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We discuss the nuclear dependence/aind /' production in hadron-nucleus interactions as a function of
longitudinal momentum fractiorg . 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 measuremets/of and Drell-Yan pro-
duction at 120 GeV are also calculated.

PACS numbes): 24.85+p, 25.40.Ep

[. INTRODUCTION dence. The nuclear parton densities are systematically differ-
ent from those in a deuteron or a free proton as a function of
The factorization theorem of perturbative QCD| sepa- parton momentum fractiox [12]. Such alterations of the
rates the perturbatively calculable short-distance quark anparton densities are universal because they are independent
gluon interactions from the nonperturbative dynamics underef the final state, affecting bot#h and Drell-Yan production.
lying the parton distribution functions in the hadron. The Another possible universal component is energy loss by the
effectiveness of the factorization theorem in nuclear targetéicoming parton as it traverses the nucl¢l8,14). The re-
with mass numbeA can be obtained by a comparison of the maining mechanisms primarily affegt and ¢’ production.

perturbative production cross sections of hard processes ibsorption of the produceds or cc state by interactions
nuclei to those in a free proton, or, since nuclear isospifwith nucleons and/or produced particles has been claimed to
effects are generally small, a nucleon. The dependence ®fe responsible for ay suppression in nuclear collisions, at
particle production on atomic mass numideis convention-  |east up toS+U interactiong10,11,15,16 The importance

ally parameterized by a power law -9 of these absorption effects depends on the production mecha-
nism and the magnitude of the interaction cross sections.
Energy loss by the final-state color octt has also been
where 0,5 and o,y are the integrated particle production suggested17]. Finally, the presence of an intrinsic heavy-
cross sections in proton-nucleus and proton-nucleon interadUa’k component of the projectile wave function is also con-

tions, respectively. If factorization is satisfied, then particleSidered18,19. _

production should be independent of the presence of nuclear W€ study thexg dependence using a two-component
matter ando,, would grow linearly with A, implying o model employing concepts devel(_)ped in P{QO]. The first
—1. Drell-Yan production, integrated over all kinematic COMPonent, based on perturbative QQP1], is a hard-

variables, shows this linear growth to rather high precisior>c@ttering approach that would yield an approximately linear
A dependence, as in dilepton production by the Drell-Yan

[2]. A number of experiments have measured a less tha X ; .
linear A dependence fog and ' production[3—9]. Typical mechanism. TheA dependent effects associated with hard

values of the exponent in Eq. (1) are between 0.9 and 1. scattering are final-state in_teractions_, ngclear shadowing in

This nonlinear growth of thes cross section witth has been (€ target, and energy loss in the projectile. The second com-

used to determine an effective nuclear absorption cross sefonent of thexe dependence arises from intringic pairs in

tion [7,10,14 under the assumption that the deviationeof ~the projectile wave functiofl8,19. Since the charm quark

from unity is solely due tay dissociation by nucleons. How- Mass is large, these intrinsic heavy quark pairs carry a sig-

ever, attributing the entirety of the integrated nuclear depenniﬁcant fraction of the |0ngitudina| momentum and contrib-

dence to final-state absorption neglects other possible contrilte at largexg, whereas perturbative production decreases

butions, perhaps resulting in an overestimate of the nucled#trongly withxg. The light spectator quarks in the intrinsic

absorption cross section. This paper identifies a number afc state interact on the nuclear surface, leading to an ap-

possible nuclear effects o and, consequently, Drell-Yan proximateA?® dependencgl9].

production, and examines their contributions to EjQ. Such a separation of production mechanisms was first
Any dependence on the kinematic variables such as prgroposed by the NA3 Collaboratid8] when they divided

jectile energy or longitudinal momentum fractioq,, would  their data into hard and diffractive components so that

reveal the importance of going beyond a simpilscaling for

production and a constant absorption cross sectiog fioro- dopa o doy, dog

duction. Indeed, it has long been known that in quarkonium dxe =A d_xF+A dxg 2

productiona decreases as a function xf [3—5]. There are

a number of effects which could contribute to thedepen- The “hard” component,o},, includes nuclear shadowing

0pa= 0pNAY, @
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and parton energy loss which can alter its effecivdepen- along with predictions for projected lower energy measure-
dence_ Fina' state dissociation of tm%r CEstate by nuc'e- ments at 120 GeV. A n0ntl’iVia| Combination Of effeCtS iS
ons and secondaries, which does not affect the parton dengpquired to understand thg and ¢’ data.

ties, also contributes to the effective exponent. The

“diffractive” component, oy, is assumed to be due to in- Il. CHARMONIUM PRODUCTION
trinsic charm and only contributes significantlyxat>0.25. ] )
The NA3 Collaboration foundx’=0.97 and8=0.71 for There are two basic models of quarkonium hadroproduc-

proton projectile$3]. Taken together, these components gi\,etion that ha_ve enjoyed consideraple phenomenological suc-
the effectivea of Eq. (1). We will discuss each mechanism C€SS- The first, the color evaporation model, treats all char-
in detail in the following sections. Since Drell-Yan produc- monium production identically tec production below the
tion would also be affected by nuclear shadowing in the tarDD threshold. The more recent nonrelativistic QCD ap-
get and energy loss by the projectile partons, its effecive proach involves an expansion of quarkonium production in
dependence should also dependken Thus we will include powers ofv, the relativeQ-Q velocity within the bound
the Drell-YanA dependence in our study. state. Each approach will be described in turn andxpe
We will calculatea(x) for each effect individually and  gjstributions inpp interactions will be presented to provide a
then compare the shapescfxg) with the preliminary E866 g5 for understandindey, /dx:, Eq. (2), before nuclear

¢ andy’'800 GeVpA data[9], shown in Fig. 1, when all the  effects are included. We will also show the relative contri-
mechanisms are combined. For thea~0.94 until xg

~0.25, decreasing ta~0.7 at largexg and for they' «
~0.91, effectively constant, untd-~0.5. The two values of

a are essentially compatible with each other within the ex- _
perimental uncertainties. No decrease at negatjvés ob- A. The color evaporation model

served, contrary to previous result§,8]. The drop to« In the color evaporation mod¢CEM) quarkonium pro-
~0.7 atxg~0.9 is similar to previous measuremef85].  duction is treated identically to open heavy-quark production
Since the E866 targets are tungsten, A(184), and beryl- except that the invariant mass of the heavy quark pair is
lium, Be (A=9), we calculate the cross section per nucleorrestricted to be less than twice the mass of the lightest meson
for each target according to E(R), obtaining from Eq(1), that can be formed with one heavy constituent quark. For

charmonium the upper limit on thec pair mass is then
In[(dopw/AwdXe)/ (dopge/ ApdXe) ] 3 2mp . The hadroproduction of heavy quarks at leading order
IN(Ay/Age) ' (LO) in perturbative QCD is the sum of contributions from

gqg annihilation andgg fusion. The hadroproduction cross
We first discussy and Drell-Yan production in QCD and section is a convolution of theiq and gg partonic cross
then each nuclear effect in turn. Quarkonium production bysections with the parton densities in projecfland targeB.
color evaporation and in nonrelativistic QCD is discussed iy X is the oc longitudinal momentum fraction in thaB

Sec. Il and dilepton production by the Drell-Yan mechanism. .. ¢ ocs frame ands is the center-of-mass energy of

s briefly toucheq upon |n'Sec. . Three different quels Ofa nucleon-nucleon collision, the cross section for production
nuclear absorption are discussed in Sec. IV. The first two, — ) ,
f free cc pairs with massnm is [22]

absorption of pure color octet and color singlet states, respeE’
tively, are used in conjunction with the color evaporation =

butions fromgg fusion, qa annihilation, andgq scattering
(in nonrelativistic QCD only.

CY(X[:): 1+

cC

model of qqarkonium progiuctipn. The last, a combination of do — fldxldxz S(XyXpS— MP)
octet and singlet absorption, is coupled to quarkonium pro- dxedm?  Jo
duction in nonrelativistic QCD. A discussion of quarkonium
dissociation by comoving secondaries is presented in Sec. V. X 8(Xg = X1+ X2)Hap(Xq ,Xp;M?) (4)
Three different parametrizations of nuclear shadowing are
described in Sec. VI. Several models of energy loss are dis- -2

i S ’ H ag(Xo1,X02; M)
cussed in Sec. VII. The intrinsic charm model is introduced = s > (5)
in Sec. VIIl. The combined results are given in Sec. IX, \/XFS +4m’s
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wherex,; andx, are the fractions of the hadron momentum  SinceF; must be a constant for the model to have any
carried by the projectile and target partons, respectively. Afpredictive power, the relative differential and integrated
ter integration over the delta functions in E@), Xg10,  quarkonium production rates should be independent of pro-
:%(ixF+\/x2F+4m2/s). The convolution of the partonic jectile, target, and energy. This appears to be true for the

cross sectionf22,23 and the parton densities is charmonium production ratios jx.;/#~0.4 and '/
~0.14[25-29. See Ref[21] for more details.
Hag(X1,X2;m?) = f5(X1,m?) f3(Xp,m?) orgg(m?) The next-to-leading ordeiNLO) quarkonium production
cross section in the CENR1] was calculated using th@ Q
+ > [fg(xl,mZ)fE(XZ,mZ) production code of Refl29] with the mass cut in Eq(7).
q=u,d,s d When the NLO contribution is included, thg: dependence

A of ¢ production at the Tevatron has been shown to agree
+fa(xl,m2)f§(x2,m2)]gqa(m2), with the CEM calculation$30]. The LO and NLO calcula-
(6) tions agree equally well with the energy argl dependent
data if F© is defined ag"-° multiplied by a theoreticak
where the parton densitiég(x,m?) are evaluated at momen- factor, the ratio of the NLO to LO cross sectiofsl]. At
tum fractionx and scalem?=x;x,s, andm is the invariant next-to-leading orden,:ELo is 2.54%][21].
mass of thecc pair. The sum ovelq includes only light Figure 2 shows the forwanck distributions forys produc-
quark flavors. tion in pp collisions' in the CEM at 800 and 120 GeV. The
The LO charmonium cross section for charmonium state)’ distributions are identical except for the relative fraction
i, o, is then obtained by integrating the free cross section  of ¢’ production below thédD threshold and are thus not
over the pair mass from thec production threshold,®,, to ~ shown. Note that at large-, Xz=0.6 at 800 GeV ang-0.5

the open charm thresholdn®,=3.74 GeV. Then at 120 GeV,qq annihilation is the most important contribu-
tion to the cross section.

do, 2mp g doce .
d_XF_ ' 2m m dx,:dmz’ ™ B. Quarkonium production in nonrelativistic QCD

_ An alternative model of quarkonium production, the color

whereF; is the fraction ofa°® that produces the final-state singlet model[31], predicted that highp production
cc resonance. would be dominated by.; decays. It also predicted that
The CEM assumes that the quarkonium dynamics arélirect ¢ and ¢’ production would be rare because a hard

identical to those of low invariant mass pairs. The had- 9luon emission was required to make a color singiéy
o . — state on a perturbative time scale. On the other hand, the
ronization of the charmonium states from the pairs is

o : e CEM is an average over the color and spin of the produced
nonperturbative, involving the emission of one or more soft——

gluons. A different nonperturbative matrix element is neededC Pair and cannot make such predictions. Soon after the
for the direct production of each charmonium state. EacKigh pr Tevatron datd32] made it clear that the hard gluon
nonperturbative matrix element is represented by a singlémission constraint in the color singlet model severely un-
universal factoiF; which depends on the charm quark mass derpredicted directy and ' producnon_, the nonrelguwsnc
m., the scale ofag, u, and the parton densities. In our QCD (NRQCD) approach to quarkonium production was
calculations with the CEM, we use the leading order MRsTformulated[33]. This approach does not restrict the angular
LO parton distributions[24]. This set has a low initial _momgntum or color of the quarkonlulm state to only the lead-
Q2 Qy=1 GeV. The mass and scale parameters mge N9 singlet state. For example, the_ final-stdtenay be pro-
=1.2 GeV andu=2m,. OnceF; has been determined for duced as zf‘P_O color octet state vyhlph becomes/ahrough
each state, e.gi, ¢, or x.;, the model successfully pre- nonperturbative soft gluon emissions. Thus the NRQCD
dicts the energy and momentum dependencies. We note that

F, includes both direci production and indirect production

through radiative decays of the.; states and hadronig’ The x¢ distributions are symmetric aroungt=0 in pp produc-
decays. tion.
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model is similar in spirit to the CEM albeit with more non-  The total 4 xg distribution includes radiative decays of

perturbative parameters, as we will see. the x.; states and hadronic decays of thg
The xg distribution of a charmonium stat€, in NRQCD

is do, dod" 2 do doy

v v Xed ' v
— = + + —_—.

1o ) Txe ~ dne T 2 B ¥X) =B = yX)
d_ = E XmdX25(XF_Xl (10)

Xe T Jo

In contrast, in the CEM, thgg distributions of all states are
assumed to be the same. Theg in Eq. (7) implicitly in-
cludes they.; and' decay contributions given explicitly in
~ N Eqg. (10). See Ref[34] for the expressions for the charmo-
a(ij—C)=2> Coan{Om (9  nium cross sections and the values of the nonperturbative
" parameterg O ¢).

In Ref.[34], the singlet matrix elements were calculated
where theC production cross sectiony(ij — C), is the prod- ~ from the quarkonium wave functions at the origin. The octet
uct of expansion coefficientS’)~ . calculated perturba- matrix elements were fit to T_evatron produ_ct|on data except
. . 2 QQIn] . for Ag [34] which was obtained from a fit to total cross
tively in powers ofag(x“) and nonperturbative parameters, . ; .

fo . o ) sections data at fixed-target energies. In NRQCD, three pa-
(Or), describing the hadronization of the charmoplum Staterameters are needed to fix the production cross section,
In the model,x¢o and x., are produced as color singlets by |\ iie eight are needed for the totglcross section. Only one
gg fusion and as color octets througfy annihilation, both  parameter for each state is needed in the CEM, a consider-
with C! = _«a?. The threey,, states, they, andy’ are all  able reduction.

+x) F(xg, ) P00, 1) a(ij—C) (8

QQ[n]
produced as color octets throughq annihilation with The totaly forward g distributions at 800 and 120 GeV,
Cl— a2 Direct ¢ and o' occurs through gluon fusion Eqg.(10), are shown in Flgs..(&) and 3c), respgctlvely. .Sm.ce
QQIn] - 7S . i ) _ the y.o branching ratio tay is less than 1%, its contribution
both in color octet production wit€q g > a5 and in color g ity ally negligible. However~27% of the produceg .,
singlet production withC ;a3 . In addition, thexc; can  states decay tay, including thegq scattering contribution,
be produced as a color singlet through fusion andg(q  are shown in the dotted curves. At 800 GeV this component

+E) scattering withcga[n]ocag. For charmonium produc- is only a factor of 2—3 less than the totpd) contribution to
tion proportional toa?, an additional delta function enters the full ¢ cross section. Thgg contribution fromy,, de-
Eq. (8) so thatx, andx, are both fixed as in Eq2). How- ~ cays and the smalley., decay contribution;=14%, provide
ever, when the expansion coefficients are proportionafto ~ Most of the singlet component of tot@l production. Inter- -
only x; or X, can be fixed by the delta function in E(), est[ngly, when they; decays are mcludgd, t'he octet contri-
while the other momentum fraction must be integrated overPution to the totaly production cross section is 60%, close to
We use the parameters determined by Beneke and Rothstein

[34] for fixed-target hadroproduction of charmonium with

m.=1.5 GeV andu=2m., and the CTEQ B parton den- Note that, as in the CEM, thep x: distributions are symmetric
sities[35]. aroundxg=0.
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the ¢'. At 120 GeV, the percentage of octet production isAfter integrating the delta functions, the LO cross section,
larger for both the totads and ', 67 and 78 %, respectively. including the isospin of the target nucleus, is

The ' xg distributions at 800 and 120 GeV are given in

Figs. 3b) and 3d), including the individual contributions  do®'  8ma? 1

= 2 e[ fP(Xo1,M?)
from gg fusion andqq annihilation. Here theqq contribu- dx:dM — OM 22+ 4aM2s G al'q
tion is largest ak~0.7 at 800 GeV and=0.6 at 120 GeV, F

§|m|Iar to the CEM. .Hov.vevgr, .fgr the total X d|str|pu— X(ZAfg(XOZ'MZ)+nAf%(XOZ,MZ))

tion, theqq contribution is significantly smaller than in the

CEM, resulting in a narroweg x distribution in NRQCD. + f%(xm,Mz)(zAfg(xoz,Mz)vLnAfg(xoz,Mz))],
The NRQCD cross section is a factor of 3 smaller than the

CEM cross section atz~0.9 and a factor of 1.5 smaller at (13

~0.5 where the two are equal &=0. Theqq compo-  \yherez,=7/A andn,=N/A are, respectively, the fractions
nent does not dominate the totad distribution until xg of protons and neutrons in the target nucleus.

~0.8 at 800 GeV and=0.7 at 120 GeV. These relative  \yhen this leading order cross section is compared to data,
ng;éﬁgcoens &ingﬂgté%?csug}i Ztrzgnglhhogf d?gt$:§3:|§;LECts thaf falls short by an approximately constant factor, known as
the K factor. Experimentally, it iss1.7—2.5, depending on
lIl. DRELL-YAN PRODUCTION the energy, mass range, and parton distribution functions. At
__ NLO, the Compton and annihilation processeg—qy*
Lepton pairs are produced by the Drell-Yan proc&gs, andqg—gy*, respectively contribute, in addition to virtual
annihilation into a virtual photon at leading ordeig— y*  corrections, to the LO cross section, resulting in a theoretical
—1*17 [36]. The partonic cross section for Drell-Yan pro- K factor — the ratio of the NLO to the LO cross sections —

duction is of approximately 1.4 2, somewhat less than that obtained
. by comparison to the datg86]. This theoreticalK factor
do  8wa? 2 serves the same purpose as the adjustmelaf, dfetween the
— = e;8(s—M?) (12) e : :
dM~ 9M ¢ ' LO and NLO calculations in the CEM, discussed earlier.

In Figs. 4a) and 4c) the Drell-Yan xg distribution is
wheres=x;X,s. To obtain the hadroproduction cross sectionshown for masses between 4 and 9 GeV at 800 and 120 GeV.
as a function of pair masdyl, and X, we must fold the The 120 GeVxg distribution does not extend over aif
partonic cross section with the quark and antiquark densitiesince the phase space for high and high mass pairs be-
evaluated aM, taken here to be in the rangecM <9 GeV, comes limited. Because the quark distributions have a harder
between thay and’Y family regions. Then x dependence than the gluon, the Drell-Ygndistribution is

DY broader than the xg distributions shown in Figs. 2 and 3.
do f dxd%, 8(X XS~ M2) 8(Xe — Xq + X5) For comparison, both the LO and the NLO distributions are
dXFdM e T L shown. There is some dependence ofKhiactor onxg . At
800 GeV andxg~0, the theoreticaK factor is 1.4, increas-
XE [fp (X,,M 2)fé(x2,M2) ing to 2.1 atxg=0.9. The calculate& factor is 20% larger
q at 120 GeV. The change witk: reflects the increasing im-

811'(1

b oA 5 portance of the Compton process with increasipg corre-
+fE(X1'M )fq(x2,M%)]. (12 sponding to an increase in the gluon density at }gwThe
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Drell-Yan mass distribution, integrated over the correspondThe ¢’ itself is only produced directly since other, more

ing X ranges given in Figs.(d) and 4c), is shown in Figs.  massive, charmonium resonances deca B pairs.
4(b) and 4d) at 800 and 120 GeV, respectively. Sinceis The first case is pure octet production. Here, theis

integrated over, the lowetg values are the most important . .
for the determination of th& factor as a function of mass. produced in a color octet state;d)s, which travels through

The theoreticaK factor is~1.4 at 800 GeV and 1.8 at 120 the nucleus. As it leaves the field of the nucleon that pro-

GeV, and does not change more than a few percent witfuced it, it neutralizes its color by combining with a collinear
mass. gluon in a nonperturbative interaction. The resulticg)gg
Since the Drell-Yan mechanism produces lepton pair$tate is a color singlet as it traverses the nucleus. The final-
which only interact electroweakly, thé dependence is ex- State charmonium resonance will be formed when the ac-
pected to be weak because no final-state interactions affecompanying gluon is absorbed by thecjg state. When the

the Ieptpn pair. However, initial—lstate interactions such agcc)gg state interacts with nucleons, a gluon is exchanged
shadowing and energy loss may influence Ahdependence, which can couple to either thg or the (c)g, leaving the

as we discuss in Secs. VI and VII. remaining state colored. Since this colored state is not yet
bound, any interaction can lead to the break up of the state.

IV. NUCLEAR ABSORPTION IN pA INTERACTIONS There is thus no energy dependent threshold/fbreakup in
this description. Because the initial color octet is the same

Thecc pair may interact with nucleons and be dissociatedregardless of the eventual final-state resonanggs= U°¢N
i . _ b b _cabs _ cab
or absorbed before it can escape the target. The effect of UO’N_ UchN' Therefore S Si,gir, = Sicj,oct_sa s

nuclear absorption alone on tifeproduction cross section in v L : y'oct
pA collisions may be expressed E23] and the feed-down contributions to tklein Eq. (16) do not

affect the absorption. The time needed for the formation of
" the final-state resonanceig~ 0.3 fm in the €c)g rest frame
OTpa= o'pNj dzbf dzpa(b,z)S*{b) (14 during which the state travels a distandg~ rgcosh§/.,
- +y,) in the rest frame of the target. This distance is large
enough that the color neutralization takes place outside large
o nuclear targets at 800 GeV.
ZGpr dzbf dzpa(b,z) The octet cross section has typically been assumed to be
o energy independent because th& dependence seems to be
% independent of projectile energy. This assumption has been
><exp[ —f dz'pa(b,z")oapd2’ —2){, (15  used in most models af suppression in nuclear collisions
z [23]. While this apparent energy independence has been at-
_ tributed to nuclear absorption alone, it could be caused by a
whereb is the impact parametez s thecc production point, convergence of competing effects. For the sake of clarity, we
S%sis the nuclear absorption survival probability, anghsis assumery, is a constant, independent of energy andand

the charmoniunfor (cc)gg [37]] nucleon absorption cross treat absorption as if only the€)g interacts with nucleons,
section. Nuclear charge density distributions from data areot the final charmonium states. In Figa§ « is given for
used forp, [38]. Note that expanding the exponent in Ed. gayeral values of thec€) gg cross sectiono =1, 3, 5, and
(15), integrating, and reexponentiating the results assuming mb corresponding te=0.98, 0.95, 0.92, and 0.90 respec-

Ais large leads to Eq1) with a=1- 90,/ (16mr5) [23] tively. It is obvious that octet production alone will not
We study three different models of nuclear absorption:modhcy the shape of as a function ok .

either gll quarkonium state; are produced as cqlor octets or We now discuss absorption when alk pairs are pro-

color singlets or as a combination of octet and singlet states, i —

When pure octet or pure singlet absorption is considefed, duced as color singlets. If thee pair is produced as a color

andy’ production are calculated in the CEM. When a Com_sm_glet, it is |n_|t|all)_/ small w_|t1h a spatial _extent on the (_)rder

bination of octet and singlet absorption is assumed, NRQCI® its production time,r=m¢~, ignored in the calculation.

is used to obtain the correct balance between octet and sifn€ proper time required for the formation of the final char-

glet production. Both the CEM and NRQCD model param-Monium bound state obtained from potential modés],

eters are tuned to fjip production. In this section, we only 7,~1—2 fm, is considerably longer. Thec—N absorption

give examples of a range of cross sections for each absorgross section may be expected to grow as a function of

tion model. The actual values of,sare set in Sec. IX after proper time until7, when it saturates at the asymptotic

initial state effects have also been included. value o, . We simulate the growth of the absorption cross
In our considerations ofy absorption, we include the section kIJy[15 40

~30% contribution fromy,.; decays[25] and the~12% '

contribution from¢’ decayq21]. Then the totaky survival s\ K

probability, including indirect production, is ‘fﬁN(r_) if <7,

¥,

i (17)

Tad2' —2)=
S31b) =0.5855,(b) + 0.352%(b) + 0.125}1b). (16) ThN otherwise.
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100 FIG. 5. TheA dependence of nuclear absorp-
tion models is given ina), (b), and(c), and the
0.95 comoverA dependence is shown i@). In (a),
3 octet cross sections of 1 misolid), 3 mb
0.90 (dashed, 5 mb (dot-dashell and 7 mb(dotted
are shown. Singlet absorption is shown(lin for
¢ with oy=5 mb (solid) and 10 mb(dasheg
0.85 as well asy’ with o—j,,N: 15 mb(dot-dashepand
1.00 20 mb (dotted. A combination of octet and sin-
glet production is assumed {0). The curves rep-
osske 7 R - | o5 resentys absorption witho2%=1 mb andoSn?
8 |l oy =1 mb (solid), ando3:=3 mb andosnd=5 mb
i 1 i ] (dot-dashey ' absorption withoJf=1 mb and
0.90— — — — o090 o3¢=3.7 mb (dashedl and o35=3 mb and
(c) combination i | (d) comovers i oSM9=19 mb (dotted. In (d), comover interac-
N T tions are shown fowr,q,=0.67 mb (solid) and
0.85 0.85
—-06 00 06 -05 00 05 T yrco= 370 o (dot-dashepd
XF Xp
The exponeni determines the increase ofy,s during had- da“’,; do " oct
ronization of thecc pair. If o,,5iS proportional to the geo- ﬁ dx f d*b dz ﬁgf(b)
metric cross section, then we expect 2. [See alsd41] for F
predictions ofcrf,,N if k=1.] The proper timer is related to S'ng ) be
the path length traversed by the pair through nuclear mat- + f d*b dz § smg(b) (18)

ter, 7=(z' —2z)/yv. The v factor introduceg and energy ,

dependencies in the growth of the cross section. Dependinghere o35 and o3pd replacecs s in Eq. (15). The ¢ distri-

on the initial energy of the projectile and the size of thebution is more complicated since we must account for the
fact that the octet absorption cross section is independent of
the charmonium state while the singlet cross sections are not.
In the octet case, the san®8’ can be applied to all states
nf]%edmg they, while singlet absorption is different for each
dndlwdual state. Then,

target, thecc pair may form ai inside or outside of the
target.

In Fig. 5(b), examples ofx are given for directy and '
absorption at 800 GeV. The solid and dashed curves assu
oyn=5 and 10 mb, respectively, while the dot-dashed an
dotted curves are foas-,/,,N—15 and 20 mb. In our calcula- do_zptot
tions, we assume that the asymptotic absorption cross sec- e
tions scale in proportion to the squares of the charmonium XF
radii [42], o7, ~3.7oyy and o} y~2.40yy. Thus each (oot
contribution to Eq(16) has a differenfA dependence where + B(l/f'—><//X
typically S5, sing™ Szt,’ssmg The ¢ and ¢’ formation times o
are different ,74=0.92 fm andr, = 1.5 fm[39]. The s and dg i sing

! i - : d?b d7 —2E——ss ()

¢ results atxg<0 in Fig. 5b) reflect the differences in f dxe gdir, sind.

formation times as well as the gamma shift due to their

masses. At 800 GeV, by-=0 the final-state meson is pro- 2 doXed 9

duced outside the target so that=1 for xz>0. Therefore, + 2 B(xci— I#X)—S?(Ej sind P)

the A dependence of color singlet production is virtually in- X

dependent Of)'l/, n for x>0 at 800 GeV. At 120 GeV, both do?'-sing
’ pp abs

states can be produced inside the targetzat 0 and influ- +B(y _”px)d—XFSL/ﬂ,sing(b) :

ence theA dependence at forwand- as well.

More realistically,y production is a combination of octet In Ref. [43], the singlet cross section was assumed to be
and singlet states, as in NRQCD. The ratio of octet to singlehegligible. Thereforegosi=11 mb was needed to produce an
production is energy ankk dependenf34] so that the rela- effective @ equivalent to the assumption of pure octet pro-
tive absorption of each state dependsxgnsince the octet duction witho .= 7.3 mb obtained if11]. We use Eq(17)
and singlet absorption cross sections are expected to be dind aj,Na&O. Also, in Ref.[43], the authors only calculated
ferent[43]. Because the/' is directly produced, the: de-  the xg-integrated cross sections. Here we use Ef9). and
pendence of absorption is straightforward, (18) with the full x dependence to calculate(xg) for

d g, dir,oct 2 dO.XcJ ,oct
+ 2 Blxer— X0 —j—

dxg

f d%b dzS%b)

(19
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and ¢’ absorption, shown in Fig.(6) at 800 GeV. The dif- plicity is ~opyTa(b)dN/dy wheredN/dy is the multiplic-
ferences between thg and ' results arise from their dis- ity in pp interactions. The rapidity density grows with
tinct x; dependencies in the NRQCD model, predominantlycenter-of-mass enerdy5]. The shape of the produced par-
from the x.; contributions toy production. ticle rapidity density with inclusiveys production is un-
We have illustrated several different combinationséf  known. We assume that the multiplicity slope is the same on
and ¢ absorption cross sections in Fig(ch We choose both sides of midrapidity:
o= o as in pure octet production, Fig(#, and qj}'f‘ﬁ, AN dN
~3.70y, as in the pure singlet case shown in Figb)5 T
The differences inx(xg) for  andy’ are small, especially dy dy
between the solid and dashed curves wifffi=1 mb. The
only obvious differences are at <0 when they’ singlet
contribution is larger and the' is still produced inside the
target. However, at largexg|, qq annihilation, an octet con-
tribution to ¢’, begins to become more important, causing

—ay, (21
y=0

where we taked N/dy|y:0=1.07 in pp interactions at 800
GeV anda=0.108[45]. Sinceo,y is approximately equal to

the transverse area over which the comovers are produced,
the directys survival probability inh A collisions is[23]

the change in slope @i(xg) here. This effect is not as strong dN [ 7

— {0}
for the s because theq contribution does not overtake the Sfb,dir(b)%e)(4 _<U¢cov>—dy |”(T—O) TA(b)], (22
gg until largerxg . It is interesting to note that the effective

oct__ sing__

« in the solid curve ¢ =1 mb ando,,d=1 mb) is similar  where 7, is the effective proper time the comovers interact
to the o5, 1 result shown in Fig. @ for pure octet ab- with the ¢ and o, is the y-comover interaction cross sec-
sorption. Assumig a 3 mboctet absorption cross section tion. The nuclear density profile i§x(b)= /7 ..dzpa(b,2).
results in a similar effectiver at x.<O in Figs. %a) and  The other survival probabilities for comover interactions
5(c)—compare the dashed curve ifepwith the dot-dashed with charmonium states are similar. We takgg,=0.67 mb
curve in 5c). However, at forwardkg, the effectivea in  from a study ofis suppression in nucleus-nucleus dpta)
5(c) is larger since the color singlet components escape withwith o, s~ 3.7, ando, oo~2.40 0 [42], assuming that

out absorption, at least until the growirgy contribution  the asymptotic charmonium states interact with the comov-

causes the octet mechanism to dominatebsorption once ers.

again atxg>0.7. The effect of singlet absorption would be  The similarity between the survival probabilities in Eqgs.

even weaker at 120 GeV because the octet contributiondl5) and (22) suggests thaty-comover interactions do not

make up a larger fraction of the production cross section aintroduce any unusuah dependence. Thus comover contri-

this energy. butions topA interactions, while small, are difficult to rule
The results with the absorption cross sections shown imut entirely.

Fig. 5 are only examples of the magnitude of the effects. It is

clear, both from the data in Fig. 1 and from the initial state VI. NUCLEAR SHADOWING

effects discussed in the following sections, that the model

absorption cross sections must be smaller than those used Measurements of the nuclear charged parton distributions

previously when no initial state effects were includedby deep-inelastic scattering off both a large nuclear target

[10,11]. and a deuterium target show that the ratig = F5/F3 has a
characteristic shape as a functionxdfL2]. The region below
V. HADRONIC COMOVERS IN pA INTERACTIONS x~0.1 is referred to as the shadowing region and the range

) ) 0.3<x<0.7 is known as the EMC region. In both regions,
Comoving secondaries, formed aftgg~1—2 fm, may  the parton density is depleted in the heavy nucleus relative to
also scatter with thec pair or they. Becauser, <7y, the  the deuteron, i.e.RF2<1. At very low x, x~0.001, R,

final-state charmonium is assumed to interact with the cogpnears to saturaf@6]. Between the shadowing and EMC

movers. A spectator hadron moving with a v_elocity glose toregions, an enhancement, antishadowing, is seen wRere
that of the charmonium state enhances the dissociation prol;1 There is also an enhancemen 1. assumed to Zbe

ability. . ) : ;
The A dependence af production due to comovers alone due to nut':leomc' Fermi motion. The general bghawoRpi
is determined from as a function ok is often referred to as shadowing. Although

this behavior is not well understood for &l the shadowing

effect can be modeled by ah dependent fit to the nuclear
Tha= Uth d®b[0.5857;(b) +0.35F° (b)+0.125](b)]. deep-inelastic scattering data.

(20) We have assumed that the nuclear parton distributions

factorize into the nucleon parton distributions, independent
The directy-comover survival probability depends on the of A, and a shadowing function that parametrizes the modi-
relative velocity of they and comoversy, and the density of fications of the nucleon parton densities in the nucleus, de-
comovers at timer and impact parameter(r,b) [15]. The ~ pendent om, x, andQ?:
initial density of the system can be related to the final hadron A 5 _ 5 5
rapidity density{44]. In apA collision, the final-state multi- f(x,Q%A) =S (A,x,Q*)fP(x,Q?).
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1.25— I I ™
1.00
=N
. 100 — y
_ - 0.95
® 075 —
n ®) i — () ¥ — 0.90
a,
0.50 — — - ] FIG. 6. (a) The S; shadowing parametrization
o |_3- I—z' |_1- . PR NP I I A for W (solid) and Be(dashel targets as a func-
107% 107 107% 10 10 -05 00 05 tion of x. The resultingA dependence fotb)
X production in the CEM an¢k) Drell-Yan produc-
1.00 tion is given at 800 Ge\(solid) and 120 GeV
(dashedl The NRQCDy results are shown ith)
0.95 at 800 GeV(dot-dashepland 120 GeMdotted.
<]
0.90 — (c) DY —
0-85 L I L I L I 'l

While the location of the parton in the target could influencewhile in NRQCDx; andx, are either both fixed, e.g., when

S [47], the impact parameter is difficult to resolve jrA Cga[n]“ai- or x; is fixed by the delta function in Ed8),
gﬁ!jgwii.g%ic?ii;ist‘?,&ei glzf;erent parametrizations of th%hile Am2/x,s<x,<1, Whencga[n]ocag.
LEA] . . . 1 2 .
The first parametrization is a fit to nuclear deep-inelastic The second parametrizatios,(A,x,Q%), modifies the

scattering data which does not differentiate between quark/2énce quark, sea quark, and gluon distributions separately,

. 2 . . . _
antiquark, and gluon modifications and does not include evo2Nd @lS0 include®)® evolution [49], beginning atQ=Qq

lution in Q2. Therefore, it is not designed to conserve baryon_ 2 G€V and continuing up tQ=10 GeV. Itis based on a

number or momentum. We defiig:_=S;(A,x) [48] with fit to the data using the Duke-Owens parton den;[ﬁ@i n
2 this case, the nuclear parton densities are modified so that

. 1+001341/X_1/X5h) X<Xgp fC(X’QZ):S\Z/(A’X,QZ)fe(X,QZ), (25)
1+0.012A% Y 1/x— 1/xgp)
Sl(AvX) =\ Qemc™ bemcx Xsh<X<Xpermi fé(X’Qz) - Sg’(A’X'QZ)fg(X’QZ)’ (26)
1—Xrermi 0321 A 2 G 2\ £p 2
Rf ﬁ XFermi<X<11 fG(XvQ ):SZ(Ainy )fG(X!Q )5 (27)

(23 where f\,=uy+d, is the valence quark density anid
where Rs= Agme—DemXshs Ri=aomc— PemdXeermis  — 2Utd+s) is the total sea quark density. It is assumed
beme= 0.525(1- A~ 13— 1145023+ 0,930 1+ 0.88A %3  thatS; andS; are the same for all valence and sea quarks,
—0.59A %3 andagm= 1+ bemXeme. The fit fixes thexval-  consistent with the symmetric sea of the Duke-Owens parton

ues at the boundaries of the regions, xg,=0.15, X,  distributions. These modifications conserve baryon number,
=0.275, andXpe,m=0.742. Thus, the nuclear parton distri- Jodx f(x,Q%) = [5dx f(x,Q?), and the parton momentum

butions are modified so that sum, Zpfadx xf(x,Q%)=3pf5dx xf5(x,Q%) where P
=V, S andG, at all Q2. Using parton densities other than
fiA(x,Qz):Sl(A,x)fip(x,Qz). (29 Duke-Owens may lead to small deviations in the conserva-
tion rules.

The parametrization is available for @land is designed so The parametrization is only available fér=32 and 200.
that S;=1 whenA=1. Figure 6a) shows the parametriza- It is thus applied only to the tungsten target and the beryl-
tion for A=184 andA=9. Note that the antishadowing re- lium densities are left unmodified. Figurgay shows the
gion is rather narrow and saturation appears<a0 3. Fig- ratioss\z’, § andS(z3 atQ=Qy andQ=10 GeV. AtQ, the

ures @b) and Gc) give a(xg) for ¢ and Drell-Yan sea quarks are shadowed, more strongly at jothan the
production, respectively. Since this parametrization affectgluons. Both the valence quarks and gluons are antishad-
all partons equally, the results are independent of the choseswed while the sea quarks are not. The effects of evolution
parton distribution function. They are also virtually indepen-are weakest for the valence quarks and strongest for the glu-
dent of the charmonium production mechanism althougtons. Figures (b) and 7c) show a(xg) for ¢ and Drell-Yan
there is a slight model dependence because the CEM irproduction, respectively. The results in the CEM are given
volves an integral over mcl\/§<x< 2mD/\/§, Eq. (7), for the MRST LO[24] distributions and in the NRQCD ap-
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1.26 1.0
1.00
— 100 FIG. 7. (a) The S, shadowing parametrization
\N; . _ .- ‘/// 095 3 for A=200 as a function o%. The valence ratios,
M o075 ///' Ry, are given by the solid curves, the sea quark
— — — _’//' @ 0.90 ratios, Rg, by the dashed curves, and the gluon
os0fF = =~ ratios, Rg, are given by the dot-dashed curves.
PR P 0.85 At small x, the lower curves are @@=2 GeV

107% 1073 1072 1071 100 and the upper are =10 GeV. In(b) the y A

X dependence is illustrated for the CEM with

1.00 MRST LO distributions at 800 GeVsolid) and
120 GeV(dot-dashed The NRQCD results with

0.95 the CTEQ 3 densities are also shown at 800

) GeV (dasheyl and 120 GeV(dotted. In (c) the

Drell-Yan A dependence is given for the MRST

050 LO distributions at 800 GeVsolid) and 120 GeV

i 1 (dashed
oggb——1 1 |

proach with the CTEQ B [35] parton distributions. The are both the valence ratios. The parameters are constrained
main differences in the production models appear at negativey nuclear deep-inelastic scattering and Drell-Yan data. The
Xg, corresponding to the EMC dip at largeand appears gluon ratio is then fixed by the momentum sum rule as well
because of the evolution of the gluon distributions at latge asy electroproduction data. Abow@,, the individual quark

The two calculations evolve differently becausg=1.2  and gluon distributions are evolved separately. The gluon
GeV in the CEM and 1.5 GeV in NRQCD. The larger scaledistribution has a larger antishadowing peak in this param-
causes a smaller EMC dip in the shadowing ratio for theetrization, while the sea quarks are shadowed in the same
NRQCD calculation. The differences between productionyegion, a significant difference fro®,. The Drell-Yan data
models at largece are due in part to thgq scattering con- 4 he violation of the Gottfried sum rul4] is taken to

tribution. Since this component is virtually negligible at 120 U d L
GeV, the model dependence is then small $gr Choosing account, thusS; # S; aboveQO._Evplutl_on IS taken up t®@
=100 GeV and the parametrization is generalized toAall

other parton distribution functions for CEM and Drell-Yan s : :
production results in very similar ratios as for MRST LO. both improvements oveg,. Again, however, using other

A more recent shadowing parametrizati@i(A,x,Q?), parton densities beS|des.GRV LO could lead to small devia-
based on the GRV LO parton distributiofl], is now avail- ~ tions from the conservation rules. B
able[52,53. The initial scale was chosen to equal the charm In Figs. §a) and 8b), we show ratios for the,, u, and
qguark mass in the GRV LO distribution®=Q,=1.5 GeV. gdensities aQ=Qg and 10 GeV for W and Be respectively.
At this scale all sea quark ratios are assumed to be equal, &gures 8c) and 8d) give the corresponding(xg) for

—T I 1.05
12— FIG. 8. TheS; shadowing parametrization as
- 1.00 a function ofx for (a) W and(b) Be targets. The
1.0 - valence up ratiosRuv, are given by the solid
;:; I ~ 3 curves, theu ratios, Ry, by the dashed curves
o8-~ -~ ’/- 0.95 and the gluon ratiosRg, are given by the dot-
[ — - s 7/ dashed curves. At smat] the lower curves are at
s~ Q=1.5 GeV, while the upper curves are @t
‘1):? —F— T t I t 0.90 =10 GeV. The resulting\ dependence fofc)
1.00 and(d) Drell-Yan production is given. Irfic) the
i PN ¢ A dependence is illustrated for the CEM with
= 10 /A‘. MRST LO distributions at 800 GeVsolid) and
- == _," "\ 8 120 GeV(dot-dashell The NRQCD results with
o5 - T 0.95 the CTEQ 3. densities are also shown at 800
2] — GeV (dashedl and 120 GeV(dotted. In (d) the
== (®) Be 1 i i Drell-Yan A dependence is given for the MRST
opbo— Lo 1. 1. T T 0.90 LO distributions at 800 GeVsolid) and 120 GeV
104 1073 1072 10! 109 -05 0.0 0.5 ) (dashedl
X Xp
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and Drell-Yan production. Thes results in the CEM are original projectile parton momentum fraction when the par-
given for the MRST LO distributions. Since gluon shadow-ton first entered the target amdk,; represents the loss iy

ing is not as strong as in tt® parametrization at low, the  due to multiple scatterings. Thus the shifted vakie, enters
effective « is larger at large<g than in Fig. Tb). We have the partonic cross sections but the parton distributions must
checked the CEM results with other parton distributions anche evaluated at the initiad;. An additional delta function is
found that the differences between the parton distributionsidded to Eqs(4) and (8) with the corresponding integral
are also more pronounced at large since the individual overx; so that Eq.(4) becomes

quark and antiquark distributions evolve separately, while

with S,, the valence and sea quarks, respectively, were con- docc N

sidered together. In NRQCD, the effectiwewith the CTEQ ddm? gfo dx;dx;dx;

3L densities at 800 GeV is similar to the CEM results except F

at largerxg due to thegq scattering contribution, as with the X S(X, = Xq+ AXq) S(Xg— X, +Xp)

S, parametrization. However, at 120 GeV, the model depen-

dence is more pronounced than wifh, due to the larger X 8(X)Xp5— M?)Hap(Xq,X} . X;m?), (28)

relative importance otﬁ annihilation in the CEM than in _ _
NRQCD. This difference is again less important with e~ While Eq. (8) is then
parametrization because it does not distinguish between the

individual quark and antiquark distributions. At negatixe ﬁzg ldx’dx dx

there is no difference due to evolution at the EMC dip be- dxe 7] S

cause the ratios at largein Figs. §a) and 8b) are essen- , )
tially independent ofQ2. The Drell-Yan results are only X 6(Xy =Xy +AXg) 8(Xg— X1 +X3)

shown for the MRST LO distributions. The reduced anti-
quark shadowing at low results in a largeer than with the
S, parametrization.

X 81, u?) (%2, u?)0(ij—C). (29

We first discuss the model by Gavin and MilafE8] and

To summarize,_we_ hote t_hat the shapeagke) is fi>_<ed .__then the modifications suggested by Brodsky and Hby4}
by each parametrization. It is clear from the results in Figs, .. |ater refinements by Baiast al. [56]

6-8 that shadowing alone is insufficient to describe the pre- The first model of initial-state energy loss applieditas

liminary E866¢ data as a function of: . This fact has been : ; ;

. . production was proposed by Gavin and Mildd&], referred
known for some time since the NA3] and E772[5] ¢ A 1 45 GM hereafter. In their model, they assumed that
dependence was similar as a function>gf but not as a

function of x, as would be expected if the nuclear depen- Q2"
dence was dominated by shadowing. Axy= X, A3 Q_o) ; (30
VIl. EFFECTS OF ENERGY LOSS with n=1. We do not include th&? dependence in our

_ calculations so that henre=0. The energy loss depends on
Partons are expected to lose energy when traversing Mafie parton identity in this formulation. The initial is
ter. This effect has been discussed primarily in the context of

jet quenching55,56. Since the projectile parton is typically

expected to feel the effects of energy loss, the scaling of the Xg=———0,
A dependence at different energies with or x; suggested 1- A3
that energy loss could be the cause. We will introduce three , )

models of energy loss that have been applied earliep to Wherei =g or g with €,=0.00412 ands;=9¢,/4 due to the

production and discuss their influence in the context of thelifference in the color factors. Whem=0, Eq. (30) corre-
E866 data. sponds to —dE/dZ,~1.5 GeV/fm and —dE/dz,~3.4

GeV/fm [13]. In our calculations, we assume only initial

state elastic scattering of the quarks and gluons. Final-state

effects on thay included in Ref[13] are left out here under
Initial state energy loss, as studied by Gavin and Milanahe assumption that final-state absorption provides a compen-

[13] and subsequently developed by Brodsky and Hoyesatory effect.

[14], takes a multiple scattering approach that essentially de- In Fig. 9 we show the results for this mechanism alone on

pletes the projectile parton momentum fraction, as the the A dependence ofy and Drell-Yan production. Thé\

parton moves through the nucleus. Both the quarks and gludependence is weak at negatiewherex; is already small

ons can scatter elastically and lose energy before the hasb that further reduction does not significantly change the

scattering. This loss produces a similar effect for Drell-Yanquark and gluon distributions. This is true even for parton

and ¢ production. The motivation for this model stemmed distributions that increase ag ® whenx, is small anda

from the fact that theA dependence ofy production at 200 =0.3—-0.5. Asxg increasesx; grows larger and if the par-

and 800 GeV seemed to scale with (or x;) and notx, ton densities behave as(1—x;)"P asx;—1, a slight de-

[3,5]. The projectile parton momentum fraction involved in crease irx, is magnified. The effect should be stronger for

the hard scattering is ther;=x;—Ax; where x, is the than Drell-Yan production becausg~5>nqv~3 in simple

4 (31

A. Initial state loss
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FIG. 9. TheA dependence assuming GM loss
for ¢ production in(a) the CEM and in(b)
NRQCD and(c) Drell-Yan production. In(@) the
¢ A dependence is illustrated for the MRST LO
distributions at 800 GeMsolid) and 120 GeV
(dashed The NRQCD results with CTEQL3are
shown in(b) at 800 GeV(solid and 120 GeV
(dashedl In (c) the Drell-Yan A dependence is
given for the MRST LO distributions at 800 GeV
(solid) and 120 GeMdashed

spectator counting mode]587] and the valence quark distri- (k?)La
butions are most important for Drell-Yan production at large Ax; < SE
Xg (andx,). The choice of parton densities does not change

the shape ofx(xg). The energy dependence is also ratherwherel_A is the path length through the medium a@@ is

‘t’)\’gﬁ;\"ig %?m&a;isggegfniitgzég)e?stgg%gﬁgogft%la;réhe the average transverse momentum of gluons radiated by the
i H\F pEnt T i . fE=x%,5/2 La~RaxAY3 th
duction model although there is evidence that the effect be- > 9 parton X18/2mp andLa~RaxA™, then

gins to be non-negligible at a lowes: in the NRQCD ap- P

proach. Ax;<—AY (33
Later, Brodsky, and Hoydr4] (BH) argued that the en- X1S

ergy loss in the Gavin and Milana model was too large be-

cause there is not enough time after the initial QCD bremsWwhere xxmy(k?). The average radiative loss is thus ex-

strahlung for the color field of the parton to be regeneratedpected to be—dE/dz~0.25 GeV/fm with another 0.25

Therefore, the subsequent interactions of the parton in theeV/fm loss expected to arise from elastic scattering. In this

target do not lead to a large increase in energy [&&8. case, whenAx;=c/x;,x;=0.5x;+/(x;)?+4c). The xg

From the uncertainty principle they deduced that the losslependence of whenc=xA%%s, referred to henceforth as

should be independent of parton type and the chandexin  “original BH loss,” is given by the dotted and dot-dash-

should be bound so that dashed curves in Fig. 10 fa¥ and Drell-Yan production.

(32

FIG. 10. TheA dependence assuming BH loss

3 for ¢ in (a) the CEM and in(b) NRQCD, and(c)
Drell-Yan production. The MRST LO distribu-
tions are used for CEMy and Drell-Yan produc-
tion, while CTEQ 3. densities are used with
NRQCD ¢ production. The maximum BH loss
[Eg. (37)], is shown in the solid curves at 800
GeV and in the dot-dashed curves at 120 GeV.
The minimum BH losqEgs. (38) and (39)], is
shown in the dashed curves at 800 GeV and in
the dot-dot-dot-dashed curves at 120 GeV. The
original BH loss[Eq. (33)], is shown in the dot-
ted curves at 800 GeV and in the dot-dash-dash-
dashed curves at 120 GeV.

035203-12



X DEPENDENCE OFy AND DRELL-YAN PRODUCTION PHYSICAL REVIEW C61 035203

Subsequently, the bound atE/dz was refined through Now whenag~0.3 andA=184, —dE,/dz=0.12 GeV/fm

the work of Baieret al. [56,59 where they determined and —dE,/dz=0.28 GeV/fm.
The resultingxg dependence od is shown in Fig. 10 at
_ d_E: %mz ) (34) 800 and 120 GeV. At negative-, x; can be considerably
dz 4 “"WP larger thanx;, up to an order of magnitude ag— —1 at

800 GeV. The difference in shapes at negatiyebetween

with (p?,y) the characteristic squared transverse momentungye cEp and NRQCD arise from the relative importance of
of the partor?. The value of the radiative loss is independent — L . o
gqg annihilation andgg fusion (as well asqg scattering in

of the details of the scattering process as long ass large.
gp 4a ¢ NRQCD). Even though the energy loss is the same for

In this descriptionAx; is then ; o i
qguarks and gluons with the original and maximum BH loss
estimates, the relative change is larger for the gluon than the

AXFTS X_lgLA< pfw% (39 sea quark distributions whexy is small. At large negative
Xg, the qq contribution is dominant with2,q(x;)q(X,)
where the average transverse momentpf,) is propor- ~u(x;)u(x,) +d(x;)d(x,) and the change in the projectile

tional to A [56]. Since(p?y)> A% Ax;xA?%in Eq.(35)  sea quark distribution is less than that of the gluon distribu-
rather thanA'® as postulated by Brodsky and HoyEr4]  tion. Whengg fusion dominatese(xg) decreases. In the
[Eq. (33)] because they assumed tiflaf ) was independent NRQCD model, theqg contribution tends to balance this
of A. difference, leading to the flatter(xg) for x<0, particu-
Two estimates ofp?,) were provided in Refl56]. The  |arly at 800 GeV. Asx; approaches zero, the change in all
larger value, used as an upper limit, comes from a singlgne gistributions becomes smaller. The change,irdue to
nuclear rescattering of photoproduced dijes], the minimum BH loss is only-20% atxg~0, decreasing to
A A less than 8% ak-=0.1. Note also that the predicted mini-
2 \_ 2 2 13595+ Croyg mum loss for gluons, Eq39), and the original BH losEEq.
(PTw) = T ash LQSA YA . (36) - o
(33)] result in a similara(xg) at forwardxg even though the
A dependencies of the two are different. That is because the
They obtained 0.05\75s<0.1 Ge\? by assuming that dijet ~shift in x, is reduced at large;, the change in all parton
production is dominated either by quarks or gluons using thejensities is small whem;~0.1—0.9 and the original BH
measuredpy broadening as a function @t With the lower  modeldE/dzis very similar tod E,/dz for the minimum BH
bound on\fys, loss. At 800 GeV, the drop at large- is due to loss by

(hW>zO.658aSAl’3 Ge\2. 37) val_ence quarﬁs since at largexg, 240(X1)q(Xz)
~U(Xo)u(Xq) +d(x2)d(x,). At 120 GeV, the effect of the
Since the initial states could not be explicitly identified, we loss is larger sincax,«1/s. The correspondingly higheq
assume tha¢pfw> is identical for quarks and gluons. Then values at 120 GeV reduce the gluon distribution shift relative

whenas~0.3 andA=184, we find—dE/dz=1.28 GeV/fm g qq. This, as well as the greater importanceqef annihi-
with Eq. (37). We refer to this as “maximum BH loss™ in |ation, results in the different shapes afx;) for the two
the remainder of the discussion even thouti#/dz is actu- energies at negative: .

ally smaller than the proposed GM log3he difference in The Drell-Yan results are similar to the calculatgde-
the subsequent shapesdatixg) lies in the form ofAx;.] The  gyjts except that the Drell-Yan loss is weaker at langer
second estimate depends on the nucleon gluon distributiopayt of the difference is becauseand the scal®/ at which

and contains explicit color factors so that the parton densities are evaluated are both greater than for
02 the ¢. We can also see that the maximum BH loss is almost
<pfw>q= (0 aSprG(x,QZ)LA20.07asA1/3 Ge\?, certainly too large to explain the current Drell-Yan results.
3 Indeed, at 120 GeVg(xg) barely appears on the plot. The
(38 Drell-Yan results are similar to the calculatgdresults ex-
cept
9 . .
2\ _ 2 0\ _ 1/3 The large change ir;, appearing as larg&x,, suggests
=— =0.15 A Ge\?, 39 : 1 ; L
(PLwlg=7(Piwlq s 39 that the calculation may not be applicable fbk;>x;. At

. 800 GeV,Ax,=x4 occurs when 0.08x,=<0.09, depending
wherexG(x)~1-2 for thex, range of E866. This lower on the loss estimate, corresponding to a minimof
estimate is referred to subsequently as “minimum BH loss. —0.1=x-<0.02. At 120 GeV, the; values are largerx,

~0.1-0.3 for the original and minimum BH loss estimates
and 0.6 for the maximum BH estimate, corresponding to
SAfter the inclusion of other diagrams suggested by Zakharowr~—0.2—0 and 0.5, respectively. In our calculations, we
[60], Baieret al.concluded that the loss derived in REg6] was, in ~ Will apply the model over alkg .
fact, a factor of two largef59]. This difference is reflected in Eq. We finally note that neither of these initial state models of
(34). energy loss alone can reproduce the data. GM loss does not
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have the same curvature of the data at laggevhile BH loss .. - 1 1T 7 1
is too weak at largeg and too strong at [owg . 1.0 P — ]

B. Final state loss \

The second model of energy loss we consider is appli- Y
cable only to the quarkonium system and not to Drell-Yan i . *
production which does not involve color confinement in the 08— _
final state[17]. When acc pair is produced in a color octet T T
state, it has to emit a soft gluon in order to produce the 000 025 050 075
final-states or '. This cc can propagate some distance, Xp
essentially longer than its path through the nucleus, before
the soft gluon is finally emitted. This is because the Landau- FIG. 11. TheA dependence ofs production assuming KS loss
Pomeranchuk-Migdal effe¢68] in QCD causes a delay in for xe>0. Octet cross sections of 1 niolid), 20 mb(dashed| and
the emission of the third gluon to neutralize the color of the40 mb(dot-dasheylare calculated with the MRST LO parton den-
cc state due to successive interactions of the coloegair ~ S''eS & 203 GeV. At 120 GeV, a 40 mb octet cross section is
in the medium. However, each successive interaction of thsssumed otted.

cc pair degrades its momentum.

This final- | del. developed by Kh s we will see. Due to its nature, this model is limited to the
Is final-state loss model, developed by Kharzeev and, e \yhere alj’s are assumed to be produced in pure color
Satz[17] and referred to as KS loss here, is applicable only ) tet states

when thecc pair interacts in the color octet state, essentially |t is clear that KS loss alone cannot account for the shape

for x.=0. After n interactions along its path length before of the 4 and ¢’ data in Fig. 1. A combination of effects is
leaving the target, the pair's momentum is reduced4®L,  needed.

wherek, the hadronic string tension, is determined from lat-
tice studies of confinement between colored objeets,
~(9/4) GeV/fim[17], and L, is the distance the pair has
traveled through the target, calculated for the nuclear shape The wave function of a proton in QCD can be represented
distributions in Ref[38]. A ¢ state observed at a give® as a superposition of Fock state fluctuations, eigudg),

VIII. INTRINSIC CHARM

has actually been produced with a higher vaiye,s, where  |yudqg), |uudQQ), ... of the|uud) state. When the pro-
6~1-«LA/P,andP, is the)y momentum in the center-of- jectile scatters in the target, the coherence of the Fock com-
mass frame. ponents is broken and the fluctuations can hadrdides2.
Thexg distribution G,(x¢) then has two partgl7], These intrinsicQQ Fock states are dominated by configura-
Gp(Xe/5) tions with equal rapidity constituents so that, unlike sea
Ga(Xp) % SpAGp(Xg) +(1— SA)— 0(1—xg16), quarks generated from a single parton, the intrinsic heavy

guarks carry a large fraction of the parent momen{asi.
The frame-independent probability distribution of a five-

particlec?Fock state in the proton is

(40

where G(xg) is the xg distribution in pp interactions and
S, is the survival probability for thec pair not to break up

on its way out of the target, calculated in E45) for pure 5( 1_2 XA)

octet production. The second term includes the scatterings in dP;, 4 =

the target that cause the shiftxp. The effect of Eq.(40) dx- - -dxs Nsas(m) 5 2. (4D
does not produce an integratgdsuppression, the integrated (mg—z (fnf/xi))

a in Eqg. (1) is unchanged with this mechanism, orlyx) =1

changes due to the shift i . .

The resultingxg dependence is shown in Fig. 11 frg whereNs normalizes theuudcco probability,Pi‘r’C. The delta
=0. We have illustrated the effect for the MRST LO partonfunction conserves longitudinal momentum. The denomina-
densities at 800 GeV with three different color octet crosdor is minimized when the heaviest constituents carry the
sections: 1, 20, and 40 mb. A 20 mb cross section was chdargest fraction of the Iongltudmal momentun@xQ)>(xq)
sen originally[17] to be as large as a typical meson-nucleonmaximizing P>. We choosemq 0.45 GeV andm,=1.8
inelastic cross section at the same energy,e~o'"S~20  Gev [20].
mb. The 1 mb cross section shows a minimal effect, while  The intrinsic charm production cross section from the
oaps~40 mb sets the scale for the maximum effect since thefive-particle state can be related B3, and the inelastipN
aabgog‘g' While a large octet cross section is needed tocross section by
produce a strong effect at>0.5, the normalization ampli-
fies a(xg~0) so that the shape of the dependence is signifi- P
cantly different from the behavior of the E866 data at low oo(pN)= P,Ca N = (42
Xg . Including shadowing will further increase for xg~0, 4m;
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FIG. 12. TheA dependence of intrinsic charm
at 800 GeV(solid) and 120 GeMdashedl In (a)
and(c) an effective production probability of 1%
is assumed in the CEM and in NRQCD, respec-
tively, while in (c) and (d) P;;ff:o.sl% is as-
sumed in the CEM and in NRQCD.

The factor ofu?/4m? arises from the soft interaction which ~ Including a delta function to combine the andx in the
breaks the coherence of the Fock state. We assume that tHestate, they xg distribution from intrinsic charm is

NA3 diffractive ¢ cross sectiori3], the second term in Eq. . .
2 e

(2) proportional toA?, can be attributed to intrinsic charm dog ,, M dP;
and findu?~0.1 Ge\~. dxe PNy 2 Hl Xdxg .. dxe O(XF—Xc = Xc)
While the total intrinsic charm cross section is relatively ¢ (44)

easy to define, there are some uncertainties in the relative

weights of open charm ang productlc_)n from an intrinsic Only the five-particle Fock state is considered. The intrinsic
charm state. In general, thé production cross section is charm contribution is included as in E€@) with 8=0.71.

significantly smaller than the open charm production Crossqyg 141 dependence for intrinsic charm alone is shown in
section. There are several fa}ctors that can supmfggssduc— Fig. 12 assumingP®=1% and 0.31% with both charmo-
tion relative to open charm in standard charmonium produc- ¢

. ; nium production models. The contribution is symmetric
tion models, such as the CEM and NRQCD, as well as in th PN o .
intrinsic charm model. As in the CEM, the probability to %roundxF—O since the projectile and target fragmentation

R ] . regions are treated equally. Figures(d2and 12c) show
produce &) from an intrinsiccc state is proportional to the a(xg) in the CEM. A larger effect is seen at high with the
fraction of intrinsiccc production below théd D threshold. NRQCD model, Fig. 1), because the NRQCR distri-
The fraction ofc?pairs with 2n.<m<2mp is bution is narrower. Since charmonium production models
outlined in Sec. Il have a larger energy dependence than the
, 4P . 4P intrinsic charm cross section in E(?Z), intrinsic charm is
fogn= f4n;an]2 ic / f dm2—2¢ (43 ~ more important at 120 GeV. Whe?f] =O.31%,_the intrinsic
4m? dm? 4m2 dm? charm contribution to the totah dependence is quite small
and only significant for the largest values due to the re-
. . _ duced A dependence of the mechanism. Assuming a 1%
typically smaller than that obtained in the CHML]. How- 1 ohability enhances the intrinsic charm effect at laxge
ever, as discussed in Sec. Il A, noted pairs below thé©D  and even suggests that intrinsic charm can influer(og) at
threshold will produce a final stat¢. The fraction that ac- y_—q.
tually becomey’s is rather small, on the order of 2.5% in the
CEM [21]. Since the additional suppression factors involved
in the intrinsic charm model are not completely fixeg8],

rather than discuss all the uncertainties here, we will use an \we now have a comprehensive model with which we can
effective intrinsic charm probablllt)Pfcﬁ The EMC charm confront the nuclear dependence @f 1,0’, and Drell-Yan
structure function data is consistent wRf}=0.31% for low  production. The nuclear effects included in the model are
energy virtual photons bR, could be as large as 1% for the shadowing of the parton distributions, energy loss, nuclear
highest virtual photon energi¢64,65. Typically the more absorption, comover interactions, and the “diffractive” in-
conservative result is used but in this paper, we will use thérinsic charm component. It is clear from an examination of
larger value in most of our calculations and show the effecthe individual nuclear effects shown in Figs. 5—12 that no
of reducing and/or eliminating the intrinsic charm compo-single mechanism can correctly predict the shape of the E866
nent. Xg data.

IX. RESULTS AND PREDICTIONS
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TABLE I. The ¢ absorption cross sections used with each shadthe combined effects of shadowing and initial-state energy
owing parametrization. Note that the correspondifigabsorption  |oss on Drell-Yan production at 800 and 120 GeV.
cross sections are the same as those fowtle the octet case and In this work, we assume that shadowing and energy loss
a factor of.3.7 larger for singlet production. In all cases the COMOVektfacts are independent. This assumption depends on the ul-
Cross sections are,=0.67 mb andr o= 3.70yco. timate source of nuclear shadowing because the mechanism
of GM and BH energy loss is multiple parton scattering be-

Octet Singlet Combination . L . .
o° (mb) oS (mb) o (mb) 59 (mb) forg the hard collision. If ghadowmg in deep-l'nelastlc scat-
N N Lk N tering is due to the recombination of high density partons, no
S 2 8 3 2 rescattering is involved and the effects are independent. If
S, 1 S 1 1 shadowing is caused by*—qq with the qq pair free to
S 3 10 3 S rescatter as a vector meson, the origin of the two effects is

similar. The vector-meson approach is a IQ# effect, lower
than the effectivé)? needed fory production. Therefore, we
assume that the two effects are independent and include both

To compare with the preliminary data, we calculaieg)
of ¢ and ¢’ production with all three models of energy loss .
and all shadowing parametrizations. For pure octet absorgl Our calculations. , o
tion, we use all three models of energy loss. Only GM and We first compare our full model results with t_he prelimi-
BH loss are used with pure singlet absorption and the comPary E866y data in Figs. 13, 14, and 15. Each figure shows
bination of singlet and octet production. The CEM modelthe difference in the shadowing mechanisms for each type of
with the MRST LO parton distributions is used to calculateenergy loss with a particular absorption mechanism. In Fig.
charmonium production for pure octet and pure singlet ab13, the pure octet absorption mechanism is shown. The re-
sorption. NRQCD is used as the basic production model fopults with GM loss, Fig. 1@&), best reproduce the general
the octet/singlet combination, E¢L9). All three shadowing trend of the data fox>0.1. In general the agreement is
parametrizations are used in each case. We use an effectiworse atxg<0 becausex, is in the antishadowing region
intrinsic charm probability of 1% but will examine the rela- where antishadowing of gluons enhanee&g), see Figs.
tive importance of intrinsic charm to the overall description6—8. The KS loss model is typically above the data, except
of the largexz E866 data. The absorption cross sections ardor the S, parametrization, and is inconsistent with the shape
chosen so that the shadowing parametrization gives reasonf the preliminary E866 data aE<0.2. Since the KS model
able agreement with the magnitude@fxg) for both ¢y and is only applicable fox=0, we make no further calculations
" production atxg>0 with GM loss. We do not actually with this model. The calculations ak(xg) with BH loss
make detailed fits to the data to obtain the cross sections. TH&igs. 13c)—13e)], do not match the data very well at low
resulting absorption cross sections are given in Table | foxg, particularly for the maximum BH loss. While the results
GM and BH loss. The KS model of energy loss is alwayswith the maximum los$Eq. (37)] produce the largest reduc-
calculated with an octet absorption cross section of 40 mhtion at largexg, the negativexg region is far off due to the
The NA3 PtPH ratio as a function ok at 200 GeV is also drop ina at negativex . The curvature ofv(xg) changes at
compared to the model calculations. We make predictions ot~ 0.1—0.25, the point at which the slope of the BH loss
the ¢ and ' A dependence at 120 GeV. Finally, we showflattens in Fig. 10s). Better results are achieved with the

— — 1.0

FIG. 13. All effects are compared with the
preliminary E866ys data[9] assuming pure octet
absorption. In(@ and (b), GM and KS loss are
assumed. Energy loss effects associated with the

3 BH bound are shown iiic), (d), and(e) for the
estimated maximum and minimum loss and the
original bound, respectively. All calculations are
in the CEM with the MRST LO parton densities.
The curves represent shadowing with tisg
(solid), S, (dashed, andS,; (dot-dashefl param-
etrizations.

(e) orig BH loss

l L l
0.0 0.5

Xp

0.6
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FIG. 14. All effects are compared with the
preliminary E866y data[9] assuming pure sin-
glet absorption. Ina), GM loss is assumed. En-
ergy loss effects associated with the BH bound
are shown in(b), (c), and (d) for the estimated
maximum and minimum loss and the original
bound, respectively. All calculations are in the
CEM with the MRST LO parton densities. The
3 curves represent shadowing with tBg (solid),

S, (dashed, and S; (dot-dashefl parametriza-
tions.

0.6

{c) min BH loss

l L l L T|

(d) orig BH loss

0.0 0.5

Xp

0.6
0.0 0.5

Xp

lower estimates of the BH loss, the minimum estinf&gs. A combination of octet and singlet absorption in the
(38) and (39)], and the original suggestiditq. (33)]. The  NRQCD # production model produces rather good agree-
data are somewhat overestimatedkat 0.2 with the mini- ment for all shadowing parametrizations when the GM
mum loss but the overestimate is slight for the original BHmodel is applied, Fig. 1®). The difference in curvature at
loss with theA® dependence. Choosing a smaller absorptiorxg>0 between the calculations with BH loss and the pre-
cross section would improve the agreement with the data diminary data are larger than in the CEM because Ahde-
low xg although it would worsen the agreement gt  pendence of shadowing in NRQCD is weaker at positiye
>0.25. We also note that none of the absorption cross sethan that of the CEM, see Figs. 6—8. As explained in Sec. VI,
tions are greater than 3 mb, already more than a factor of the difference in theA dependence of the two production
less than the 7.3 mb effective absorption cross section founchodels is due to the chosenvalues and the charm quark
in Ref.[11]. mass which sets the scale for evolution.

Pure singlet absorption, shown in Fig. 14, results in some- In all cases, the most striking disagreement of the GM
what poorer agreement with the data than pure octet absorfpess model with the data occurs xat<0.1 when the calcu-
tion because the) is always produced outside the target lated« slightly overshoots the data due to the antishadowing
whenxg>0 at 800 GeV. Therefore, changing the absorptionof the gluon distribution. The shape afxg) here depends
cross section would not improve the agreement with the datanost strongly on the shadowing parametrization since the
The choice of parton distribution function in the CEM results other x dependent contributions are rather slowly varying.
in small changes in the shape @{xz) and does not influ- None of these parametrizations produce the same curvature
ence the overall agreement with the data. as the data and, even if they did, the additional absorption

FIG. 15. All effects are compared with the
preliminary E866y data[9] assuming a combi-
nation of octet and singlet production and absorp-
tion. In (a), GM loss is assumed. Energy loss ef-
fects associated with the BH bound are shown in
(b), (c), and(d) for the estimated maximum and
minimum loss and the original bound, respec-
7 tively. All calculations are in NRQCD with the

3 CTEQ 3 parton densities. The curves represent
08 shadowing with theS; (solid), S, (dashed, and
S, (dot-dasheflparametrizations.

[ u [ u 0.6

N\
m

Do
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' {c) min BH loss B
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(d) orig BH loss

0.0
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FIG. 16. The effective probability of intrinsic
charm is varied for pure octet production wit)
GM loss and(b) the minimum BH loss. The
curves represent an effective intrinsic charm
- (b) min BH loss probability of 1% (solid), 0.31% (dashed, and

0, —
| ) | . 0.6 0% (dot-dashej

0.8

- (a) GM loss

l ' l
0.0 05 0.0 0.5

Xy Xp

0.6

required for the calculations to agree with the data wouldobtained with the pure singlet and combination absorption
ruin the agreement of the model with the data at forwgrd ~ models. Note that for both loss mechanisms, intrinsic charm
Increasing absorption ai-<<0 by artificially enhancing the only affects the shape af(xg) atx>0.25.
comover density would not significantly improve the agree- The corresponding)’ calculations are compared to the
ment. data in Fig. 17 with theS; shadowing parametrization. For
The pure octet and pure singlet calculations with BH losseach absorption model, we show tAelependence with the
are in rea}sonably good agreement with the' datafor 0.2. _ GM loss and the three estimates of BH loss. Because of the
The maximum estimated loss is in clear disagreement withy e ater uncertainties in the data, none of the calculations are
the data at alkxg, both in shape and in magnitude. This g,y incompatible with the data at forward- . The largest

disagreeme_nt WOUC|11d pgrsist, even if fir_1a|-state absorption 0(fjiscrepancies between model and data are at low to negative

the ¢ were ignorec. It is also then unlikely to produce re- Xg. GM loss produces the largeat because of negligible

sults consistent with the minima& dependence of Drell-Yan loss effects atxz~0 combined with antishadowing. The
F"" .

production, especially at lower energies, as we discuss later.. . - .
. - L minimum and original BH loss models agree relatively well
The agreement with the minimum and original BH calcula-

tions is reasonable for=>0.2. At lower xg values, the with all the data for the three absorption models. Note that

change inAx, due to the energy loss is large. However these two loss models coincide at large both because of

. . . . “"'their similar behavior at larggg (see Fig. 10 and the in-
sinceAx;~X; atxg~0, the model is at the limit of applica- . .~ . - :

. ; . . trinsic charm contribution at forwand: . All the calculations
bility and therefore the magnitude of the disagreement is . . ,
suspect result in a slightly lowera for the ¢’ than they due to the

To show the influence of intrinsic charm, we take e larger comover cross sectiott:c,.

shadowing parametrization with GM and minimum BH Iossshgxﬁ tf; ngﬁﬂﬁzpfne ?ef{/i:l?sdrrlfeaglrj?gacet{lgﬁg arlll?esit?]%?n
and varfo';ff between 0 and 1% in Fig. 16. We choose pure, P

X . ‘to high precision. To compare the two results here, we cal-
octet production and absorption because the agreement Wlhﬁ gh p P

. : ulate the integrated in the interval—0.2<xz=<0.8 for all
the data seems to be_among the fpese Figs. 13_1}55".“:6 . energy loss models and all shadowing parametrizations. The
the GM loss mechanism alone causes strong reductien in

) ) RN results are shown in Tables II-1V. The changexifetween
at largexg [see Fig. 9, including intrinsic charm does not g

. ¢ andy’ at 800 GeV is small, typically a 2—3 % difference.
have a large effect. It would appear from Fig.(d6that One might expect that for pure octet absorption, the inte-

eff _ :
Pi. =0.31% agrees best with the data although the agre%rateda would be identical fory and ¢/’ . However, thepA

ment is reasonable in all three cases. The same is true for t & mover interactions are treated assuming formteahd i’

Snteract with secondaries and the comover absorption

a larger intrinsic charm probability to agree with the data. Oncross section is larger. Thus, even though the comover inter-

the other hand, the r_elat|vel_y good agreement_of the MiNl5ction cross sections are typically significantly smaller than
mum BH loss calculations with the data at lasgeis due to

L Lo - TIFES the corresponding nucleon absorption cross sections, the dif-
the intrinsic charm contribution. Without intrinsic charm b g b

o eff . . ference is large enough to cause the observed 2% shift in the
with Pic'=1%, the model calculations would not agree with jneqratedq in the tables[See also Fig. @) which high-
the data. The minimum and original BH loss models aftect jights the differences in the assumed comover cross sec-

weakly at positivexe and shadowing alone can only reduce jons] Indeed, without this difference in the cross sections,

a t0 ~0.85 asxg—1 with the S, parametrizatiorisee Fig.  the model calculations would not agree as well with the data
7]. Thus increasing the relative intrinsic charm contribution;p, Fig. 17.

is the qnly way to produce .agrgement wit_h the d'atell a§ large \we note that we do not expect our values:ofo agree in
Xg. This is clearly shown in Fig. 16). With no intrinsic  getail with the integrated data because our estimates do not
charm,a(xg) is relatively flat at largex . Similar results are agree with the preliminary data at alk. The GM model
always overestimates the data at low to negative Thus
the GM results can then be expected to overestimate the
4Gavin has addressed the E772data with a combination of integrateda of the data. Typicalx values are between 0.94
BH-type loss and shadowing without final-state effects and found @nd 0.98. The original and minimum estimates of BH loss
similar level of agreement as is seen hgg6]. typically underestimates the low and negatixe data and
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B [ - 10
. FIG. 17. All effects are combined and com-
g -~ - os O pared with the preliminary E866’ data[9]. In
"y Y (a), pure octet absorption is assumed. The results
> (b) singlet . for pure singlet absorption are given (b) and
I I ¥ combined octet/singlet absorption (g). All cal-
00 os 0e 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 1B
parton densities. Th&; 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 curves
are calculations with the maximum, minimum,
and original BH loss estimates, respectively.

I (c) combination b
| . | l
0.0 0.6
Xp

0.6

should therefore underestimate the measured tatéh this  tion cross sections used with, (see Table)l, results in a
case, 0.8%Z @< 0.94, similar toa=0.91[5]. Even though larger integratedr with S, for pure octet absorptiofirable
the nuclear absorption cross sections are small, the effectié). Since theys and ' are formed after they have left the
absorption can be large, compatible with that obtained asaucleus in the pure singlet case at 800 GeV, ¢hebtained
suming absorption is the only source of hé\ dependence. with S; is larger at this energy, see Table Ill. In the combi-
The integratedr also depends on the shadowing param-nation octet/singlet calculationi¥able 1V) « is very similar
etrization. Typicallya with S, is largest with the octet ab- for S, andS;.
sorption because th®, parametrization is not available for A measurement of the A dependence at 120 GeV has
A=9 and thus treats the Be nucleus like a proton. Thereforedheen proposed. Such an energy would be the closest to the
although theS; parametrization has a larger gluon antishad-NA50 Pb+Pb measurement. The most precise lower energy
owing effect thanS,, the calculated value af is larger for  data with a proton beam was taken at 200 GeV by the NA3
S, nearxg~0. This difference, along with smaller absorp- collaboration[3]. We compare our calculations of the ratio
Pt/2H to their data in Fig. 18. The three absorption mecha-
TABLE II. The integrated value of for ¢ andy’ production at nisms are shown with the data for GM loss and the three BH

800 and 120 GeV assuming pure octet absorption. Notedhiat 0SS estimates with th&; shadowing parametrization. We

integrated over the range O_ZsXFs 0.8 at both energiesl see that essentia”y none of the calculations contradict the
W W' TABLE lll. The integrated value ofr for s and ' production
Model S 800 GeV 120 GeV 800 GeV 120 Gevy at 800 and 120 GeV assuming pure singlet absorption. Notenthat
is integrated over the range0.2<x-=<0.8 at both energies.

Si 0.938 0.922 0.918 0.907
GM S, 0.959 0.953 0.939 0.938 ¥ o'

Ss 0.951 0.922 0.931 0.907 Model S 800 GeV 120 GeV 800 GeV 120 GeV

S, 0.984 0.985 0.982 0.979 S, 0.958 0.916 0.933 0.882
KS S, 0.980 0.998 0.978 0.992 GM S, 0.968 0.944 0.944 0.914

S; 1.014 1.002 1.012 0.996 S3 0.983 0.924 0.957 0.886

Si 0.805 0.661 0.786 0.648 S, 0.829 0.658 0.805 0.631
Max BH S, 0.823 0.685 0.803 0.672 Max BH S, 0.833 0.679 0.811 0.655

S; 0.817 0.658 0.798 0.646 S3 0.854 0.661 0.830 0.632

St 0.872 0.843 0.852 0.828 S, 0.894 0.840 0.870 0.808
Min BH S, 0.891 0.872 0.871 0.857 Min BH S, 0.901 0.865 0.878 0.836

Ss 0.884 0.842 0.865 0.827 S; 0.920 0.846 0.895 0.811

S, 0.890 0.850 0.870 0.836 S, 0.912 0.848 0.888 0.816
OrigBH S, 0.908 0.875 0.888 0.864 OrigBH S, 0.918 0.873 0.895 0.845

S; 0.903 0.851 0.883 0.836 Sz 0.938 0.855 0.913 0.821
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TABLE IV. The integrated value of for ¢ and ¢’ production

at 800 and 120 GeV assuming a combination of octet and singlefhe 4’ singlet absorption cross section is lardeee Fig.
absorption. Note thatr is integrated over the range 0.2<xg

=<0.8 at both energies.

¥ Y’
Model S 800 Gev 120 GeV 800 GeV 120 GeV
S, 0.948 0.939 0.926 0.917
GM S, 0.977 0.983 0.955 0.963
S; 0.978 0.956 0.954 0.929
S, 0.804 0.597 0.788 0.583
Max BH S, 0.831 0.637 0.814 0.625
S3 0.835 0.612 0.816 0.593
S, 0.880 0.830 0.863 0.817
Min BH S, 0.907 0.872 0.890 0.860
S3 0.911 0.847 0.892 0.830
S, 0.899 0.853 0.881 0.835
OrigBH S, 0.926 0.896 0.908 0.879
S; 0.931 0.871 0.910 0.847
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This peak is shifted slightly forward fap’ production since

20(b)]. There is no forwarcg peak when the octet model is
considered because the nucleon absorption is treated identi-
cally at all xg. Since the combination octet/singlet model
includes both types of absorption, there is a rather wide pla-
teau over—0.2<xg<0.3. The shape ofr(xg) at 120 GeV
could therefore help distinguish between absorption models.
However, BH loss yields very different expectations at the
lower energy. At lowxg, the BH loss calculations are gov-
erned by the decrease shown in Fig. 10. This effect is en-
hanced with singlet absorption since thend' have some
probability to interact with their full cross sections. The
maximum BH loss is so large that the first component of Eq.
(2) is less than the intrinsic charm contribution so that rather
than having a peak imx at low Xz, a minimum is seen
instead. Results with the GM model and the minimum and
original BH losses are similar foxg>0.5 due to intrinsic
charm.

Note that at this energy, the integrated valuesrpflso
given in Tables II-IV, indicate that the differences between
the s andy’ A dependence are again on the 2% level except
when pure singlet absorption is considered. In the pure sin-

largexg data, presumably due to the relatively poor statisticgylet case, the absorption cross section grows more slowly
for x.>0.5. The best agreement at a}l is obtained with  with x at 120 GeV and some portion of thg and ¢’
minimum and original BH loss with the pure singlet and resonances are formed inside the targetxat-0. Even
combination absorption models. GM loss tends to underestthough they’ formation time is larger than th¢ formation
mate the lowxg data. The maximum BH loss estimate pro- time, the singlet absorption is larger for the due to its
duces a higher ratio at lowg, as seen in Figs. 18 and
18(c), far above the data. On the whole, the results at 20Qy and ' A dependence at this energy would set bounds on
GeV concur with those at 800 GeV.
Figures 19 and 20 show the predictions for tfieand
¢ A dependence at 120 GeV. The calculations with GM lossn the singlet case. Note also that tiieand ' octet and
show a plateaulike behavior at this energy and are very simieombinationA dependencies are within 1—-2 % of each other
lar to each other over al-. This is due to the widening of at this energy, generally a smaller difference than at 800
the gluon antishadowing region over the interval (see
Figs. 6—8. In the pure singlet model, since the and ¢’
may be produced inside the target at forwagd there is a
peak in the calculatedr a(xg) at xg~0.2 [see Fig. 1&)].

increased cross section. High statistics measurements of the

the importance of singlet production of the resonances since
there is a 3% difference i betweeny and ' at 120 GeV

GeV, because the comover density is lower.

It is typically assumed that the energy dependence if
small. This is true for both the GM loss and the minimum
and original BH loss estimates whesechanges between 2

FIG. 18. All effects are combined and com-
pared with the NA3/ data[3]. In (a), pure octet
absorption is assumed. The results for pure sin-
glet absorption are given ifb) and combined
octet/singlet absorption itc). All calculations in
(a) and (b) are in the CEM with the MRST LO

do(H,)/da(Pt)

0.76

1.00 0.00

—~~
E (a) octet
T 4
o
~N
~~~
o
& 2
0
I'U -
'l | 'l | 'l
0.00 0.25 0.506
> X
[a 9
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o
~
~~
]
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b -]

{c) combination

]
0.00

025 0.50

Xp

026 050 0.7
I Xp

/ .. / ]
I 1

075  1.00

0
1.00 parton densities, while the calculations(ir) are

in NRQCD with the CTEQ 8 parton densities.
The S; parametrization is used for calculations
with different energy loss models. The GM loss
is shown in the solid curve, while the dashed,
dot-dashed, and dotted curves are calculations
with the maximum, minimum, and original BH
loss estimates, respectively.
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[ ' [ ' [ ' [ '
L.o= (a) octet - B (b) singlet - Le

e A N FIG. 19. Predictions are made fagr produc-
S osb N ; ) —os S tion at 120 GeV. In(a), pure octet absorption is
. assumed. The results for pure singlet absorption

. are given in(b) and combined octet/singlet ab-
sorption in(c). All calculations in(a) and(b) are

0.6 in the CEM with the MRST LO parton densities,
while the calculations irfc) are in NRQCD with
the CTEQ 3 parton densities. Th8; parametri-
zation is used for calculations with different en-
ergy loss models. The GM loss is shown in the
solid curve, while the dashed, dot-dashed, and
dotted curves are calculations with the maximum,
minimum, and original BH loss estimates, respec-
tively.

0.6

and 6 %. However, the energy dependence of the maximurhelp eliminate models. For example, the maximum BH loss

BH loss is much stronger. There is a 10—-25% decrease afould be ruled out but discerning the difference between the
the integratedx with this estimate for the pure octet and A2 dependence of the loss in the original BH estimate and

singlet absorption mechanisms, as can be seen in Tablesthe A%3 dependence of the minimum BH lo$Eq. (38)],

and lll. The energy dependence of the combination absorp-ould be difficult.

tion model is typically stronger for all BH loss estimates  Finally, we compare the difference between the Drell-Yan

because there is a stronger energy dependence of BH logsgependencies with shadowing and energy loss at 800 and
when ¢ production is calculated in NRQC[zompare Figs. 150 GeV in Figs. 21 and 22, respectively. Recall that the

10(a) and 10@b)]. As seen in Table 1V, the resulting energy pe|i.yan mass range is4M<9 GeV. All three shadow-

difference ina is as Iargoe as 35% for the maximum BH i, o o metrizations are shown for each energy loss esti-
estimate but is only 3—79% for the lower BH loss estimates,ate. We have included the E772 measurement of the Drell-
Precision measurements af at 800 and 120 GeV would Yan A dependence based on D, Ca, Fe, and W tafgéts
Fig. 21. Since the GM loss parametey,, is tuned to this
-1 10 data without shadowing, the full model calculation overesti-
mates theA dependence at large-. All the calculations

- with BH loss predict a significantly less than lineadepen-
dence forxg<0 at 800 GeV, as shown in Fig. 10. The maxi-
mum BH loss estimate is in complete disagreement with the
E772 data which shows a rather mifd dependence. The
deviation of the model from the data in Fig. (Bl suggests
that the maximum estimated BH loss is certainly too large.
Better agreement with the data is found with the original BH
loss in Fig. 21d) for the S; and S; shadowing parametriza-
tions although the calculations consistently overestimate the
A dependence. When the difference in the color factors is
included, the minimum BH quark loss, E(8), agrees rea-
sonably well with the data. Indeed, this model is the only one
that follows the trend of the E772 data over g}.

The 120 GeV calculation shows a significant energy de-

I
(b) singlet

0.8

0.8

FIG. 20. Predictions are made fg¢f A dependence at 120 GeV. . ]
In (a), pure octet absorption is assumed. The results for pure sing| endence oix when BH loss is considered. Tie depen-

absorption are given ith) and combined octet/singlet absorption in ence IS now calculated f_o_r W and Be targets, as used_ in the
(c). All calculations in(a) and (b) are in the CEM with the MRST ~E866 experiment. A precision measuremenivQkg) at this

LO parton densities, while the calculations () are in NRQCD ~ €nergy could reveal if thé dependence is less than linear
with the CTEQ & parton densities. Th8, parametrization is used Nere. There is, up to now, no data on thelependence of

for calculations with different energy loss models. The GM loss isPrell-Yan production with a proton projectile below 200
shown in the solid curve, while the dashed, dot-dashed, and dottdgeV. A measurement ok at 200 GeV is for low masses,
curves are calculations with the maximum, minimum, and originall.7<M <2.7 GeV[67]. Earlier measurements at lower ener-
BH loss estimates, respectively. gies are only available with pion bearf&8,69. The lowest
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| ' | | ' | '
1.06 — 1.05
{b) max BH loss
1.00 1.00
(4] FIG. 21. Shadowing and energy loss in Drell-
Yan production are combined and thedepen-
0.95 0.95 dence calculated for W and D targets, shown at
800 GeV. The E772 Drell-YaA dependencg2]
0.90 0.90 is also shown. Inia),_GM Ios_s is assumed. Energy
L.05 L.05 loss effects associated with the BH bound are
shown in(b), (c), and(d) for the estimated maxi-
mum and minimum loss and the original bound,
1.00 1.00 respectively. All calculations are with the MRST
T LO parton densities. The curves represent shad-
p owing with the S; (solid), S, (dashed, and S;
0.85 0.85 (dot-dashefparametrizations.
0.90 0.90

energy pion beam data, at 140 GeV, obtained0.980 shadowing alone. The 120 GeV predictions with shadowing
+0.006+0.013[68] which leaves room for a less than linear only are shown in Fig. 2B). Contrary to the results in Fig.
A dependence at the lower proton beam energy. Other pio22, shadowing alone predicts a negligible influence onfhe
data below 280 Ge\69] does not have enough statistical dependence at the lower energy. A clear distinction can be
significance to determine whether deviates from unity at made between models which include energy loss and those
this energy, particularly at large- . which do not with this measurement. Even a very small
Since the E866 Drell-Yan data seems to indicate that onlyuark loss, such as that in the minimum BH quark loss esti-
shadowing is necessary to explain the Drell-Yardepen- mate, causes th& dependence to be less than linear at 120
dence, in Fig. 2@), we compare the E772A dependence GeV while shadowing alone would suggest thatAh@éepen-
with calculations of shadowing effects alone. All three shad-dence is either exactly linear or slightly greater than linear
owing parametrizations are in reasonable agreement with thever allxg . A high statistics measurement of the Drell-Yan
data. That should be expected becauseshandS; param- A dependence at 120 GeV could decisively settle the issue.
etrizations included these data in their fits. A comparison of The integratedr values for all the calculations at 800 and
Figs. 21c) and 23a) shows that the minimum BH quark loss 120 GeV assuming W and Be targets as in the E866 experi-
has a very weak effect on the shapedadixz). The energy ment are given in Table V. The choice of Be as the lowest
loss is only obvious in the curves at<<0.1 andxz>0.85  mass target results in lower valueswthan for a very light
and has little apparent influence on the agreement with th&arget like D since nuclear effects are larger in Be than D.
data. Thus, at least for this case, energy loss may be preseéithen the GM loss is considered, all shadowing parametri-
but the effects nearly indistinguishable from those due tazations are consistent with a 1% determinationacfl at

I ' I ' [ ' [ '
— — — 10
1 3 {b) max BH loss 1
— — — o9
8 - R - 8 FIG. 22. Shadowing and energy loss in Drell-
] | _ - os Yan production are combined and predictions of
= < ' the A dependence for W and Be targets given at
B T i /_\ i 120 GeV. In(a), GM loss is assumed. Energy
0.7 I t I } 4 I } I — 0.7 loss effects associated with the BH bound are
1ol _ 1.0 shown in(b), (c), and(d) for the estimated maxi-
| == — = mum and minimum loss and the original bound,
= X respectively. All calculations are with the MRST
s 09 LO parton densities. The curves represent shad-
- owing with the S; (solid), S, (dashed, and S;
08—  (c) min BH loss (d) orig BH loss 08 (dot-dashefiparametrizations.
0.7 | L | | L | L 0.7
0.0 0.5 0.0 05
Xr Xp

035203-22



X DEPENDENCE OFy AND DRELL-YAN PRODUCTION PHYSICAL REVIEW C 61 035203

1.051— ] B - 108 FIG. 23. Shadowing effects on Drell-Yan pro-
- 7 - 7 duction at 800@) and 120(b) GeV. All calcula-

- = e

1.00 b~ o — L —= = == _1 100 tions are with the MRST LO parton densities.
s <. | 8 The curves represent shadowing with tiSg
SR ’ (solid), S, (dashed, andS,; (dot-dashefl param-
0.85— (a) 800 GeV ~ — (b) 120 GeV — 096 etrizations. Note that ifa), « is calculated with
- E - - W and D targets for comparison with the E772
0.90 | \ | \ | \ | \ 0.90 [2] data, while the calculations at 120 GeV as-
0.0 0.5 0.0 0.5 sume W and Be targets.
Xp Xp

800 GeV. At the lower energyy is up to 2% away from the resulting shape af(xg) for a number of processes that
unity with the S; parametrization. These results can be ex-are expected to contribute b “suppression” inpA colli-
pected from the shadowing of the sea quark distributions isions. The processes with the strongest influence orxghe
the “antishadowing” range, 04x<0.3, in theS; param-  dependence are shadowing and energy loss.
etrization.[Compare Figs. @) and 7c) with Fig. 8(d).] If It is clear from the comparisons of theand ' calcula-
the original BH model is correct, a less than linear integratedions with the data that a single mechanism cannot describe
A dependence should already have been observed at 8@k shape ofa(xg) for all x-. Combining all effects can
GeV. Since this is not the case, it seems that all but thexplain some portion of the data, depending on which model
minimum estimates are too large to explain the current Drellof energy loss is assumed. A constant energy loksGavin
Yan data. We note that even a reduced loss which agreeghd Milana[13], can describe the forward data when com-
with the 800 GeV data would still predici<1 at 120 GeV  bined with the other effects discussed here but results in
due to the energy dependence of the BH model which shouldalues of« too large at lowxg due to gluon antishadowing.
be observable with high precision data. These results can be An energy dependent model of energy loss, like that pro-
compared to thev predicted for shadowing alone, all com- posed by Brodsky and Hoyét4] with refinements by Baier
patible with unity at 120 GeV. et al. [66,59, is less influenced by antishadowing because
the dependencéx;c1/x;s produces a strong; shift at
negativexg, even strong enough to counteract the gluon
antishadowing. Atxg<0, the application of the model be-
In this paper we have tested a number of different nucleacomes problematic becaude; grows larger thax,. There-
effects: nuclear absorption, comover scattering, nuclear shadisre, the results in this region should be treated cautiously.
owing, energy loss, and theedependence of intrinsic charm. This type of model alone fails to explain the data at larger
We have not attempted to make precise fits but rather chedkecause thex; shift becomes too small to cause a large
enough change in the parton distributions %ar>0.25. The
TABLE V. The integrated value of for Drell-Yan production =~ BH loss estimates are rather crude. For example, the mini-
at 800 and 120 GeV for different model assumptions. Notediat ~ mum BH loss was calculated assuming that the gluon distri-

X. CONCLUSIONS

integrated over the range 0.2<x<0.8 at both energies. bution in the proton remains relatively constant over xhe
range of the data. If the nuclear gluon density as a function
Model S 800 GeV 120 Gev of x, was considered instead, the results may be more com-

patible with the data. It is unlikely, however, that such an

S, 0.998 0.994 s . o
GM S, 0997 0.990 effe:-ct could be significant at large- since the gluon_dlstrl-
s, 0993 0.980 bution decreases strongly at largg thereby weakening the
' i effect at largexg. Thus if the BH model of energy loss is
S 0.916 0.757 correct, a combination of BH loss and shadowing alone can-
Max BH S, 0.914 0.753 not describe the data, further strong absorption at largis
S, 0.910 0.740 still needed.
The apparently stronger absorption at laxgeseen in the
St 0.980 0.967 NA3 data[3] was the motivation for introducing: produc-
Min BH S 0.979 0.964 tion by hadronization of intrinsic charm statg0]. Indeed,
S; 0.974 0.953 without intrinsic charm,a(xg) at largexg would be even
s, 0.973 0.944 fyrth_er gb(_)ve the dat@see Eig. 18 We 'h.ave used an effec-
Orig BH s, 0.972 0941 tive |ntr|'ns.|c charm product[on probab!l!ty of 1%, wlthln the
s, 0.968 0930 uncertainties of th_e producpon probability determined from a
' i fit to deep-inelastic scatterir@5].
S, 0.997 1.002 We have primarily used the MRST LO and CTEQ 3
No loss S, 0.997 0.999 parton densities in our calculations. While some deviations
S, 0.993 0.989 in the shape ofx(xg) appear for other sets of parton densi-

ties, these are not significant enough to change our general
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conclusions. The most important effect in the determinatiorkg distribution is closer to that expected from the CEM or
of the A dependence is the nature of the energy loss. Unde™NRQCD.

standing this loss requires correlation of theéd dependence
with that of other processes.
The preliminary data thus seem to suggest that final-stat

The lower energy data can also provide an additional
point of comparison to the NA50 measurementsjosup-
pression in heavy-ion collisions at the CERN §F$ Only

absorption, regardless of the mechanism, is not as strong &siclear absorption and some comover scattering has been

previously expected from studies of the integrafedepen-
dence [11] when other nuclear effects are included. A
smaller cross section is needed than determined from absor|

used to compare to the-integrated datf7,10,11. Shadow-
ing should also be included in the analy$i&]. Interest-
'tpgly, the a(xg) extracted from the E866 800 GeV ddf

tion alone. This would be true even if comover effects aregn the NASOXg region is larger than that obtained by NASO

neglected since they are very smallgi interactions. If the
energy loss of quarks and gluons is treated on an equal foo
ing, the BH loss mechanism results in a strongedepen-

between 158 and 450 G€V]. An independent measurement
ata similar energy could be very valuable.
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