thoughdE/dz is actu-
ally smaller than the proposed GM loss.@The difference in
the subsequent shapes ofa(xF) lies in the form ofDx1.# The
second estimate depends on the nucleon gluon distribu
and contains explicit color factors so that

^p'W
2 &q5

2p2as

3
rAxG~x,Q2!LA.0.07asA

1/3 GeV2,

~38!

^p'W
2 &g5

9

4
^p'W

2 &q.0.15asA
1/3 GeV2, ~39!

wherexG(x);122 for the x1 range of E866. This lower
estimate is referred to subsequently as ‘‘minimum BH los

3After the inclusion of other diagrams suggested by Zakha
@60#, Baieret al.concluded that the loss derived in Ref.@56# was, in
fact, a factor of two larger@59#. This difference is reflected in Eq
~34!.
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Now whenas;0.3 andA5184, 2dEq /dz.0.12 GeV/fm
and2dEg /dz.0.28 GeV/fm.

The resultingxF dependence ofa is shown in Fig. 10 at
800 and 120 GeV. At negativexF , x1 can be considerably
larger thanx18 , up to an order of magnitude asxF→21 at
800 GeV. The difference in shapes at negativexF between
the CEM and NRQCD arise from the relative importance

qq̄ annihilation andgg fusion ~as well asqg scattering in
NRQCD!. Even though the energy loss is the same
quarks and gluons with the original and maximum BH lo
estimates, the relative change is larger for the gluon than
sea quark distributions whenx1 is small. At large negative

xF , the qq̄ contribution is dominant withSqq(x1)q̄(x2)

'ū(x1)u(x2)1d̄(x1)d(x2) and the change in the projectil
sea quark distribution is less than that of the gluon distri
tion. When gg fusion dominates,a(xF) decreases. In the
NRQCD model, theqg contribution tends to balance thi
difference, leading to the flattera(xF) for xF,0, particu-
larly at 800 GeV. AsxF approaches zero, the change in
the distributions becomes smaller. The change inx1 due to
the minimum BH loss is only;20% atxF'0, decreasing to
less than 8% atxF50.1. Note also that the predicted min
mum loss for gluons, Eq.~39!, and the original BH loss@Eq.
~33!# result in a similara(xF) at forwardxF even though the
A dependencies of the two are different. That is because
shift in x1 is reduced at largexF , the change in all parton
densities is small whenx1'0.120.9 and the original BH
modeldE/dz is very similar todEg /dz for the minimum BH
loss. At 800 GeV, the drop at largexF is due to loss by

valence quarks since at largexF , Sqq(x1)q̄(x2)

'ū(x2)u(x1)1d̄(x2)d(x1). At 120 GeV, the effect of the
loss is larger sinceDx1}1/s. The correspondingly higherx18
values at 120 GeV reduce the gluon distribution shift relat

to qq̄. This, as well as the greater importance ofqq̄ annihi-
lation, results in the different shapes ofa(xF) for the two
energies at negativexF .

The Drell-Yan results are similar to the calculatedc re-
sults except that the Drell-Yan loss is weaker at largerxF .
Part of the difference is becausex1 and the scaleM at which
the parton densities are evaluated are both greater than
the c. We can also see that the maximum BH loss is alm
certainly too large to explain the current Drell-Yan resul
Indeed, at 120 GeV,a(xF) barely appears on the plot. Th
Drell-Yan results are similar to the calculatedc results ex-
cept

The large change inx1, appearing as largeDx1, suggests
that the calculation may not be applicable forDx1.x1. At
800 GeV,Dx15x1 occurs when 0.03<x1<0.09, depending
on the loss estimate, corresponding to a minimumxF of
20.1<xF<0.02. At 120 GeV, thex1 values are larger,x1
'0.120.3 for the original and minimum BH loss estimate
and 0.6 for the maximum BH estimate, corresponding
xF'20.220 and 0.5, respectively. In our calculations, w
will apply the model over allxF .

We finally note that neither of these initial state models
energy loss alone can reproduce the data. GM loss does

v
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R. VOGT PHYSICAL REVIEW C 61 035203
have the same curvature of the data at largexF while BH loss
is too weak at largexF and too strong at lowxF .

B. Final state loss

The second model of energy loss we consider is ap
cable only to the quarkonium system and not to Drell-Y
production which does not involve color confinement in t
final state@17#. When acc̄ pair is produced in a color octe
state, it has to emit a soft gluon in order to produce
final-statec or c8. This cc̄ can propagate some distanc
essentially longer than its path through the nucleus, be
the soft gluon is finally emitted. This is because the Land
Pomeranchuk-Migdal effect@58# in QCD causes a delay in
the emission of the third gluon to neutralize the color of t
cc̄ state due to successive interactions of the coloredcc̄ pair
in the medium. However, each successive interaction of
cc̄ pair degrades its momentum.

This final-state loss model, developed by Kharzeev a
Satz@17# and referred to as KS loss here, is applicable o
when thecc̄ pair interacts in the color octet state, essentia
for xF>0. After n interactions along its path length befo
leaving the target, the pair’s momentum is reduced by;kLA
wherek, the hadronic string tension, is determined from l
tice studies of confinement between colored objectsk
;(9/4) GeV/fm @17#, and LA is the distance the pair ha
traveled through the target, calculated for the nuclear sh
distributions in Ref.@38#. A c state observed at a givenxF
has actually been produced with a higher value,xF /d, where
d'12kLA /Pc andPc is thec momentum in the center-of
mass frame.

The xF distributionGA(xF) then has two parts@17#,

GA~xF!}SAGp~xF!1~12SA!
Gp~xF /d!

d
u~12xF /d!,

~40!

whereGp(xF) is the xF distribution in pp interactions and
SA is the survival probability for thecc̄ pair not to break up
on its way out of the target, calculated in Eq.~15! for pure
octet production. The second term includes the scattering
the target that cause the shift inxF . The effect of Eq.~40!
does not produce an integratedc suppression, the integrate
a in Eq. ~1! is unchanged with this mechanism, onlya(xF)
changes due to the shift inxF .

The resultingxF dependence is shown in Fig. 11 forxF
>0. We have illustrated the effect for the MRST LO part
densities at 800 GeV with three different color octet cro
sections: 1, 20, and 40 mb. A 20 mb cross section was c
sen originally@17# to be as large as a typical meson-nucle
inelastic cross section at the same energy,sabs'spN

inel'20
mb. The 1 mb cross section shows a minimal effect, wh
sabs'40 mb sets the scale for the maximum effect since t
sabs.spp

inel . While a large octet cross section is needed
produce a strong effect atxF.0.5, the normalization ampli
fiesa(xF;0) so that the shape of the dependence is sign
cantly different from the behavior of the E866 data at lo
xF . Including shadowing will further increasea for xF;0,
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as we will see. Due to its nature, this model is limited to t
case where allc ’s are assumed to be produced in pure co
octet states.

It is clear that KS loss alone cannot account for the sh
of the c andc8 data in Fig. 1. A combination of effects i
needed.

VIII. INTRINSIC CHARM

The wave function of a proton in QCD can be represen
as a superposition of Fock state fluctuations, e.g.,uuudg&,
uuudqq̄&, uuudQQ̄&, . . . of theuuud& state. When the pro-
jectile scatters in the target, the coherence of the Fock c
ponents is broken and the fluctuations can hadronize@18,62#.
These intrinsicQQ̄ Fock states are dominated by configur
tions with equal rapidity constituents so that, unlike s
quarks generated from a single parton, the intrinsic he
quarks carry a large fraction of the parent momentum@18#.

The frame-independent probability distribution of a fiv
particlecc̄ Fock state in the proton is

dPic
5

dxi•••dx5
5N5as

4~m!

dS 12(
i 51

5

xi D
S mp

22(
i 51

5

~m̂i
2/xi !D 2 , ~41!

whereN5 normalizes theuuudcc̄& probability,Pic
5 . The delta

function conserves longitudinal momentum. The denomi
tor is minimized when the heaviest constituents carry
largest fraction of the longitudinal momentum,^xQ&.^xq&,
maximizing Pic

5 . We choosem̂q50.45 GeV andm̂c51.8
GeV @20#.

The intrinsic charm production cross section from t
five-particle state can be related toPic

5 and the inelasticpN
cross section by

s ic
5 ~pN!5Pic

5spN
in m2

4m̂c
2

. ~42!

FIG. 11. TheA dependence ofc production assuming KS los
for xF.0. Octet cross sections of 1 mb~solid!, 20 mb~dashed!, and
40 mb ~dot-dashed! are calculated with the MRST LO parton den
sities at 800 GeV. At 120 GeV, a 40 mb octet cross section
assumed~dotted!.
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FIG. 12. TheA dependence of intrinsic charm
at 800 GeV~solid! and 120 GeV~dashed!. In ~a!
and~c! an effective production probability of 1%
is assumed in the CEM and in NRQCD, respe
tively, while in ~c! and ~d! Pic

eff50.31% is as-
sumed in the CEM and in NRQCD.
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The factor ofm2/4m̂c
2 arises from the soft interaction whic

breaks the coherence of the Fock state. We assume tha
NA3 diffractive c cross section@3#, the second term in Eq
~2! proportional toAb, can be attributed to intrinsic charm
and findm2;0.1 GeV2.

While the total intrinsic charm cross section is relative
easy to define, there are some uncertainties in the rela
weights of open charm andc production from an intrinsic
charm state. In general, thec production cross section i
significantly smaller than the open charm production cr
section. There are several factors that can suppressc produc-
tion relative to open charm in standard charmonium prod
tion models, such as the CEM and NRQCD, as well as in
intrinsic charm model. As in the CEM, the probability
produce ac from an intrinsiccc̄ state is proportional to the
fraction of intrinsiccc̄ production below theDD̄ threshold.
The fraction ofcc̄ pairs with 2mc,m,2mD is

f cc̄/h5E
4mc

2

4mD
2

dm2
dPic

dm2 Y E
4mc

2

s

dm2
dPic

dm2
, ~43!

typically smaller than that obtained in the CEM@21#. How-
ever, as discussed in Sec. II A, not allcc̄ pairs below theDD̄
threshold will produce a final statec. The fraction that ac-
tually becomec ’s is rather small, on the order of 2.5% in th
CEM @21#. Since the additional suppression factors involv
in the intrinsic charm model are not completely fixed@63#,
rather than discuss all the uncertainties here, we will use
effective intrinsic charm probability,Pic

eff . The EMC charm
structure function data is consistent withPic

5 50.31% for low
energy virtual photons butPic

5 could be as large as 1% for th
highest virtual photon energies@64,65#. Typically the more
conservative result is used but in this paper, we will use
larger value in most of our calculations and show the eff
of reducing and/or eliminating the intrinsic charm comp
nent.
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Including a delta function to combine thexc andxc̄ in the
c state, thec xF distribution from intrinsic charm is

dsd

dxF
5spN

in m2

4m̂c
2E )

i 51

5

dxi

dPic
eff

dx1 . . . dx5
d~xF2xc2xc̄!.

~44!

Only the five-particle Fock state is considered. The intrin
charm contribution is included as in Eq.~2! with b50.71.
The totalA dependence for intrinsic charm alone is shown
Fig. 12 assumingPic

eff51% and 0.31% with both charmo
nium production models. The contribution is symmet
aroundxF50 since the projectile and target fragmentati
regions are treated equally. Figures 12~a! and 12~c! show
a(xF) in the CEM. A larger effect is seen at highxF with the
NRQCD model, Fig. 12~b!, because the NRQCDxF distri-
bution is narrower. Since charmonium production mod
outlined in Sec. II have a larger energy dependence than
intrinsic charm cross section in Eq.~42!, intrinsic charm is
more important at 120 GeV. WhenPic

eff50.31%, the intrinsic
charm contribution to the totalA dependence is quite sma
and only significant for the largestxF values due to the re
duced A dependence of the mechanism. Assuming a
probability enhances the intrinsic charm effect at largexF
and even suggests that intrinsic charm can influencea(xF) at
xF;0.

IX. RESULTS AND PREDICTIONS

We now have a comprehensive model with which we c
confront the nuclear dependence ofc, c8, and Drell-Yan
production. The nuclear effects included in the model
shadowing of the parton distributions, energy loss, nucl
absorption, comover interactions, and the ‘‘diffractive’’ in
trinsic charm component. It is clear from an examination
the individual nuclear effects shown in Figs. 5–12 that
single mechanism can correctly predict the shape of the E
xF data.
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R. VOGT PHYSICAL REVIEW C 61 035203
To compare with the preliminary data, we calculatea(xF)
of c andc8 production with all three models of energy lo
and all shadowing parametrizations. For pure octet abs
tion, we use all three models of energy loss. Only GM a
BH loss are used with pure singlet absorption and the c
bination of singlet and octet production. The CEM mod
with the MRST LO parton distributions is used to calcula
charmonium production for pure octet and pure singlet
sorption. NRQCD is used as the basic production model
the octet/singlet combination, Eq.~19!. All three shadowing
parametrizations are used in each case. We use an effe
intrinsic charm probability of 1% but will examine the rela
tive importance of intrinsic charm to the overall descripti
of the largexF E866 data. The absorption cross sections
chosen so that the shadowing parametrization gives rea
able agreement with the magnitude ofa(xF) for both c and
c8 production atxF.0 with GM loss. We do not actually
make detailed fits to the data to obtain the cross sections.
resulting absorption cross sections are given in Table I
GM and BH loss. The KS model of energy loss is alwa
calculated with an octet absorption cross section of 40
The NA3 Pt/2H ratio as a function ofxF at 200 GeV is also
compared to the model calculations. We make prediction
the c and c8 A dependence at 120 GeV. Finally, we sho

TABLE I. The c absorption cross sections used with each sh
owing parametrization. Note that the correspondingc8 absorption
cross sections are the same as those for thec in the octet case and
a factor of 3.7 larger for singlet production. In all cases the como
cross sections arescco50.67 mb andsc8co53.7scco.

Octet Singlet Combination
scN

o ~mb! scN
s ~mb! scN

oct ~mb! scN
sing ~mb!

S1 2 8 3 2
S2 1 5 1 1
S3 3 10 3 5
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the combined effects of shadowing and initial-state ene
loss on Drell-Yan production at 800 and 120 GeV.

In this work, we assume that shadowing and energy l
effects are independent. This assumption depends on th
timate source of nuclear shadowing because the mecha
of GM and BH energy loss is multiple parton scattering b
fore the hard collision. If shadowing in deep-inelastic sc
tering is due to the recombination of high density partons,
rescattering is involved and the effects are independen

shadowing is caused byg!→qq̄ with the qq̄ pair free to
rescatter as a vector meson, the origin of the two effect
similar. The vector-meson approach is a lowQ2 effect, lower
than the effectiveQ2 needed forc production. Therefore, we
assume that the two effects are independent and include
in our calculations.

We first compare our full model results with the prelim
nary E866c data in Figs. 13, 14, and 15. Each figure sho
the difference in the shadowing mechanisms for each typ
energy loss with a particular absorption mechanism. In F
13, the pure octet absorption mechanism is shown. The
sults with GM loss, Fig. 13~a!, best reproduce the gener
trend of the data forxF.0.1. In general the agreement
worse atxF,0 becausex2 is in the antishadowing region
where antishadowing of gluons enhancesa(xF), see Figs.
6–8. The KS loss model is typically above the data, exc
for theS2 parametrization, and is inconsistent with the sha
of the preliminary E866 data atxF,0.2. Since the KS mode
is only applicable forxF>0, we make no further calculation
with this model. The calculations ofa(xF) with BH loss
@Figs. 13~c!–13~e!#, do not match the data very well at low
xF , particularly for the maximum BH loss. While the resul
with the maximum loss@Eq. ~37!# produce the largest reduc
tion at largexF , the negativexF region is far off due to the
drop ina at negativexF . The curvature ofa(xF) changes at
xF;0.120.25, the point at which the slope of the BH lo
flattens in Fig. 10~a!. Better results are achieved with th
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FIG. 13. All effects are compared with th
preliminary E866c data@9# assuming pure octe
absorption. In~a! and ~b!, GM and KS loss are
assumed. Energy loss effects associated with
BH bound are shown in~c!, ~d!, and ~e! for the
estimated maximum and minimum loss and t
original bound, respectively. All calculations ar
in the CEM with the MRST LO parton densities
The curves represent shadowing with theS3

~solid!, S2 ~dashed!, andS1 ~dot-dashed! param-
etrizations.
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FIG. 14. All effects are compared with th
preliminary E866c data@9# assuming pure sin-
glet absorption. In~a!, GM loss is assumed. En
ergy loss effects associated with the BH bou
are shown in~b!, ~c!, and ~d! for the estimated
maximum and minimum loss and the origin
bound, respectively. All calculations are in th
CEM with the MRST LO parton densities. Th
curves represent shadowing with theS3 ~solid!,
S2 ~dashed!, and S1 ~dot-dashed! parametriza-
tions.
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lower estimates of the BH loss, the minimum estimate@Eqs.
~38! and ~39!#, and the original suggestion@Eq. ~33!#. The
data are somewhat overestimated atxF,0.2 with the mini-
mum loss but the overestimate is slight for the original B
loss with theA1/3 dependence. Choosing a smaller absorpt
cross section would improve the agreement with the dat
low xF although it would worsen the agreement atxF
.0.25. We also note that none of the absorption cross
tions are greater than 3 mb, already more than a factor
less than the 7.3 mb effective absorption cross section fo
in Ref. @11#.

Pure singlet absorption, shown in Fig. 14, results in som
what poorer agreement with the data than pure octet abs
tion because thec is always produced outside the targ
whenxF.0 at 800 GeV. Therefore, changing the absorpt
cross section would not improve the agreement with the d
The choice of parton distribution function in the CEM resu
in small changes in the shape ofa(xF) and does not influ-
ence the overall agreement with the data.
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A combination of octet and singlet absorption in th
NRQCD c production model produces rather good agre
ment for all shadowing parametrizations when the G
model is applied, Fig. 15~a!. The difference in curvature a
xF.0 between the calculations with BH loss and the p
liminary data are larger than in the CEM because theA de-
pendence of shadowing in NRQCD is weaker at positivexF
than that of the CEM, see Figs. 6–8. As explained in Sec.
the difference in theA dependence of the two productio
models is due to the chosenx values and the charm quar
mass which sets the scale for evolution.

In all cases, the most striking disagreement of the G
loss model with the data occurs atxF,0.1 when the calcu-
lateda slightly overshoots the data due to the antishadow
of the gluon distribution. The shape ofa(xF) here depends
most strongly on the shadowing parametrization since
other xF dependent contributions are rather slowly varyin
None of these parametrizations produce the same curva
as the data and, even if they did, the additional absorp
e

rp-
f-
in

d
c-

nt
FIG. 15. All effects are compared with th
preliminary E866c data@9# assuming a combi-
nation of octet and singlet production and abso
tion. In ~a!, GM loss is assumed. Energy loss e
fects associated with the BH bound are shown
~b!, ~c!, and ~d! for the estimated maximum an
minimum loss and the original bound, respe
tively. All calculations are in NRQCD with the
CTEQ 3L parton densities. The curves represe
shadowing with theS3 ~solid!, S2 ~dashed!, and
S1 ~dot-dashed! parametrizations.
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FIG. 16. The effective probability of intrinsic
charm is varied for pure octet production with~a!
GM loss and~b! the minimum BH loss. The
curves represent an effective intrinsic char
probability of 1% ~solid!, 0.31% ~dashed!, and
0% ~dot-dashed!.
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required for the calculations to agree with the data wo
ruin the agreement of the model with the data at forwardxF .
Increasing absorption atxF,0 by artificially enhancing the
comover density would not significantly improve the agre
ment.

The pure octet and pure singlet calculations with BH lo
are in reasonably good agreement with the data forxF.0.2.
The maximum estimated loss is in clear disagreement w
the data at allxF , both in shape and in magnitude. Th
disagreement would persist, even if final-state absorption
the c were ignored.4 It is also then unlikely to produce re
sults consistent with the minimalA dependence of Drell-Yan
production, especially at lower energies, as we discuss la
The agreement with the minimum and original BH calcu
tions is reasonable forxF.0.2. At lower xF values, the
change inDx1 due to the energy loss is large. Howeve
sinceDx1;x1 at xF;0, the model is at the limit of applica
bility and therefore the magnitude of the disagreemen
suspect.

To show the influence of intrinsic charm, we take theS3
shadowing parametrization with GM and minimum BH lo
and varyPic

eff between 0 and 1% in Fig. 16. We choose pu
octet production and absorption because the agreement
the data seems to be among the best@see Figs. 13–15#. Since
the GM loss mechanism alone causes strong reductiona
at largexF @see Fig. 9#, including intrinsic charm does no
have a large effect. It would appear from Fig. 16~a! that
Pic

eff50.31% agrees best with the data although the ag
ment is reasonable in all three cases. The same is true fo
combination model but pure singlet absorption would requ
a larger intrinsic charm probability to agree with the data.
the other hand, the relatively good agreement of the m
mum BH loss calculations with the data at largexF is due to
the intrinsic charm contribution. Without intrinsic char
with Pic

eff51%, the model calculations would not agree w
the data. The minimum and original BH loss models affeca
weakly at positivexF and shadowing alone can only redu
a to ;0.85 asxF→1 with theS2 parametrization@see Fig.
7#. Thus increasing the relative intrinsic charm contributi
is the only way to produce agreement with the data at la
xF . This is clearly shown in Fig. 16~b!. With no intrinsic
charm,a(xF) is relatively flat at largexF . Similar results are

4Gavin has addressed the E772c data with a combination of
BH-type loss and shadowing without final-state effects and foun
similar level of agreement as is seen here@66#.
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obtained with the pure singlet and combination absorpt
models. Note that for both loss mechanisms, intrinsic cha
only affects the shape ofa(xF) at xF.0.25.

The correspondingc8 calculations are compared to th
data in Fig. 17 with theS3 shadowing parametrization. Fo
each absorption model, we show theA dependence with the
GM loss and the three estimates of BH loss. Because of
greater uncertainties in the data, none of the calculations
fully incompatible with the data at forwardxF . The largest
discrepancies between model and data are at low to neg
xF . GM loss produces the largesta because of negligible
loss effects atxF'0 combined with antishadowing. Th
minimum and original BH loss models agree relatively w
with all the data for the three absorption models. Note t
these two loss models coincide at largexF both because of
their similar behavior at largexF ~see Fig. 10!, and the in-
trinsic charm contribution at forwardxF . All the calculations
result in a slightly lowera for the c8 than thec due to the
larger comover cross section,sc8co.

The A dependence ofc and c8 production has been
shown to be similar in previous measurements@5#, albeit not
to high precision. To compare the two results here, we c
culate the integrateda in the interval20.2<xF<0.8 for all
energy loss models and all shadowing parametrizations.
results are shown in Tables II–IV. The change ina between
c andc8 at 800 GeV is small, typically a 2–3 % differenc
One might expect that for pure octet absorption, the in
grateda would be identical forc andc8. However, thepA
comover interactions are treated assuming formedc andc8
interact with secondaries and thec8 comover absorption
cross section is larger. Thus, even though the comover in
action cross sections are typically significantly smaller th
the corresponding nucleon absorption cross sections, the
ference is large enough to cause the observed 2% shift in
integrateda in the tables.@See also Fig. 5~d! which high-
lights the differences in the assumed comover cross
tions.# Indeed, without this difference in the cross sectio
the model calculations would not agree as well with the d
in Fig. 17.

We note that we do not expect our values ofa to agree in
detail with the integrated data because our estimates do
agree with the preliminary data at allxF . The GM model
always overestimates the data at low to negativexF . Thus
the GM results can then be expected to overestimate
integrateda of the data. Typicala values are between 0.9
and 0.98. The original and minimum estimates of BH lo
typically underestimates the low and negativexF data and
a

3-18
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FIG. 17. All effects are combined and com
pared with the preliminary E866c8 data@9#. In
~a!, pure octet absorption is assumed. The resu
for pure singlet absorption are given in~b! and
combined octet/singlet absorption in~c!. All cal-
culations in~a! and ~b! are in the CEM with the
MRST LO parton densities, while the calcula
tions in ~c! are in NRQCD with the CTEQ 3L
parton densities. TheS3 parametrization is used
for calculations with different energy loss mod
els. The GM loss is shown in the solid curve
while the dashed, dot-dashed, and dotted cur
are calculations with the maximum, minimum
and original BH loss estimates, respectively.
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should therefore underestimate the measured totala. In this
case, 0.87,a,0.94, similar toa50.91 @5#. Even though
the nuclear absorption cross sections are small, the effec
absorption can be large, compatible with that obtained
suming absorption is the only source of thec A dependence

The integrateda also depends on the shadowing para
etrization. Typicallya with S2 is largest with the octet ab
sorption because theS2 parametrization is not available fo
A59 and thus treats the Be nucleus like a proton. Theref
although theS3 parametrization has a larger gluon antisha
owing effect thanS2, the calculated value ofa is larger for
S2 nearxF'0. This difference, along with smaller absor

TABLE II. The integrated value ofa for c andc8 production at
800 and 120 GeV assuming pure octet absorption. Note thata is
integrated over the range20.2<xF<0.8 at both energies.

c c8
Model S 800 GeV 120 GeV 800 GeV 120 GeV

S1 0.938 0.922 0.918 0.907
GM S2 0.959 0.953 0.939 0.938

S3 0.951 0.922 0.931 0.907

S1 0.984 0.985 0.982 0.979
KS S2 0.980 0.998 0.978 0.992

S3 1.014 1.002 1.012 0.996

S1 0.805 0.661 0.786 0.648
Max BH S2 0.823 0.685 0.803 0.672

S3 0.817 0.658 0.798 0.646

S1 0.872 0.843 0.852 0.828
Min BH S2 0.891 0.872 0.871 0.857

S3 0.884 0.842 0.865 0.827

S1 0.890 0.850 0.870 0.836
Orig BH S2 0.908 0.875 0.888 0.864

S3 0.903 0.851 0.883 0.836
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tion cross sections used withS2 ~see Table I!, results in a
larger integrateda with S2 for pure octet absorption~Table
II !. Since thec and c8 are formed after they have left th
nucleus in the pure singlet case at 800 GeV, thea obtained
with S3 is larger at this energy, see Table III. In the comb
nation octet/singlet calculations~Table IV! a is very similar
for S2 andS3.

A measurement of thec A dependence at 120 GeV ha
been proposed. Such an energy would be the closest to
NA50 Pb1Pb measurement. The most precise lower ene
data with a proton beam was taken at 200 GeV by the N
collaboration@3#. We compare our calculations of the rat
Pt/2H to their data in Fig. 18. The three absorption mech
nisms are shown with the data for GM loss and the three
loss estimates with theS3 shadowing parametrization. W
see that essentially none of the calculations contradict

TABLE III. The integrated value ofa for c andc8 production
at 800 and 120 GeV assuming pure singlet absorption. Note tha
is integrated over the range20.2<xF<0.8 at both energies.

c c8
Model S 800 GeV 120 GeV 800 GeV 120 GeV

S1 0.958 0.916 0.933 0.882
GM S2 0.968 0.944 0.944 0.914

S3 0.983 0.924 0.957 0.886

S1 0.829 0.658 0.805 0.631
Max BH S2 0.833 0.679 0.811 0.655

S3 0.854 0.661 0.830 0.632

S1 0.894 0.840 0.870 0.808
Min BH S2 0.901 0.865 0.878 0.836

S3 0.920 0.846 0.895 0.811

S1 0.912 0.848 0.888 0.816
Orig BH S2 0.918 0.873 0.895 0.845

S3 0.938 0.855 0.913 0.821
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R. VOGT PHYSICAL REVIEW C 61 035203
largexF data, presumably due to the relatively poor statist
for xF.0.5. The best agreement at allxF is obtained with
minimum and original BH loss with the pure singlet an
combination absorption models. GM loss tends to undere
mate the lowxF data. The maximum BH loss estimate pr
duces a higher ratio at lowxF , as seen in Figs. 18~a! and
18~c!, far above the data. On the whole, the results at 2
GeV concur with those at 800 GeV.

Figures 19 and 20 show the predictions for thec and
c8 A dependence at 120 GeV. The calculations with GM lo
show a plateaulike behavior at this energy and are very s
lar to each other over allxF . This is due to the widening o
the gluon antishadowing region over thexF interval ~see
Figs. 6–8!. In the pure singlet model, since thec and c8
may be produced inside the target at forwardxF , there is a
peak in the calculatedc a(xF) at xF'0.2 @see Fig. 19~b!#.

TABLE IV. The integrated value ofa for c andc8 production
at 800 and 120 GeV assuming a combination of octet and sin
absorption. Note thata is integrated over the range20.2<xF

<0.8 at both energies.

c c8
Model S 800 GeV 120 GeV 800 GeV 120 GeV

S1 0.948 0.939 0.926 0.917
GM S2 0.977 0.983 0.955 0.963

S3 0.978 0.956 0.954 0.929

S1 0.804 0.597 0.788 0.583
Max BH S2 0.831 0.637 0.814 0.625

S3 0.835 0.612 0.816 0.593

S1 0.880 0.830 0.863 0.817
Min BH S2 0.907 0.872 0.890 0.860

S3 0.911 0.847 0.892 0.830

S1 0.899 0.853 0.881 0.835
Orig BH S2 0.926 0.896 0.908 0.879

S3 0.931 0.871 0.910 0.847
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This peak is shifted slightly forward forc8 production since
the c8 singlet absorption cross section is larger@see Fig.
20~b!#. There is no forwardxF peak when the octet model i
considered because the nucleon absorption is treated id
cally at all xF . Since the combination octet/singlet mod
includes both types of absorption, there is a rather wide p
teau over20.2,xF,0.3. The shape ofa(xF) at 120 GeV
could therefore help distinguish between absorption mod
However, BH loss yields very different expectations at t
lower energy. At lowxF , the BH loss calculations are gov
erned by the decrease shown in Fig. 10. This effect is
hanced with singlet absorption since thec andc8 have some
probability to interact with their full cross sections. Th
maximum BH loss is so large that the first component of E
~2! is less than the intrinsic charm contribution so that rat
than having a peak ina at low xF , a minimum is seen
instead. Results with the GM model and the minimum a
original BH losses are similar forxF.0.5 due to intrinsic
charm.

Note that at this energy, the integrated values ofa, also
given in Tables II–IV, indicate that the differences betwe
thec andc8 A dependence are again on the 2% level exc
when pure singlet absorption is considered. In the pure
glet case, the absorption cross section grows more slo
with xF at 120 GeV and some portion of thec and c8
resonances are formed inside the target atxF.0. Even
though thec8 formation time is larger than thec formation
time, the singlet absorption is larger for thec8 due to its
increased cross section. High statistics measurements o
c andc8 A dependence at this energy would set bounds
the importance of singlet production of the resonances s
there is a 3% difference ina betweenc andc8 at 120 GeV
in the singlet case. Note also that thec and c8 octet and
combinationA dependencies are within 1–2 % of each oth
at this energy, generally a smaller difference than at 8
GeV, because the comover density is lower.

It is typically assumed that the energy dependence ofa is
small. This is true for both the GM loss and the minimu
and original BH loss estimates wherea changes between 2
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FIG. 18. All effects are combined and com
pared with the NA3c data@3#. In ~a!, pure octet
absorption is assumed. The results for pure s
glet absorption are given in~b! and combined
octet/singlet absorption in~c!. All calculations in
~a! and ~b! are in the CEM with the MRST LO
parton densities, while the calculations in~c! are
in NRQCD with the CTEQ 3L parton densities.
The S3 parametrization is used for calculation
with different energy loss models. The GM los
is shown in the solid curve, while the dashe
dot-dashed, and dotted curves are calculatio
with the maximum, minimum, and original BH
loss estimates, respectively.
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FIG. 19. Predictions are made forc produc-
tion at 120 GeV. In~a!, pure octet absorption is
assumed. The results for pure singlet absorpt
are given in~b! and combined octet/singlet ab
sorption in~c!. All calculations in~a! and~b! are
in the CEM with the MRST LO parton densities
while the calculations in~c! are in NRQCD with
the CTEQ 3L parton densities. TheS3 parametri-
zation is used for calculations with different en
ergy loss models. The GM loss is shown in th
solid curve, while the dashed, dot-dashed, a
dotted curves are calculations with the maximu
minimum, and original BH loss estimates, respe
tively.
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and 6 %. However, the energy dependence of the maxim
BH loss is much stronger. There is a 10–25 % decreas
the integrateda with this estimate for the pure octet an
singlet absorption mechanisms, as can be seen in Tabl
and III. The energy dependence of the combination abs
tion model is typically stronger for all BH loss estimat
because there is a stronger energy dependence of BH
whenc production is calculated in NRQCD@compare Figs.
10~a! and 10~b!#. As seen in Table IV, the resulting energ
difference ina is as large as 35% for the maximum B
estimate but is only 3–7 % for the lower BH loss estimat
Precision measurements ofa at 800 and 120 GeV would

FIG. 20. Predictions are made forc8 A dependence at 120 GeV
In ~a!, pure octet absorption is assumed. The results for pure sin
absorption are given in~b! and combined octet/singlet absorption
~c!. All calculations in~a! and ~b! are in the CEM with the MRST
LO parton densities, while the calculations in~c! are in NRQCD
with the CTEQ 3L parton densities. TheS3 parametrization is used
for calculations with different energy loss models. The GM loss
shown in the solid curve, while the dashed, dot-dashed, and do
curves are calculations with the maximum, minimum, and origi
BH loss estimates, respectively.
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help eliminate models. For example, the maximum BH lo
could be ruled out but discerning the difference between
A1/3 dependence of the loss in the original BH estimate a
the A2/3 dependence of the minimum BH loss@Eq. ~38!#,
could be difficult.

Finally, we compare the difference between the Drell-Y
A dependencies with shadowing and energy loss at 800
120 GeV in Figs. 21 and 22, respectively. Recall that
Drell-Yan mass range is 4,M,9 GeV. All three shadow-
ing parametrizations are shown for each energy loss e
mate. We have included the E772 measurement of the D
Yan A dependence based on D, Ca, Fe, and W targets@2# in
Fig. 21. Since the GM loss parameter,eq , is tuned to this
data without shadowing, the full model calculation overes
mates theA dependence at largexF . All the calculations
with BH loss predict a significantly less than linearA depen-
dence forxF,0 at 800 GeV, as shown in Fig. 10. The max
mum BH loss estimate is in complete disagreement with
E772 data which shows a rather mildA dependence. The
deviation of the model from the data in Fig. 21~b! suggests
that the maximum estimated BH loss is certainly too lar
Better agreement with the data is found with the original B
loss in Fig. 21~d! for the S1 andS3 shadowing parametriza
tions although the calculations consistently overestimate
A dependence. When the difference in the color factors
included, the minimum BH quark loss, Eq.~38!, agrees rea-
sonably well with the data. Indeed, this model is the only o
that follows the trend of the E772 data over allxF .

The 120 GeV calculation shows a significant energy
pendence ofa when BH loss is considered. TheA depen-
dence is now calculated for W and Be targets, as used in
E866 experiment. A precision measurement ofa(xF) at this
energy could reveal if theA dependence is less than line
here. There is, up to now, no data on theA dependence of
Drell-Yan production with a proton projectile below 20
GeV. A measurement ofa at 200 GeV is for low masses
1.7,M,2.7 GeV@67#. Earlier measurements at lower ene
gies are only available with pion beams@68,69#. The lowest
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FIG. 21. Shadowing and energy loss in Dre
Yan production are combined and theA depen-
dence calculated for W and D targets, shown
800 GeV. The E772 Drell-YanA dependence@2#
is also shown. In~a!, GM loss is assumed. Energ
loss effects associated with the BH bound a
shown in~b!, ~c!, and~d! for the estimated maxi-
mum and minimum loss and the original boun
respectively. All calculations are with the MRS
LO parton densities. The curves represent sh
owing with the S3 ~solid!, S2 ~dashed!, and S1

~dot-dashed! parametrizations.
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energy pion beam data, at 140 GeV, obtaineda50.980
60.00660.013@68# which leaves room for a less than line
A dependence at the lower proton beam energy. Other
data below 280 GeV@69# does not have enough statistic
significance to determine whethera deviates from unity at
this energy, particularly at largexF .

Since the E866 Drell-Yan data seems to indicate that o
shadowing is necessary to explain the Drell-YanA depen-
dence, in Fig. 23~a!, we compare the E772A dependence
with calculations of shadowing effects alone. All three sha
owing parametrizations are in reasonable agreement with
data. That should be expected because theS2 andS3 param-
etrizations included these data in their fits. A comparison
Figs. 21~c! and 23~a! shows that the minimum BH quark los
has a very weak effect on the shape ofa(xF). The energy
loss is only obvious in the curves atxF,0.1 andxF.0.85
and has little apparent influence on the agreement with
data. Thus, at least for this case, energy loss may be pre
but the effects nearly indistinguishable from those due
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shadowing alone. The 120 GeV predictions with shadow
only are shown in Fig. 23~b!. Contrary to the results in Fig
22, shadowing alone predicts a negligible influence on thA
dependence at the lower energy. A clear distinction can
made between models which include energy loss and th
which do not with this measurement. Even a very sm
quark loss, such as that in the minimum BH quark loss e
mate, causes theA dependence to be less than linear at 1
GeV while shadowing alone would suggest that theA depen-
dence is either exactly linear or slightly greater than line
over all xF . A high statistics measurement of the Drell-Ya
A dependence at 120 GeV could decisively settle the iss

The integrateda values for all the calculations at 800 an
120 GeV assuming W and Be targets as in the E866 exp
ment are given in Table V. The choice of Be as the low
mass target results in lower values ofa than for a very light
target like D since nuclear effects are larger in Be than
When the GM loss is considered, all shadowing parame
zations are consistent with a 1% determination ofa51 at
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FIG. 22. Shadowing and energy loss in Dre
Yan production are combined and predictions
the A dependence for W and Be targets given
120 GeV. In ~a!, GM loss is assumed. Energ
loss effects associated with the BH bound a
shown in~b!, ~c!, and~d! for the estimated maxi-
mum and minimum loss and the original boun
respectively. All calculations are with the MRS
LO parton densities. The curves represent sh
owing with the S3 ~solid!, S2 ~dashed!, and S1

~dot-dashed! parametrizations.
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FIG. 23. Shadowing effects on Drell-Yan pro
duction at 800~a! and 120~b! GeV. All calcula-
tions are with the MRST LO parton densitie
The curves represent shadowing with theS3

~solid!, S2 ~dashed!, andS1 ~dot-dashed! param-
etrizations. Note that in~a!, a is calculated with
W and D targets for comparison with the E77
@2# data, while the calculations at 120 GeV a
sume W and Be targets.
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800 GeV. At the lower energy,a is up to 2% away from
unity with the S3 parametrization. These results can be e
pected from the shadowing of the sea quark distribution
the ‘‘antishadowing’’ range, 0.1,x,0.3, in theS3 param-
etrization.@Compare Figs. 6~c! and 7~c! with Fig. 8~d!.# If
the original BH model is correct, a less than linear integra
A dependence should already have been observed at
GeV. Since this is not the case, it seems that all but
minimum estimates are too large to explain the current Dr
Yan data. We note that even a reduced loss which ag
with the 800 GeV data would still predicta,1 at 120 GeV
due to the energy dependence of the BH model which sho
be observable with high precision data. These results ca
compared to thea predicted for shadowing alone, all com
patible with unity at 120 GeV.

X. CONCLUSIONS

In this paper we have tested a number of different nuc
effects: nuclear absorption, comover scattering, nuclear s
owing, energy loss, and theA dependence of intrinsic charm
We have not attempted to make precise fits but rather ch

TABLE V. The integrated value ofa for Drell-Yan production
at 800 and 120 GeV for different model assumptions. Note thata is
integrated over the range20.2<xF<0.8 at both energies.

Model S 800 GeV 120 GeV

S1 0.998 0.994
GM S2 0.997 0.990

S3 0.993 0.980

S1 0.916 0.757
Max BH S2 0.914 0.753

S3 0.910 0.740

S1 0.980 0.967
Min BH S2 0.979 0.964

S3 0.974 0.953

S1 0.973 0.944
Orig BH S2 0.972 0.941

S3 0.968 0.930

S1 0.997 1.002
No loss S2 0.997 0.999

S3 0.993 0.989
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the resulting shape ofa(xF) for a number of processes tha
are expected to contribute toc ‘‘suppression’’ in pA colli-
sions. The processes with the strongest influence on thexF
dependence are shadowing and energy loss.

It is clear from the comparisons of thec andc8 calcula-
tions with the data that a single mechanism cannot desc
the shape ofa(xF) for all xF . Combining all effects can
explain some portion of the data, depending on which mo
of energy loss is assumed. A constant energy loss, a´ la Gavin
and Milana@13#, can describe the forward data when com
bined with the other effects discussed here but results
values ofa too large at lowxF due to gluon antishadowing

An energy dependent model of energy loss, like that p
posed by Brodsky and Hoyer@14# with refinements by Baier
et al. @56,59#, is less influenced by antishadowing becau
the dependenceDx1}1/x1s produces a strongx1 shift at
negativexF , even strong enough to counteract the glu
antishadowing. AtxF,0, the application of the model be
comes problematic becauseDx1 grows larger thanx1. There-
fore, the results in this region should be treated cautiou
This type of model alone fails to explain the data at largerxF
because thex1 shift becomes too small to cause a lar
enough change in the parton distributions forxF.0.25. The
BH loss estimates are rather crude. For example, the m
mum BH loss was calculated assuming that the gluon dis
bution in the proton remains relatively constant over thex1
range of the data. If the nuclear gluon density as a funct
of x1 was considered instead, the results may be more c
patible with the data. It is unlikely, however, that such
effect could be significant at largexF since the gluon distri-
bution decreases strongly at largex1, thereby weakening the
effect at largexF . Thus if the BH model of energy loss i
correct, a combination of BH loss and shadowing alone c
not describe the data, further strong absorption at largexF is
still needed.

The apparently stronger absorption at largexF seen in the
NA3 data@3# was the motivation for introducingc produc-
tion by hadronization of intrinsic charm states@20#. Indeed,
without intrinsic charm,a(xF) at largexF would be even
further above the data~see Fig. 16!. We have used an effec
tive intrinsic charm production probability of 1%, within th
uncertainties of the production probability determined from
fit to deep-inelastic scattering@65#.

We have primarily used the MRST LO and CTEQ 3L
parton densities in our calculations. While some deviatio
in the shape ofa(xF) appear for other sets of parton dens
ties, these are not significant enough to change our gen
3-23
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conclusions. The most important effect in the determinat
of the A dependence is the nature of the energy loss. Un
standing this loss requires correlation of thec A dependence
with that of other processes.

The preliminary data thus seem to suggest that final-s
absorption, regardless of the mechanism, is not as stron
previously expected from studies of the integratedA depen-
dence @11# when other nuclear effects are included.
smaller cross section is needed than determined from abs
tion alone. This would be true even if comover effects a
neglected since they are very small inpA interactions. If the
energy loss of quarks and gluons is treated on an equal f
ing, the BH loss mechanism results in a strongerA depen-
dence than required for the Drell-Yan data. Indeed, the m
mum BH loss shows that treating the energy loss of qua
and gluons separately can lead to qualitative agreement
the c and Drell-YanA dependence.

Further data on theA dependence at 120 GeV cou
clarify the relative importance of octet and singlet states
the production and absorption of the charmonium states
Drell-Yan measurement at this energy may decisively de
mine the importance of energy loss by the initial partons
addition, precision measurements of thexF dependent abso
lute cross sections inpp collisions could show whether th
.

rk
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xF distribution is closer to that expected from the CEM
NRQCD.

The lower energy data can also provide an additio
point of comparison to the NA50 measurements ofc sup-
pression in heavy-ion collisions at the CERN SPS@7#. Only
nuclear absorption and some comover scattering has b
used to compare to thexF-integrated data@7,10,11#. Shadow-
ing should also be included in the analysis@70#. Interest-
ingly, the a(xF) extracted from the E866 800 GeV data@9#
in the NA50xF region is larger than that obtained by NA5
between 158 and 450 GeV@7#. An independent measureme
at a similar energy could be very valuable.
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