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Effect of shadowing on initial conditions, transverse energy, and hard probes
in ultrarelativistic heavy ion collisions
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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-Yan,J/c, 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 presented for Au1Au
collisions atAsNN5200 GeV and Pb1Pb collisions atAsNN55.5 TeV.

PACS number~s!: 25.75.Dw, 24.85.1p, 21.65.1f
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I. INTRODUCTION

Experiments@1# have shown that the proton and neutr
structure functions are modified in the nuclear environme
The modification depends on the parton momentum frac
x. For mediumx, 0.3,x,0.7, the nuclear parton distribu
tions are depleted relative to those in isolated nucleons.
intermediatex, 0.1,x,0.3, the distributions are enhance
an effect known as antishadowing. Finally, for smallx, x
,0.1, the nuclear depletion returns. We refer to the en
characteristic modification as a function ofx as shadowing.
To date, most measurements of shadowing have stu
charged partons, quarks, and antiquarks, through d
inelastic scattering~DIS!, eA→e8X, while the behavior of
the nuclear gluon distribution has been inferred from
modifications to the charged partons.

Almost all of these measurements were blind to the po
tion of the nucleons in the nucleus. However, most model
shadowing predict that the structure function modificatio
should be correlated with the local nuclear density. For
ample, if shadowing is due to gluon recombination, it sho
be proportional to the local nuclear density. The only expe
mental study of the spatial dependence of parton distr
tions relied on dark tracks in emulsion to tag more cen
collisions @2#. They found evidence of a spatial dependen
but could not determine the form.

This paper studies the effect of shadowing and its posi
dependence in ultrarelativistic Au1Au collisions at a center
of mass energy of 200 GeV per nucleon, as will be studie
the Brookhaven Relativistic Heavy Ion Collider~RHIC! and
in 5.5 TeV per nucleon Pb1Pb collisions expected at th
CERN Large Hadron Collider~LHC!. We determine the ini-
tial quark, antiquark, and gluon production and the first t
ET moments of minijet production for two commonly use
parton distributions, with three shadowing parametrizatio
Following previous calculations, we find the initial energ
density and the average energy per particle. We critic
examine the concept of fast thermalization in these co
sions.

The spatial dependence of shadowing is reflected in
ticle production as a function of impact parameterb, which
may be inferred from the total transverse energyET pro-
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duced in a heavy ion collision@3,4#. We discuss the relation
ship betweenET andb including both hard and soft contri
butions. We then consider the effect of shadowing on
production of hard probes such asJ/c, Y, and Drell-Yan
dileptons as a function ofb. These latter calculations
complement studies of shadowing in open charm and bot
production@5#.

Section II discusses the initial-state nuclear parton dis
butions, including shadowing and its spatial dependen
Section III then considers minijet production and the effe
on initial conditions for further evolution of the system. Se
tion IV is devoted to the relationship between transverse
ergy and impact parameter. Section V discussesJ/c and
Drell-Yan production and their sensitivity to the nuclear pa
ton distributions. Finally, Sec. VI gives some conclusions

II. NUCLEAR PARTON DISTRIBUTIONS

The nuclear parton densitiesFi
A are assumed be the prod

uct of the nucleon density in the nucleusrA(s), the nucleon
parton density f i

N(x,Q2), and a shadowing function

Si(A,x,Q2,rW,z) whereA is the atomic mass number,x is the
parton momentum fraction,Q2 is the interaction scale, andrW
andz are the transverse and longitudinal location of the p

ton in position space withs5AurWu21z2 so that

Fi
A~x,Q2,rW,z!5rA~s!Si~A,x,Q2,rW,z! f i

N~x,Q2!. ~1!

In the absence of nuclear modifications,Si(A,x,Q2,rW,z)
[1. The density of nucleons in the nucleus is given by
Woods-Saxon distribution

rA~s!5r0

11v~s/RA!2

11exp@~s2RA!/d#
, ~2!

where the nuclear radiusRA , skin thicknessd, and oblate-
ness v are determined from low energy electron-nucle
scattering@6#. The central density is determined by the no
malization*d2rdzrA(s)5A. Results are given for Au1Au
collisions at RHIC and Pb1Pb collisions at the LHC with
RAu56.38 fm andRPb56.62 fm, respectively.
©2000 The American Physical Society04-1
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The densities of partoni in the nucleon are obtained from
fits to DIS data. These fits are necessary because the d
butions at the initial scaleQ0 are nonperturbative. Howeve
the parametrizations off i

N are only reliable where measure
ments exist. The continually improving DIS data fro
HERA @7# shows that uncertainties still exist at smallx.
Therefore, we consider two different parton distribution se
Both are chosen because they are leading order~LO! sets
which are more consistent with a leading order calculati
They also have a relatively low initial scale. The GRV 9
LO @8# distributions have a lower scale,Q050.63 GeV, than
the MRST LO @9# central gluon distribution withQ051
GeV. Figure 1 compares the valence,qV5uV1dV , sea
quark, qS52(ū1d̄1 s̄), and the gluon,g, distributions at
Q254 GeV2 of the two sets. In the low-x region probed by
the LHC the valence and sea quark distributions in both
are similar. However, the MRST LO gluon distribution
less than half as large as the GRV 94 LO gluon distributi
As we show in the next section, the gluons dominate part
production at the LHC. Thus the low-x gluon density will
significantly affect the initial conditions obtained for the
high energies. Atx;0.01 the parton densities are we
known so that the two sets are similar and the choice of
proton-parton distributions do not strongly influence the i
tial conditions at RHIC.

Shadowing is an area of intense study with numer
models available in the literature@1#. However, none of the
models can satisfactorily explain the behavior of the nucl
parton distributions over the entirex and Q2 range. There-
fore, we choose to use parameterizations of shadowing b

FIG. 1. The~a! valence,~b! sea, and~c! gluon distributions in a
proton are given atQ25p0

254 GeV2 for the GRV 94 LO~solid
curve! and MRST LO~dashed curve! sets.
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on data. We use three different fits, all based on nuclear
data. As in DIS with protons, the nuclear gluon distributi
is not directly measured and can only be inferred from c
servation rules. The first parametrizationS1(A,x) treats
quarks, antiquarks, and gluons identically withoutQ2 evolu-
tion @10#. The other two evolve withQ2 and conserve baryon
number and total momentum. TheS2

i (A,x,Q2) parametriza-
tion, starting from the Duke-Owens parton densities@11#,
modifies the valence quarks, sea quarks, and gluons s
rately and includesQ2 evolution for Q052,Q,10 GeV
@12#. The third parametrization,S3

i (A,x,Q2) is based on the
GRV LO @13# parton densities. Each parton type is evolv
separately aboveQ051.5 GeV@14,15#. The initial gluon dis-
tribution in S3 shows significant antishadowing for 0.1,x
,0.3 while the sea quark distributions are shadowed. In c
trast,S2 has less gluon antishadowing and essentially no
quark effect in the samex region. SinceS3 includes the most
recent nuclear DIS data, it should perhaps be favored. Fig
2 comparesS1 , S2, andS3 for Q5Q0 andQ510 GeV.

The remaining ingredient is the spatial dependence of
shadowing. Unfortunately, there is little relevant data. F
milab experiment E745 studied the spatial distribution
nuclear structure functions withnN interactions in emulsion.
The presence of one or more dark tracks from slow prot
is used to infer a more central interaction@2#. For events with

FIG. 2. The three shadowing parametrizations forA5200 for
~a! valence quarks,~b! sea quarks, and~c! gluons, relative toS
51. TheS1 parametrization is shown as the solid curves. TheS2

ratios are given by the dashed curves. At lowx, the lower curves are
for Q52 GeV while the upper are forQ510 GeV. TheS3 ratios, in

the dot-dashed curves, are shown for theuV and ū. The lower
curves at lowx are forQ51.5 GeV while the upper curves at low
x are forQ510 GeV.
4-2
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EFFECT OF SHADOWING ON INITIAL CONDITIONS, . . . PHYSICAL REVIEW C 61 044904
no dark tracks, no shadowing is observed, while for eve
with dark tracks, shadowing is enhanced over spatially in
pendent measurements from other experiments. Unfo
nately, these data are too limited to be used in a fit of
spatial dependence.

Most models of shadowing predict that the nuclear par
densities should depend on the interaction point within
nucleus. In one model, at high parton density gluons and
quarks from one nucleon can interact with partons in an
jacent nucleon@16# so that shadowing is proportional to th
local density, Eq.~2! @3,5#. Then

SWS
i 5Si~A,x,Q2,rW,z!511NWS@Si~A,x,Q2!21#

rA~s!

r0
,

~3!

whereNWS is chosen so that (1/A)*d2rdzrA(s)SWS
i 5Si . At

large distances,s@RA , the nucleons behave as free partic
while in the center of the nucleus, the modifications a
larger than the average valueSi .

In another approach, shadowing stems from multiple
teractions by an incident parton@17#. Parton-parton interac
tions are spread longitudinally over a distance known as
coherence length,l c51/2mx, wherem is the nucleon mass
@18#. For x,0.016, l c is greater than any nuclear radius a
the interaction of the incoming parton is delocalized over
entire trajectory. The incident parton interacts coheren
with all of the target partons along this interaction length.
large x, l c!RA and shadowing is proportional to the loc
density at the interaction point, while for smallx, it depends
on the density integrated over the incident parton trajecto
Both formulations reproduce the spatially independent sh
owing data quite well. Unfortunately, the available data@2#
are inadequate to test these theories.

Because of the difficulty of matching the shadowing
large and smallx while maintaining baryon number and mo
mentum conservation, we do not include the multip
scattering model explicitly in our calculations. However, w
do consider the small-x and large-x limits separately. Equa
tion ~3! corresponds to the large-x limit. In the small-x re-
gime, the spatial dependence may be parametrized:

Sr
i ~A,x,Q2,rW,z!511Nr@Si~A,x,Q2!21#E dzrA~rW,z!.

~4!

The integral overz includes the material traversed b
the incident nucleon. The normalization requir
(1/A)*d2rdzrA(s)Sr

i 5Si . We findNr.NWS.
There are a number of difficulties with the cohere

interaction picture. While traversing the formation leng
both the incident and the produced partons will undergo m
tiple interactions, which will reduce the effective coheren
length, analogous to the Landau-Pomeranchuk-Migdal ef
@19#. Also, the picture of a single incident parton interacti
with a static nucleus is inappropriate in heavy ion collisio
since the parton density rises rapidly as many interacti
occur simultaneously. A step-by-step calculation can
04490
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solve this problem because nonlocal depictions of heavy
collisions are inevitably Lorentz frame dependent@20#. Fi-
nally, in a model where the parton densities are spread
over anx-dependent distance, baryon number is not loca
conserved.

We previously considered a variantSR
i , where shadowing

is proportional to the thickness of a spherical nucleus at
collision point @3#,

SR
i ~A,x,Q2,rW,z!

5H 11NR@Si~A,x,Q2!21#A12~ urWu/RA!2, r<RA ,

1, r .RA .

~5!

The normalizationNR, obtained after averaging overrA(s),
is similar to Nr . This model suffers from a discontinuou
derivative at r 5RA with no shadowing predicted forr
.RA , but is otherwise fairly similar toSr .

Figure 3 compares the radial dependence ofSWS, Sr , and
SR for Si(A,x,Q2)50.7. For the comparison,SWS is evalu-
ated atz50. TheSr andSR results are very similar excep
near the nuclear surface where they differ by'10%. Later
we compare calculations of the firstET moment withSWS
and Sr and show that the two results are very similar. C
culations usingSr and SR would be in closer agreemen
effectively indistinguishable.

Other mechanisms such as nuclear binding have also b
suggested as possible explanations of shadowing@21#. These
calculations can explain only a small fraction of the observ
effect@22#, at least forx.0.1. However, many of these mod
els would also predict some spatial dependence.

Given the difficulties of matching spatial dependences
different x and A while preserving baryon and momentu
conservation in the multiple-interaction model, we focus o
calculations on the local density model, and perform mos
our calculations usingSWS. However, as we will show, the

FIG. 3. The radial distribution of shadowing for three mode
SWS, Eq.~3!, ~solid curve!, SR , Eq.~5! ~dashed curve!, andSr , Eq.
~4!. All curves are normalized to a homogeneousSi(A,x,Q2) of
0.7. Note thatSWS is evaluated atz50.
4-3
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calculations are relatively insensitive to the exact parame
zation, suggesting that heavy ion collision studies will n
distinguish between different models.

For simplicity, we will refer to homogeneous~without
spatial dependence! and inhomogeneous~position depen-
dent! shadowing.

III. INITIAL CONDITIONS IN A¿A COLLISIONS

At RHIC and LHC perturbative QCD processes are e
pected to be an important component of the total part
production. At early times,t i;1/pT<1/p0;0.1 fm for p0
;2 GeV, semihard production of low-pT minijets will set
the stage for further evolution@23#. Copious minijet produc-
tion, especially gluonic minijets, in the initialNN collisions
has been suggested as a mechanism for rapid thermaliza
particularly at the LHC. We critically examine this idea, wi
special attention to the effects of shadowing on these ex
tations.

Minijet production is calculated from the jet cross secti
for pT.p0 . At leading order the rapidity,y, distribution of a
parton flavorf produced in the parton subprocessi j →kl in
AB collisions is@24#

ds f~p0!

d2bd2rdy
5K jetE dpT

2dy2dzdz8(
i j 5
^kl&

x1Fi
A~x1 ,pT

2 ,rW,z!x2

3F j
B~x2 ,pT

2 ,bW 2rW,z8!
1

11dkl
Fd f k

dŝ

d t̂
i j →kl~ t̂ ,û!

1d f l

dŝ

d t̂
i j →kl~ û, t̂ !G , ~6!

wheret̂52pT
2(11e2(y2y2)) andû52pT

2(11e(y2y2)). The
limits of integration on pT

2 and y2 are p0
2,pT

2

,sNN /(4 cosh2 y) and ln(rpT
2e2y)<y2< ln(rpT

2ey) where

uyu< ln(rp0
1Ar p0

2 21), r pT
5AsNN/pT , and r p0

5AsNN/

2p0 . The sum over initial states includes all combinations
two parton species with three flavors while the final st
includes all pairs without a mutual exchange and four flav
~including charm! so thatas(pT) is calculated at one loop
with four flavors. The factor 1/(11dkl) accounts for the
identical particles in the final state. The factorK jet in Eq. ~6!
is the ratio of the next-to-leading order~NLO! to LO jet
cross sections and indicates the size of the NLO correcti
A previous analysis of high-pT jets predictedK jet'1.5 at
LHC energies@25#. A more recent NLO calculation of mini
jet production foundK jet'2 at both RHIC and LHC@26#.
AssumingK jet51, as in Ref.@24#, gives a conservative lowe
limit on minijet production. The cutoffp0 represents the
lowestpT scale at which perturbative QCD is valid. There
some uncertainty in the exact value ofp0 which can be con-
strained by soft physics@27#. However, 2 GeV should be
safe value for heavy ion collisions, especially at the LH
@24#. The effects of different choices forp0 will be discussed
later.
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The parton densities are evaluated at scalepT , with x
values at as low asx1,2;2p0 /AsNN;731024 at y5y250
in Pb1Pb collisions at 5.5 TeV/nucleon. At higher rapiditie
x1 or x2 can be even smaller. Thus the small-x behavior of
the parton densities strongly influences the initial conditio
of the minijet system.

FIG. 4. The rapidity distributions of quarks, antiquarks, gluon
and the sum of all contributions in Pb1Pb collisions atAsNN

55.5 TeV integrated overb and divided byAB calculated with the
GRV 94 LO parton distributions forp052 GeV. The solid curve is
without shadowing, the dashed is with shadowing parametriza
S1, the dot-dashed curve is withS2, and the dotted curve usesS3 .

FIG. 5. The rapidity distributions of quarks, antiquarks, gluon
and the sum of all contributions in Pb1Pb collisions atAsNN

55.5 TeV integrated overb and divided byAB calculated with the
MRST LO parton distributions forp052 GeV. The solid curve is
without shadowing, the dashed curve is with shadowing param
zationS1, the dot-dashed curve is withS2, and the dotted curve use
S3 .
4-4
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The resulting minijet rapidity distributions are shown
Figs. 4–7 for the two sets of parton distributions at the LH
and RHIC both without shadowing and with homogeneo
shadowing. Shadowing can reduce the number of produ
partons by up to a factor of 2 at the LHC, depending on
parametrization and the parton type. The smallest effec
observed with the newerS3 parametrization. At the lowe
RHIC energy,x1,2;0.02, and shadowing is smaller, as
shown in Fig. 2. As a result of the strong antishadowin
gluons are actually enhanced withS3 .

Since each collision has two final state partons, the t
number of partons of flavorf at impact parameterb is

N̄f~b,p0!52
ds f~p0!

d2b
, ~7!

whereds f(p0)/d2b is the integral of Eq.~6! over d2r and
dy normalized so that

E ds f~p0!

d2bdy
dy52

ds f~p0!

d2b
~8!

because there are two final-state partons in each collis
The total hard scattering cross section as a function of imp
parameter is the sum over all parton flavors so that

2(
f

ds f~p0!

d2b
52

ds~p0!

d2b
[sH~b,p0!. ~9!

FIG. 6. The rapidity distributions of quarks, antiquarks, gluo
and the sum of all contributions in Au1Au collisions at AsNN

5200 GeV integrated overb and divided byAB calculated with the
GRV 94 LO parton distributions forp052 GeV. The solid curve is
without shadowing, the dashed curve is with shadowing param
zationS1, the dot-dashed curve is withS2, and the dotted curve use
S3 .
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WhenS51 or S[Si(A,x,Q2) the spatial dependence facto
izes, the per nucleon cross section is independent ofb, and
the total cross section scales with the nuclear overlap fu
tion TAB(b) @28#. The overlap function is the convolution o
the nuclear density distributions@6#,

TAB~b!5E d2rWTA~rW !TB~bW 2rW !, ~10!

with the nuclear thickness functionTA(rW)5*dzrA(z,rW). For
AA collisions, TAA(0)'A2/(pRA

2)}A4/3. The transverse
area of the system and the initial volume atb50 are

AT5pRA
2 , ~11!

Vi5ATDyt i5ATDy/p0, ~12!

wheret i51/p0 andDy is the rapidity range.
Parton production saturates when the transverse area

cupied by the partons is larger than the total transverse
available. The total number of partons produced in the co
sion is the sum over flavors,

N̄H~b!5(
f

N̄f~b,p0!. ~13!

In a b50 collision, the partons occupy a transverse a
pN̄H(0)/p0

2 . Saturation occurs when the area occupied
partons is equivalent to the transverse area of the target

,

ri-

FIG. 7. The rapidity distributions of quarks, antiquarks, gluon
and the sum of all contributions in Au1Au collisions at AsNN

5200 GeV integrated overb and divided byAB calculated with the
MRST LO parton distribution forp052 GeV. The solid curve is
without shadowing, the dashed curve is with shadowing param
zationS1, the dot-dashed curve is withS2, and the dotted curve use
S3 .
4-5
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symmetric heavy ion collision atb50, N̄H(0).RA
2p0

2 . In
Pb1Pb collisionsTAA(0)530.4/mb and saturation occurs
the hard cross section is greater than 74 (p0/2 GeV)2 mb. At
the LHC, gluons alone are sufficient to saturate the tra
verse area, even with shadowing. For Au1Au collisions at
RHIC, the hard cross section must be more than
(p0/2 GeV)2 mb. This condition is not satisfied at RHIC
unlessp0 is lowered to;1 GeV @27#. However, 1 GeV is
close to if not within the nonperturbative regime, suggest
that soft physics still dominates particle production at RH

These conclusions depend on the small-x behavior of the
gluon distribution, the factorK jet , the cutoff p0, and the
shadowing parametrization. Transverse saturation does
occur at the LHC when the MRST LO set is used ifK jet
51. An empiricalK jet may be obtained by comparing mod
calculations to data, giving some freedom in the value ofK jet
for different parton distributions. However, less variation
allowed in the theoretical values ofK jet obtained from the
ratio of the NLO and LO cross sections. The theoreticalK jet
does, however, tends to rise aspT decreases, rendering ca
culations withp0,2 GeV less reliable.

Transverse saturation atp052 GeV implies that the mini-
jet cross section exceeds the inelasticpp cross section, vio-
lating unitarity. This is especially a problem for the GRV 9
LO distributions because of the high gluon density at lowx.
At very low x, then, the proton is like a black disk, an
instead of further splitting to increase the density of parto
the partons begin to recombine, acting to lower the den
below that without recombination. Therefore, at very lowx,

FIG. 8. The number of scatters suffered by an incoming glu
as a function of impact parameter. The LHC results withx150.1
are shown in~a! and ~b! for GRV 94 LO and MRST LO parton
densities, respectively, while the RHIC calculations withx150.1
are shown in~c! and ~d! for the GRV 94 LO and MRST LO sets
The solid curve is without shadowing, the dashed curve is w
shadowing parametrizationS1, the dot-dashed curve is withS2, and
the dotted curve usesS3 .
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the density of partons should not increase without bound
begin to saturate. This recombination corresponds to one
ture of shadowing in the proton@16#. A recent HERA mea-
surement of the derivative of the structure functionF2 found
that at low x and Q2, dF2 /d ln Q2 no longer increases, in
contrast to the GRV 94 parton densities which continue
increase over the range of their validity@29#. The newer
MRST distributions have been tuned to fit this behavior
Q2.1 GeV2 . These data imply that the unitarity violation i
pp interactions is likely an artifact of the free proton parto
densities.

The magnitude of the problem can be gauged by calcu
ing the number of collisions suffered by incoming parton
If, on average, a parton collides more than once while cro
ing the nucleus, unitarity violation is a serious problem.
coming partons with increasingly largerx1 encounter grow-
ing densities of lowx2 target partons. Thus, the interactio
cross section and the number of collisions suffered by
incoming parton increase withx1. The minimumx2 depends
on p0 andAsNN. Since the gluon interaction cross sectio
are larger than those of quarks, we focus on incoming glu
with x50.1. The average number of collisions experienc
by such an initial gluon at the LHC is shown in Figs. 8~a!
and 8~b! for GRV 94 LO and MRST LO distributions, re
spectively. The scattering cross section has been multip
by the nuclear profile functionTA(b) to give the number of
collisions. A gluon can suffer up to an average of five ha
scatterings in central collisions with GRV 94 LO andS
51. It experiences less than one collision in the target wh
b.5 –6 fm. Shadowing reduces the severity of the probl
by decreasing the number of scatterings by'30%. On the

n

h

FIG. 9. The firstET moments(p0)^ET
f & as a function of rapid-

ity for quarks, antiquarks, gluons, and the sum of all contributio
in Pb1Pb collisions atAsNN55.5 TeV integrated overb and di-
vided by AB calculated with the GRV 94 LO parton distribution
for p052 GeV. The solid curve is without shadowing, the dash
curve is with shadowing parametrizationS1, the dot-dashed curve is
with S2, and the dotted curve usesS3 .
4-6



he
re
n

s
ni
ly
s

an

on
an
ions
l-
-
O
han
gh
r
e
-
e
ed,
e
h a
er-
on is
mi-
er

ra-

e
u-

ar-

on
t for
gy
rst

the

g

ter

s-
n
o
s

2
7
0
7

EFFECT OF SHADOWING ON INITIAL CONDITIONS, . . . PHYSICAL REVIEW C 61 044904
other hand,u andū quarks withx50.1 typically scatter once
or less in the target, even without shadowing. With t
MRST LO distributions, the unitarity violation is less seve
with 1.4–2 scatterings per central collision for gluons a
0.5 u or ū collisions per central event.

Therefore we might expect that to satisfy unitarity, tran
verse saturation cannot be used as a criteria for determi
p0 and early equilibration by minijet production is unlike
in reality. At the lower RHIC energy, unitarity is alway
satisfied with incoming partons experiencing an average
less than one collision. Figures 8~c! and 8~d! show this for
the gluon. Theq and q̄ results are considerably smaller.

The quark rapidity distributiondsq/dy is indicative of
baryon stopping due to hard processes. As Tables I–IV

TABLE I. The minijet cross section, Eq.~6!, first and second
moments of the transverse energy distribution, Eqs.~17! and ~19!,
respectively, withp052 GeV, integrated overb and r and divided
by AB, within CMS, uyu<2.4. Results for both sets of parton di
tributions used are separated into contributions from quarks, a
quarks, and gluons as well as the total. The calculations are d
without shadowing,S51, and with shadowing parametrization
S1 , S2, andS3 .

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

2s f(p0) ~mb!

1 30 28 605 663 19 17 274 310
S1 16 14 316 346 10 9 146 165
S2 14 13 329 356 9 8 156 173
S3 19 17 393 429 12 11 183 206

s f(p0)^ET
f & ~mb GeV!

1 95 86 1794 1975 61 55 866 981
S1 50 45 950 1045 33 29 469 531
S2 48 42 1043 1132 31 27 527 585
S3 61 54 1216 1331 40 35 608 683

s f(p0)^ET
2 f& (mb GeV2)

1 387 337 9820 10 544 262 228 5182 567
S1 213 184 5206 5603 150 127 2821 309
S2 222 182 6185 6589 155 126 3439 372
S3 275 232 7084 7591 192 161 3915 426
04490
,
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Figs. 4–7 show, at LHC energies, the GRV 94 LO part
distributions predict considerably larger stopping th
MRST LO. These homogeneous shadowing cross sect
can be converted todN/dy at any impact parameter by mu
tiplying by TAB(b). Although both parton distributions pre
dict similar baryon densities at midrapidity, GRV 94 L
predicts about twice as many baryons at large rapidity t
MRST LO. Because of the unitarity problems and the hi
gluon density at lowx, at LHC the final-state baryon numbe
*dy(dq/dy2dq̄/dy)/3 exceeds the baryon number of th
two incoming nuclei. This is a clear result of unitarity viola
tion. Previous works@24# noted this but suggested that th
problem is reduced if only central rapities are consider
typically uyu,0.5. A better solution would include a mor
complete treatment of multiple scattering. However, suc
calculation involves even more uncertainties. At RHIC en
gies, the cross sections are lower, and baryon conservati
not an issue. The two sets of parton distributions make si
lar predictions, with MRST LO finding a somewhat high
baryon density at midrapidity.

We present calculations covering the entire range of
pidities, even though at the LHC, at large rapidity,uyu.5,
either x1 or x2 is outside the stated validity range of th
parton distributions. This range problem could affect calc
lations at ally since a parton density that satisfies the unit
ity bound atp0 will be different at all rapidities since more
of the low-x rise will be subsumed into higherx values to
maintain momentum conservation.

We would like to determine the effects of shadowing
quantities such as the energy density which are importan
our understanding of the initial conditions. The initial ener
density is directly related to the cross section times the fi
ET moment of each flavor,s f(p0)^ET

f &, which is calculated
within a specific acceptance. A crude approximation of
acceptance is

e~y!5H 1 if uyu<ymax,

0 otherwise,
~14!

where ymax is the highest measurable rapidity. At leadin
order, the parton pairs are produced back to back. TheET
distribution of each flavor as a function of impact parame
is @24#

ti-
ne
ds f~p0!

dET
f d2bd2r

5
K jet

2 E dpT
2dy2dydzdz8(

i j 5
^kl&

x1Fi
A~x1 ,pT

2 ,rW,z!x2F j
B~x2 ,pT

2 ,bW 2rW,z8!
1

11dkl

3H dŝ

d t̂
i j →kl~ t̂ ,û!d~ET

f 2@d f ke~y!1d f le~y2!#pT!1
dŝ

d t̂
i j →kl~ û, t̂ !d~ET

f 2@d f le~y!1d f ke~y2!#pT!J .

~15!
4-7
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Equation~15! is valid for ET.ET min where theET min re-
quired in pp collisions1 is such thatsH<s inelastic for ET min
'2 GeV at 5.5 TeV and 1 GeV at 200 GeV@26#. Therefore,
integration overd2r andET.ET min reduces Eq.~15! to the
total hard cross section as a function of impact paramete

(
f
E d2r E

ET min

` ds f~p0!

d2bd2rdET
f
dET

f 52
ds~p0!

d2b
[sH~b,p0!.

~16!

The last definition in Eq.~16! holds forET min5p0, as in Eq.
~9!.

The first ET moment is obtained by weighting Eq.~15!
with ET

f and integrating overET
f ; we neglect particle masse

so thatET
f 5pT ,

ds f~p0!^ET
f &

d2bd2r
5K jetE dpT

2dy2dydzdz8

3(
i j 5
^kl&

x1Fi
A~x1 ,pT

2 ,rW,z!

3x2F j
B~x2 ,pT

2 ,bW 2rW,z8!
th

io

-
he
a
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e~y!pT

11dkl
Fd f k

dŝ

d t̂
i j →kl~ t̂ ,û!

1d f l

dŝ

d t̂
i j →kl~ û, t̂ !G . ~17!

The first ET moment is given as a function of rapidity i
Figs. 9–12 both with and without impact-paramete
averaged shadowing for the GRV 94 LO and MRST L
parton densities at LHC and RHIC. The average transve
energy given to a particular parton species in a centralAB
collision is then

ĒT
f ~b,p0!5

ds f~p0!^ET
f &

d2b
, ~18!

whereds f(p0)^ET
f &/d2b is the integral of Eq.~17! overd2r .

If the nuclear structure functions are homogeneous, then
spatial effects factorize andĒT

f (b,p0) is proportional to
TAB(b). The firstET moment is proportional to the energ
density, as we discuss shortly.

The second moment of each flavor is calculated simila
ds f~p0!^ET
2 f&

d2bd2r
5K jetE dpT

2dy2dydzdz8(
i j 5
^kl&

x1Fi
A~x1 ,pT

2 ,rW,z!x2F j
B~x2 ,pT

2 ,bW 2rW,z8!
pT

2

11dkl
H Fd f k

dŝ

d t̂
i j →kl~ t̂ ,û!

1d f l

dŝ

d t̂
i j →kl~ û, t̂ !Ge~y!1Fdŝ

d t̂
i j → f f~ t̂ ,û!1

dŝ

d t̂
i j → f f~ û, t̂ !Ge~y!e~y2!J . ~19!
de-
ra-
our
er-
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The terms proportional toe(y)e(y2) in Eq. ~19! correspond
to only those processes that contain identical particles in
final state:qq→qq, q̄q̄→q̄q̄, qq̄→gg, and gg→gg. These
terms are negligible forf 5q and q̄ but large for f 5g. In-
deed,f f 5gg in Eq. ~19! contributes'30% of the total sec-
ond ET moment of the gluon. The second moment is

ĒT
2 f~b,p0!5

ds f~p0!^ET
2 f&

d2b
, ~20!

where ds f(p0)^ET
2 f&/d2b is the integral of Eq.~19! over

d2r . For homogeneous structure functions, factorizat
again occurs andĒT

2 f(b,p0) scales withTAB(b).

1A comparison of the LO and NLO jetET distributions with UA2
data @30# suggests that belowET555 GeV, the discrepancy be
tween the calculations and data can be attributed to further hig
order corrections or higher-twist effects such as initial- and fin
state radiation@31#.
e

n

We now discuss the results characteristic to specific
tectors. We will concentrate on the coverage around mid
pidity, thereby excluding some detector subsystems from
consideration. In all cases we assume full azimuthal cov
age. At the LHC, there will be two detectors taking data w
heavy ion beams, CMS@32#, optimized forpp studies but
with a broad rapidity coverage,ymax52.4, and ALICE@33#,
a dedicated heavy ion experiment with central rapidity co
erage up toymax51. We do not include the ALICE forward
muon spectrometer. The heaviest ions accelerated wil
lead. STAR@34# and PHENIX@35# are the two large heavy
ion experiments at RHIC, a dedicated heavy ion collider t
will accelerate ions through gold. STAR has the larger
ceptance at central rapidities,ymax50.9 for the electromag-
netic calorimeter, while the central electron arms of PHEN
only cover up toymax50.35.2 The PHENIX muon arms will
cover more forward rapidities but will not increase the co

r-
l-

2Since we quote results over full azimuthal coverage, the ac
PHENIX cross sections would be lower because the central elec
arms only cover a fraction of the total azimuth.
4-8
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EFFECT OF SHADOWING ON INITIAL CONDITIONS, . . . PHYSICAL REVIEW C 61 044904
erage at midrapidity except for high mass lepton pairs s
as those fromY decay. The cross sections per nucleon p
and the first and secondET moments with and without ho
mogeneous shadowing are given in Tables I and II in
given CMS and ALICE rapidity ranges, respectively. At th
energy, shadowing can reduce the parton yield and theET
moments by up to a factor of 2. The corresponding res
from RHIC are presented in Tables III and IV for STAR an
PHENIX. The effect of shadowing is much smaller at RH
than at the LHC. In fact, withS3, gluon antishadowing can
increase the yield relative toS51. Recall that the cross sec
tions and moments are all calculated withK jet51 and an-
other choice would scale the results correspondingly.

The effect of the inhomogeneous shadowing is shown
the firstET moment calculated with the GRV 94 LO parto
densities in Figs. 13 and 14 for CMS and STAR. The ALIC
and PHENIX ratios are similar to those shown here. T
ratios of the other moments do not differ greatly from t
first moment. The impact parameter dependence is calcul
using Eqs.~3! and~4!. Whenx lies in the shadowing region
central collisions are more shadowed than the average. In
antishadowing region, central collisions are more antish
owed than the average. Whenb;RA , the homogeneous an
inhomogeneous shadowings are approximately equal
might be expected from an inspection of Eqs.~3! and ~4!.
When b;2RA , the shadowing or antishadowing is signi
cantly reduced. Asb further increases, the approach toS
51 is asymptotic. WithSr , Eq.~4!, the central shadowing is
somewhat stronger than withSWS and the strength of the
shadowing decreases more rapidly whenb.RA . At b
;2RA , the ratio withSr is 5% higher than withSWS. A

FIG. 10. The firstET moments(p0)^ET
f & as a function of ra-

pidity for quarks, antiquarks, gluons, and the sum of all contrib
tions in Pb1Pb collisions atAsNN55.5 TeV integrated overb and
divided by AB calculated with the MRST LO parton distribution
for p052 GeV. The solid curve is without shadowing, the dash
curve is with shadowing parametrizationS1, the dot-dashed curve i
with S2, and the dotted curve usesS3 .
04490
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calculation withSR, Eq. ~5!, would have somewhat stronge
shadowing thanSr . Since the inhomogeneous calculatio
agree within a few percent, the exact dependence canno
experimentally distinguished; only the presence of inhom
geneity can be detected. This conclusion applies to a w

TABLE II. The minijet cross section, Eq.~6!, first and second
moments of the transverse energy distribution, Eqs.~17! and ~19!,
respectively, withp052 GeV, integrated overb and r and divided
by AB, within ALICE, uyu<1. Results for both sets of parton dis
tributions are separated into contributions from quarks, antiqua
and gluons as well as the total. The calculations are done with
shadowing,S51, and with shadowing parametrizationsS1 , S2, and
S3 .

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

2s f(p0) ~mb!

1 14 13 296 323 8 7 120 135
S1 7 7 152 166 4 4 63 71
S2 6 6 158 170 4 4 67 75
S3 8 8 190 206 5 4 80 89

s f(p0)^ET
f & ~mb GeV!

1 43 40 882 965 25 24 381 430
S1 22 21 459 502 13 12 202 227
S2 21 19 504 544 12 11 228 251
S3 27 25 592 644 16 15 265 296

s f(p0)^ET
2 f& (mb GeV2)

1 172 159 4006 4337 105 97 1858 2060
S1 92 85 2100 2277 58 53 1001 1112
S2 94 83 2498 2675 59 52 1222 1333
S3 120 108 2876 3104 75 68 1401 1544

-

d

FIG. 11. The firstET moments(p0)^ET
f & as a function of ra-

pidity for quarks, antiquarks, gluons, and the sum of all contrib
tions in Au1Au collisions atAsNN5200 GeV integrated overb and
divided byAB calculated with the GRV 94 LO parton distribution
for p052 GeV. The solid curve is without shadowing, the dash
curve is with shadowing parametrizationS1, the dot-dashed curve is
with S2, and the dotted curve usesS3 .
4-9
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variety of observables@3#. Because the differences are sma
we use only theSWS parametrization in the remainder of th
work.

The figures show the ratio of the firstET moment with
shadowing included relative toS51 as a function of impac
parameter forq1q̄, g, and the total,q1q̄1g. At the LHC,
quarks and antiquarks are'10% of the total minijet produc-
tion for the GRV 94 LO parton densities and'17% with the
MRST LO densities whenS51. The overallq1q̄ contribu-
tion decreases 1–2 % when shadowing is included. At RH
the q1q̄ fraction is '19% with the GRV 94 LO densities
and '23% with the MRST LO set. There is again only a
'1% variation in the fraction with shadowing included. Th
ratios in the given rapidity intervals with homogeneous sh
owing are given by the horizontal lines in Figs. 13 and
and correspond to the ratio of the moments in Figs. 9 and
integrated over the same rapidity intervals. At the LHC,
ratios are nearly the same for the gluon fraction and the t
because gluons dominate minijet production. At RHIC en
gies, since theq1q̄ contribution is a larger fraction of the
total, the difference between theg ratio and the total, shown
in Figs. 13 and 14, is visible, particularly forS3 which is
shadowed forq1q̄ and antishadowed for the gluons. Th
total remains antishadowed, but less than for gluons alo

The homogeneous shadowing ratios can also be de
mined for the zeroth moment, particle number, and the s
ond moment of of theET distribution, from Tables I–IV. The
secondET moment has a slightly smallerq1q̄ fraction due
to the term in Eq.~19! proportional toe(y)e(y2) which
arises from identical particles in the final state. The domin

FIG. 12. The firstET moment,s(p0)^ET
f &, as a function of

rapidity for quarks, antiquarks, gluons, and the sum of all contri
tions in Au1Au collisions atAsNN5200 GeV integrated overb and
divided by AB calculated with the MRST LO parton distribution
for p052 GeV. The solid curve is without shadowing, the dash
curve is with shadowing parametrizationS1, the dot-dashed curve i
with S2, and the dotted curve usesS3 .
04490
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contribution to this term isgg→gg, enhancing the overal
gluon contribution.

We now show how the initial conditions for further evo
lution of the system are impacted by shadowing. The ini
energy density of each parton species is the ratio of the
ET moment to the initial volume,

e i
f~b,p0!5

ĒT
f ~b,p0!

Vi
. ~21!

The total initial energy density is the sum over all speci
e i5( fe i

f . The initial number densities are likewise

ni
f~b,p0!5

N̄f~b,p0!

Vi
~22!

andni5( fni
f . The energy and number densities are given

Tables V–VIII, both for gluons only and the total minije
yield. Results are shown for both homogeneous and inho
geneous shadowing atb50 where the volume is mos
clearly defined. Since shadowing is stronger in central co
sions, the energy density and multiplicity are reduced w
SWS

i relative to the homogeneous case.~See Figs. 13 and 14

for the impact parameter dependence ofĒT
f .! At the LHC,

inhomogeneous shadowing reduces the energy density
'3–8% atb50. At RHIC, the difference is smaller and th
energy density may even rise marginally atb50 with theS3

TABLE III. The minijet cross section, Eq.~6!, first and second
moments of the transverse energy distribution, Eqs.~17! and ~19!,
respectively, forp052 GeV, integrated overb andr and divided by
AB, within STAR, uyu<0.9. Results for both sets of parton distr
butions are separated into contributions from quarks, antiqua
and gluons as well as the total. The calculations are done with
shadowing,S51, and with shadowing parametrizationsS1 , S2, and
S3 .

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

2s f(p0) ~mb!

1 0.76 0.45 5.55 6.77 0.66 0.41 4.53 5.60
S1 0.63 0.38 4.54 5.55 0.55 0.34 3.74 4.63
S2 0.64 0.36 4.64 5.64 0.55 0.32 3.84 4.72
S3 0.74 0.42 5.69 6.85 0.64 0.38 4.68 5.70

s f(p0)^ET
f & ~mb GeV!

1 2.14 1.24 14.62 18.00 1.85 1.11 12.13 15.0
S1 1.80 1.03 12.11 14.94 1.57 0.94 10.15 12.6
S2 1.84 1.00 12.49 15.33 1.60 0.90 10.52 13.0
S3 2.10 1.15 15.23 18.48 1.83 1.04 12.77 15.6

s f(p0)^ET
2 f& (mb GeV2)

1 6.92 3.71 52.38 63.00 6.10 3.35 44.32 53.7
S1 6.02 3.17 44.17 53.36 5.33 2.89 37.84 46.0
S2 6.19 3.09 45.97 55.25 5.48 2.83 39.54 47.8
S3 6.96 3.51 56.24 66.71 6.15 3.21 48.08 57.4

-

d
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parametrization. The average energy per particle for a gi
species ise i

f /ni
f;3 GeV, somewhat larger thanp0, as can be

expected sinceĒT
f reflects the averagepT within the rapidity

range.
These densities can be compared to those obtained fo

ideal gas in thermal equilibrium. An ideal gas has ene
density e th53aTth

4 and entropy densitysth54aTth
3 53.6nth

wherea516p2/90 for a gluon gas anda547.5p2/90 for a
three-flavor quark-gluon plasma.3 The initial equilibrium
temperatures of such gases are thenTth5(e th/3a)1/4 and the
ideal energy per particle is

e th

nth
52.7Tth . ~23!

We use the results of Tables V–VIII with the assumpti
thate i5e th . WhenS51, Tth'1.07 GeV for gluons only and
'840 MeV for a quark-gluon plasma at the LHC with th
GRV 94 LO distributions andp052 GeV. Using the MRST
LO results withp052 GeV yieldsTth'860 MeV and 680

3Hammonet al. also calculatedN̄ and ĒT using spatially homo-
geneous nuclear structure functions at RHIC and LHC@36#. Since
they takeK jet.1, they find larger energy densities and effecti
temperatures than we do here. They also neglected the unit
problem in their LHC estimates.

TABLE IV. The minijet cross section, Eq.~6!, first and second
moments of the transverse energy distribution, Eqs.~17! and ~19!,
respectively, withp052 GeV, integrated overb and r and divided
by AB, within PHENIX, uyu<0.35. Note that the cross sections a
moments are given over all azimuths. Results for both sets of pa
distributions are separated into contributions from quarks, a
quarks, and gluons as well as the total. The calculations are d
without shadowing,S51, and with shadowing parametrization
S1 , S2, andS3 .

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

2s f(p0) ~mb!

1 0.29 0.18 2.28 2.75 0.25 0.16 1.81 2.22
S1 0.24 0.15 1.86 2.25 0.20 0.13 1.48 1.81
S2 0.24 0.14 1.91 2.29 0.21 0.13 1.53 1.87
S3 0.28 0.17 2.32 2.77 0.24 0.15 1.85 2.24

s f(p0)^ET
f & ~mb GeV!

1 0.81 0.50 6.01 7.32 0.69 0.44 4.85 5.98
S1 0.68 0.41 4.98 6.07 0.58 0.37 4.04 4.99
S2 0.70 0.40 5.14 6.24 0.59 0.35 4.20 5.14
S3 0.80 0.46 6.23 7.49 0.68 0.41 5.06 6.15

s f(p0)^ET
2 f& (mb GeV2)

1 2.60 1.49 19.01 23.10 2.23 1.33 15.64 19.2
S1 2.25 1.27 16.03 19.55 1.94 1.13 13.30 16.3
S2 2.31 1.24 16.67 20.22 1.99 1.11 13.93 17.0
S3 2.61 1.41 20.22 24.24 2.24 1.27 16.78 20.2
04490
n
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MeV, respectively. The calculated initial quark-gluon plasm
temperature is lower than that for gluons because, e
though e i is larger for the sum of all species, the larg
number of available degrees of freedom reduces the temp
ture. Shadowing reducesTth by 10–17 % for the gluons and
10–15 % for the total with the largest effect due toS1 and
the smallest fromS3 with its antishadowing. At RHIC, the
equivalent temperatures extracted withp052 GeV are
smaller, 410 MeV for gluons and 330 MeV for a quark-gluo
plasma withS51. The reduction due to shadowing is 5%
less—in fact a slight enhancement is possible because o
antishadowing inS3 . The temperatures are virtually inde
pendent of the parton distributions at this energy since
two sets are very similar in thex range of RHIC. The tem-
peratures estimated for RHIC are lower than those obtai
elsewhere. This difference will be discussed in the next s
tion.

These equivalent equilibrium temperatures are only
ity

on
i-
ne

FIG. 13. The impact parameter dependence of the firstET mo-
ment s(p0)^ET

f & relative to theET moment withS51 in CMS,
uyu<2.4, calculated with the MRST LO distributions withp052
GeV. The upper plot shows the ratio for quarks and antiquarks,
middle plot is the gluon ratio, and the lower plot is for the total. T
horizontal lines show the homogeneous shadowing results: da
line for S1, dot-dashed line forS2, and dotted line forS3 . The
inhomogeneous shadowing results forS1 ~circles!, S2 ~squares!, and
S3 ~diamonds! are shown forSWS ~solid symbols! and Sr ~open
symbols!.
4-11
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proximate because they depend on the rapidity range
which Tth is calculated. The extracted temperature rises
the rapidity range decreases because the antiquark and g
distributions are maximal aty50. The fact that the width of
the slice affectsTth shows that thermalization in the collisio
is incomplete. To study this further, we can compare th
results with expectations from the ideal gas. The GRV 94
gluon temperatureTth'1.07 GeV satisfies Eq.~23! whenS
51, i.e.,

e i
g~b50,p0!

ni
g~b50,p0!

uS51'
e th

g

nth
g

52.7Tth . ~24!

his equation suggests that, even if a quark-gluon plasm
far from equilibrium, the gluons might equilibrate quickl
around t i;0.1 fm, even without the secondary collision
required for isotropization. However, even this suggest

FIG. 14. The impact parameter dependence of the firstET mo-
ment s(p0)^ET

f & relative to theET moment withS51 in STAR,
uyu<0.9, calculated with the MRST LO distributions withp052
GeV. The upper plot shows the ratio for quarks and antiquarks,
middle plot is the gluon ratio, and the lower plot is for the total. T
horizontal lines show the homogeneous shadowing results: da
line for S1, dot-dashed line forS2, and dotted line forS3 . The
inhomogeneous shadowing results forS1 ~circles!, S2 ~squares!, and
S3 ~diamonds! are shown forSWS ~solid symbols! and Sr ~open
symbols!.
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only holds at LHC energies without shadowing. Shadow
drives the result away from equilibrium so that

e i
g~b,p0!

ni
g~b,p0!

uSÞ1.
e th

g

nth
g

52.7Tth . ~25!

Note, however, that takingK jet51.5 increases all the ex
tracted temperatures by'10%, bringing the shadowed re
sults closer to the ideal in Eq.~23!. Reducingp0 for SÞ1 at

TABLE V. The energy density, Eq.~21!, and number density
Eq. ~22!, at b50 from minijet production alone withp052 GeV
within CMS, uyu<2.4, are given for both sets of parton distrib
tions. Results are shown for homogeneous~HS! and inhomoge-
neous~IHS! shadowing, with the latter based onSWS. Both the
gluon contribution alone and the total for gluons with three lig
quark flavors are presented. The calculations are done without s
owing,S51, and with shadowing parametrizationsS1 , S2, andS3 .

GRV 94 LO MRST LO
Gluon Total Gluon Total

S HS IHS HS IHS HS IHS HS IHS

e i
f(b50,p0) (GeV/fm3)

1 835 - 920 - 404 - 457 -
S1 443 413 487 454 219 204 248 231
S2 486 457 527 496 246 233 273 257
S3 566 543 620 594 283 272 318 306

ni
f(b50,p0) (1/fm3)

1 282 - 309 - 128 - 144 -
S1 148 138 162 151 68 63 77 72
S2 154 145 166 155 73 68 81 76
S3 183 174 200 191 85 82 96 92

TABLE VI. The energy density, Eq.~21!, and number density
Eq. ~22!, at b50 from minijet production alone withp052 GeV
within ALICE, uyu<1, are given for both sets of parton distribu
tions. Results are shown for homogeneous~HS! and inhomoge-
neous~IHS! shadowing, with the latter based onSWS. Both the
gluon contribution alone and the total for gluons with three lig
quark flavors are presented. The calculations are done without s
owing,S51, and with shadowing parametrizationsS1 , S2, andS3 .

GRV 94 LO MRST LO
Gluon Total Gluon Total

S HS IHS HS IHS HS IHS HS IHS

e i
f(b50,p0) (GeV/fm3)

1 986 - 1079 - 426 - 481 -
S1 513 478 561 522 226 210 256 237
S2 563 531 607 572 255 240 281 264
S3 661 634 719 689 296 285 331 317

ni
f(b50,p0) (1/fm3)

1 332 - 362 - 134 - 151 -
S1 170 158 186 173 70 65 79 73
S2 177 167 190 178 75 70 84 77
S3 213 203 231 220 89 85 99 95

e
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the LHC or for any scenario at RHIC would also increase
extracted temperatures so that the gluon result would a
appear to equilibrate. The quarks alone or theq1q̄1g total
will not come to equilibrium, even whenp0 is reduced, due
to the lower equivalent temperature. In any case,p0 cannot
be set arbitrarily low for perturbative QCD to be valid.
addition, p0 should not be a strong function of energy a
should be independent of the shadowing parametrizat

TABLE VII. The energy density, Eq.~21!, and number density
Eq. ~22!, at b50 from minijet production alone withp052 GeV
within the STAR calorimeter,uyu<0.9, are given for both sets o
parton distributions. Results are shown for homogeneous~HS! and
inhomogeneous~IHS! shadowing, with the latter based onSWS.
Both the gluon contribution alone and the total for gluons with th
light quark flavors are presented. The calculations are done wit
shadowing,S51, and with shadowing parametrizationsS1 , S2, and
S3 .

GRV 94 LO MRST LO
Gluon Total Gluon Total

S HS IHS HS IHS HS IHS HS IHS

e i
f(b50,p0) (GeV/fm3)

1 18.9 - 23.2 - 15.7 - 19.5 -
S1 15.6 15.3 19.4 19.0 13.1 12.8 16.3 16.
S2 16.1 15.9 19.8 19.5 13.6 13.3 16.8 16.
S3 19.6 19.7 23.8 23.9 16.5 16.5 20.2 20.

ni
f(b50,p0) (1/fm3)

1 7.2 - 8.7 - 5.8 - 7.2 -
S1 5.9 5.8 7.2 7.1 4.8 4.7 6.0 5.8
S2 6.0 5.9 7.3 7.2 5.0 4.8 6.1 6.0
S3 7.3 7.3 8.8 8,8 6.0 6.1 7.4 7.4

TABLE VIII. The energy density, Eq.~21!, and number density
Eq. ~22!, at b50 from minijet production alone withp052 GeV
within PHENIX, uyu<0.35, are given for both sets of parton dist
butions. Results are shown for homogeneous~HS! and inhomoge-
neous~IHS! shadowing, with the latter based onSWS. Both the
gluon contribution alone and the total for gluons with three lig
quark flavors are presented. The calculations are done without s
owing,S51, and with shadowing parametrizationsS1 , S2, andS3 .

GRV 94 LO MRST LO
Gluon Total Gluon Total

S HS IHS HS IHS HS IHS HS IHS

e i
f(b50,p0) (GeV/fm3)

1 19.9 - 24.3 - 16.1 - 19.9 -
S1 16.5 16.2 20.2 19.8 13.5 13.2 16.6 16.
S2 17.0 16.8 20.7 20.3 14.0 13.7 17.1 16.
S3 20.7 20.7 24.9 24.6 16.8 16.9 20.5 20.

ni
f(b50,p0) (1/fm3)

1 7.6 - 9.1 - 6.0 - 7.4 -
S1 6.2 6.1 7.5 7.3 4.9 4.8 6.0 5.9
S2 6.3 6.2 7.6 7.4 5.1 5.0 6.2 6.1
S3 7.7 7.7 9.2 9.2 6.2 6.2 7.5 7.5
04490
e
in
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Shadowing thus reduces the likelihood of fast thermalizati
even at the LHC where the conditions are most favorabl

Given these uncertainties, one can nevertheless obtai
approximate lower bound on the produced particle multip
ity. In an ideal longitudinally expanding plasma, the ener
density evolves following@37#

de

dt
1

e1P

t
50, ~26!

whereP is the pressure andt is the proper time. There ar
two extreme solutions: free streaming, withP50, leading to
e;t21, and ideal hydrodynamics,P5e/3, where e
;t24/3. The lower limit of multiplicity is obtained from
ideal hydrodynamics where the system is treated as thou
were in thermal equilibrium att i51/p050.1 fm and ex-
pands adiabatically witht. Then the initial entropy deter
mines the final-state multiplicity, neglecting final-state inte
actions, fragmentation, and hadronization. If only mini
production contributes to the final-state multiplicity, the to
number of particles in a specific detector’s central accepta
is then@38#

dN

dy
'

4

3.6
F t ipRA

2a

27 H ĒT~ uyu<ymax!

2ymax
J 3G1/4

. ~27!

Equation~27! suffers from some uncertainty due to thet i
1/4

;p0
1/4 dependence in the volume besides the dependenc

p0 in ĒT . In a complete calculation, the variation withp0
would be compensated for by a corresponding variation
the soft component, as discussed later. With the GRV 94
distributions at the LHC the totaldN/dy at y50 from mini-
jets is '4000–6000 or about 2700–4000 charged partic
'2/3 of the totaldN/dy. Shadowing reduces the number
charged particles to'1800–2600. With the MRST LO dis
tributions, the totaldN/dyuy50'2000–3500 without shad
owing and 1400–2600 with shadowing. With inhomog
neous shadowing, the LHC multiplicity drops 2–5 % f
collisions atb50. The gluonET moment dominates the tota
and drives the rapidity distribution, as can be inferred fro
Figs. 9 and 10. We find total minijet multiplicities of 220
350 without shadowing and 200–360 with shadowing. T
largerdN/dy with shadowing is a result of the antishadow
ing in S3 . Since soft production is large at RHIC, the tot
dN/dy found here is considerably lower than predicted
some event generators@39#.

IV. CORRELATION BETWEEN ET AND IMPACT
PARAMETER

Thus far, we have discussed the dependence of shado
on the impact parameter, a quantity which cannot be dire
determined in a heavy ion collision. However, although t
impact parameter is not measurable, it can be related to
rect observables such as the transverse energyET @3,24#. The
transverse energy is summed over all detected particles in
event with massesmk and transverse momentapTk so that
ET5SkAmk

21pTk
2 . Besides anET measurement, it is also

possible to infer the impact parameter by a measuremen
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the nuclear breakup since the beam remnants deposited
zero-degree calorimeter are also correlated with the imp
parameter@40#. A measure of the total charged particle mu
tiplicity, proportional toET @41#, could also refine the impac
parameter determination.

The transverse energy contains ‘‘soft’’ and ‘‘hard’’ com
ponents. The ‘‘hard’’ components, calculated in the previo
section, arise from quark and gluon interactions above
cutoff p052 GeV. ‘‘Soft’’ processes withpT,p0 are not
perturbatively calculable yet they can contribute a substan
fraction of the measuredET at high energies~and essentially
the entireET at CERN SPS energies!. These processes mu
be modeled phenomenologically. Our calculation of the to
ET distribution follows Ref.@24#. We assume that the so
cross sectionspp

S , is equal tospp
inelastic, the inelasticpp scat-

tering cross section. The hard part of theET distribution can
be expressed as

dsH

dET
5E d2bSN51

` @N̄H~b!#N

N!
exp@2N̄H~b!#

3E )
i 51

N

dETi

1

spp
H

dspp
H

dETi
d~ET2S i 51

N ETi!. ~28!

The average number of hard parton-parton collisions is
fined in Eq. ~13!. For most b,2RA , N̄H is large and
dsH/dET can be approximated by the Gaussian@24#

dsH

dET
5E d2b

A2psE
2H~b!

expS 2
@ET2ĒT

H~b!#2

2sE
2H~b!

D , ~29!

where the meanET , ĒT
H(b), is proportional to the first mo-

ment of the hard cross section,

ĒT
H~b!5S f ĒT

f ~b,p0!. ~30!

The standard deviationsE
H(b) is computed from the first and

second moments,

sE
2H~b!5(

f
ĒT

2 f~b,p0!2
ĒT

H2~b!

sH~b,p0!
; ~31!

see Eqs.~18! and ~20!. The impact-parameter-averaged va
ues of the hard cross section and its first and secondET
moments correspond to the ‘‘total’’ values in Tables I–
for the specified rapidity coverages of the four detecto
Note that these moments are a lower bound on particle
duction from hard processes because hadronization has
been included.

The soft component is usually taken to be proportiona
the number of nucleon-nucleon collisions,

N̄S~b!5TAB~b!spp
S , ~32!
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wherespp
S ;40 mb at RHIC and may increase to 60 mb

the LHC @42#. Sincespp
S depends only weakly on the colli

sion energy, the hard and soft components are assumed
separable on thepp level and thus independent of each oth
at fixedb @24#. The soft component may be computed usi
the first momentĒT

S and second momentĒT
2 S of the softET

distributions, obtainable from lower-energy data@43#. At the
SPS,AsNN519.4 GeV,spp

S 532 mb, ĒT
S515 mb GeV, and

ĒT
2 S550 mb GeV2 @24# for uyu<0.5. We assume thatĒT

S and

ĒT
2 S are independent of impact parameter and scale with

ergy asspp
S and linearly with rapidity acceptance. The resu

ing first and second moments for the four detectors are gi
in Table IX. Alternatively,ĒT

S and ĒT
2 S could be scaled by

the charged particle production rate in the selected rapi
interval @24#. However, at these higher energies, the charg
particle distributions will have a strong contribution fro
hard production which could lead to double counting of t
total rate. If the SPS multiplicity distribution is used, then t
effect of the rising cross section will dominate.

The totalET distribution is a convolution of the hard an
soft components with mean and standard deviation

ĒT~b!5ĒT
H~b!1TAB~b!ĒT

S , ~33!

sE
2~b!5sE

2H~b!1TAB~b!sE
2S . ~34!

The standard deviation for the soft component,sE
2S , is

sE
2S5ĒT

2 S2
ĒT

S2

spp
S

. ~35!

We do not assume that the second momentĒT
2 S is equivalent

to the standard deviation as in some previous calculati
@3,24#.

Some caveats related to the softET contribution should be
mentioned. The second moment is system dependent,4 per-
haps because the fluctuations are concentrated in the ce
region, makingĒT

2 S sensitive to the acceptance@44#. There
also may be some contamination from hard processes. A
tionally, soft processes may also be subject to a form
shadowing due to large mass diffraction@45#, analogous to
the multiple-scattering picture of shadowing except tha
affects soft interactions. If correct, the soft component wo
also be reduced and the soft and hard interactions wo
have a similar impact parameter dependence. Thus the
component is only accurate to the 20% level at best.

At the LHC, the hard component is an order of magnitu
larger than the soft part. This can be seen from a compar
of the homogeneous shadowing first and secondET moments
in Tables I–IV withĒT

S andĒT
2 S in Table IX. The results are

directly comparable because the first and secondET mo-

4Seev in Table 8 of Ref.@43#. In lighter targetsv is significantly
different than in heavy targets.
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ments in all the tables are given per nucleon pair. At
LHC, the moments from minijet production are 6–10 tim
larger thanĒT

S with the GRV 94 LO parton densities and 3–

times larger thanĒT
S when calculated with the MRST LO

parton densities. Total particle production is then domina
by minijet production. With soft production included, th
estimateddN/dy in Sec. III would be increased by 5–22 %
less than the change due to shadowing.

At RHIC however,ĒT
S is 1.3–2.2 times larger than th

first ET moment, depending on the parton densities and sh
owing parametrization. Thus the soft contribution to the to
ET is still somewhat larger than the hard contribution. Wh
soft production is included in the estimateddN/dy by adding
TAB(b)ĒT

S to ĒT
H(b,p0) in Eq. ~27!, dN/dy at b50 could

increase by a factor of 1.9–2.4, up to 680–750 partic
Likewise, the extracted initial temperature assuming ther
equilibrium would be'20% higher when the soft contribu
tion is included and could reach'500 MeV withS51, con-
sistent with previous predictions@46#. If soft production is
also affected by shadowing@45#, then the soft contribution to
RHIC central collisions would be reduced and the hard a
soft components would be more in balance.

The ET distributions, with homogeneous and inhomog
neous shadowing, are shown for each detector in Figs.
18. The hard component is calculated with the MRST L
distributions. In each case, we show the change in theET
distribution due to shadowing in the most central collisio
b,0.2RA , semicentral collisions 0.9RA,b,1.1RA , and the
entireb range. The maximumET is reduced 30–40 % at th
LHC because the hard component, Eq.~33!, dominates the
averageET . At intermediate impact parameters, the Gau
ian, Eq.~29!, is narrowed by shadowing. At RHIC, since th
hard and soft components are comparable, the maximumET
is shifted by only;7% when shadowing is included. Indee
for S3, since shadowing enhances theET moments of the
hard component, the maximumET is slightly increased. If
the GRV 94 LO distributions are used in the calculation
the hard part, the totalET at the LHC is nearly twice as larg
and the shadowing effects are stronger. The RHIC results
essentially unaffected by the choice of parton distribut
since theET moments do not depend strongly on the par
distribution; see Tables III and IV.

These results depend onK jet since the hardET is propor-
tional toK jet . At the LHC,ET scales nearly linearly withK jet
since hard interactions dominate there. At RHIC, the
crease would be smaller, since only 30–50 % of theET

TABLE IX. The first and secondET moments of the soft con
tribution adjusted to the acceptance of the experiments at the L
and RHIC. We assumesS

pp540 mb at RHIC andsS
pp560 mb at the

LHC.

Detector Rapidity ĒT
S ~mb GeV! ĒT

2 S (mb GeV2)

CMS uyu<2.4 135 450
ALICE uyu<1 56 188
STAR uyu<0.9 34 112
PHENIX uyu<0.35 13 44
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comes from hard processes; ifK jet51.5, then the maximum
ET rises by 20%. Similar results were found in Ref.@26#.

The change in theET distribution due to shadowing is no
equivalent to scalingET by a constant. The shape of th
distribution is also modified because central and periph
collisions are affected differently. The shape change is sm
at RHIC, but clearly visible for the LHC. Figures 15 and 1
show that the shadowed distributions are enhanced ovS
51 for ET'6 TeV and 3 TeV for CMS and ALICE, respec
tively. If soft production is also affected by shadowing@45#,
the shape change may be larger for RHIC.

For semicentral through central collisions, the transver
energy–impact-parameter correlation is relatively easy to
termine, but in very peripheral collisions, the entire tran
verse energy could arise from a single hard collision wh
produces, e.g., aJ/c or a Drell-Yan pair. Then, the simple
Gaussian approximation to Eq.~28! would break down.

V. DRELL-YAN, JÕc, AND Y PRODUCTION

We now study the effect of inhomogeneous shadowing
the production of hard probes. As examples, we cons
Drell-Yan and quarkonium production. We have previous
studied the production of charm and bottom quarks at th
energies@5#. We have also considered shadowing effects
J/c and Drell-Yan production at the SPS, as well as th
ratio as a function ofET @47#. However, at the SPS,ET is
dominated by the soft component and is proportional to
number of participants@41#. We do not include final-state
absorption effects on quarkonium production.

These calculations are done at leading order to be con
tent with our calculations of minijet production. The LO
cross section for nucleiA andB colliding at impact param-
eterb and producing a vector particleV ~quarkonium org* )
with massm at scaleQ is

dsV

dydm2d2bd2r
5(

i , j
E dzdz8Fi

A~x1 ,Q2,rW,z!F j
B

3~x2 ,Q2,bW 2rW,z8!
dŝ i j

V

dydm2
, ~36!

whereŝ i j
V is the partonici j →V cross section and the parto

distributions are defined in Eq.~1!.
The LO Drell-Yan cross section per nucleon must inclu

the nuclear isospin since, in general,spp
DYÞspn

DYÞsnp
DY

Þsnn
DY ,

f i
N~x1 ,Q2! f j

N~x2 ,Q2!
dŝ i j

DY

dydm2

5Kexpt

4pa2

9m2s
(

q5u,d,s
eq

2F H ZA

A
f q

p~x1 ,Q2!1
NA

A

3 f q
n~x1 ,Q2!J H ZB

B
f q̄

p
~x2 ,Q2!1

NB

B
f q̄

n
~x2 ,Q2!J

1q↔q̄G , ~37!

C
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whereZA andNA are the number of protons and neutrons
the nucleus. We assume charge symmetry,f u

p5 f d
n , f d

p5 f u
n ,

etc., in the nuclear environment. In Eq.~37!, x1,2

5Qe6y/AsNN andQ5m. The factorKexpt, typically 1.7–2
for fixed-target Drell-Yan production, accounts for the d
ference in magnitude between the calculations and the d

Figures 19 and 20 show the influence of shadowing on
Drell-Yan mass distribution, calculated with the MRST L
parton distributions. The ratios of the inhomogeneou
shadowed mass distribution to that forS51 are shown in
several impact parameter bins, along with the homogene
shadowing ratios, in the rapidity coverage given for the A
ICE and PHENIX central detectors. The corresponding ra
for CMS and STAR are quite similar. Ratios are presen
for the most central collisionsb,0.2RA , semicentral colli-
sions 0.9RA,b,1.1RA , and peripheral collisions 1.9RA
,b,2.1RA . In the most central collisions, the inhomog

FIG. 15. TheET distribution predicted for the CMS detector i
the interval uyu<2.4, calculated with the MRST LO distribution
and p052 GeV. The upper plot is for central collisions withb
,0.2RA , the middle plot shows the region 0.9RA,b,1.1RA , and
the lower plot shows the entireET distribution. The lines indicate
the homogeneous shadowing results: solid line for no shadow
dashed line forS1, dot-dashed line forS2, and dotted line forS3 .
The inhomogeneous shadowing results forS1 ~circles!, S2

~squares!, andS3 ~diamonds! are shown forSWS.
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neous shadowing, with Eq.~3!, is somewhat stronger, while
in the most peripheral collisions, it is much weaker. In ea
case, theS3 parametrization gives the smallest effect. At t
LHC, evolution is also most apparent with this parametriz
tion. A shortcoming of the limitedQ2 evolution of theS2
parametrization is obvious in Fig. 19—the evolution is e
dent up tom510 GeV, after which the 10 GeV values of th
valence quark, sea quark, and gluon shadowing ratios
used at all higher masses. Above 10 GeV, the ratios with
S1 and S2 parametrizations are then similar. TheS1 results
change very slowly with mass because they lackQ2 evolu-
tion. At the lower RHIC energy, the 10 GeVQ2 cutoff in S2
is less obvious because thex values are larger, in a regio
where shadowing is small. At RHIC, shadowing of the mo
peripheral collisions predominantly occurs for masses be
8 GeV. At this energy the largest mass pairs are antish
owed. The antishadowing is weakened in peripheral co
sions; see Fig. 20.

g,

FIG. 16. TheET distribution predicted for the ALICE detecto
in the intervaluyu<1, calculated with the MRST LO distribution
and p052 GeV. The upper plot shows central collisions withb
,0.2RA , the middle plot shows the region 0.9RA,b,1.1RA , and
the lower plot shows the entireET distribution. The lines indicate
the homogeneous shadowing results: solid line for no shadow
dashed line forS1, dot-dashed line forS2, and dotted line forS3 .
The inhomogeneous shadowing results forS1 ~circles!, S2

~squares!, andS3 ~diamonds! are shown forSWS.
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Since the NLO Drell-Yan cross section includes Comp
scattering with an initial gluon@48#, it is possible that shad
owing could change significantly at NLO, especially with t
S2 and S3 parametrizations. We have therefore also cal
lated the Drell-Yan cross sections at NLO with all the hom
geneous shadowing parametrizations and found that the
tios do not change significantly when the NLO terms a
added. There is a 3–4 % difference in the ratios with sh
owing at LO and NLO in Pb1Pb collisions at 5.5 TeV and
0.5–1 % in Au1Au collisions at 200 GeV. This should no
be too surprising since the theoreticalK factor is small,K th

5sNLO
DY /sLO

DY;1.2 at RHIC and 1.1 at the LHC. The effect o
shadowing on the higher-order contributions must then
less thanK th , small compared to the uncertainties in t
shadowing model, as can be seen from Fig. 21.

Figures 22 and 23 show the rapidity dependence of
shadowing for Drell-Yan production when 4,m,9 GeV.

FIG. 17. TheET distribution predicted for the STAR detector i
the interval uyu<0.9, calculated with the MRST LO distribution
and p052 GeV. The upper plot is for central collisions withb
,0.2RA , the middle plot shows the region 0.9RA,b,1.1RA , and
the lower plot shows the entireET distribution. The lines indicate
the homogeneous shadowing results: solid line for no shadow
dashed line forS1, dot-dashed line forS2, and dotted line forS3 .
The inhomogeneous shadowing results forS1 ~circles!, S2

~squares!, andS3 ~diamonds! are shown forSWS.
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The homogeneous and inhomogeneous results are a
compared in central, semicentral, and peripheral collisio
The S2 parametrization produces the strongest shadow
because the sea quark ratio is lower at smallx than S1 and
S3; see Fig. 2. All the LHC ratios increase with rapidi
becausex2 remains small whilex1 increases to;0.1 at y
;5. Recall that aroundx1;0.1, S1 shows antishadowing
S2;1 for sea quarks, and the sea quark distributions
shadowed with theS3 parametrization. Thus the change
the shadowing ratios as a function ofy is smallest withS3 .
As y and x1 increase, the shadowing, antishadowing, a
EMC regions are traced out. However, at forward rapiditi
x2,1024 so that the cross section ratios are always sign
cantly less than unity.

At RHIC, the ratios decrease with rapidity. Bothx1 and
x2 are in a region where all the parton densities are sh
owed aty50 but, as the rapidity increases,x2 decreases to

g,

FIG. 18. TheET distribution predicted for the PHENIX detecto
in the intervaluyu<0.35, calculated with the MRST LO distribu
tions andp052 GeV. The upper plot emphasizes central collisio
with b,0.2RA , the middle plot shows the region 0.9RA,b
,1.1RA , and the lower plot shows the entireET distribution. The
lines indicate the homogeneous shadowing results: solid line fo
shadowing, dashed line forS1, dot-dashed line forS2, and dotted
line for S3 . The inhomogeneous shadowing results forS1 ~circles!,
S2 ~squares!, andS3 ~diamonds! are shown forSWS.
4-17
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the low-x saturation region while thex1 values enter the
EMC region. The resulting convolution is then lower at lar
y than at central rapidities. Since the Drell-Yan cross sec
is calculated in the interval 4,m,9 GeV, some influence o
Fermi motion is apparent at the largest rapidities beca
x1;0.9 whenm59 GeV andy53.

The effect of the inhomogeneity is shown more fully
Figs. 24 and 25. We have chosen two different mass ran
4,m,9 GeV and 11,m,20 GeV between theJ/c andY
resonances and above theY family, respectively. The simi-
larities between the CMS and ALICE predictions at the LH
and the STAR and PHENIX expectations at RHIC are ob
ous in these figures. In the range 4,m,9 GeV, shadowing
is expected at all masses. In the larger-mass region, the s
larity between theS1 andS2 parametrizations above 10 Ge
is visible in the CMS and ALICE plots. For completenes
the LO Drell-Yan production cross sections per nucleon p

FIG. 19. The Drell-Yan mass distribution relative toS51 in
ALICE, uyu<1, calculated with the MRST LO distributions. Th
upper plot shows central collisions withb,0.2RA , the middle plot
shows the region 0.9RA,b,1.1RA , and the lower plot shows the
peripheral region 1.9RA,b,2.1RA . The lines are the homoge
neous shadowing result. The dashed line representsS1, the dot-
dashed line,S2, and the dotted line,S3 . Equation~3! is used to
calculate the inhomogeneous shadowing ratios forS1,WS ~circles!,
S2,WS ~squares!, andS3,WS ~triangles!.
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for both mass ranges are shown in Table X with and with
homogeneous shadowing. Recall that the theoreticalK factor
between the LO and NLO cross sections is'1.2.

We now consider shadowing inJ/c and Y production
using two models that have been successfully employe
describe quarkonium hadroproduction. The first, the co
evaporation model, treats all quarkonium production iden
cally to QQ̄ production below theMM̄ threshold, whereM
represents the lightest meson containing a single heavy q
Q, neglecting the color and spin of the producedQQ̄ pair.
The nonrelativistic QCD approach expands quarkonium p
duction in powers ofv, the relativeQ-Q̄ velocity within the
bound state. In this model, the producedQQ̄ pair retains the
information on its color, spin, and total angular momentu
requiring more parameters than the color evaporation mo

In the color evaporation model@49#,

FIG. 20. The Drell-Yan mass distribution compared to the d
tribution with S51 in PHENIX, uyu<0.35, calculated with the
MRST LO distributions. The upper plot shows central collisio
with b,0.2RA , the middle plot shows the region 0.9RA,b
,1.1RA , and the lower plot shows the peripheral region 1.9RA

,b,2.1RA . The lines indicate the homogeneous shadowing res
The dashed line representsS1, the dot-dashed line,S2, and the
dotted line,S3 . Equation~3! is used to calculate the inhomoge
neous shadowing ratios forS1,WS ~circles!, S2,WS ~squares!, and
S3,WS ~diamonds!.
4-18
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f i
N~x1 ,Q2! f j

N~x2 ,Q2!
dŝ i j

C,B

dydm2

5FC,BK thH f g
N~x1 ,Q2! f g

N~x2 ,Q2!
sgg~Q2!

ŝ

FIG. 21. The Drell-Yan mass distribution compared to the d
tribution with S51 at the LHC,uyu<1. and RHIC,uyu<0.35, cal-
culated with the MRST distributions. The ratios are shown at le
ing and next-to-leading order in the Drell-Yan cross section
homogeneous shadowing. The dashed line representsS1, the dot-
dashed line,S2, and the dotted line,S3 ratios at leading order. The
next-to-leading order ratios are indicated by the symbols * (S1), 3
(S2), and1 (S3).

FIG. 22. The Drell-Yan rapidity distribution in the mass interv
4,m,9 GeV, relative toS51 for Pb1Pb collisions at the LHC,
calculated with the MRST LO distributions. Central,b,0.2RA ,
semicentral, 0.9RA,b,1.1RA , and peripheral, 1.9RA,b
,2.1RA , impact parameters are shown along with the integral o
all b. The lines indicate the homogeneous shadowing result.
dashed line representsS1, the dot-dashed line,S2, and the dotted
line, S3 . Equation~3! is used to calculate the inhomogeneous sh
owing ratios forS1 ~circles!, S2 ~squares!, andS3 ~diamonds!.
04490
1 (
q5u,d,s

@ f q
N~x1 ,Q2! f q̄

N
~x2 ,Q2!

1 f q̄
N
~x1 ,Q2! f q

N~x2 ,Q2!#
sqq̄~Q2!

ŝ
, ~38!

whereC andB represent the produced charmonium and b
tomonium states. The LO partonicQQ̄ cross sections are
defined in@50# and ŝ5x1x2S. The fraction ofQQ̄ pairs be-
low the MM̄ threshold that become the final quarkoniu
state,FC,B , is fixed at NLO@49#. The factorK th matches the
LO cross section to the NLO result. Together, the multip
cative factorsFC,B andK th reproduce thepp data in magni-
tude and shape. ForJ/c production, we usemc51.3 GeV
andQ5mc with the GRV 94 LO distributions andmc51.2
GeV andQ52mc with the MRST LO densities@49#. For Y
production, we takemb5Q54.75 GeV with both sets of
parton distributions.

The J/c cross section ratios in the color evaporati
model are given as a function of rapidity at LHC and RH
in Figs. 26 and 27, respectively. At both energies, theS1 and
S2 results are very similar because the products of theS1
shadowing ratios and theS2 gluon shadowing ratios atQ
52mc52.4 GeV differ by only 1–2 % over a wide range,
units of rapidity at the LHC and 2.5 units at RHIC. Th
ratios with theS3 parametrization are larger than with theS1
andS2 parametrizations. This is due to the nature of theS3
parametrization: at lowx anduyu there is less gluon shadow
ing and at largex anduyu the gluon antishadowing is stronge

-

-
r

r
e

-

FIG. 23. The Drell-Yan rapidity distribution in the mass interv
4,m,9 GeV, compared to the distribution withS51 in Au1Au
collisions at RHIC, calculated with the MRST LO distribution
Central,b,0.2RA , semicentral, 0.9RA,b,1.1RA , and peripheral,
1.9RA,b,2.1RA , impact parameters are shown along with t
integral over allb. The lines indicate the homogeneous shadow
result. The dashed line representsS1, the dot-dashed line,S2, and
the dotted line,S3 . Equation~3! is used to calculate the ratio forS1

~circles!, S2 ~squares!, andS3 ~diamonds!.
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than in S1 and S2 . These effects are also obvious in th
rapidity-integrated impact parameter dependence show
Fig. 28.

The J/c results in the color evaporation model are rath
sensitive to the choice of parton distributions. This sensi
ity arises from the rather lowmc compared to the initial scale
of many parton distributions. The initial scale of the MRS

FIG. 24. The impact parameter dependence of the Drell-Y
cross section for 4,m,9 GeV, calculated with the MRST LO
distributions. Results are shown for the central rapidity coverage
all four detectors. The lines indicate the homogeneous shadow
result: dashed line forS1, dot-dashed line forS2, and dotted line for
S3 . Equation~3! is used to calculate the ratio forS1 ~circles!, S2

~squares!, andS3 ~diamonds!.

FIG. 25. The impact parameter dependence of the Drell-Y
cross section for 11,m,20 GeV, calculated with the MRST LO
distributions. Results are shown for the central rapidity coverage
the two LHC detectors. The lines indicate the homogeneous s
owing result: dashed line forS1, dot-dashed line forS2, and dotted
line for S3 . Equation ~3! is used to calculate the ratio forS1

~circles!, S2 ~squares!, andS3 ~diamonds!.
04490
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LO densities is Q0;mc'1.1 GeV, suggesting thatQ
52mc is an appropriate choice. Because the initial scale
the GRV 94 LO densities isQ0;mc/2'0.63 GeV, we use
Q5mc . Choosing the scale proportional tomc is somewhat
more consistent with the calculations of the Drell-Yan a
minijet production cross sections. However, the light cha
quark mass precludes this choice for the MRST LO den
ties. We have displayed the results with the MRST LO de
sities. If the GRV 94 LO densities are used, the shadowin
somewhat stronger at both energies and theS1 andS2 results
are different.

Figures 29 and 30 show the shadowedY cross sections,
relative toS51, as a function of rapidity in several impac
parameter regions. TheS1 andS2 parametrizations now dif-
fer due to the evolution of theS2 parametrization. TheS1
parametrization, without evolution, gives anY ratio only
slightly different from that of theJ/c at y50 for the LHC
energy because, asx2 changes from 4.431024 for theJ/c to
1.731023 for the Y at y50, S1 is nearly constant; see Fig
2. The peak aty;4.3 withS1 appears asx1 goes through the
antishadowing region to the EMC region. While the ma
mum in the shadowing ratios occurs at similar rapidities
J/c production,y;5 for S3 andy;5.5 forS1 andS2, theY
ratios peak aty;3.5 for S3, 4.5 for S1, andy;5 for S2 . In
fact, now theS2 and S3 ratios are similar at the LHC. The
larger gluon antishadowing associated withJ/c production
is reduced at the larger bottom mass. At RHICY shadowing
is further reduced relative to theJ/c than at LHC. In contrast
to Fig. 27, the ratio decreases with increasingy over all ra-
pidity. Note also thatY production is restricted to a narrowe
range than theJ/c because theY is heavier. LittleY shad-
owing is observed withS2 while S3 exhibits strong antishad
owing at y50 sincex15x250.048. TheY results are less
dependent on the choice of parton distributions than theJ/c.
This set of parton distributions is weaker than that of t
J/c. This is becausemb.Q0 in both sets so that we choos
mb5Q, eliminating the ambiguity in scale due to the sm
charm quark mass inJ/c production.

The impact parameter dependence ofY production is
shown for the central rapidity coverages of the LHC a
RHIC detectors in Fig. 31. TheseY ratios are much more
dependent on rapidity than the correspondingJ/c ratios.

TABLE X. Leading order Drell-Yan cross section, in units of n
per nucleon pair, integrated over all impact parameters, for
MRST LO parton densities. Full azimuthal coverage is assume

Detector
s(S51)

~nb!
s(S5S1)

~nb!
s(S5S2)

~nb!
s(S5S3)

~nb!

4,m,9 GeV
CMS 4.05 1.90 1.57 2.26
ALICE 1.89 0.86 0.68 1.04
STAR 0.32 0.26 0.26 0.28
PHENIX 0.13 0.10 0.10 0.11

11,m,20 GeV
CMS 0.48 0.25 0.24 0.33
ALICE 0.23 0.10 0.10 0.15

n
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Since the largest shadowing or antishadowing occurs in
central region, a stronger relativey-integrated effect is ob-
served in the detectors with the narrowest rapidity accep
ces. This is particularly obvious for theS3 parametrization in
PHENIX with respect to STAR.

FIG. 26. TheJ/c rapidity distribution calculated in the colo
evaporation model with the MRST LO distributions, compared
the distribution withS51 in Pb1Pb collisions at the LHC. Central
b,0.2RA , semicentral, 0.9RA,b,1.1RA , and peripheral, 1.9RA

,b,2.1RA , impact parameters are shown along with the integ
over all b. The lines show the homogeneous shadowing res
dashed line forS1, dot-dashed line forS2, and dotted line forS3 .
Equation ~3! is used to calculate the ratio forS1 ~circles!, S2

~squares!, andS3 ~diamonds!.

FIG. 27. TheJ/c rapidity distribution calculated in the colo
evaporation model with the MRST LO distributions, compared
the distribution withS51 in Au1Au collisions at RHIC. Central,
b,0.2RA , semicentral, 0.9RA,b,1.1RA , and peripheral, 1.9RA

,b,2.1RA , impact parameters are shown along with the integ
over all b. The lines show the homogeneous shadowing res
dashed line forS1, dot-dashed line forS2, and dotted line forS3 .
Equation ~3! is used to calculate the ratio forS1 ~circles!, S2

~squares!, andS3 ~diamonds!.
04490
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The effects of shadowing on quarkonium production
the color evaporation model are unchanged between LO
NLO @51#. Even though at NLO quark-gluon scattering al
contributes to quarkonium production, the fraction of the
tal production cross section due to this new channel is

l
t:

l
t:

FIG. 28. The impact parameter dependence ofJ/c production
calculated in the color evaporation model with the MRST LO d
tributions. Results are shown for the central rapidity covera
given for all four detectors. The lines show the homogeneous sh
owing result: dashed line forS1, dot-dashed line forS2, and dotted
line for S3 . Equation ~3! is used to calculate the ratio forS1

~circles!, S2 ~squares!, andS3 ~diamonds!.

FIG. 29. TheY rapidity distribution calculated in the colo
evaporation model with the MRST LO distributions, compared
the distribution withS51 in Pb1Pb collisions at the LHC. Central
b,0.2RA , semicentral, 0.9RA,b,1.1RA , and peripheral, 1.9RA

,b,2.1RA , impact parameters are shown along with the integ
over all b. The lines show the homogeneous shadowing res
dashed line forS1, dot-dashed line forS2, and dotted line forS3 .
Equation ~3! is used to calculate the ratio forS1 ~circles!, S2

~squares!, andS3 ~diamonds!.
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large enough at these energies to change the shadowin
fects.

The nonrelativistic QCD~NRQCD! approach is an exten
sion of the color singlet model@52# which requiresJ/c ’s to
be produced with the correct color and total angular mom
tum. The color singlet model predicts that high-pT J/c pro-

FIG. 30. TheY rapidity distribution calculated in the colo
evaporation model with the MRST LO distributions, compared
the distribution withS51 in Au1Au collisions at RHIC. Central,
b,0.2RA , semicentral, 0.9RA,b,1.1RA , and peripheral, 1.9RA

,b,2.1RA , impact parameters are shown along with the integ
over all b. The lines show the homogeneous shadowing res
dashed line forS1, dot-dashed line forS2, and dotted line forS3 .
Equation ~3! is used to calculate the ratio forS1 ~circles!, S2

~squares!, andS3 ~diamonds!.

FIG. 31. The impact parameter dependence ofY production
calculated in the color evaporation model with the MRST LO d
tributions. Results are shown for the central rapidity covera
given for all four detectors. The lines show the homogeneous s
owing result: dashed line forS1, dot-dashed line forS2, and dotted
line for S3 . Equation ~3! is used to calculate the ratio forS1

~circles!, S2 ~squares!, andS3 ~diamonds!.
04490
ef-
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duction occurs dominantly throughxcJ decays because direc
J/c production required a hard gluon emission on a pert
bative time scale. The NRQCD model@53# does not restrict
the angular momentum or color of the quarkonium state
the lowest allowed color singlet state. Then, e.g., aJ/c may
produced as a3P0 color octet which hadronizes through th
emission of nonperturbative soft gluons.

The rapidity distribution of the final-stateC or B is

f i
N~x1 ,Q2! f j

N~x2 ,Q2!
dŝ i j

C,B

dy

5(
i , j

(
n
E

0

1

dx1dx2dXy2
1

2
lnS x1

x2
D C

3 f i
N~x1 ,Q2! f j

N~x2 ,Q2!CQQ̄[n]
i j

^O n
C,B&.

~39!

The sum overi and j includes up, down, and strange quar
and antiquarks as well as gluons since in NRQCD, e.g.,
process (q1q̄)g→xc1X also contributes toJ/c production.
The expansion coefficientsCQQ̄[n]

i j are calculated perturba
tively in powers ofas(Q

2) up toas
3 and the nonperturbative

parameterŝO n
C,B& describe the hadronization of the quark

nium state. The expressions for the cross sections and
values of the nonperturbative parameters can be found
Ref. @55#. Since^O n

C,B& were fixed using the CTEQ 3L par
ton densities@54# with mc51.5 GeV,mb54.9 GeV, andQ
52mQ , we use this set with the samemQ andQ values to be
consistent with fixed target cross sections@55#.

The totalJ/c cross section includes radiative decays
the xcJ states and hadronic decays of thec8,

dsJ/c

dy
5

dsJ/c
dir

dy
1 (

J50

2

B~xcJ→J/cX!
dsxcJ

dy

1B~c8→J/cX!
dsc8
dy

. ~40!

Likewise, the totalY cross section includes radiative deca
from xbJ(1P) andxbJ(2P) states and hadronic decays fro
theY(2S) andY(3S) states. We have not included radiativ
decays from the proposedxbJ(3P) states since their branch
ing ratios to the lower bottomonium states are unknow
Then

dsY

dy
5

dsY
dir

dy
1 (

J50

2

B„xbJ~1P!→YX…
dsxbJ(1P)

dy

1Beff„Y~2S!→YX…
dsY(2S)

dy

1 (
J50

2

Beff„xbJ~2P!→YX…
dsxbJ(2P)

dy

1Beff„Y~3S!→YX…
dsY(3S)

dy
. ~41!
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Note that as well as the direct decays of the higher botto
nium states to theY, a final-stateY can be produced by a
chain of hadronic and radiative decays. In the case of e
theY(3S), decays toY(2S) andY are of the same order a
decays to thexbJ(2P) states. The branching ratios above t
xbJ(1P) states are labeled asBeff to indicate that direct as
well as chain decays are included in the total branching ra
The perturbative part of the production,CQQ̄[n]

i j , is the same
for theY, Y(2S), andY(3S) states and for thexbJ(1P) and
xbJ(2P) states. Only the parameters^O n

B& change. The com-
plex feeddown of the higher bottomonium states to theY
requires more parameters thanJ/c production.

In contrast, in the color evaporation model, the rapid
distributions of all states are assumed to be the same; t
e.g.,FJ/c in Eq. ~38! includes thexcJ andc8 decay contri-
butions given explicitly in Eq.~40!.

Two differences between the NRQCD and color evapo
tion approaches are relevant here. The first concerns tx
values probed. Since the color evaporation model integr
overQQ̄ pair mass up to theMM̄ threshold, it averages ove
the x range 2mQ /AsNN,x,2mM /AsNN. The pair mass in-
tegration also includes limitedQ2 evolution in the parton
densities and the shadowing parametrizations. The NRQ
formulation selects specificx1 andx2 values for some of the
states and only involves a convolution overx for color sin-
glet production of, e.g.,gg→J/c,xc1 ,xc2 and g(q1q̄)
→xc1 . Additionally, production is at fixedQ2 for all states.
The second difference is theg(q1q̄) contribution to
NRQCD production, absent in the color evaporation mod

We show NRQCD results forJ/c production in Figs. 32
and 33. Since theS1 parametrization is flavor andQ2 inde-
pendent, these results are least influenced by the produ
model. The differences between the models are most obv
at RHIC where theqq̄ contribution is '5% of the color
evaporation cross section and'1% of the NRQCD cross
section. The g(q1q̄) contribution is '3–4 % of the
NRQCD cross section. Since the gluon is antishadowe
RHIC, significantly less shadowing can be expected in
NRQCD model than in the color evaporation model. T
relative reduction in shadowing is particularly obvious f
the S3 parametrization in Fig. 33 where the cross sect
ratio is '0.95 over 1.5 units of rapidity wherex is antishad-
owed. At larger rapidity,x is in the EMC region and theS3
gluon ratio decreases again, as shown on Fig. 2. TheS2 ratio
is generally flatter because the gluon ratio is not reduce
the EMC region. The difference between the two approac
is significantly smaller at the LHC where theqq̄ contribution
is less than 1% for both models and therefore plays pra
cally no role.

The impact parameter dependence of shadowing in
NRQCD approach onJ/c production is shown in Fig. 34
The difference between shadowing in this model and on
color evaporation model seen in the rapidity distributions
obvious here as well.

The effect of shadowing onY production in the NRQCD
approach is shown in the rapidity distributions in Figs.
and 36 and in the impact parameter dependence in Fig.
04490
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The same trends seen in the color evaporation model
observed here except that shadowing or antishadowing
fects are reduced for NRQCD production. Here, the largeb
quark mass, 4.9 GeV, and scale,Q52mb , reduce the mag-
nitude of the shadowing. The importance ofqq̄ annihilation
in the color evaporation model relative to theqq̄ and g(q
1q̄) contributions in NRQCD affects the shadowing. Th
g(q1q̄) component in NRQCD is 1% or less of theY cross
section at both RHIC and LHC. The higher quark ma
probes largerx values where theqq̄ contribution is larger. At
RHIC, qq̄ contributes 13–16 % of the totalY cross section
in the color evaporation model compared to 36–56 % of
total Y cross section in the NRQCD approach. The larg
fraction of Y production byqq̄ annihilation in NRQCD is
due to the large octetxbJ contribution.

The integratedJ/c cross sections per nucleon pair fo
both models are shown in Table XI. The factorK th is in-
cluded for the color evaporation model while the NRQC
parameters are fit to the measured cross sections at LO.
S51 cross sections agree within 5–7 % at RHIC and with
15% at the LHC. The NRQCD results are lower than t
color evaporation results at RHIC but the NRQCD cross s
tion grows faster with energy than the color evaporat
cross section. This behavior can be attributed to the differ
small x behavior of the MRST LO and CTEQ 3L parto
densities. With homogeneous shadowing, the differences
more striking, as reflected in Figs. 26–34.

Table XII shows the integratedY production cross sec
tions per nucleon pair for both models. The theoreticalK

FIG. 32. TheJ/c rapidity distribution calculated in the NRQCD
model with the CTEQ 3L distributions, compared to the distributi
with S51 in Pb1Pb collisions at the LHC. Central,b,0.2RA ,
semicentral, 0.9RA,b,1.1RA , and peripheral, 1.9RA,b
,2.1RA , impact parameters are shown along with the integral o
all b. The lines show the homogeneous shadowing result: das
line for S1, dot-dashed line forS2, and dotted line forS3 . Equation
~3! is used to calculate the ratio forS1 ~circles!, S2 ~squares!, andS3

~triangles!.
4-23
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factor is included for the color evaporation model@49#. The
NRQCD parameters have been fit to fixed targetY produc-
tion data. The two modelY cross sections do not agree
well as do those of theJ/c. Reasons for this disagreeme
might include the greater number ofY parameters needed t
fit a more limited set of data or the absence of the poss
xbJ(3P) decays in this calculation.

Finally, we mention one caveat concerning quarkoni
production. Since the initial quarkonium state is typically
color octet and obtains its final-state identity in a later s
interaction, it is conceivable that production and convers
occur far enough apart in position space for the strength
the apparent shadowing to be different. However, if shad
ing is considered to only affect quarkonium at the product
point, this separation is insignificant. In any case, this se
ration is a much bigger issue inpp interactions, where the
two points must be quite close.

VI. DISCUSSION AND CONCLUSIONS

We have studied the effect of shadowing and its posit
dependence on particle production in nucleus-nucleus c
sions at RHIC and LHC energies. Shadowing can reduce
minijet yields by up to a factor of 2 at the LHC. Assumin
that hard production dominates the determination of the
tial conditions and that the high minijet yield leads to equ
bration, the initial energy density and apparent tempera
can be significantly reduced. Fast equilibration is unlike
even for the gluons alone, when shadowing is included.
change in the initial conditions due to shadowing is cons
erably smaller at RHIC, on the order of a few percent, l

FIG. 33. TheJ/c rapidity distribution calculated in the NRQCD
model with the CTEQ 3L distributions, compared to the distributi
with S51 in Au1Au collisions at RHIC. Central,b,0.2RA , semi-
central, 0.9RA,b,1.1RA , and peripheral, 1.9RA,b,2.1RA , im-
pact parameters are shown along with the integral over allb. The
lines show the homogeneous shadowing result: dashed line foS1,
dot-dashed line forS2, and dotted line forS3 . Equation~3! calcu-
late the ratio forS1 ~circles!, S2 ~squares!, andS3 ~triangles!.
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than the change in the initial conditions when soft product
is included. We have compared the initial conditions in ce
tral collisions with homogeneous and inhomogeneous sh
owing and found the difference to be small. The inhomog
neity of the shadowing becomes more important

FIG. 34. The impact parameter dependence ofJ/c production
calculated in NRQCD with the CTEQ 3L distributions. Results a
shown for the central rapidity coverages given for all four detecto
The lines show the homogeneous shadowing result: dashed lin
S1, dot-dashed line forS2, and dotted line forS3 . Equation~3! is
used to calculate the ratio forS1 ~circles!, S2 ~squares!, and S3

~triangles!.

FIG. 35. TheY rapidity distribution calculated in the NRQCD
model with the CTEQ 3L distributions, compared to the distributi
with S51 in Pb1Pb collisions at the LHC. Central,b,0.2RA ,
semicentral, 0.9RA,b,1.1RA , and peripheral, 1.9RA,b
,2.1RA , impact parameters are shown along with the integral o
all b. The lines show the homogeneous shadowing result: das
line for S1, dot-dashed line forS2, and dotted line forS3 . Equation
~3! is used to calculate the ratio forS1 ~circles!, S2 ~squares!, andS3

~triangles!.
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peripheral collisions. We have also showed the shadow
effects on theET distributions for the central rapidity accep
tance of the major detectors at the LHC and RHIC. We n
that our results at RHIC are more stable with respect
changes in the parton densities than at the LHC where
small-x behavior of the gluons can lead to unitarity viol
tions, the size of which depends strongly on the chosen

FIG. 36. TheY rapidity distribution calculated in the NRQCD
model with the CTEQ 3L distributions, compared to the distributi
with S51 in Au1Au collisions at RHIC. Central,b,0.2RA , semi-
central, 0.9RA,b,1.1RA , and peripheral, 1.9RA,b,2.1RA , im-
pact parameters are shown along with the integral over allb. The
lines show the homogeneous shadowing result: dashed line foS1,
dot-dashed line forS2, and dotted line forS3 . Equation~3! calcu-
late the ratio forS1 ~circles!, S2 ~squares!, andS3 ~triangles!.

FIG. 37. The impact parameter dependence ofY production
calculated in NRQCD with the CTEQ 3L distributions. Results a
shown for the central rapidity coverages given for all four detect
The lines show the homogeneous shadowing result: dashed lin
S1, dot-dashed line forS2, and dotted line forS3 . Equation~3! is
used to calculate the ratio forS1 ~circles!, S2 ~squares!, and S3

~triangles!.
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ton densities. Since we assumeK jet51, we have been very
conservative in our estimates of the initial conditions. Non
theless, once unitarity is satisfied at the LHC, the hard co
ponent is likely be reduced judging from the difference b
tween the GRV 94 LO and the MRST LO cross sectio
Thus lower number and energy densities may be expe
for LHC collisions.

Finally we have studied the effects on theJ/c, Y, and
Drell-Yan yields. A careful measurement of theJ/c, Y, and
Drell-Yan rates as a function of rapidity can help distingui
between shadowing models as well as the quarkonium
duction mechanism since the color evaporation and NRQ

TABLE XI. J/c production cross sections in the color evapo
tion and NRQCD approach in units ofmb per nucleon pair. No
nuclear absorption of theJ/c in the final state is included. The
color evaporation cross sections were calculated with the MR
LO parton densities and the NRQCD results were obtained with
CTEQ 3L distributions. Both are normalized so as to agree w
results from charmonium hadroproduction. Full azimuthal cover
is assumed.

Detector
s(S51)

(mb)
s(S5S1)

(mb)
s(S5S2)

(mb)
s(S5S3)

(mb)

Color evaporation model
CMS 43.5 19.6 19.2 22.8
ALICE 18.8 8.23 8.00 9.63
STAR 1.62 1.12 1.12 1.43
PHENIX 0.65 0.44 0.40 0.56

NRQCD
CMS 51.0 23.8 27.1 29.8
ALICE 21.5 9.75 11.1 12.3
STAR 1.54 1.11 1.16 1.49
PHENIX 0.60 0.44 0.45 0.58

TABLE XII. Y production cross sections in the color evapo
tion and NRQCD approach in units ofmb per nucleon pair. No
nuclear absorption of theY in the final state is included. The colo
evaporation cross sections were calculated with the MRST LO
ton densities and the NRQCD results were obtained with the CT
3L distributions. Both are normalized so as to agree with res
from bottomonium hadroproduction. Full azimuthal coverage is
sumed.

Detector
s(S51)

~nb!
s(S5S1)

~nb!
s(S5S2)

~nb!
s(S5S3)

~nb!

Color evaporation model
CMS 377 187 249 267
ALICE 169 80 107 117
STAR 4.80 4.38 4.72 5.76
PHENIX 1.92 1.77 1.89 2.36

NRQCD
CMS 419 282 343 365
ALICE 181 119 146 157
STAR 6.19 5.92 6.17 6.74
PHENIX 2.52 2.43 2.52 2.78

.
for
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approaches lead to quite different shadowing patterns.
cause there is typically a larger shadowing effect on quar
nium production in the color evaporation model than
Drell-Yan production, e.g., theJ/c to Drell-Yan ratio would
be smaller than that expected forS51. On the other hand
the NRQCD approach predicts the reverse—theJ/c to
Drell-Yan ratio may be larger than expected whenS51.
Since the effect of shadowing depends on the Drell-Yan p
mass, if the Drell-Yan yield is to be used as a base line
compare the yield of other hard probes, the rates should
measured directly in the mass region of interest rather t
relying on calculations to extrapolate into an unmeasu
region.

One key test of the impact parameter dependence of s
owing is the slope of the Drell-Yan mass distribution;
shadowing varies with position, the slope of the distributi
s.

.
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should depend onET . If the slopes are significantly differen
for central, intermediate, and peripheral collisions, th
would be a clear demonstration that shadowing depends
position. The only complication may be due to parton ene
loss before the hard interaction.
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