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The effect of shadowing on the early state of ultrarelativistic heavy ion collisions is investigated along with
transverse energy and hard process production, specifically Drell¥én,and Y production. We choose
several parton distributions and parametrizations of nuclear shadowing, as well as the spatial dependence of
shadowing, to study the influence of shadowing on relevant observables. Results are presentedAior Au
collisions aty/syy=200 GeV and PiPb collisions at,/syy=5.5 TeV.

PACS numbds): 25.75.Dw, 24.85tp, 21.65:+f

[. INTRODUCTION duced in a heavy ion collisiof8,4]. We discuss the relation-
ship betweerE; andb including both hard and soft contri-
Experimentd 1] have shown that the proton and neutronbutions. We then consider the effect of shadowing on the
structure functions are modified in the nuclear environmentproduction of hard probes such a4, Y, and Drell-Yan
The modification depends on the parton momentum fractiolileptons as a function ob. These latter calculations
x. For mediumx, 0.3<x<0.7, the nuclear parton distribu- complement studies of shadowing in open charm and bottom
tions are depleted relative to those in isolated nucleons. Fd¥oduction[5]. e o
intermediatex. 0.1<x< 0.3. the distributions are enhanced.  Section Il discusses the initial-state nuclear parton distri-
an effect known as antishadowing. Finally, for smallx butlo_ns, including shadowm_g__and its spatlal dependence.
<0.1, the nuclear depletion returns. We refer to the entireSectlon Il then considers minijet production and the effect

characteristic modification as a function fs shadowing on initial conditions for further evolution of the system. Sec-
To date, most measurements of shadowing have stddie%on IV is devoted to the relationship between transverse en-
' rgy and impact parameter. Section V discus3gg and

charged partons, quarks, and antiquarks, through dee . i o
inelastic scatteringDIS), eA—e’X, while the behavior of fe"'_Ya!" pr.oductpn and their sensitivity to the nuclee_lr par-
! ' Jon distributions. Finally, Sec. VI gives some conclusions.

the nuclear gluon distribution has been inferred from th
modifications to the charged partons.
Almost all of these measurements were blind to the posi- Il. NUCLEAR PARTON DISTRIBUTIONS

tion of the nucleons in the nucleus. However, most models of The nuclear parton densiti€<* are assumed be the prod-
shadowing predict that the structure function modifications P P

should be correlated with the local nuclear density. For exct of the nucleon density in the nuclepg(s), the nucleon

. N 2 . B
ample, if shadowing is due to gluon recombination, it shouldP@rton density fi°(x,Q%), and a shadowing function

be proportional to the local nuclear density. The only experi-S (A,x,Q?,r,z) whereA is the atomic mass numbec;js the
mental study of the spatial dependence of parton distribuparton momentum fractior)? is the interaction scale, and
tions relied on dark tracks in emulsion to tag more centrakndz are the transverse and longitudinal location of the par-
collisions[2]. They fo.und evidence of a spatial dependenceg, iy position space witls= \/|;|2T22 so that
but could not determine the form.
This paper studies the effect of shadowing and its position
dependence in ultrarelativistic AtAu collisions at a center
of mass energy of 200 GeV per nucleon, as will be studied at o -
the Brookhaven Relativistic Heavy lon CollidéRHIC) and ~ In the absence of nuclear modificatiorS\(A,x,Q%r,2)
in 5.5 TeV per nucleon PbPb collisions expected at the =1. The density of nucleons in the nucleus is given by the
CERN Large Hadron CollidefLHC). We determine the ini- \Woods-Saxon distribution
tial quark, antiquark, and gluon production and the first two )
E+ moments of minijet production for two commonly used (s)= 1+ w(s/Ra) %)
parton distributions, with three shadowing parametrizations. Pa Po1¥ exg (s—Ruy)/d]’
Following previous calculations, we find the initial energy
density and the average energy per particle. We criticallywhere the nuclear radiuRk,, skin thicknessd, and oblate-
examine the concept of fast thermalization in these collinessw are determined from low energy electron-nuclear
sions. scattering 6]. The central density is determined by the nor-
The spatial dependence of shadowing is reflected in pamalization fd?rdzpa(s)=A. Results are given for AtAu
ticle production as a function of impact paramebewhich  collisions at RHIC and PbPb collisions at the LHC with
may be inferred from the total transverse enekjy pro-  Ra,=6.38 fm andRp,=6.62 fm, respectively.

FAX,Q2r,2)=pa(S)S(AX,Q%1,2)fN(x,Q%). (1)
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FIG. 1. The(a) valence,(b) sea, andc) gluon distributions in a FIG. 2. The three shadowing parametrizations Aot 200 for
proton are given aQ?=p3=4 Ge\? for the GRV 94 LO(solid (& valence quarks(b) sea quarks, angc) gluons, relative toS
curve and MRST LO(dashed curvesets. =1. The S, parametrization is shown as the solid curves. Bae

ratios are given by the dashed curves. At bawhe lower curves are
The densities of partonin the nucleon are obtained from for Q=2 GeV while the upper are f@= 10 GeV. TheS; ratios, in
fits to DIS data. These fits are necessary because the distthe dot-dashed curves, are shown for thg and u. The lower
butions at the initial scal®, are nonperturbative. However, curves at lowx are forQ=1.5 GeV while the upper curves at low
the parametrizations o‘le are only reliable where measure- x are forQ=10 GeV.
ments exist. The continually improving DIS data from
HERA [7] shows that uncertainties still exist at small on data. We use three different fits, all based on nuclear DIS
Therefore, we consider two different parton distribution setsdata. As in DIS with protons, the nuclear gluon distribution
Both are chosen because they are leading ofdéy) sets is not directly measured and can only be inferred from con-
which are more consistent with a leading order calculationservation rules. The first parametrizatids(A,x) treats
They also have a relatively low initial scale. The GRV 94 quarks, antiquarks, and gluons identically with@ft evolu-
LO [8] distributions have a lower scal@,=0.63 GeV, than tion[10]. The other two evolve witlQ? and conserve baryon
the MRST LO[9] central gluon distribution withQy=1 number and total momentum. TI8(A,x,Q?) parametriza-
GeV. Figure 1 compares the valencg,=uy+dy, sea tion, starting from the Duke-Owens parton densitjég],
quark, gs=2(u+d+s), and the gluong, distributions at modifies the valence quarks, sea quarks, and gluons sepa-
) : ; 5 . _
Q?=4 Ge\ of the two sets. In the low-region probed by rately and includeQ“ evolution for Qu=2<Q<10 GeV
the LHC the valence and sea quark distributions in both setsl2]. The third parametrizatiorS;(A,x,Q?) is based on the
are similar. However, the MRST LO gluon distribution is GRV LO [13] parton densities. Each parton type is evolved
less than half as large as the GRV 94 LO gluon distributionseparately abov@,=1.5 GeV[14,15. The initial gluon dis-
As we show in the next section, the gluons dominate particldribution in S; shows significant antishadowing for eck
production at the LHC. Thus the low-gluon density will <0.3 while the sea quark distributions are shadowed. In con-
significantly affect the initial conditions obtained for these trast,S, has less gluon antishadowing and essentially no sea
high energies. Atx~0.01 the parton densities are well quark effect in the sameregion. Sinces; includes the most
known so that the two sets are similar and the choice of theéecent nuclear DIS data, it should perhaps be favored. Figure
proton-parton distributions do not strongly influence the ini-2 comparesS;, S,, andS; for Q=Qy andQ=10 GeV.
tial conditions at RHIC. The remaining ingredient is the spatial dependence of the
Shadowing is an area of intense study with numeroushadowing. Unfortunately, there is little relevant data. Fer-
models available in the literatufd]. However, none of the milab experiment E745 studied the spatial distribution of
models can satisfactorily explain the behavior of the nucleanuclear structure functions withN interactions in emulsion.
parton distributions over the entiseand Q? range. There- The presence of one or more dark tracks from slow protons
fore, we choose to use parameterizations of shadowing baséglused to infer a more central interactid@]. For events with
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no dark tracks, no shadowing is observed, while for events - - 1
with dark tracks, shadowing is enhanced over spatially inde-
pendent measurements from other experiments. Unfortus
nately, these data are too limited to be used in a fit of the ||
spatial dependence. :

Most models of shadowing predict that the nuclear partoncy’
densities should depend on the interaction point within the ¢
nucleus. In one model, at high parton density gluons and sei 5
quarks from one nucleon can interact with partons in an ad-=
jacent nucleori16] so that shadowing is proportional to the
local density, Eq(2) [3,5]. Then

r,

0‘5 " L " 1 L 1 1 1 1 L "
pa(s) 0 4 8 12

i _ai 27 i 2y _
Sws=S'(A,X,Q%,r,2)=1+Nywd S(A,x,Q%)—1] P e (fm)

3
‘ © FIG. 3. The radial distribution of shadowing for three models:

whereN,ys is chosen so that (&) [d?rdzpa(S)Sws=S - At Sws, Eq.(3), (solid curve, Sg, Eq.(5) (dashed curveands,, Eq.
large distances> R, , the nucleons behave as free particles(4). All curves are normalized to a homogenedsigA,x,Q?) of
while in the center of the nucleus, the modifications areD-7- Note thaSys is evaluated az=0.

larger than the average val&. i o ]

In another approach, shadowing stems from multiple in_sol\(e. this probllem.because nonlocal depictions of heayy ion

teractions by an incident partda7]. Parton-parton interac- Ccollisions are inevitably Lorentz frame depend¢p@]. Fi-

tions are spread longitudinally over a distance known as th8@lly, in @ model where the parton densities are spread out
coherence lengtH, = 1/2mx, wherem is the nucleon mass over anx-dependent distance, baryon number is not locally

[18]. Forx<0.016, I, is greater than any nuclear radius and conserved. _ o _

the interaction of the incoming parton is delocalized over the We previously considered a variait, where shadowing
entire trajectory. The incident parton interacts coherentlyS Proportional to the thickness of a spherical nucleus at the
with all of the target partons along this interaction length. Atcollision point[3],

large x, |.<R, and shadowing is proportional to the local

density at the interaction point, while for smallit depends SiR(A,x,QZ,F,z)

on the density integrated over the incident parton trajectory.

Both formulations reproduce the spatially independent shad- i 2 \/ﬁ <

owing data quite well. Unfortunately, the available di2a _J TPNRIS(AXQT) —1IV1 (Irl/Rw)%, T=Ra.

are inadequate to test these theories. 1, r>Ra.
Because of the difficulty of matching the shadowing at

large and smalk while maintaining baryon number and mo- ®)

mentum conservation, we do not include the multiple-
scattering model explicitly in our calculations. However, we
do consider the smak-and largex limits separately. Equa-
tion (3) corresponds to the largedimit. In the smallx re-
gime, the spatial dependence may be parametrized:

The normalizatiorNg, obtained after averaging ovpi(s),
is similar toN,. This model suffers from a discontinuous
derivative atr=R, with no shadowing predicted for
>Ra, but is otherwise fairly similar t&, .
Figure 3 compares the radial dependencggf, S,, and
Sk for S((A,x,Q%)=0.7. For the comparisorSys is evalu-
i 9= i ) - ated atz=0. The S, and Sg results are very similar except
S(AX,Q%r,2)=1+N,[S(AX,Q )_HJ dzpa(r,2). near the nuclear surface where they differ 4§0%. Later
(4)  we compare calculations of the firB moment withSys
andS, and show that the two results are very similar. Cal-
The integral overz includes the material traversed by culations usingS, and Sz would be in closer agreement,
the incident nucleon. The normalization requireseffectively indistinguishable.
(1/A)fd2rd2pA(s)S'p= S'. We find N,>Nys. Other mechanisms such as nuclear binding have also been
There are a number of difficulties with the coherent-suggested as possible explanations of shadoj@dtf These
interaction picture. While traversing the formation length, calculations can explain only a small fraction of the observed
both the incident and the produced partons will undergo muleffect[22], at least fox>0.1. However, many of these mod-
tiple interactions, which will reduce the effective coherenceels would also predict some spatial dependence.
length, analogous to the Landau-Pomeranchuk-Migdal effect Given the difficulties of matching spatial dependences for
[19]. Also, the picture of a single incident parton interacting different x and A while preserving baryon and momentum
with a static nucleus is inappropriate in heavy ion collisionsconservation in the multiple-interaction model, we focus our
since the parton density rises rapidly as many interactionsalculations on the local density model, and perform most of
occur simultaneously. A step-by-step calculation cannobur calculations using,,s. However, as we will show, the
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calculations are relatively insensitive to the exact parametri
zation, suggesting that heavy ion collision studies will not
distinguish between different models.

For simplicity, we will refer to homogeneousvithout
spatial dependengeand inhomogeneousgposition depen-
deny shadowing.

I1I. INITIAL CONDITIONS IN  A+A COLLISIONS

At RHIC and LHC perturbative QCD processes are ex-
pected to be an important component of the total particle

production. At early timeszy,~ 1/pt<1/py~0.1 fm for py
~2 GeV, semihard production of low; minijets will set
the stage for further evolutiof23]. Copious minijet produc-
tion, especially gluonic minijets, in the initidN collisions

has been suggested as a mechanism for rapid thermalizatio® 4f

particularly at the LHC. We critically examine this idea, with

special attention to the effects of shadowing on these expec

tations.

Minijet production is calculated from the jet cross section
for pr>pgy. At leading order the rapidityy, distribution of a
parton flavorf produced in the parton subprocegs-kl in
AB collisions is[24]

= Kjetf

XFP(x,,p%.b-r1,2")

|

wheret=—p2(1+e~07Y2)) andu=—p2(1+e¥YY2). The
limits of integration on p? and y, are pi<p?
<syn/(4 cosify) and In¢, —e™)<y,=<In(r, —¢') where

ly|= In(rp0+‘/r2p0—1), Mo, = VSnn/Pr, and rp = vsyw/

do'f(po)

d?belrdy dpfdy,dzdZ > x;F(x..p%.r.2)%;

]
(ki)

do,
5fk_"

i~k g
& (t,u)

+ 60 ST -KI({
dt

(6)

2pg . The sum over initial states includes all combinations of
two parton species with three flavors while the final state
includes all pairs without a mutual exchange and four flavors

(including charm so thatag(pt) is calculated at one loop
with four flavors. The factor 1/(% &) accounts for the
identical particles in the final state. The factog, in Eq. (6)
is the ratio of the next-to-leading ordéNLO) to LO jet

cross sections and indicates the size of the NLO correctionss

A previous analysis of higlp; jets predictedK;~1.5 at
LHC energie§25]. A more recent NLO calculation of mini-
jet production foundKje~2 at both RHIC and LH{26].
AssumingK =1, as in Ref[24], gives a conservative lower
limit on minijet production. The cutoffp, represents the
lowestp scale at which perturbative QCD is valid. There is
some uncertainty in the exact valuemf which can be con-
strained by soft physicR27]. However, 2 GeV should be a
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FIG. 4. The rapidity distributions of quarks, antiquarks, gluons,
and the sum of all contributions in R#Pb collisions aty/syy
=5.5 TeV integrated over and divided byAB calculated with the
GRV 94 LO parton distributions fop,=2 GeV. The solid curve is
without shadowing, the dashed is with shadowing parametrization
S,, the dot-dashed curve is wit®,, and the dotted curve us&s.

The parton densities are evaluated at sqaje with x
values at as low ag; ,~2pg/syn~7x10 % aty=y,=0
in Pb+Pb collisions at 5.5 TeV/nucleon. At higher rapidities,
X1 Or X, can be even smaller. Thus the smalbehavior of
the parton densities strongly influences the initial conditions
of the minijet system.
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FIG. 5. The rapidity distributions of quarks, antiquarks, gluons,
and the sum of all contributions in R#Pb collisions aty/syy
=5.5 TeV integrated ovdr and divided byAB calculated with the
MRST LO parton distributions fop,=2 GeV. The solid curve is

safe value for heavy ion collisions, especially at the LHCwithout shadowing, the dashed curve is with shadowing parametri-

[24]. The effects of different choices f@r, will be discussed
later.

zationS,, the dot-dashed curve is wiy, and the dotted curve uses

Ss.
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FIG. 6. The rapidity distributions of quarks, antiquarks, gluons, FIG. 7. The rapidity distributions of quarks, antiquarks, gluons,
and the sum of all contributions in AuAu collisions at \syy and the sum of all contributions in AtAu collisions at \syy
=200 GeV integrated ovdry and divided byAB calculated with the =200 GeV integrated ovdyand divided byAB calculated with the
GRYV 94 LO parton distributions fapo=2 GeV. The solid curve is MRST LO parton distribution fopy=2 GeV. The solid curve is
without shadowing, the dashed curve is with shadowing parametriwithout shadowing, the dashed curve is with shadowing parametri-
zationS,, the dot-dashed curve is wis, and the dotted curve uses zationS,, the dot-dashed curve is wi, and the dotted curve uses

Ss. S;.

The resulting minijet rapidity distributions are shown in WhenS=1 or S=S/(A,x,Q?) the spatial dependence factor-
Figs. 4—7 for the two sets of parton distributions at the LHCizes, the per nucleon cross section is independei ahd
and RHIC both without shadowing and with homogeneoushe total cross section scales with the nuclear overlap func-
shadowing. Shadowing can reduce the number of produceiibn T,g(b) [28]. The overlap function is the convolution of
partons by up to a factor of 2 at the LHC, depending on thethe nuclear density distributio§],
parametrization and the parton type. The smallest effect is
observed with the neweB; parametrization. At the lower . o
RHIC energy,x; ,~0.02, and shadowing is smaller, as is TAB(b)=f d?rT(r)Tg(b—r), (10
shown in Fig. 2. As a result of the strong antishadowing,
gluons are actually enhanced wisj. ith the nuclear thickness functiohs(r) = fdzpa(z,r). For

Since each collision has two final state partons, the totaﬁfA collisions, Taa(0)~A%/(wR2)xA%. The transverse

humber of partons of flavdrat impact parametey is area of the system and the initial volumebat O are

— do'(po) Ar=1R} (11)
N'(b,po)=2———, (7) A
(b,po 4%b
= = 12
wheredo(po)/d?b is the integral of Eq(6) over d’r and Vi=Ardy 7 =Ardy/po, (12
dy normalized so that wherer;=1/p, and Ay is the rapidity range.
Parton production saturates when the transverse area oc-
do'(pg) do'(pg) cupied by the partons is larger than the total transverse area
J 2—0 = TO (8)  available. The total number of partons produced in the colli-
d°bdy d°b sion is the sum over flavors,

because there are two final-state partons in each collision.
The total hard scattering cross section as a function of impact WH(b) _ E ﬁf(b, Po)- (13)
parameter is the sum over all parton flavors so that f

. In a b=0 caollision, the partons occupy a transverse area
S do’(Po) :zdo(po) — oM(b.py). ) 7N"(0)/p3. Saturation occurs when the area occupied by
T d%b d?b ’ partons is equivalent to the transverse area of the target in a
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FIG. 8. The number of scatters suffered by an incoming gluofyy fo quarks, antiquarks, gluons, and the sum of all contributions
as a function of impact parameter. The LHC results with-0.1 in Pb+Pb collisions at\/%z 5.5 TeV integrated oveb and di-

Zre s_hown in(a) a_nd I(b) for:'IGRrY 94 L0 anld Il\ARST LO_ parton \iged by AB calculated with the GRV 94 LO parton distributions
ensities, respectively, while the RHIC calculations wit~=0.1 for pp=2 GeV. The solid curve is without shadowing, the dashed

are shown in(c) and (d) for the GRV 94 LO and MRST LO sets. i : i :
The solid curve is without shadowing, the dashed curve is Witk\(jvlijtrr\]l eSIZS \;V:g tshh; (;(()J\t/:(lendg Cpua::/a;muest;;at@@, the dot-dashed curve is
shadowing parametrizatid®y, the dot-dashed curve is wit,, and ’ ’
the dotted curve useS;.
the density of partons should not increase without bound but
n begin to saturate. This recombination corresponds to one pic-
symmetric heavy ion collision @=0, N"(0)> Rf\pg. In ture of shadowing in the protdii6]. A recent HERA mea-
Pb+Pb collisionsT,4(0)=30.4/mb and saturation occurs if surement of the derivative of the structure functionfound
the hard cross section is greater than B¢/2 GeV)’ mb. At  that at lowx and Q?, dF,/d InQ? no longer increases, in
the LHC, gluons alone are sufficient to saturate the transeontrast to the GRV 94 parton densities which continue to
verse area, even with shadowing. For-#u collisions at  increase over the range of their validif29]. The newer
RHIC, the hard cross section must be more than 7IMRST distributions have been tuned to fit this behavior for
(po/2 GeV)? mb. This condition is not satisfied at RHIC, Q?>1 Ge\2. These data imply that the unitarity violation in
unlessp, is lowered to~1 GeV [27]. However, 1 GeV is pp interactions is likely an artifact of the free proton parton
close to if not within the nonperturbative regime, suggestinglensities.
that soft physics still dominates particle production at RHIC. The magnitude of the problem can be gauged by calculat-
These conclusions depend on the smadlehavior of the ing the number of collisions suffered by incoming partons.
gluon distribution, the factoKj, the cutoff p,, and the If, on average, a parton collides more than once while cross-
shadowing parametrization. Transverse saturation does nitg the nucleus, unitarity violation is a serious problem. In-
occur at the LHC when the MRST LO set is usedKif; coming partons with increasingly larggf encounter grow-
=1. An empiricalKe; may be obtained by comparing model ing densities of lowx, target partons. Thus, the interaction
calculations to data, giving some freedom in the valugf ~ cross section and the number of collisions suffered by the
for different parton distributions. However, less variation isincoming parton increase witky. The minimumx, depends
allowed in the theoretical values fj; obtained from the on py and Vsun. Since the gluon interaction cross sections
ratio of the NLO and LO cross sections. The theoreti¢al ~ are larger than those of quarks, we focus on incoming gluons
does, however, tends to rise ps decreases, rendering cal- with x=0.1. The average number of collisions experienced
culations withpg<2 GeV less reliable. by such an initial gluon at the LHC is shown in FiggaB
Transverse saturation py=2 GeV implies that the mini- and 8b) for GRV 94 LO and MRST LO distributions, re-
jet cross section exceeds the inelagtiz cross section, vio- spectively. The scattering cross section has been multiplied
lating unitarity. This is especially a problem for the GRV 94 by the nuclear profile functiofi 5(b) to give the number of
LO distributions because of the high gluon density at Jow collisions. A gluon can suffer up to an average of five hard
At very low x, then, the proton is like a black disk, and scatterings in central collisions with GRV 94 LO ar®l
instead of further splitting to increase the density of partons=1. It experiences less than one collision in the target when
the partons begin to recombine, acting to lower the densitp>5-6 fm. Shadowing reduces the severity of the problem
below that without recombination. Therefore, at very lew by decreasing the number of scatterings-80%. On the
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TABLE I. The minijet cross section, Ed6), first and second Figs. 4—7 show, at LHC energies, the GRV 94 LO parton
moments of the transverse energy distribution, E§j#) and(19),  distributions predict considerably larger stopping than
respectively, withp,=2 GeV, integrated ovep andr and divided MRST LO. These homogeneous shadowing cross sections
by AB, within CMS, |y|<2.4. Resullts for both sets of parton dis- can be converted tdN/dy at any impact parameter by mul-
tributions used are separated into contributions from quarks, amitiplying by Tag(b). Although both parton distributions pre-
quarks, and gluons as well as the total. The calculations are dor@ct similar baryon densities at midrapidity, GRV 94 LO
without shadowing,S=1, and with shadowing parametrizations predicts about twice as many baryons at large rapidity than
S1, S, andSs. MRST LO. Because of the unitarity problems and the high
gluon density at lowk, at LHC the final-state baryon number
Jdy(dg/dy—dag/dy)/3 exceeds the baryon number of the
two incoming nuclei. This is a clear result of unitarity viola-
207 (po) (mb) tion. Previous workg24] noted this but suggested that the

GRV 94 LO MRST LO
S q q g Total q q g Total

1 30 28 605 663 19 17 274 310 problem is reduced if only central rapities are considered,

S, 16 14 316 346 10 9 146 165 typically |y|<0.5. A better solution would include a more

s, 14 13 329 356 9 ) 156 173 complete treatment of multiple scattering. However, such a

s, 19 17 393 429 12 11 183 20 Ccalculation involves even more uncertainties. At RHIC ener-

gies, the cross sections are lower, and baryon conservation is

o'(po)(ET) (mb GeV) not an issue. The two sets of parton distributions make simi-

1 95 86 1794 1975 61 55 866 981 |ar predictions, with MRST LO finding a somewhat higher

S 50 45 950 1045 33 29 469 531 baryon density at midrapidity.

S, 48 42 1043 1132 31 27 527 585 We present calculations covering the entire range of ra-

S; 61 54 1216 1331 40 35 608 683 pidities, even though at the LHC, at large rapidity|>5,

: o either x; or X, is outside the stated validity range of the
o' (Po)(ET) (mb GeV) parton distributions. This range problem could affect calcu-

1 387 337 9820 10544 262 228 5182 5672 |a10ns at ally since a parton density that satisfies the unitar-

S, 213 184 5206 5603 150 127 2821 3097 jty hound atp, will be different at all rapidities since more

S; 222 182 6185 6589 155 126 3439 3720 of the lowx rise will be subsumed into higher values to

S; 275 232 7084 7591 192 161 3915 4267 maintain momentum conservation.

We would like to determine the effects of shadowing on
quantities such as the energy density which are important for
our understanding of the initial conditions. The initial energy
or less in the target, even without shadowing. With thedensity is directly related to the cross section times the first

e tar VITOUL Shadon f f .
MRST LO distributions, the unitarity violation is less severe, ET moment of each flavoiz'(po)(Er), which is calculated
with 1.4—2 scatterings per central collision for gluons andWithin a specific acceptance. A crude approximation of the

0.5u or u collisions per central event. acceptance Is
Therefore we might expect that to satisfy unitarity, trans-
verse saturation cannot be used as a criteria for determining 1 i ly|<Ymax
po and early equilibration by minijet production is unlikely ey
in reality. At the lower RHIC energy, unitarity is always
satisfied with incoming partons experiencing an average of
less than one collision. Figurescd and &d) show this for  wherey,,, is the highest measurable rapidity. At leading
the gluon. Theg andq results are considerably smaller. order, the parton pairs are produced back to back. Ehe
The quark rapidity distributiodo%dy is indicative of  distribution of each flavor as a function of impact parameter
baryon stopping due to hard processes. As Tables |-IV ani [24]

other handu anquuarks withx=0.1 typically scatter once

= . 14
0 otherwise, (14)

do'(po) _ Kiet
dEld?bd?r 2

dp%dyzdydzdzijzz x1FP (%1, 0.1, 2)X:F (X, pF 0 —T1,2")
(k)

1+ 9y
d&i' KIG o f d(}i' kI~ s f
X EH (t,U)5(ET_[5ka(Y)+5f|€(Y2)]pT)+EJ_’ (U,t) S(ET—[ 6 1€(y) + Srke(y2) 1pT) | -

(15
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Equation(15) is valid for E;>Et i, Wwhere theEt iy re-
quired inpp collisions' is such thatr"< ojeiastic FOr E min
~2 GeV at 5.5 TeV and 1 GeV at 200 G¢%6]. Therefore,
integration overd?r and E+>Er i, reduces Eq(15) to the

total hard cross section as a function of impact parameter,

do'(po) _; .do(po)
—————dE;=2————=0"(b,py).
J fETmln dzbdzrdET T d%b 7 (.Po)
(16)
The last definition in Eq(16) holds forE+ ,,n=po. as in Eq.

(9).
The firstEr moment is obtained by weighting E¢L5)
with E! and integrating oveE" ; we neglect particle masses

PHYSICAL REVIEW C 61 044904

E(Y)pT da.ij*»kl ~ oA
><1+—5k| L (t,u)
+5ﬂﬁ”ﬂk'(a . (17)

dt '

The first Ef moment is given as a function of rapidity in
Figs. 9-12 both with and without impact-parameter-
averaged shadowing for the GRV 94 LO and MRST LO
parton densities at LHC and RHIC. The average transverse
energy given to a particular parton species in a cemtiBl
collision is then

so thatEf=p+, dof(po)(ED)
Ef(b,po)=——3 (18)
do-f(pO)<E'f|'> 2
0 =Kt dpgdy,dydzdz .
dbdr wheredo(po)(EX)/d?b is the integral of Eq(17) overd?r.
If the nuclear structure functions are homogeneous, then the
XE X1 F{ (Xl,pT,r,Z) spatial effects factorize anEfT(b,pO) is proportional to
<k|> Tag(b). The firstEr moment is proportional to the energy
5 o - density, as we discuss shortly.
XXsz (X2,p7,b=1,2") The second moment of each flavor is calculated similarly,
de(po)<E$f> - N p% do. A
— L =Ky | dp?dy,dydzdz D, x;FA(Xy,p2,r,2)%,EB(X,,p%,b—1,2")——1 | 8r—1 X (t,u
g jet | apray.ay % 1Fi (X1, P71, 2)%F (X2, PT )1+5k| L (t,u)
dA kl dA ff dA ff
+5ndt'“ (u,b) |e(y)+| —="1="(E, )+ dt'“ (U,b) |e(y)elys) ;- (19

The terms proportional te(y)e(y,) in Eq. (19) correspond

We now discuss the results characteristic to specific de-

to only those processes that contaln identical particles in theectors. We will concentrate on the coverage around midra-

final state:qq—qq, qq—qq, qq—>gg, and gg—gg. These
terms are negligible fof =q andq but large forf=g. In-
deed,ff=ggin Eq. (19 contributes~30% of the total sec-
ond E; moment of the gluon. The second moment is

do'(po)(EF)

=2f
ET (b,
(b,po) = b

: (20

where dof(po)(E3")/d?%b is the integral of Eq.(19) over
d?r.
again occurs ang?rf(b,po) scales withT 4g(b).

A comparison of the LO and NLO jé distributions with UA2
data [30] suggests that belovE;=55 GeV, the discrepancy be-

pidity, thereby excluding some detector subsystems from our
consideration. In all cases we assume full azimuthal cover-
age. At the LHC, there will be two detectors taking data with
heavy ion beams, CME32], optimized forpp studies but
with a broad rapidity coverag®,,,= 2.4, and ALICE[33],

a dedicated heavy ion experiment with central rapidity cov-
erage up to/ma—= 1. We do not include the ALICE forward
muon spectrometer. The heaviest ions accelerated will be
lead. STAR[34] and PHENIX[35] are the two large heavy
ion experiments at RHIC, a dedicated heavy ion collider that
will accelerate ions through gold. STAR has the larger ac-

For homogeneous structure functions, factorizationceptance at central rapiditie,q,=0.9 for the electromag-

netic calorimeter, while the central electron arms of PHENIX
only cover up toy .= 0.352 The PHENIX muon arms will
cover more forward rapidities but will not increase the cov-

tween the calculations and data can be attributed to further higher-2Since we quote results over full azimuthal coverage, the actual

order corrections or higher-twist effects such as initial- and final-

state radiation31].

PHENIX cross sections would be lower because the central electron
arms only cover a fraction of the total azimuth.
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FIG. 11. The firstE; momenta(po)(E') as a function of ra-
pidity for quarks, antiquarks, gluons, and the sum of all contribu-
tions in Aut+Au collisions aty/syy=200 GeV integrated ovdy and
divided byAB calculated with the GRV 94 LO parton distributions

FIG. 10. The firstEr momenta(po)(E}) as a function of ra-  for po=2 GeV. The solid curve is without shadowing, the dashed
pidity for quarks, antiquarks, gluons, and the sum of all contribu-curve is with shadowing parametrizati&, the dot-dashed curve is
tions in Pb+Pb collisions atysyy="5.5 TeV integrated ovelb and ~ With S,, and the dotted curve us&s.
divided by AB calculated with the MRST LO parton distributions
for po=2 GeV. The solid curve is without shadowing, the dashed:, . jation withSg, Eq.(5), would have somewhat stronger
curve is with shadowing parametrizati®p, the dot-dashed curve is shadowing tharSp. Since the inhomogeneous calculations
with S, and the dotted curve us&;. agree within a few percent, the exact dependence cannot be

experimentally distinguished; only the presence of inhomo-
erage at midrapidity except for high mass lepton pairs suclgeneity can be detected. This conclusion applies to a wide
as those fronY decay. The cross sections per nucleon pair
and the first and secorily moments with and without ho- TABLE II. The minijet cross section, Ed8), first and second
mogeneous shadowing are given in Tables | and Il in thenoments of the transverse energy distribution, Ef@ and (19),
given CMS and ALICE rapidity ranges, respectively. At this respectively, withpo=2 GeV, integrated ovelp andr and divided
energy, shadowing can reduce the parton yield andethe by AB, within ALICE, |y|<1. Results for both sets of parton dis-
moments by up to a factor of 2. The corresponding resultsributions are separated into contributions from quarks, antiquarks,
from RHIC are presented in Tables Il and IV for STAR and and gluons as well as the total. The calculations are done without
PHENIX. The effect of shadowing is much smaller at RHIC shadowingS=1, and with shadowing parametrizatiods, S,, and
than at the LHC. In fact, witt8;, gluon antishadowing can Ss-
increase the yield relative 6= 1. Recall that the cross sec-

tions and moments are all calculated wkh,=1 and an-

GRV 94 LO

MRST LO

other choice would scale the results correspondingly. S a q g Toal g q g  Totl
The effect of the inhomogeneous shadowing is shown for 20'(pg) (mb)

the firstE+ moment calculated with the GRV 94 LO parton 14 13 296 p§23 8 7 120 135

densities in Figs. 13 and 14 for CMS and STAR. The ALICE

and PHENIX ratios are similar to those shown here. The™ ! 7o 1s2 166 44 63 1

ratios of the other moments do not differ greatly from the 6 6 158 170 4 4 67 75

first moment. The impact parameter dependence is calculated 8 8 130 206 > 4 80 89

using Eqs(3) and(4). Whenx lies in the shadowing region, o' (p)(E) (mb GeV)

central collisions are more shadowed than the average. In the 43 40 882 965 25 24 381 430

antishadowing region, central collisions are more antlshad- 22 21 459 502 13 12 202 297

ovxed than the aveLagde Whenr-R,, the homoger|1eous arlld 21 19 504 544 12 11 208 551

inhomogeneous shadowings are approximately equa a%

might be expected from an inspection of E¢3) and (4). 2r 25 592 644 16 15 265 296

Whenb~2R,, the shadowing or antishadowing is signifi- o' (po)(EZ") (mb GeV?)

cantly reduced. Ad further increases, the approach $0 1 172 159 4006 4337 105 97 1858 2060

=1 is asymptotic. Witt§,, Eq.(4), the central shadowing is s, 92 85 2100 2277 58 53 1001 1112

somewhat stronger than witBys and the strength of the s, 94 83 2498 2675 50 52 1222 1333

shadowing decreases more rapidly whbrR,. At b S, 120 108 2876 3104 75 68 1401 1544

~2R,, the ratio withS, is 5% higher than withSys. A

044904-9



V. EMEL'YANOV, A. KHODINQOV, S. R. KLEIN, AND R. VOGT PHYSICAL REVIEW C 61 044904

0.8 : . . - TABLE lll. The minijet cross section, Ed6), first and second
moments of the transverse energy distribution, Efjg) and(19),
2 2r 5 0.6 respectively, fopy=2 GeV, integrated over andr and divided by
py Iol\'_ AB, within STAR, |y|=<0.9. Results for both sets of parton distri-
iy W oaf butions are separated into contributions from quarks, antiquarks,
%o 3 and gluons as well as the total. The calculations are done without
° 0.2 \ shadowingS=1, and with shadowing parametrizatio®s, S,, and
! S,.
o % GRV 94 LO MRST LO
S q q g Total q q g Total
& 6 20'(po) (Mb)
J}_ 1 0.76 045 555 6.77 066 041 453 5.60
Y S, 063 038 454 555 055 034 374 463
3 il S, 064 036 464 564 055 032 384 472
S; 074 042 569 685 064 038 468 570
o W o'(po)(E}) (mb GeV)
y y 1 214 124 1462 18.00 1.85 1.11 1213 15.09
FIG. 12. The firstEy moment, o(po)(E'), as a function of S 180 103 1211 1494 157094 1015 1266
rapidity. forﬁuarks, anti(;uarks, gltjons,oanthrlle sum of all contribu-82 1.84 100 1249 1533 160 0.90 10.52° 13.02
tions in Au+Au collisions atysyy= 200 GeV integrated ovér and 210 115 1523 1848 183 104 1277 1564
divided by AB calculated with the MRST LO parton distributions o' (Po)(EZT) (mb Ge\?)

for pp=2 GeV. The solid curve is without shadowing, the dashedl 692 371 5238 63.00 6.10 3.35 4432 53.77
curve is with shadowing parametrizati®, the dot-dashed curve is S, 6.02 317 4417 5336 533 2.89 37.84 46.05
With S, and the dotted curve usé. S, 6.19 309 4597 5525 548 2.83 30.54 47.85

6.96 351 56.24 66.71 6.15 3.21 48.08 57.44

variety of observablel3]. Because the differences are small,
we use only thes,g parametrization in the remainder of this
work. contribution to this term igyg—gg, enhancing the overall
The figures show the ratio of the fir&; moment with  gluon contribution.
shadowing included relative 8= 1 as a function of impact We now show how the initial conditions for further evo-
parameter fog+q, g, and the totalg+q+g. At the LHC,  lution of the system are impacted by shadowing. The initial
quarks and antiquarks arel0% of the total minijet produc- €nergy density of each parton species is the ratio of the first
tion for the GRV 94 LO parton densities ardl7% with the ~Er moment to the initial volume,

MRST LO densities whe®=1. The overallg +acontribu-
tion decreases 1-2 % when shadowing is included. At RHIC, ( .Po)

the q+q fraction is ~19% with the GRV 94 LO densities &i(b.po)= v, (22)

and ~23% with the MRST LO set. There is again only an '

~1% variation in the fraction with shadowing included. The The total initial energy density is the sum over all species,

ratios in the given rapidity intervals with homogeneous shad¢. — s ¢/ . The initial number densities are likewise

owing are given by the horizontal lines in Figs. 13 and 14 '

and correspond to the ratio of the moments in Figs. 9 and 11

integrated over the same rapidity intervals. At the LHC, the ( +Po)

ratios are nearly the same for the gluon fraction and the total ni(b,po) = v, (22)

because gluons dominate minijet production. At RHIC ener-

gies, since they+q contribution is a larger fraction of the andn,=3n!. The energy and number densities are given in

total, the difference between tlgeratio and the total, shown Tables V-VIII, both for gluons only and the total minijet

in Figs. 13 and 14, is visible, particularly f@; which is  vyield. Results are shown for both homogeneous and inhomo-

shadowed forg+q and antishadowed for the gluons. The geneous shadowing @=0 where the volume is most

total remains antishadowed, but less than for gluons alone clearly defined. Since shadowing is stronger in central colli-
The homogeneous shadowing ratios can also be detegions, the energy density and multiplicity are reduced with

mined for the zeroth moment, particle number, and the secS,s relative to the homogeneous caégee Figs. 13 and 14

ond moment of of thET distribution, from Tables I-IV. The for the |mpact parameter dependence&f) At the LHC,

secondEr moment has a slightly smalleﬁq fraction due inhomogeneous shadowing reduces the energy density by

to the term in Eq.(19) proportional toe(y)e(y,) which  ~3-8% atb=0. At RHIC, the difference is smaller and the

arises from identical particles in the final state. The dominanenergy density may even rise marginallybat 0 with the S;
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TABLE IV. The minijet cross section, Ed6), first and second 1.0 i
moments of the transverse energy distribution, Efjg) and(19), N § § it
respectively, withpy=2 GeV, integrated ovel andr and divided _ o4 8
by AB, within PHENIX, |y| <0.35. Note that the cross sections and ogf 9*d L
moments are given over all azimuths. Results for both sets of parton Lasat
distributions are separated into contributions from quarks, anti- e o 258 :
quarks, and gluons as well as the total. The calculations are done o6t * o8 '
without shadowing,S=1, and with shadowing parametrizations A -o-g-a- 50 P
S, Sy, andS;. L,_ 04 apnl

u .
GRV 94 LO MRST LO o 10 T
S q q g Total g q g Total :/I_I) L4 § ? ¢
20'(po) (mb) R R
1 0.29 0.18 2.28 275 025 0.16 181 2.22 -/,\_ LATAATAATE g it
S, 024 015 186 225 020 013 148 1.81 "”l 0B} g FEE TS
S, 024 014 191 229 021 0.13 153 1.87 Q e g s 8 88T T
S; 028 0.17 232 277 024 015 1.85 2.24 Eg, 0.4
o'(po)(E) (mb GeV) a0 -
1 0.81 050 6.01 732 0.69 044 485 5.98 . § ? 9 i
S, 068 041 498 6.07 058 0.37 4.04 4.99 0sl total L2 g H
S, 070 040 514 6.24 059 0.35 4.20 5.14 o2 2l g
S; 080 046 6.23 749 0.68 041 5.06 6.15 \AAARA -
0B e
o' (po)(EZ"Y (mb Ge\?) 0 BT I S —————
1 260 149 1901 2310 223 1.33 1564 19.20 588
S, 225 127 1603 1955 1.94 113 1330 16.37 045 : o - 50
S, 231 124 16.67 20.22 199 1.11 1393 17.03
S, 261 141 2022 2424 224 127 1678 20.29 b (fm)

FIG. 13. The impact parameter dependence of the Hfsio-
ment o(po)(E}) relative to theEr moment withS=1 in CMS,
parametrization. The average energy per particle for a givefy|<2.4, calculated with the MRST LO distributions withy,= 2
species isgif/nif~3 GeV, somewhat larger tham, as can be  GeV. The upper plot shows the ratio for quarks and antiquarks, the

expected sincEfT reflects the average; within the rapidity mid_dle pIot_is the gluon ratio, and the lower plot is_for the total. The
range horizontal lines show the homogeneous shadowing results: dashed

These densities can be compared to those obtained for elt'rrf for S,, dot-dashed I_me fosS,, and _dotted line forS;. The
nhomogeneous shadowing results &r(circles, S, (squarel and

ideal gas in thermal equilibrium. An ideal gas has energyss (diamond are shown forSys (solid symbols and S, (open
density e;,=3aTg, and entropy densitg,=4aTs=3.6ny, symbols. S g

wherea=1672/90 for a gluon gas and=47.57%/90 for a
three-flavor quark-gluon plasmaThe initial equilibrium

1/4
temperatures of such gases are tfigr=(€/32) ™" and the  \jev/, respectively. The calculated initial quark-gluon plasma

ideal energy per particle is temperature is lower than that for gluons because, even
though €; is larger for the sum of all species, the larger
Sth_ 2. 7T (23)  humber of available degrees of freedom reduces the tempera-
Nih ture. Shadowing reducés, by 10—-17 % for the gluons and

) . 10-15% for the total with the largest effect dueSp and
We use the results of Tables V-VIII with the assumptionipa smallest fromS, with its antishadowing. At RHIC, the
thate; = ey, WhenS=1, Tyy~1.07 GeV for gluons only and  gqyjivalent temperatures extracted wip=2 GeV are
~840 MeV for a quark-gluon plasma at the LHC with the gmajier, 410 MeV for gluons and 330 MeV for a quark-gluon
GRV 94 LO distributions anghy=2 GeV. Using the MRST 5 jaqma withs=1. The reduction due to shadowing is 5% or
LO results withpo=2 GeV yieldsT~860 MeV and 680  |ogs_in fact a slight enhancement is possible because of the
antishadowing inS;. The temperatures are virtually inde-
pendent of the parton distributions at this energy since the
3Hammonet al. also calculatedN and E; using spatially homo- ~ tWO sets are very similar in therange of RHIC. The tem-
geneous nuclear structure functions at RHIC and L36]. Since  peratures estimated for RHIC are lower than those obtained
they takeKjet>l7 they find larger energy densities and effective elsewhere. This difference will be discussed in the next sec-

temperatures than we do here. They also neglected the unitarifjon.
problem in their LHC estimates. These equivalent equilibrium temperatures are only ap-
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TABLE V. The energy density, Eq21), and number density,
Eq. (22), atb=0 from minijet production alone witlp,=2 GeV
1.0 VY within CMS, |y|<2.4, are given for both sets of parton distribu-
L it oaadd 2 8T8 2,‘.9..?.!'.’, .............. tions. Results are shown for homogenedttS) and inhomoge-
_ oo neous(IHS) shadowing, with the latter based @},s. Both the
o9l 9+d L O ] gluon contribution alone and the total for gluons with three light
0" quark flavors are presented. The calculations are done without shad-
A PPOTY oA owing, S=1, and with shadowing parametrizatioBg, S,, andS;.
b 2]
TY:
N GRV 94 LO MRST LO
fe) A SAA DA A
= TR A, Gluon Total Gluon Total
A 10 - Date s S HS IHS HS IHS HS IHS HS IHS
= g.glg
) 9 Jo8 € (b=0,po) (GeV/in?)
" 0.9 1 85 - 920 - 404 - 457 -
v ‘ eic S, 443 413 487 454 219 204 248 231
5; __g_.;_f?__ﬁ__‘f__“_:_ L S, 486 457 527 496 246 233 273 257
206, L 6 9° S; 566 543 620 594 283 272 318 306
© f 3
s an ni(b=0po) (V/m’)
Y YW A 1 282 - 309 - 128 - 144 -
1.0 AdA 4
5ov ¥ ) S; 148 138 162 151 68 63 77 72
total 50 S, 154 145 166 155 73 68 81 76
ool gt S; 183 174 200 191 85 82 96 92
o E {
I . . . .
BRI only holds at LHC energies without shadowing. Shadowing
0.8, 5 10 15 20 drives the result away from equilibrium so that
b (fm) e)(b,po) €l
] M0 th
. BT |s¢1>—g:2-7Tth- (25
FIG. 14. The impact parameter dependence of the Efsmo- n’(b,po) N

ment o(po)(E}) relative to theE; moment withS=1 in STAR,

ly|<0.9, calculated with the MRST LO distributions wifi,=2  Note, however, that taking(;,,=1.5 increases all the ex-

GeV. The upper plot shows the ratio for quarks and antiquarks, th&acted temperatures by10%, bringing the shadowed re-

middle plot is the gluon ratio, and the lower plot is for the total. The sults closer to the ideal in E¢R3). Reducingp, for S#1 at

horizontal lines show the homogeneous shadowing results: dashed

line for S;, dot-dashed line foiS,, and dotted line forS;. The TABLE VI. The energy density, Eq21), and number density,

inhomogeneous shadowing results r(circles, S, (squares and  Eq. (22), atb=0 from minijet production alone witlp,=2 GeV

S; (diamond$ are shown forSys (solid symbolg and S, (open  within ALICE, |y|<1, are given for both sets of parton distribu-

symbols. tions. Results are shown for homogenedHtS) and inhomoge-
neous(IHS) shadowing, with the latter based @&}s. Both the

roximate because thev depend on the rapidity ranae Oveg]uon contribution alone and the total for gluons with three light
b y_gep picity g guark flavors are presented. The calculations are done without shad-

which Ty, is calculated. The extracted temperature rises as . ~ . . o
the rapidity range decreases because the antiquark and glugvﬁ”ng’ S=1, and with shadowing parametrizatiolg, S, ands

distributions are maximal at=0. The fact that the width of GRV 94 LO MRST LO
the slice affectd, shows that thermalization in the collision

is incomplete. To study this further, we can compare thes%
results with expectations from the ideal gas. The GRV 94 LO

Gluon Total Gluon Total
HS IHS HS IHS HS IHS HS IHS

gluon temperaturd,~1.07 GeV satisfies Eq23) whenS el (b=0,py) (GeV/fnt)
=1, ie., 1 98 - 1079 - 426 - 481 -
S, 513 478 561 522 226 210 256 237
b= 0po) g S, 563 531 607 572 255 240 281 264
b P~ o, (240 S 661 634 719 689 296 285 331 317
n?(b=0,po) ni,

n{(b=0,po) (L/fm?)
1 332 - 362 - 134 - 151 -
his equation suggests that, even if a quark-gluon plasma is, 170 158 186 173 70 65 79 73
far from equilibrium, the gluons might equilibrate quickly, s, 177 167 190 178 75 70 84 77
around 7;~0.1 fm, even without the secondary collisions s, 213 203 231 220 89 85 99 95
required for isotropization. However, even this suggestion
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TABLE VII. The energy density, Eq21), and number density, Shadowing thus reduces the likelihood of fast thermalization,
Eqg. (22), atb=0 from minijet production alone witp,=2 GeV  even at the LHC where the conditions are most favorable.
within the STAR calorimeterly|<0.9, are given for both sets of  Gijven these uncertainties, one can nevertheless obtain an
parton distributions. Results are shown for homogenébi® and  gpproximate lower bound on the produced particle multiplic-

inhomogeneousIHS) shadowing, with the latter based @ys.- jty. In an ideal longitudinally expanding plasma, the energy
Both the gluon contribution alone and the total for gluons with threedensity evolves following37]

light quark flavors are presented. The calculations are done without

shadowingS=1, and with shadowing parametrizatioss, S,, and de €e+P
S;. —+ =0, (26)
dr T
GRV 94 L0 MRST LO whereP is the pressure andis the proper time. There are
Gluon Total Gluon Total two extreme solutions: free streaming, wih=0, leading to

S HS IHS HS IHS HS IHS HS IHS -1 and ideal hydrodynamicsP=e¢/3, where e
¢l(b=0,p,) (GeViin?) _~fr*4’3. The lower limit of multiplicity is obtained from

1 18.9 - 23.2 ) 157 3 19.5 ) ideal hydrodynamlcs \_A{he_re the system is treated as though it

s, 156 153 194 190 131 128 163 160 Were in thermal equilibrium at;=1/p,=0.1 fm and ex-

S, 161 159 19.8 195 136 133 168 165 pands adiabatically withr. Then the initial entropy deter-

S 196 19.7 238 239 165 165 202 20.2

mines the final-state multiplicity, neglecting final-state inter-

actions, fragmentation, and hadronization. If only minijet
nf(b=0,p,) (1/fmd) production contributes to the final-state multiplicity, the total

7.2 - 8.7 . 5.8 - 7.2 - number of particles in a specific detector’s central acceptance

50 58 72 71 48 47 60 58 isthen[3g]

1
Sy

S, 60 59 73 72 50 48 61 6.0

s, dN 4

73 73 88 88 60 61 74 74 ot
dy 3.6

27 2Y max

R2a[E. - 3711/4
i RAa[ET(|Y| ymax)]} . 27)

the LHC or for any scenario at RHIC would also increase theEquation(27) suffers from some uncertainty due to thg*
extracted temperatures so that the gluon result would agait pé"‘ dependence in the volume besides the dependence on

appear to equilibrate. The quarks alone or ¢heq+ g total po in Et. In a complete calculation, the variation with
will not come to equilibrium, even whep, is reduced, due would be compensated for by a corresponding variation in
to the lower equivalent temperature. In any cgggcannot  the soft component, as discussed later. With the GRV 94 LO
be set arbitrarily low for perturbative QCD to be valid. In distributions at the LHC the totalN/dy aty=0 from mini-
addition, py should not be a strong function of energy andjets is ~4000—6000 or about 2700—4000 charged particles,
should be independent of the shadowing parametrization=2/3 of the totaldN/dy. Shadowing reduces the number of
charged particles te=1800—2600. With the MRST LO dis-
TABLE VIII. The energy density, Eq21), and number density, tributions, the totaldN/dy|,_,~2000-3500 without shad-
Eq. (22), atb=0 from minijet production alone witp,=2 GeV  owing and 1400-2600 with shadowing. With inhomoge-
within PHENIX, |y|<0.35, are given for both sets of parton distri- negus shadowing, the LHC multiplicity drops 2—5% for
butions. Results are shown for homogene@dS) and inhomoge-  co|lisions ath=0. The gluorE; moment dominates the total
neous(IHS) shadowing, with the latter based @ys. Both the  anq drives the rapidity distribution, as can be inferred from
gluon contribution alone and the total for gluons with three “ghtFigs. 9 and 10. We find total minijet multiplicities of 220—
qugrk flavors are pr.esented. T.he calculatiops are done without shag50 without shadowing and 200—360 with shadowing. The
owing, S=1, and with shadowing parametrizatioB, S,, andS;. | 50erdN/dy with shadowing is a result of the antishadow-
ing in S3. Since soft production is large at RHIC, the total
dN/dy found here is considerably lower than predicted by
some event generatof39].

GRV 94 LO MRST LO
Gluon Total Gluon Total
S HS IHS HS IHS HS IHS HS IHS

eif(b:O,po) (GeV/fn?) IV. CORRELATION BETWEEN E; AND IMPACT
1 19.9 - 24.3 - 16.1 - 19.9 - PARAMETER
S 165 162202198 135 132 166 162 Thus far, we have discussed the dependence of shadowing
S, 170 168 20.7 20.3 140 13.7 171 16.8 . . . .
S, 207 207 249 246 168 169 205 206 on the impact parameter, a quantity which cannot be directly
determined in a heavy ion collision. However, although the

nf(b=0,p) (1/fm?) impact parameter is not measurable, it can be related to di-
1 7.6 - 9.1 - 6.0 B, 7.4 . rect observables such as the transverse ertefd®,24|. The
S, 62 61 75 73 49 48 6.0 5.9 transverse energyissummed over all detected particles in the
s, 63 62 76 74 51 50 62 61 eventwith massem, and transverse momenfs so that
S, 77 77 92 92 62 62 75 75 ET=2k\/mk2+ pTzk. Besides arE; measurement, it is also

possible to infer the impact parameter by a measurement of
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the nuclear breakup since the beam remnants deposited irwhereaﬁp~40 mb at RHIC and may increase to 60 mb at

zero-degree calorimeter are also correlated with the impaghe LHC[42]. Sinceggp depends only weakly on the colli-

parametef40]. A measure of the total charged particle mul- sion energy, the hard and soft components are assumed to be

tiplicity, proportional toE+ [41], could also refine the impact separable on thep level and thus independent of each other

parameter determination. o o at fixedb [24]. The soft component may be computed using
The transverse energy contains “soft” and “hard” com- the first momené and second momerﬁ%s of the SOftE;

ponents. The “hard” components, calculated in the preViousdistributions, obtainable from lower-energy df&]. At the

section, arise from quark and gluon interactions above th N s —_
cutoff pp=2 GeV. “Soft” processes withp;<p, are not Sps, VSun=19.4 GeV,a;,=32 mb,Ez=15 mb GeV, and

perturbatively calculable yet they can contribute a substantids >=50 mb GeV? [24] for |y|<0.5. We assume th& and
fraction of the measureB+ at high energiesand essentially E?rs are independent of impact parameter and scale with en-
the entireEy at CERN SPS energiesThese processes must ergy aso, and linearly with rapidity acceptance. The result-

be modeled phenomenologically. Our calculation of the totaing first and second moments for the four detectors are given
Er distribution follows Ref.[24]. We assume that the soft ;, Taple 1X. AIternativerE$ andE-er could be scaled by

Cross sectionry, , is equal toogp ' the inelasticpp scat-  the charged particle production rate in the selected rapidity
tering cross section. The hard part of e distribution can  jhterval [24]. However, at these higher energies, the charged
be expressed as particle distributions will have a strong contribution from
hard production which could lead to double counting of the
doH [WH(b)]N o total rate. If the SPS multiplicity distribution is used, then the
_:f d?b3y_;—————exd —N"(b)] effect of the rising cross section will dominate.
dEr N! The totalE+ distribution is a convolution of the hard and
soft components with mean and standard deviation

N H
1 do
fo dEr— g~ O(Er—2{L4Er). (28) _ —
=1 Opp ~ T Er(b)=E7(b)+ Tag(b)E7, (33
The average number of hard parton-parton collisions is de- 2 oH 25
— b)= b)+Tag(b . 34
fined in Eq. (13). For mostb<2R,, N" is large and oe(b) =& (D) + Tas(b) o 34
do"'/dE; can be approximated by the Gaussian] The standard deviation for the soft componerf, is
do™ d2b [Er—EY(b)]? 29 =
= exp — ——5—— | T
dEr ) \2me(b) 202 (b) oS =EFS- = (35
pp

where the meaiEr, E¥(b), is proportional to the first mo-  \ye 4o not assume that the second mont&nt is equivalent
ment of the hard cross section, to the standard deviation as in some previous calculations
[3,24).
EHony s B Some caveats related to the s&ft contribution should be
Er(0)=2Es(b.po). 0 mentioned. The second moment is system deperideet;
The standard deviation® (b) is computed from the first and haps becau§e szesﬂuctug.tlons are concentrated in the central
second moments, region, makinge; sensitive to the acceptan¢é4]. There _
also may be some contamination from hard processes. Addi-
tionally, soft processes may also be subject to a form of
shadowing due to large mass diffractipdb|, analogous to
BD  the multiple-scattering picture of shadowing except that it
affects soft interactions. If correct, the soft component would

Eas(18) and (20). The | d val also be reduced and the soft and hard interactions would
see Eqgs(18) and(20). The impact-parameter-averaged val-pave 5 similar impact parameter dependence. Thus the soft

ues of the hard cross section and its first and sedepd component is only accurate to the 20% level at best.

moments corr_espond_ to the “total” values in Tables I-IV 5 the LHC, the hard component is an order of magnitude
for the specified rapidity coverages of the four OleteCtorslarger than the soft part. This can be seen from a comparison

Notg that these moments are a lower bound on pgrticle Pr%t the homogeneous shadowing first and sedepdnoments
duction from hard processes because hadronization has not

been included. in Tables I-IV withE3 andEZ S in Table IX. The results are

The soft component is usually taken to be proportional tdiréctly comparable because the first and secgrdmo-
the number of nucleon-nucleon collisions,

Ef%(b)

UEH(b):Z Ef(bapo)—m;
1Po

— s “Seew in Table 8 of Ref[43]. In lighter targetsw is significantly
N>(b)=Tap(b)opy, (32 different than in heavy targets.
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TABLE IX. The first and second&; moments of the soft con- comes from hard processesKfe=1.5, then the maximum
tribution adjusted to the acceptance of the experiments at the LH%T rises by 20%. Similar results were found in REZ6].

PP_— pPp_— . . . . N .
and RHIC. We assumegs™=40 mb at RHIC andrg™=60 mb at the The change in th&- distribution due to shadowing is not

LHC. equivalent to scalindget by a constant. The shape of the

. distribution is also modified because central and peripheral
=S =2

Detector Rapidity 7 (mbGeV)  E7® (mbGeV) collisions are affected differently. The shape change is small

CMS ly|<2.4 135 450 at RHIC, but clearly visible for the LHC. Figures 15 and 16

ALICE lyl<1 56 188 show that the shadowed distributions are enhanced &ver

STAR ly|=<0.9 34 112 = 1 forE;~6 TeV ar_ld 3_ TeV for CMS and ALICE, respec-

PHENIX ly|<0.35 13 44 tively. If soft production is also affected by shadowitp],

the shape change may be larger for RHIC.

For semicentral through central collisions, the transverse-
ments in all the tables are given per nucleon pair. At theenergy—impact-parameter correlation is relatively easy to de-
LHC, the moments from minijet production are 6—10 timestermine, but in very peripheral collisions, the entire trans-

larger tharE$ with the GRV 94 LO parton densities and 3—7 verse energy could arise from a single hard collision which

times larger tharE; when calculated with the MRST LO produces, e.g., &/y or a Drell-Yan pair. Then, the simple
parton densities. Total particle production is then dominatet?auss'an approximation to E(8) would break down.

by minijet production. With soft production included, the
estimateddN/dy in Sec. Ill would be increased by 5—-22 %,

less than the change Ege to shadowing. We now study the effect of inhomogeneous shadowing on

At RHIC however,E7 is 1.3-2.2 times larger than the the production of hard probes. As examples, we consider
first Ex moment, depending on the parton densities and shadrell-Yan and quarkonium production. We have previously
owing parametrization. Thus the soft contribution to the totalstudied the production of charm and bottom quarks at these
E+ is still somewhat larger than the hard contribution. Whenenergied5]. We have also considered shadowing effects on
soft production is included in the estimatétl/dy by adding ~ J/ and Drell-Yan production at the SPS, as well as their
TAB(b)E$ to E';'(b,po) in Eqg. (27), dN/dy at b=0 could ratio as a function oE; [47]. However, at the SPE is
increase by a factor of 1.9-2.4, up to 680-750 particlesdominated by the soft component and is proportional to the
Likewise, the extracted initial temperature assuming thermahumber of participant$41]. We do not include final-state
equilibrium would be~20% higher when the soft contribu- absorption effects on quarkonium production.
tion is included and could reach500 MeV withS=1, con- These calculations are done at leading order to be consis-
sistent with previous predictiong}6]. If soft production is tent with our calculations of minijet production. The LO
also affected by shadowirig5], then the soft contribution to cross section for nucleh and B colliding at impact param-
RHIC central collisions would be reduced and the hard andterb and producing a vector partic (quarkonium ory*)
soft components would be more in balance. with massm at scaleQ is

The E distributions, with homogeneous and inhomoge- doV
neous shadowing, are shown for each detector in Figs. 15—
18. The hard component is calculated with the MRST LO
distributions. In each case, we show the change inBhe
distribution due to shadowing in the most central collisions
b<0.2R,, semicentral collisions OB, <b<<1.1R,, and the

V

entireb range. The maximuri is reduced 30—-40 % at the Ay L .
whereo; is the partonidj —V cross section and the parton

LHC because the hard component, E83), dominates the distrib ij defined in Edl
averageE;. At intermediate impact parameters, the Gauss- istributions are defined in Eq ) ' .
The LO Drell-Yan cross section per nucleon must include

ian, Eq.(29), is narrowed by shadowing. At RHIC, since the i R . Dy . DY Dby
hard and soft components are comparable, the maxilym (e _nuclear isospin since, in generak,, # op, # 0y

is shifted by only~7% when shadowing is included. Indeed, # U'En '
for S;, since shadowing enhances tke moments of the &Y
hard component, the maximuig; is slightly increased. If (%1, Q) N(x2,Q)—
the GRV 94 LO distributions are used in the calculation of
the hard part, the totdl at the LHC is nearly twice as large
and the shadowing effects are stronger. The RHIC results are
essentially unaffected by the choice of parton distribution
since theE+ moments do not depend strongly on the parton
distribution; see Tables Il and IV.

V. DRELL-YAN, J/¢, AND Y PRODUCTION

_ N
g ) L OGS

, - -, dof
X0 QB2 )5, (39

dydn?

> €

9m?3s g=u,d,s

4’

= Kexpt

z, N
[ng(xl,qu

These results depend &, since the hard is propor-
tional toKje;. At the LHC, E scales nearly linearly witk e
since hard interactions dominate there. At RHIC, the in-
crease would be smaller, since only 30-50% of e
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FIG. 15. TheEy distribution predicted for the CMS detectorin £ 16, TheE; distribution predicted for the ALICE detector
the interval|y|<2.4, calculated with the MRST LO distributions i, the interval|y|<1, calculated with the MRST LO distributions
and py=2 Ge\/_. The upper plot is for. central collisions with and p,=2 GeV. The upper plot shows central collisions with
<0.2R,, the middle plot shows the region ®R<b<1.1R,, and = g or,  the middle plot shows the region ®9<b<1.1R,, and
the lower plot shows the entify distribution. The lines indicate 6 |ower plot shows the entif; distribution. The lines indicate
the homogeneous shadowing results: solid line for no shadowingpe homogeneous shadowing results: solid line for no shadowing,
dashed line foS,, dot-dashed line fob,, and dotted line f0S5.  yaghed line fors,, dot-dashed line fos,, and dotted line foiS; .

The inhomogeneous shadowing results f8f (circles, S;  The inhomogeneous shadowing results f6; (circles, S,
(squarel andS; (diamonds are shown forSys. (squarel andS; (diamonds are shown forSs.

whereZ, andN, are the number of protons and neutrons inneous shadowing, with E@3), is somewhat stronger, while

the nucleus. We assume charge symmeitfy; ff}, fi=17, in the most peripheral cpllisiqns, it is much weaker. In each
etc., in the nuclear environment. In Eq37), X,, ©CaS€ theS; parametrization gives the smallest effect. At the
=Qe*Y/\syy andQ=m. The factorK gy, typically 1.7—2 LHC, evolution is also most apparent with this parametriza-

for fixed-target Drell-Yan production, accounts for the dif- 10N A shortcoming of the limitedQ® evolution of theS,

ference in magnitude between the calculations and the datRr@metrization is obvious in Fig. 19—the evolution is evi-

Figures 19 and 20 show the influence of shadowing on th€nt UP tom=10 GeV, after which the 10 GeV values of the
Drell-Yan mass distribution, calculated with the MRST LO valence ququ, sea quark, and gluon shadowmg ratios are
’ used at all higher masses. Above 10 GeV, the ratios with the

parton distributions. The ratios of the inhomogeneouslyg 4 arametrizations are then similar. TBe results
shadowed mass distribution to that f=1 are shown in ./ =2 P . 152

) . . change very slowly with mass because they lgckevolu-
several impact parameter bins, along with the homogeneoys,, At the lower RHIC energy, the 10 Ge®? cutoff in S,

shadowing ratios, in the rapidity coverage given for the AL-i5 |ess obvious because thevalues are larger, in a region
ICE and PHENIX central detectors. The corresponding ratiogyhere shadowing is small. At RHIC, shadowing of the most
for CMS and STAR are quite similar. Ratios are presentetheripheral collisions predominantly occurs for masses below
for the most central collisions<<0.2R,, semicentral colli- 8 GeV. At this energy the largest mass pairs are antishad-
sions 0.R,<b<1.1R,, and peripheral collisions 1R, owed. The antishadowing is weakened in peripheral colli-
<b<2.1R,. In the most central collisions, the inhomoge- sions; see Fig. 20.
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FIG. 17. TheE distribution predicted for the STAR detector in
the interval|y|<0.9, calculated with the MRST LO distributions
and pp=2 GeV. The upper plot is for central collisions with
<0.2R,, the middle plot shows the region R<b<1.1R,, and with b<0.2R,, the middle plot shows the region &®9<b
the lower plot shows the entiré; distribution. The lines indicate <1.1R,, and the lower plot shows the entiEe distribution. The

the homggeneous shadowing _results: solid line for no Sh"’ldov\”nqines indicate the homogeneous shadowing results: solid line for no
dashe_d line foiS,, dot-dashed I|_ne foB,, and dotted _Ilne f0iS; . shadowing, dashed line f®,;, dot-dashed line fofs,, and dotted
The |nhomogene9us shadowing results 18 (circles, S, line for S;. The inhomogeneous shadowing resultsSpx(circles,
(squarel andS; (diamonds are shown forSys. S, (squarel andS; (diamond$ are shown foISys.

FIG. 18. TheE+ distribution predicted for the PHENIX detector
in the interval|y|<0.35, calculated with the MRST LO distribu-
tions andpy=2 GeV. The upper plot emphasizes central collisions

Since the NLO Drell-Yan cross section includes ComptonThe homogeneous and inhomogeneous results are again
scattering with an initial gluof48], it is possible that shad- compared in central, semicentral, and peripheral collisions.
owing could change significantly at NLO, especially with the The S, parametrization produces the strongest shadowing
S, and S; parametrizations. We have therefore also calcubecause the sea quark ratio is lower at smdahanS; and
lated the Drell-Yan cross sections at NLO with all the homo-S;; see Fig. 2. All the LHC ratios increase with rapidity
geneous shadowing parametrizations and found that the rédecausex, remains small whilex; increases to~0.1 aty
tios do not change significantly when the NLO terms are~5. Recall that around;~0.1, S; shows antishadowing,
added. There is a 3—4 % difference in the ratios with shadS,~1 for sea quarks, and the sea quark distributions are
owing at LO and NLO in PkPb collisions at 5.5 TeV and shadowed with theS; parametrization. Thus the change in
0.5-1% in Aut-Au collisions at 200 GeV. This should not the shadowing ratios as a function pfs smallest withS; .
be too surprising since the theoreti¢alfactor is smallKy,  As y and x; increase, the shadowing, antishadowing, and
=R/ obs~1.2 at RHIC and 1.1 at the LHC. The effect of EMC regions are traced out. However, at forward rapidities,
shadowing on the higher-order contributions must then be,<10 * so that the cross section ratios are always signifi-
less thanKy,, small compared to the uncertainties in thecantly less than unity.
shadowing model, as can be seen from Fig. 21. At RHIC, the ratios decrease with rapidity. Both and

Figures 22 and 23 show the rapidity dependence of the&, are in a region where all the parton densities are shad-
shadowing for Drell-Yan production when<dm<9 GeV. owed aty=0 but, as the rapidity increases, decreases to
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FIG. 19. The Drell-Yan mass distribution relative 8=1 in FIG. 20. The Drell-Yan mass distribution compared o the dis-

ALICE, |y|<1, calculated with the MRST LO distributions. The tribution with S=1 in PHENIX, |y|<0.35, calculated with the
upper plot shows central collisions with<0.2R,, the middle plot  MRST LO distributions. The upper plot shows central collisions
shows the region 0B, <b<<1.1R,, and the lower plot shows the with b<0.2R,, the middle plot shows the region ®9<b
peripheral region 1R,<b<2.1IR,. The lines are the homoge- <1.1R,, and the lower plot shows the peripheral regionR}9
neous shadowing result. The dashed line represgptghe dot-  <p<2.1R,. The lines indicate the homogeneous shadowing result.
dashed line$S,, and the dotted lineS;. Equation(3) is used t0  The dashed line represeng, the dot-dashed lineS,, and the
calculate the inhomogeneous shadowing ratiosSpfs (circles,  dotted line,S;. Equation(3) is used to calculate the inhomoge-
Sy,ws (squarel and S; s (triangles. neous shadowing ratios fd8, s (circles, S,ws (squares and

S; ws (diamonds.

the lowx saturation region while the;, values enter the for hoth mass ranges are shown in Table X with and without

EMC region. The resulting convolution is then lower at |argehomogeneous shadowing. Recall that the theoreiidalctor
y than at central rapidities. Since the Drell-Yan cross sectioetween the LO and NLO cross sectionssis.2.

is calculated in the interval4m<9 GeV, some influence of We now consider shadowing id/¢ and Y production

Fermi motion is apparent at the largest rapidities becausgsing two models that have been successfully employed to
x;~0.9 whenm=9 GeV andy=3. ~ describe quarkonium hadroproduction. The first, the color
The effect of the inhomogeneity is shown more fully in eyaporation model, treats all quarkonium production identi-

Figs. 24 and 25. We have chosen two different mass rangeisa"y 0 QQ production below theMl M threshold, wherdvl

4<m<9 GeV and 1&£m=20 Qev betwee.n thal ¢ andlY. represents the lightest meson containing a single heavy quark
resonances and above thefamily, respectively. The simi- —

larities between the CMS and ALICE predictions at the LHCS: neglecting the color and spin of the produd@@® pair.

and the STAR and PHENIX expectations at RHIC are obvi-The nonrelativistic QCD approach eﬁoands guarkenium pro-
ous in these figures. In the rangec<9 GeV, shadowing duction in powers ob, the relativeQ-Q velocity within the

is expected at all masses. In the larger-mass region, the sintbound state. In this model, the produd@@ pair retains the
larity between theS; andS, parametrizations above 10 GeV information on its color, spin, and total angular momentum,
is visible in the CMS and ALICE plots. For completeness,requiring more parameters than the color evaporation model.
the LO Drell-Yan production cross sections per nucleon pair In the color evaporation modg49],
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FIG. 21. The Drell-Yan mass distribution compared to the dis-
tribution with S=1 at the LHC,|y|<1. and RHIC,|y|<0.35, cal-
culated with the MRST distributions. The ratios are shown at lead
ing and next-to-leading order in the Drell-Yan cross section for
homogeneous shadowing. The dashed line repre&nthe dot-
dashed lineS,, and the dotted lineS; ratios at leading order. The
next-to-leading order ratios are indicated by the symbolS) ( X

(S2), and+ (S5).

FIG. 23. The Drell-Yan rapidity distribution in the mass interval
4<m<9 GeV, compared to the distribution wits=1 in Au+Au
collisions at RHIC, calculated with the MRST LO distributions.
Central,b<0.2R,, semicentral, 0R,<b<1.1R,, and peripheral,
1.9R,<b<2.1R,, impact parameters are shown along with the
integral over allb. The lines indicate the homogeneous shadowing
result. The dashed line represefts the dot-dashed lines,, and
the dotted lineS; . Equation(3) is used to calculate the ratio f&;
~CB (circles, S, (squares andS; (diamonds.

i’
f(x1,Q3)f(x2,Q)——
dydrr? N 2y¢N 2
o2 g0, Q) f02,Q7)
N g 7g(Q%) e
:FC,BKth fg(xler)fg(X21Q2)% o_qE(QZ)

= (39
S

+ g (%, Q) 1 (x2,Q9)]

b<02R, 09R,<b<11R,

whereC andB represent the produced charmonium and bot-
tomonium states. The LO partoni@Q cross sections are
defined in[50] ands=x,X,S. The fraction ofQQ pairs be-

0.8r 1 08

1,y)

(% low the MM threshold that become the final quarkonium
i; state,Fc g, is fixed at NLO[49]. The factorKy, matches the
& LO cross section to the NLO result. Together, the multipli-
é cative factors=¢ g andKy, reproduce thep data in magni-
g tude and shape. Fal/ ¢ production, we usen.=1.3 GeV

and Q=m, with the GRV 94 LO distributions anth,=1.2
GeV andQ=2m, with the MRST LO densitie$49]. ForY
production, we takem,=Q=4.75 GeV with both sets of
parton distributions.

The J/4 cross section ratios in the color evaporation
model are given as a function of rapidity at LHC and RHIC
in Figs. 26 and 27, respectively. At both energies,$hend
S, results are very similar because the products of $he
shadowing ratios and th8, gluon shadowing ratios a

0.2

0.2

FIG. 22. The Drell-Yan rapidity distribution in the mass interval
4<m<9 GeV, relative toS=1 for Pbt+Pb collisions at the LHC,
calculated with the MRST LO distributions. Centrél<0.2R,, =2m.=2.4 GeV differ by only 1-2 % over a wide range, 5
semicentral, 0Ba<b<1.IR,, and peripheral, 1R\<b  ynits of rapidity at the LHC and 2.5 units at RHIC. The
<2.1R,, impact parameters are shown along with the integral ovetgtios with theS; parametrization are larger than with tSe
all b. The lines indicate the homogeneous shadowing result. Th%ndsz parametrizations. This is due to the nature of S3e
dashed line represeng, the dot-dashed lines,, and the dotted parametrization: at low and|y| there is less gluon shadow-

line, S;. Equation(3) is used to calculate the inhomogeneous shad- . A
owing ratios forS, (circles, S, (squarel andsS, (diamonds ing and at largex and|y| the gluon antishadowing is stronger
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1.0 i TABLE X. Leading order Drell-Yan cross section, in units of nb
' paed 10 NYIL . ~
(a) CMS Ny (©) STAR abd per nucleon pair, integrated over all impact parameters, for the
0.8 N f - ] ot MRST LO parton densities. Full azimuthal coverage is assumed.
- N 09} e
2 oos e craent o o(S=1) 0o(S=S) o(S=S)  o(S=Sy
Il Ay ] Detector (nb) (nb) (nb) (nb)
%) ) 1
5 0‘4_°"‘ O 08¢ o8
k) SO 1L 4<m<9 GeV
2 4, - ‘0 - CMs 4.05 1.90 1.57 2.26
ﬁ o auce At T G ehex st h T ALICE 1.89 0.86 0.68 1.04
¥ 08 ] sy STAR 0.32 0.26 0.26 0.28
© .t 0.9¢ ‘AA. PHENIX 0.13 0.10 0.10 0.11
08} - drwartoo 11<m<20 GeV
poEr L 0 ..' CMS 0.48 0.25 0.24 0.33
04rt 1 e ALICE 0.23 0.10 0.10 0.15

0 6 12 18 24 0 6 1z 18 24
b (fm)
. LO densities isQy~m,~1.1 GeV, suggesting tha@Q

FIG. 24. The impact parameter dependence of the Drell-Yan . . . LS .
cross section for 4:Fr:1<9pGeV caIcuIaF:ed with the MRST LO —2M IS an appropna}g Ch0|ce. Because the initial scale in
distributions. Results are shown for the central rapidity coverages o Ei GRVC?:‘ L_O derTS|t|eS|'Q0~mc/_2~0i63 _GeV, we lrJ]se
all four detectors. The lines indicate the homogeneous shadowintf M. LhoosIng t e scale propqrtlona e, Is somewhat
result: dashed line fo8,, dot-dashed line fo8,, and dotted line for ,Orf" ConS'Stem with the Cal,(:u'at'ons of the Dre!I'Yan and
S,. Equation(3) is used to calculate the ratio f@, (circles, S, ~ Minijet production cross sections. However, the light charm
(squarel andS, (diamonds. quark mass precludes this choice for the MRST LO densi-

ties. We have displayed the results with the MRST LO den-

than inS; and S,. These effects are also obvious in the sities. If the GRV 94 LO densities are used, the shadowing is
rapidity-integrated impact parameter dependence shown igomewhat stronger at both energies andshandS, results
Fig. 28. are different.

The J/ results in the color evaporation model are rather ~ Figures 29 and 30 show the shadowedross sections,
sensitive to the choice of parton distributions. This sensitivelative toS=1, as a function of rapidity in several impact
ity arises from the rather lom, compared to the initial scale parameter regions. THg andS, parametrizations now dif-

of many parton distributions. The initial scale of the MRST fer due to the evolution of th&, parametrization. Thé&,
parametrization, without evolution, gives ah ratio only

slightly different from that of thel/¢ at y=0 for the LHC
energy because, as changes from 44 10~ * for the J/ s to
1.7x10 2 for the Y aty=0, S, is nearly constant; see Fig.
2. The peak ay~4.3 with S; appears ag; goes through the
antishadowing region to the EMC region. While the maxi-
mum in the shadowing ratios occurs at similar rapidities in
J/y production,y~5 for S; andy~5.5 forS; andS,, theY
ratios peak ay~3.5 for S;, 4.5 forS;, andy~5 for S,. In
fact, now theS, and S; ratios are similar at the LHC. The
larger gluon antishadowing associated withs production

is reduced at the larger bottom mass. At RRiGhadowing

: : is further reduced relative to thi¢ ¢ than at LHC. In contrast
to Fig. 27, the ratio decreases with increasyngver all ra-

. | pidity. Note also thaY¥ production is restricted to a narrower
range than thd/y because th&' is heavier. LittleY shad-
owing is observed witls, while Sy exhibits strong antishad-
owing aty=0 sincex;=Xx,=0.048. TheY results are less
dependent on the choice of parton distributions thanltlle

b (fm) This set of parton distributions is weaker than that of the

FIG. 25. The impact parameter dependence of the DreII-Yanle' This _'S .beclausenb>Qo !n bOth sets so that we choose
cross section for 14 m< 20 GeV, calculated with the MRST LO Mp=Q, eliminating the ambiguity in scale due to the small
distributions. Results are shown for the central rapidity coverages ofharm quark mass id/ys production.
the two LHC detectors. The lines indicate the homogeneous shad- The impact parameter dependence Yfproduction is
owing result: dashed line fd8,, dot-dashed line fo8,, and dotted ~Shown for the central rapidity coverages of the LHC and
line for S;. Equation(3) is used to calculate the ratio fd8; RHIC detectors in Fig. 31. Thesg ratios are much more
(circles, S, (squarey andS; (diamonds. dependent on rapidity than the correspondihg ratios.

1.0

0.8} A

1,b)

0.61 .
-

0.4
1.0

S,b)/do(S

do(S=

0.8+ N

0.61 2

0.4
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FIG. 26. Thel/y rapidity distribution calculated in the color FIG. 28. The impact parameter dependencd/gf production
evaporation model with the MRST LO distributions, compared tocalculated in the color evaporation model with the MRST LO dis-
the distribution withS=1 in Pb+Pb collisions at the LHC. Central, tributions. Results are shown for the central rapidity coverages
b<0.2R,, semicentral, 0B,<b<1.1R,, and peripheral, 1R, given for all four detectors. The lines show the homogeneous shad-
<b<2.1R,, impact parameters are shown along with the integralowing result: dashed line f8,, dot-dashed line fo§,, and dotted
over all b. The lines show the homogeneous shadowing resultline for S;. Equation(3) is used to calculate the ratio fd3,
dashed line foS;, dot-dashed line foB,, and dotted line foiS;. (circles, S, (squarel andS; (diamonds.

Equation (3) is used to calculate the ratio fd8, (circles, S,

(squarel andS; (diamonds.

Since the largest shadowing or antishadowing occurs in th%eT:;o?f;?/(gs of _shadowmg on quarkonium production in
poration model are unchanged between LO and

central region, a stronger relatiweintegrated effect is ob- i .
served in the detectors with the narrowest rapidity acceptanNI‘O [51]. Even though at NLO quark-gluon scattering also

ces. This is particularly obvious for ti parametrization in contributes to quarkonium production, the fraction of the to-
PHENIX with respect to STAR. tal production cross section due to this new channel is not

1.0 ' ' ' 1.0 ' l ‘ 1.0 - ' 1.0
b<0.2R, 0.9R,<b<1.1R,
0.8 A Av‘”""‘._ 0.9r ‘..A"'A" b Y ]
e i at *a 0.8} 1 o8}
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FIG. 27. TheJ/y rapidity distribution calculated in the color FIG. 29. TheY rapidity distribution calculated in the color
evaporation model with the MRST LO distributions, compared toevaporation model with the MRST LO distributions, compared to
the distribution withS=1 in Au+Au collisions at RHIC. Central, the distribution withS=1 in Pb+Pb collisions at the LHC. Central,
b<0.2R,, semicentral, 0R,<b<1.1R,, and peripheral, 1R, b<0.2R,, semicentral, 0R,<b<1.1IR,, and peripheral, 1R,
<b<2.1R,, impact parameters are shown along with the integral<b<2.1R,, impact parameters are shown along with the integral
over all b. The lines show the homogeneous shadowing resultover all b. The lines show the homogeneous shadowing result:
dashed line foiS;, dot-dashed line fo6,, and dotted line foiS; . dashed line foiS;, dot-dashed line fof,, and dotted line foiS;.
Equation (3) is used to calculate the ratio fd8, (circles, S, Equation (3) is used to calculate the ratio fd8, (circles, S,
(squares andS; (diamonds. (squares andS; (diamonds.
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b<0.2R, |

0.9R, <b<1.1R,]

1.y)

S,y)/do(S

do(S=

FIG. 30. TheY rapidity distribution calculated in the color
evaporation model with the MRST LO distributions, compared to
the distribution withS=1 in Au+Au collisions at RHIC. Central,
b<0.2R,, semicentral, 0R,<b<1.1R,, and peripheral, 1R,

<b<2.1R,, impact parameters are shown along with the integraIThe expansion coefficients —

over all b. The lines show the homogeneous shadowing result
dashed line foiS;, dot-dashed line fof,, and dotted line foiS; .
Equation (3) is used to calculate the ratio fd8, (circles, S,
(squares andS; (diamonds.

large enough at these energies to change the shadowing &

fects.
The nonrelativistic QCOINRQCD) approach is an exten-
sion of the color singlet mod¢b2] which requiresl/¢'s to

PHYSICAL REVIEW C 61 044904

duction occurs dominantly through.; decays because direct
J/ ¢ production required a hard gluon emission on a pertur-
bative time scale. The NRQCD modé3] does not restrict
the angular momentum or color of the quarkonium state to
the lowest allowed color singlet state. Then, e.gl/ & may
produced as &P, color octet which hadronizes through the
emission of nonperturbative soft gluons.

The rapidity distribution of the final-stai& or B is

5o

do
dy

f(x1,Q) ) (x,.Q?)
B 1 1 (X
_.2, En‘, fo dxldxzé(y—zln()(:))

X 01, QY N2, Q%) Cg (O 5.
(39

The sum ovei andj includes up, down, and strange quarks
and antiquarks as well as gluons since in NRQCD, e.g., the
process §+q)g— xc1X also contributes td/¢ production.

o are calculated perturba-
tively in powers ofag(Q?) up to ag and the nonperturbative
parameter¢© $'®) describe the hadronization of the quarko-
nium state. The expressions for the cross sections and the
values of the nonperturbative parameters can be found in
ef. [55]. Since(O $'B) were fixed using the CTEQ 3L par-
ton densitieg54] with m;=1.5 GeV,m,=4.9 GeV, andQ
=2mq, we use this set with the samg, andQ values to be
consistent with fixed target cross sectigb§|.

be produced with the correct color and total angular momen- 1he totalJ/¢ cross section includes radiative decays of

tum. The color singlet model predicts that high-J/ ¢ pro-

10 ) .
A
(a) CMS R I
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L a®

R 0.8 st Al sman \

a PO S i B ‘A

T 0.6-.--..‘ . A‘AAA

[/2] . 1.0 ) PN R AR

ke csese? Lese®

3 04 pgrEveve i

= 1.0 AAAAAA

0] . .

att

A (b) ALICE R 12t R

3 o0s e :

° et 11l @ PHENIX  *,
AAAANE M . AA
hapua® ¥ - 4aa

0.6p0 .o 1.0"-. m _.l:::,.,:
" ..
.‘...' ooo".‘...
) : : : 0.9 - : s
0.4 5 1 15 20 0 5 10 15 20
b (fm) b (fm)

FIG. 31. The impact parameter dependenceYoproduction
calculated in the color evaporation model with the MRST LO dis-

the x.j states and hadronic decays of thg

2

+§0 B(Xcs— I/ 9X)

do

XcJ

dy

dO'l/,/

+B(y — I pX) ——. (40)
dy

Likewise, the totalY cross section includes radiative decays
from xp3(1P) andyp;(2P) states and hadronic decays from
theY (2S) andY (3S) states. We have not included radiative
decays from the proposeg,;(3P) states since their branch-
ing ratios to the lower bottomonium states are unknown.
Then

2

do
(1P)
+ 2 Bo(1P) = YX) =

dy

doy doy
dy

d
+ Beﬁ(Y(ZS)—>YX)$

2

tributions. Results are shown for the central rapidity coverages
given for all four detectors. The lines show the homogeneous shad-
owing result: dashed line fd8;, dot-dashed line fo§,, and dotted

line for S;. Equation (3) is used to calculate the ratio fds;
(circles, S, (squares andS; (diamonds.
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Note that as well as the direct decays of the higher bottomo-  , [—— — — ™~ 0
nium states to thé&’, a final-stateY can be produced by a b<0.2R, 098, <b< 1.1,
chain of hadronic and radiative decays. In the case of e.qg.
the Y (3S), decays toY (2S) andY are of the same order as
decays to the,3(2P) states. The branching ratios above the
xb3(1P) states are labeled &, to indicate that direct as
well as chain decays are included in the total branching ratio,
The perturbative part of the productidﬁga[n] , is the same
fortheY, Y (2S), andY (3S) states and for thg,;(1P) and
Xb3(2P) states. Only the parametgi@ ) change. The com-
plex feeddown of the higher bottomonium states to ¥he
requires more parameters thahy production.

In contrast, in the color evaporation model, the rapidity
distributions of all states are assumed to be the same; thus
e.g.,Fy, in Eq. (38) includes they.; and " decay contri-
butions given explicitly in Eq(40).

Two differences between the NRQCD and color evapora-
tion approaches are relevant here. The first concernx the
values probed. Since the color evaporation model integrates FIG. 32. Thel/y rapidity distribution calculated in the NRQCD
overQa pair mass up to thi M threshold, it averages over model with the CTEQ 3L distributions, compared to the distribution
the x range ZnQ/\/%<X<2mM/m The pair mass in- WlthS:]. in Pb+Pb collisions at the LHC._Centrab<O.2RA,
tegration also includes limite@? evolution in the parton Semicentral, 0B,<b<1.IR,, and peripheral, 1R,<b
densities and the shadowing parametrizations. The NRQCD 2-1Ra . impact parameters are shown along with the integral over
formulation selects specific; andx, values for some of the 6}” b. The lines show the homogeneous shgdowmg result:. dashed
states and only involves a convolution ovefor color sin- Ilne_ forS,, dot-dashed line f°‘_52' and (_jOttEd line fofs, . Equation

. — (3) is used to calculate the ratio f&; (circles, S, (squares andS;
glet production of, e.g9.99—J/ ¥, xc1.xc2 and g(g+q) (triangles.
— X1 - Additionally, production is at fixe®? for all states.

The second difference is thg(q+q) contribution to  The same trends seen in the color evaporation model are
NRQCD production, absent in the color evaporation modelopserved here except that shadowing or antishadowing ef-
We show NRQCD results fad/ ¢ production in Figs. 32  fects are reduced for NRQCD production. Here, the latger

and 33. Since thSl parametrization is flavor an@z inde- quark mass, 4.9 GeV, and scal@r 2m,, reduce the mag-

pendent, these results are least influenced by the productiq{hude of the shadowing. The importanceqﬁannihilation
model. The differences between the models are most obvious '

— L in the color evaporation model relative to the and
at RHIC where theqq contribution is~5% of the color ) tributi P in NROCD affects th :ﬁd .g(q_l_h
evaporation cross section anel% of the NRQCD cross ) contributions in NRQCD affects the shadowing. The

section. The g(qua) contribution is ~3-4% of the g(g+q) component in NRQCD is 1% or less of thecross

NRQCD cross section. Since the gluon is antishadowed atection at both RHIC and LHC. The higher quark mass
RHIC, significantly less shadowing can be expected in th@robes largex values where thgq contribution is larger. At
NRQCD model than in the color evaporation model. TheRHIC, qq contributes 13—16 % of the tot3l cross section
relative reduction in shadowing is particularly obvious forin the color evaporation model compared to 36—56 % of the
the S; parametrization in Fig. 33 where the cross sectiontotal Y cross section in the NRQCD approach. The larger
ratio is ~0.95 over 1.5 units of rapidity whepeis antishad- fraction of Y production byqq annihilation in NRQCD is
owed. At larger rapidityx is in the EMC region and th&;  due to the large octet,,; contribution.
gluon ratio decreases again, as shown on Fig. 2.Shatio The integrated)/y cross sections per nucleon pair for
is generally flatter because the gluon ratio is not reduced ifoth models are shown in Table XI. The factgy, is in-
the EMC region. The difference between the two approachegjuded for the color evaporation model while the NRQCD
is significantly smaller at the LHC where tlag contribution ~ parameters are fit to the measured cross sections at LO. The
is less than 1% for both models and therefore plays practiS=1 cross sections agree within 5-7 % at RHIC and within
cally no role. 15% at the LHC. The NRQCD results are lower than the
The impact parameter dependence of shadowing in theolor evaporation results at RHIC but the NRQCD cross sec-
NRQCD approach o/ production is shown in Fig. 34. tion grows faster with energy than the color evaporation
The difference between shadowing in this model and on theross section. This behavior can be attributed to the different
color evaporation model seen in the rapidity distributions issmall x behavior of the MRST LO and CTEQ 3L parton
obvious here as well. densities. With homogeneous shadowing, the differences are
The effect of shadowing ol production in the NRQCD more striking, as reflected in Figs. 26—34.
approach is shown in the rapidity distributions in Figs. 35 Table Xl shows the integrated production cross sec-
and 36 and in the impact parameter dependence in Fig. 3fions per nucleon pair for both models. The theoreti€al

10 10
1.9R, <b<2.1R
: A : as lA a”b

do(S=S,y) /do(S=1,y)
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FIG. 33. Thel/y rapidity distribution calculated in the NRQCD ~ FIG. 34. The impact parameter dependencd/af production
model with the CTEQ 3L distributions, compared to the distribution c@lculated in NRQCD with the CTEQ 3L distributions. Results are
with S=1 in Au+Au collisions at RHIC. Centrah<0.2R, , semi- shown for the central rapidity coverages given for all four detegtors.
central, 0.R,<b<1.1R,, and peripheral, 1R, <b<2.1R,, im- The lines show t_he homogeneous sha_ldowmg result: o!ashed_ line for
pact parameters are shown along with the integral oveb.allhe ~ S1» dot-dashed line fof,, and dotted line fosS; . Equation(3) is
lines show the homogeneous shadowing result: dashed ling, for USed to calculate the ratio fd, (circles, S, (squares and S
dot-dashed line foB,, and dotted line foS;. Equation(3) calcu-  (triangles.
late the ratio forS,; (circles, S, (squarey andS; (triangles.

than the change in the initial conditions when soft production
factor is included for the color evaporation mo@4®]. The is incluc_ie_d. We_have compared the ini_tial conditions in cen-
NRQCD parameters have been fit to fixed tarjeproduc- tral_ collisions with hom_ogeneous and mhomogen_eous shad-
tion data. The two modeY cross sections do not agree as ©Wing and found the difference to be small. The inhomoge-
well as do those of thd/y. Reasons for this disagreement N€ity of the shadowing becomes more important in
might include the greater number Wfparameters needed to
fit a more limited set of data or the absence of the possible 1 i i 1.0
Xbi(3P) decays in this calculation. b<02R,

Finally, we mention one caveat concerning quarkonium
production. Since the initial quarkonium state is typically a _
color octet and obtains its final-state identity in a later soft >
interaction, it is conceivable that production and conversion}
occur far enough apart in position space for the strength of®
the apparent shadowing to be different. However, if shadow-%
ing is considered to only affect quarkonium at the productione”
point, this separation is insignificant. In any case, this sepaé

0.9R,<b<1.1R,

ration is a much bigger issue imp interactions, where the 3§ e A-‘:‘.f,-::—' A
two points must be quite close. 0.8 —— e
VI. DISCUSSION AND CONCLUSIONS ~ teT } ——
085 2 4 s "% 2 1 6

We have studied the effect of shadowing and its position
dependence on particle production in nucleus-nucleus colli- y
Slpn..s at .RHIC and LHC energies. Shadowing can reduc_e the FIG. 35. TheY rapidity distribution calculated in the NRQCD
minijet yields by up toa f_actor of 2 at the LHC Assum'n_g_model with the CTEQ 3L distributions, compared to the distribution
that hard production dominates the determination of the iniy i, s=1 in Pb+Pb collisions at the LHC. Centrab<0.2R, ,
tial conditions and that the high minijet yield leads to equili- semicentral, 0B,<b<1.1R,, and peripheral, 1R,<b
bration, the initial energy density and apparent temperature 2 1R, , impact parameters are shown along with the integral over
can be significantly reduced. Fast equilibration is unlikely,all b. The lines show the homogeneous shadowing result: dashed
even for the gluons alone, when shadowing is included. Théne for S,, dot-dashed line fo8,, and dotted line fos, . Equation
change in the initial conditions due to shadowing is consid{3) is used to calculate the ratio f&; (circles, S, (squarel andS;
erably smaller at RHIC, on the order of a few percent, lesstriangles.
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1.2 ; . 1.2 TABLE XI. J/¢ production cross sections in the color evapora-
. b<0.2R, » 0.9R,<b<1.1R, tion and NRQCD approach in units @fb per nucleon pair. No
1'1""""“'*.,., TR R ] nuclear absorption of thé/« in the final state is included. The
1.0 - A 1.0 color evaporation cross sections were calculated with the MRST
= cweege e LO parton densities and the NRQCD results were obtained with the
'T; 0.9t 1 09 CTEQ 3L distributions. Both are normalized so as to agree with
@ results from charmonium hadroproduction. Full azimuthal coverage
S 08 08¢ is assumed.
= 12 12
e L i1hoa aib | o(S=1) 0o(S=S) o(S=S,) o(S=Sy)
9% ' b, Detector (ub) (ub) (ub) (ub)
ie) 10 10 — N - K
A Color evaporation model
0.9t 0ok T o ] CMS 435 19.6 19.2 22.8
RN ALICE 18.8 8.23 8.00 9.63
0.8y J . 08y , ™ sTAR 1.62 1.12 1.12 1.43
0 1 2 0 1 2 PHENIX 0.65 0.44 0.40 0.56
y y NRQCD
FIG. 36. TheY rapidity distribution calculated in the NRQCD CMS 51.0 23.8 211 29.8
model with the CTEQ 3L distributions, compared to the distributionALICE 215 9.75 111 12.3
with S=1 in Au+Au collisions at RHIC. Centrah<<0.2R,, semi- 1.54 111 1.16 1.49
0.60 0.44 0.45 0.58

central, 0.R,<b<1.1R,, and peripheral, 1R, <b<2.1R,, im-  PHENIX

pact parameters are shown along with the integral oveb.allhe
lines show the homogeneous shadowing result: dashed lins, for

dot-dashed line fo,, and dotted line folS;. Equation(3) calcu-  ton densities. Since we assurke,=1, we have been very
late the ratio forS, (circles, S, (squares andS; (triangles. conservative in our estimates of the initial conditions. None-
theless, once unitarity is satisfied at the LHC, the hard com-
peripheral collisions. We have also showed the shadowingonent is likely be reduced judging from the difference be-
effects on theE distributions for the central rapidity accep- tween the GRV 94 LO and the MRST LO cross sections.
tance of the major detectors at the LHC and RHIC. We notélhus lower number and energy densities may be expected
that our results at RHIC are more stable with respect tdor LHC collisions.
changes in the parton densities than at the LHC where the Finally we have studied the effects on th&y, Y, and
smallx behavior of the gluons can lead to unitarity viola- Drell-Yan yields. A careful measurement of théay, Y, and
tions, the size of which depends strongly on the chosen paBrell-Yan rates as a function of rapidity can help distinguish
between shadowing models as well as the quarkonium pro-

duction mechanism since the color evaporation and NRQCD

1.0 Yy
(@) CMS AA::;H' 110Fasaa,,
L aadome ‘AA TABLE XIl. Y production cross sections in the color evapora-
_ L et 105t (c) STAR  a tion and NRQCD approach in units gfb per nucleon pair. No
o 0BperErTY . 1 Y, nuclear absorption of th¥ in the final state is included. The color
;—'5 K ¢ 1.00 T :::: evaporation cross sections were calculated with the MRST LO par-
% srvveee? S ton densities and the NRQCD results were obtained with the CTEQ
2 0.6 . . . 095k s 000 . 3L distributions. Both are normalized so as to agree with results
U'Q.)—_ 1.0 i i i —7 YN ' ' from bottomonium hadroproduction. Full azimuthal coverage is as-
& (0) AUCE  ,auiitt 1108 fa, sumed.
b s N A . s ® A
O S 105 (@) PHENIX 7(S=1)  o(S=S) o(S=%)  o(S=Sy)
08fwivww X 7 ol Detector (nb) (nb) (nb) (nb)
L 1.00 pe-sesnn S ITETTRE. )
. . Color evaporation model
06 venert , 0.95 B : CMS 377 187 249 267
o 5 10 15 2000 5 10 15 20  ALICE 169 80 107 117
b (fm) b (im) STAR 4.80 4.38 4.72 5.76
FIG. 37. The impact parameter dependenceYoproduction PHENIX 1.92 177 1.89 2.36
calculated in NRQCD with the CTEQ 3L distributions. Results are NRQCD
shown for the central rapidity coverages given for all four detectorsCMS 419 282 343 365
The lines show the homogeneous shadowing result: dashed line fé¥LICE 181 119 146 157
S,, dot-dashed line fo6,, and dotted line foiS;. Equation(3) is STAR 6.19 5.92 6.17 6.74
used to calculate the ratio fd, (circles, S, (squares and S; PHENIX 2.52 2.43 2.52 2.78

(triangles.
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approaches lead to quite different shadowing patterns. Beshould depend oE+. If the slopes are significantly different

cause there is typically a larger shadowing effect on quarkofor central, intermediate, and peripheral collisions, this

nium production in the color evaporation model than onwould be a clear demonstration that shadowing depends on

Drell-Yan production, e.g., th&/ ¢ to Drell-Yan ratio would  position. The only complication may be due to parton energy

be smaller than that expected 8k 1. On the other hand, loss before the hard interaction.

the NRQCD approach predicts the reverse—thes to

Drell-Yan ratio may be larger than expected whes 1. ACKNOWLEDGMENTS

Since the effect of shadowing depends on the Drell-Yan pair

mass, if the Drell-Yan yield is to be used as a base line to V.E. and A.K. would like to thank the LBNL Relativistic

compare the yield of other hard probes, the rates should biduclear Collisions group for their hospitality and M. Strikha-

measured directly in the mass region of interest rather thanov and V.V. Grushin for discussions and support. We also

relying on calculations to extrapolate into an unmeasuredhank K.J. Eskola for providing the shadowing routines and

region. for discussions. This work was supported in part by the Di-
One key test of the impact parameter dependence of shaslision of Nuclear Physics of the Office of High Energy and

owing is the slope of the Drell-Yan mass distribution; if Nuclear Physics of the U.S. Department of Energy under

shadowing varies with position, the slope of the distributionContract No. DE-AC03-76SF00098.

[1] J.J. Aubertet al,, Nucl. Phys.B293 740(198%; M. Arneodo, [21] S. Kumano and F.E. Close, Phys. Rev4C 1855(1990.

Phys. Rep240, 301 (1994. [22] G.L. Li, K.F. Liu, and G.E. Brown, Phys. Lett. B13 531
[2] T. Kitagaki et al,, Phys. Lett. B214, 281 (1988. (1988.
[3] V. Emel'yanov, A. Khodinov, S.R. Klein, and R. Vogt, Phys. [23] K.J. Eskola and M. Gyulassy, Phys. Rev. 47, 2329
Rev. C56, 2726(1997. (1993.
[4] V. Emel'yanov, A. Khodinov, and M. Strikhanov, Yad. Fiz. [24] K.J. Eskola and K. Kajantie, Z. Phys. 15, 515(1997); K.J.
60, 539 (1997 [Phys. At. Nucl.60, 465(1997]. Eskola, K. Kajantie, and J. Lindfors, Nucl. PhyB323 37
[5] V. Emel'yanov, A. Khodinov, S.R. Klein, and R. Vogt, Phys. (1989.
Rev. Lett.81, 1801(1998. [25] K.J. Eskola and X.-N. Wang, Int. J. Mod. Phys. 18, 2881
[6] C.W. deJager, H. deVries, and C. deVries, At. Data Nucl. Data  (1995.
Tables14, 485(1974. [26] A. Leonidov and D. Ostrovsky, hep-ph/9811417.
[7] H1 Collaboration, C. Adloffet al, Nucl. Phys.B497 3 [27] K.J. Eskola, B. Miler, and X.-N. Wang, Phys. Lett. B74, 20
(1997); ZEUS Collaboration, J. Breitwegt al, Eur. Phys. J. C (1996.
7, 609 (1999. [28] K.J. Eskola, R. Vogt, and X.-N. Wang, Int. J. Mod. Phys. A
[8] M. Gluck, E. Reya, and A. Vogt, Z. Phys. €7, 433(1995. 10, 3087(1999; R. Vogt, Heavy lon Phys9, 339 (1999.
[9] A.D. Martin, R.G. Roberts, W.J. Stirling, and R.S. Thorne, [29] ZEUS Collaboration, J. Breitweet al, Eur. Phys. J. @, 609
Eur. Phys. J. @1, 463(1998; Phys. Lett. B443 301 (1998. (1999.
[10] K.J. Eskola, J. Qiu, and J. Czyzewsfgrivate communica- [30] UA2 Collaboration, M. Banneet al, Phys. Lett.118B, 203
tion). (1982.
[11] D.W. Duke and J.F. Owens, Phys. Rev.3D, 49 (1984. [31] A. Leonidov, in Proceedings of the RIKEN/BNL workshop on
[12] K.J. Eskola, Nucl. PhysB400, 240(1993. “Hard Parton Physics in High Energy Nuclear Collisions,”
[13] M. Glick, E. Reya, and A. Vogt, Z. Phys. &3, 127(1992. BNL, 1999.
[14] K.J. Eskola, V.J. Kolhinen, and P.V. Ruuskanen, Nucl. Phys[32] CMS Technical Proposal, Report No. CERN/LHCC 94-38,
B535 351(1998. 1994.
[15] K.J. Eskola, V.J. Kolhinen, and C.A. Salgado, Eur. Phys. J. J33] ALICE Technical Proposal, Report No. CERN/LHCC/95-71,
9, 61(1999. 1995; ALICE Addendum to the Technical Proposal, Report
[16] L.V. Gribov, E.M. Levin, and M.G. Ryskin, Phys. Rep00, 1 No. CERN/LHCC/96-32, 1996; ALICE Collaboration, A.
(1983. Morschet al, Nucl. Phys.A638, 571c(1998.
[17] A.L. Ayala, M.B. Gay Ducati, and E.M. Levin, Nucl. Phys. [34] STAR Conceptual Design Report No. LBL PUB-5347, 1992;
B493 305(1997. STAR Collaboration, H. Wiemaret al, Nucl. Phys.A638,
[18] Z. Huang, H. Jung Lu, and I. Sarcevic, Nucl. Ph&37, 79 559¢(1998.
(1998. [35] PHENIX Conceptual Design Report, 1993npublishedl
[19] L.D. Landau and l.Ya. Pomeranchuk, Dokl. Akad. Nauk SSSR[36] N. Hammon, H. Stoker, and W. Greiner, Phys. Rev. &,
92, 535(1953; 92, 735(1953; A.B. Migdal, Phys. Rev103 014901(2000.
1811(1956; S.R. Klein, Rev. Mod. Phys71, 1501(1999. [37] J.D. Bjorken, Phys. Rev. 27, 140 (1983.
[20] D. Kahana, in Proceedings of “RHIC Summer Study '96: [38] K.J. Eskola, K. Kajantie, and P.V. Ruuskanen, Phys. Lett. B
Theory Workshop on Relativistic Heavy lon Collisions,” ed- 332 191(19949.
ited by D.E. Kahana and Y. Pang, Report No. BNL-52514, p.[39] M. Gyulassy and X.-N. Wang, Phys. Rev.44, 3501(199).
175; Y. Pangijbid., p. 193. [40] H.R. Schmidtet al, Z. Phys. C38, 109 (1988.

044904-26



EFFECT OF SHADOWING ON INITIAL CONDITIONS. .. PHYSICAL REVIEW C 61 044904

[41] R. Albrechtet al, Z. Phys. C38, 3 (1988; J. Schukraftjbid. [49] R.V. Gavai, D. Kharzeev, H. Satz, G. Schuler, K. Sridhar, and

38, 59(1988; A. Bambergeret al, ibid. 38, 89 (1988. R. Vogt, Int. J. Mod. Phys. A0, 3043(1995; G.A. Schuler
[42] C. Casoet al, Eur. Phys. J. (3, 1 (1998. and R. Vogt, Phys. Lett. B87, 181(1996.
[43] T. Akessonet al, Phys. Lett. B214, 295(1988. [50] B.L. Combridge, Nucl. PhysB151, 429(1979.
[44] G. Baym, G. Friedman, and I. Sarcevic, Phys. Let2I® 205  [51] R. Vogt, Phys Rev. Gto be publishel hep-ph/9907317.
(1989. [52] R. Baier and R. Rekl, Z. Phys. C19, 251 (1983; G.A.
[45] A. Capella, A. Kaidalov, and J. Tran Thanh Van, Heavy lon Schuler, CERN Report No. CERN-TH.7170/94.
Phys.9, 169(1999. [53] G.T. Bodwin, E. Braaten, and G.P. Lepage, Phys. Re%1D
[46] T.S. Biro, E. van Doorn, B. Miler, M.H. Thoma, and X.-N. 1125(1995.
Wang, Phys. Rev. @8, 1275(1993. [54] H.L. Lai, J. Botts, J. Huston, J.G. Morfin, J.F. Owens, J.W.
[47] V. Emel'yanov, A. Khodinov, S. Klein, and R. Vogt, Phys. Qiu, W.K. Tung, and H. Weerts, Phys. Rev. Bl, 4763
Rev. C59, R1860(1999. (1995.
[48] S. Gavinet al, Int. J. Mod. Phys. AL0O, 2961(1995. [55] M. Beneke and I.Z. Rothstein, Phys. Rev5B, 2005(1996.

044904-27



