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Saturation and parton level Cronin effect: Enhancement versus suppression of gluon production
in p-A and A-A collisions
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We note that the phenomenon of perturbative saturation leads to transverse momentum broadening in the
spectrum of partons produced in hadronic collisions. This broadening has a simple interpretation as the parton
level Cronin effect for systems in which saturation is generated by the ‘‘tree level’’ Glauber-Mueller mecha-
nism. For systems where the broadening results form the nonlinear QCD evolution to high energy, the presence
or absence of the Cronin effect depends crucially on the quantitative behavior of the gluon distribution
functions at transverse momentakt outside the so called scaling window. We discuss the relation of this
phenomenon to the recent analysis by Kharzeev, Levin, and McLerran of the momentum and centrality
dependence of particle production in nucleus-nucleus collisions at BNL RHIC.
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I. INTRODUCTION

The phenomenon of perturbative saturation has been
focus of intensive study in recent years. Since the appear
of the first BNL Relativistic Heavy Ion Collider~RHIC! data,
saturation based ideas have motivated several attempts a
derstanding bulk properties of ultrarelativistic heavy ion c
lisions such as the multiplicity, rapidity distribution and ce
trality dependence of particle production@1,2#. In particular
the recent work@2# suggests that the saturating properties
the nuclear gluon distribution may be responsible for
Npart scaling of charged particle multiplicity at 2,pt

,8 GeV with centrality in RHIC data. It is undoubtedly tru
that saturation effects suppress the number of gluons be
the saturation momentumQs in the nuclear wave function. I
is then very plausible that the number of produced partic
at pt,Qs is also suppressed relative to simple perturbat
prediction. The value ofQs

2 is estimated to be of orde
2 GeV2 for most central collisions at RHIC@1#. The sugges-
tion of @2# goes beyond this simple statement and impl
that the suppression persists also at higher momenta, na
in the so called scaling windowQs,pt,Qs

2/Q0.
On the other hand one expects a competing effect

transverse momentum broadening due to multiple resca
ings in the final state, the so called Cronin effect. This sho
enhance the number of particles produced in the intermed
momentum range and thus works against the saturation a
ment. The purpose of this paper is to show that there is
outright contradiction between the appearance of the Cro
effect and the expectations based on the saturation sce
and that, in fact, the Cronin enhancement is inherent in so
0556-2821/2003/68~5!/054009~9!/$20.00 68 0540
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realizations of saturation physics. We show here that sat
tion models based on multiple rescattering lead to the r
tion

dNsat

d2pt

.
dNpert

d2pt

~1!

for all pt.Qs . This relation leads to Cronin enhanceme
when comparing gluon production in central and periphe
collisions.

For saturation models based not on multiple rescatte
but rather on coherent suppression at lowx the situation is
more complicated. Here it is also true that the number
gluons produced in the intermediate momentum range
greater than the prediction of the leading order perturba
theory. This overall enhancement is the result of the incre
of the number of gluons in the nuclear wave function due
low x evolution. The transverse momentum broadening
also present. This is manifested by the anomalous dimen
generated by the lowx evolution, so that the decrease of th
evolved distribution with momentum is very slow. Howeve
whether this broadening results in the Cronin enhanceme
determined by the behavior of saturated gluon distribution
high transverse momenta. The momenta which are impor
are those above the scaling window inside which the value
the anomalous dimension is analytically understood. If
distribution above the scaling window approaches quic
the leading order perturbative one, the Cronin effect is
deed generated. However if the distribution continues to v
much slower than 1/pt

2 , the~properly normalized! multiplic-
©2003 The American Physical Society09-1
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ity of produced gluons is always smaller for central co
sions than for the peripheral ones.

In this light, the results of@2# should be understood in th
following way. In a particular saturation ansatz considered
@2# for pt in the scaling window,dNsat/d2pt as a function of
centrality is indeed proportional to the number of parti
pantsNpart. However its value is alwaysgreaterthan that for
the leading order perturbative prediction for the same m
mentum, even though the latter is proportional to the num
of collisionsNcoll}Npart

4/3 . This holds as long as the transver
momentum in question is greater than the saturation mom
tum for the most central collisions considered. Thus acco
ing to the saturation scenario, the number of produced
ticles in the intermediate transverse momentum range
enhanced and not suppressed relative to the leading o
perturbative one. This enhancement in the overall produc
may or may not result in the Cronin enhancement when c
paring the production rates for central versus peripheral
lisions, as the evolution is equally effective for all impa
parameters.

Before we proceed further, we wish to make clear
following points. First, to calculate the gluon production w
use thekt factorized formalism as in@1,2#. Although it has
not been proved to hold for this process and is likely not
be strictly valid, one may hope as in@1# that it gives a quali-
tatively reasonable description of gluon production. Seco
in this paper we only address the multiplicity of produc
gluons. For comparison with experimental data, this quan
has to be convoluted with gluon fragmentation functions
convert it to the number of produced hadrons. This int
duces additional uncertainties related to our limited kno
edge of the dynamics of the system between the time
production and the time of hadronization@3#, and the pos-
sible medium-dependence of parton fragmentation@4#. Thus
our results have to be paralleled to those of@2# prior to con-
volution with fragmentation functions.

The simplekt-factorized formula for the gluon yield a
central rapidity in a collision of identical nuclei@7# used in
@2# is

E
ds

d3pd2b
5

4p2asSAA~b!Nc

Nc
221

1

pt
2

3E d2ktfA~y,kt!fA~y,pt2kt!. ~2!

Here SAA(b) is the overlap area in the transverse plane
tween the nuclei at fixed impact parameterb, y is the rapidity
difference between the central rapidity and the fragmenta
region andfA(y,kt) is the intrinsic momentum depende
nuclear gluon distribution function, related to the stand
gluon distribution by

fA~y,kt!5
d@xGA~x,kt

2!#

d2ktd
2b

. ~3!

Equation ~2! itself is an approximation even within th
kt-factorization scheme for two reasons. First, the gluon d
tribution is considered to be effectively impact parame
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independent and taken at some representative impact pa
eter inside the overlap region. Second the rapidity of b
distribution functions is taken to be the same rather th
integrating over the relative rapidity of the two distribution
This amounts to the assumption that the gluons are produ
locally in rapidity and keep the same rapidity label as in t
parent distribution function. The first assumption in princip
is easily relaxed by consideringb-dependent distributions
although it makes the calculation considerably more cumb
some. The second assumption is more questionable. One
tainly expects ‘‘migration’’ in rapidity during the interaction
and in particular the relevant rapidities should depend on
produced transverse momentum. This is certainly the cas
the collinear factorized perturbative formalism, where t
parent rapidities are taken atx5kt /As. However in the
present case the production is not necessarily through th
→2 process, and thus the rapidities are not fixed in the sa
way. Keeping these caveats in mind, we now consider
implications of Eq.~2!.

In a purely perturbative approach, neglecting the effe
of saturation the gluon distribution function at impact para
eterb has the shape

fA
pert~kt ,b!5

as~Nc
221!

2p2 K
rpart~b!

2

1

~kt1LQCD!2
, ~4!

whererpart(b) is the density of participants, taken as refe
ence forA-A collisions. The role ofLQCD in the denomina-
tor is to regulate the gluon distribution in the infrared. T
additional numerical multiplicative factorK reflects the fact
that the gluons at lowx originate not only from the valence
quarks, but also from the sea quarks and energetic gluo

II. MODELS FOR THE GLUON DISTRIBUTION

Saturation effects modify the gluon distribution so that
is suppressed at low momentauktu,Qs . There are severa
models in the literature which provide such a saturated
tribution function. In this paper we consider two types
models.

A. McLerran-Venugopalan gluon

The McLerran-Venugopalan model@8# achieves satura
tion by taking into account the Glauber-Mueller multip
scattering effects. The intrinsic glue distribution in th
model was calculated in@9,10#

fA
MV~kt!5

Nc
221

4p4asNc
E d2x

x2
~12e2x2Qs

2(x2)/4!eikt•x. ~5!

We will take the saturation momentum to bex-dependent
following @1#

Qs
2~x2,b!5

4p2asNc

Nc
221

xG~x,1/x2!
rpart~b!

2
, ~6!
9-2
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(a) (b)

FIG. 1. ~a! The unintegrated gluon distribution function, normalized to the corresponding perturbative one, as function ofkt for fixed
rpart53.1 fm22 and for Qs

2.2 GeV2; solid curve: gluon distribution in the McLerran-Venugopalan model@8#, dot-dashed curve: mode
~10!–~12! for the evolved gluon distribution. The dashed curve is for the anomalous dimensiong50.5. ~b! The ratioRperiph in Eq. ~17! for
the gluon distributions Eq.~10! ~dot-dashed curve! and Eq.~13! ~solid curve!.
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with G(x,kt
251/x2) being thenucleongluon distribution. We

will take the gluon distribution in the nucleon to be of th
simple perturbative form@11#

xG~x,1/x2!5K
as~Nc

221!

2p
lnS 1

x2LQCD
2

1aD . ~7!

The small regulatora51/(xc
2LQCD

2 ) ensures that the satu
ration momentum stays positive forx2@xc

2 . For the numeri-
cal evaluations we choosexc53 GeV21, such that for mo-
mentakt>O(1 GeV) the sensitivity on the infrared cutoffa
is negligible. We takeLQCD50.2 GeV, andas50.5. The
saturation scaleQs

2(b) is obtained from the solution of th
implicit equation~6!, when evaluated atx251/Qs

2(b). At b
50 we fix Qs

252 GeV2 throughout this paper; this corre
sponds toK51.8 in Eq.~7!.

The MV distribution appears in the light cone gauge c
culation as the average of the gluon number density oper
in the state with random distribution of color charges distr
uted with the nuclear density@10#. On the other hand a
shown in@9#, in the covariant gauge calculation of DIS-lik
processes it accounts precisely for the rescattering of the
duced gluon inside the nucleus. The effect of these mult
rescatterings is to broaden the gluon transverse momen
spectrum by the amountDkt

2;Qs
2 . Accordingly, the low

momentum part offA
MV is suppressed relative to the pertu

bative gluon, the region aroundkt;Qs is enhanced, while a
large momentakt@Qs there is no appreciable change re
tive to the perturbative gluon. Figure 1~a! shows the ratio of
the MV gluon to the perturbative one as a function of m
mentum for fixed coupling constantas50.5. The multiple
rescatterings do not change the total number of gluons
only redistribute the gluon momentum. Thus the gluon d
tribution G(Q2) calculated withfA

MV is the same as the pe
turbative one forQ2@Qs

2 .
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In a DIS-like process with a probe directly coupled
gluons, the intrinsic momentum distribution would be d
rectly proportional to the spectrum of final state gluons. T
Cronin effect is therefore present in the MV gluonab initio.
This has been noticed in@12#. The question we are intereste
in, is to what extent this effect shows up in nuclear co
sions.

B. Evolved gluons

The MV gluon distribution does not contain any evolutio
in x. One way to introduce thex dependence is to adopt th
Golec-Biernat-Wu¨sthoff procedure@13#, whereby the satura
tion momentum is taken to be energy dependent with
factorx2l, with l50.220.3. In this paper we are not goin
to explore the energy dependence of the spectrum, and
for our purposes the energy independent MV ansatz is s
cient.

Another type of saturated gluon distribution has been u
in @2#. The energy dependence in the RHIC energy rang
not large enough to allow one to explore the perturbativ
predictedx dependence of the distribution function. One c
nevertheless considerf ~at both 130 and 200 GeV! as being
evolved by the perturbative evolution from lower energie
Such an energy evolution leaves a distinctive imprint on
kt dependence of the gluon. Although the solution of t
nonlinear QCD evolution equation@14# has not been ana
lyzed in great detail, its qualitative features have been d
cussed in@15#. It has been argued in@15# that in the wide
region of momentaQs(x),uktu,Qs

2(x)/Q0 the evolved dis-
tribution behaves as

fA
NLE~kt!}FQs

2

kt
2 Gg

~8!

with the anomalous dimension
9-3
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g50.64. ~9!

A slightly different analysis of@2# based on the doubly loga
rithmic approximation suggestsg50.5. In either case due t
the large anomalous dimension,fA

NLE is very significantly
enhanced over the perturbativefA

pert in the wide range of
momenta. At asymptotically large momentafA

NLE again re-
duces to the perturbative expression.

As we will see in the following it is important to know
how the distribution behaves outside the scaling wind
The behavior outside the scaling window is not known a
lytically. One expects that at asymptotically large mome
the behavior offA

NLE is perturbative, and thereforeg uktu→`

→1. The crossover from the scaling with the anomalo
dimension to the perturbative one can in principle be eit
sharp at the edge of the window, or can be very gradual
slow. To explore the possible differences between the
and slow crossovers we will use two parametrizations of
distribution function.

To model the function with the fast crossover we take
illustration

fA
NLEF~kt!5

Nc
221

4p3asNc
S Q̂s

2

kt
21Q̂s

2D g(kt)

, ~10!

where

Q̂s
25Q̂s

2~b!5K2pas
2Nc

rpart~b!

2
, ~11!

and

g~kt!5
110.64w~kt!

11w~kt!
, w~kt!5S 10Qs

2~b!

~kt1LQCD!2D 6

.

~12!

Here, Qs
2(b)54Q̂s

2(b), consistent with Eq.~6! at rpart

53.1 fm22.
The parametrization offA

NLE(kt) is chosen to be consis
tent with the required behavior at largekt as well as atkt
5O(Qs) @15#. The width of the scaling window in our pa
rametrization is;3Qs . For kt,Qs , the gluonfA

NLE is sup-
posed to saturate or grow at most logarithmically. In o
ansatz this saturation is ensured by the presence of the
Q̂s

2 in the denominator of Eq.~10!.
To model the possibility of the slow crossover we w

take simply the function with fixed anomalous dimension

fA
NLES~kt!5

Nc
221

4p3asNc
S Q̂s

2

kt
21Q̂s

2D 0.64

. ~13!

Although this function never approaches the perturbative
ymptotics, for the purposes of numerical evaluation it is
distinguishable from a function with slowly varyingg(k).

We note that Eq.~10! parametrizes the gluon distributio
directly in momentum space. We found that this is the s
plest way to generate an acceptablef to be used in the
05400
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framework of Eq.~2!. Alternatively one could try to definef
via the frequently used relation involving the dipole scatt
ing cross sectionN(x) @15#,

fA
NLE~kt!5

Nc
221

4p4asNc
E d2x

x2
N~x!eiktx, ~14!

where

N~x!5
~x2Qs

2~x2!/4!g

11@x2Qs
2~x2!/4#g

, ~15!

with g(x) approachingg50.64 at small values of 1/Qs.x
.LQCD/Qs

2 in a way similar to Eq.~12!. Although strictly
speakingfA(kt) is defined by the relation Eq.~14! only at
largekt , naively one could expect it to be also reasonable
kt;Qs . However it turns out not always to be the case. T
Fourier transform in Eq.~14! is not only sensitive tox
;1/kt but to allx,1/kt . As a result depending on details o
the parametrization ofg(x), we sometimes found ‘‘oscillat-
ing’’ unintegrated gluon functions which for some momen
were even negative. In general, this indicates that one sh
be very careful using relation Eq.~14!, as even for a reason
ableN(x) it can produce unacceptablefA

NLE(kt).
As seen from Fig. 1, the qualitative features of the glu

distribution in the MV model~5! and the scaling models~10!
are to some extent similar. When compared to the lead
order perturbative distribution Eq.~4! they show suppression
at kt!Qs and enhancement atkt.Qs . In Fig. 1~a!, we show
the ratio

Rpert5fA~kt!/fA
pert~kt!. ~16!

In the scaling model the enhancement is much more p
nounced. It is clear that using the same ansatz, but witg
50.5 rather thang50.64 would make this enhanceme
even greater.

In relation to the MV gluon the perturbative distributio
Eq. ~4! is the relevant distribution to be used to model t
peripheral collisions. For the evolved functions a mo
meaningful comparison is with the ‘‘peripheral’’ distributio
of the same functional form asfA

NLE but with a smaller value
of Qs . In Fig. 1~b! we plot the ratios

RNLEF(S)
periph 5

fA
NLEF(S)~b50,kt!/rpart~b50!

fA
NLEF(S)~b513 fm,kt!/rpart~b513 fm!

~17!

with Qs corresponding to rpart53.1 fm22 and rpart
50.35 fm22 ~the values of impact parametersb50 andb
513 fm), respectively. We observe that the ratios forfA

NLEF

andfA
NLES are very different. While the ratioRNLEF

periph exhibits
enhancement for the momenta in the scaling window,
such enhancement is seen inRNLES

periph. The reason is that with
the ansatzfA

NLEF as long askt is outside the scaling window
9-4



e

to

s

n-
at

rb

o
ta

tu
ls
th

on
tiv

hi

n-

t

.
he

n
e
le

of

ral

n
n
ed
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of the peripheral distribution, but inside the window of th
central one@that is for 3Qs(b513 fm),kt,3Qs(b50)]
the ratioRNLEF

periph is practically equal toRpert. This is not the
case for fA

NLES because of a very slow approach
asymptotic behavior. Instead, for all momenta of interest

RNLES
periph5S Qs

2~b50!

Qs
2~b513 fm!

D g21

5
rpart~b513 fm!

r~b50!

12g

,1.

~18!

We note that the physics of the enhancement ofRpert for
fA

NLE is different from that offA
MV . According to@15# and

@2# the anomalous dimension of the evolved distribution i
direct consequence of the linear BFKL~or doubly logarith-
mic! evolution and is not significantly affected by the no
linearity of the BK equation. As opposed to multiple resc
terings resummed infA

MV , the BFKL evolution greatly
increases the total number of gluons relative to the pertu
tive distribution. Thus the enhancement offA

NLE is not due to
the gluon number conserving redistribution of the gluon m
mentum, but rather due to the BFKL growth of the to
number of gluons. The slow fall off offA

NLE with momentum
in the scaling window and the associated clear momen
broadening is the result of the BFKL diffusion, which fil
the phase space very far from the momentum at which
distribution is peaked at initial energy.

Although some qualitative features of saturating glu
distributions appear to be model-independent, quantita
results can vary significantly, see Fig. 1~a! and Fig. 1~b!. In
the rest of this paper, we discuss the implications of t
model-dependence for the spectrum Eq.~2!, and we study
the behavior ofdN/d2pt as a function of transverse mome
tum and centrality.

III. GLUON PRODUCTION IN A-A COLLISIONS

For the perturbative gluon distribution Eq.~4!, the main
contribution to the integral in Eq.~2! comes from the region
of phase spacekt2pt;0 andkt;0, pt2kt;pt . The contri-
bution from the bulk of the phase spacekt;kt2pt;pt is
logarithmically suppressed due to the fast decrease of
perturbative distribution function withkt . One finds

dNpert~b!

dyd2pt
U

y50

52SAA~b!
Nc

221

4p3asNc

Q̂s
4~b!

pt
4

3S ln
pt

2

4LQCD
2

12gED , ~19!

wheregE is the Euler constant. With Eq.~11! this spectrum
scales withNcoll}SAA(b)rpart

2 (b) as expected perturbatively
For the saturated gluon distribution in the MV model t

gluon yield Eq.~2! is expressed by
05400
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dN~b!

dyd2pt
U

y50

5
2

p3

Nc
221

asNc

SAA~b!

pt
2

3E
0

` dx

x3
~12e2x2Qs

2(x2)/4!2J0~ptx!.

~20!

Since small momentapt are suppressed in the MV gluo
distribution, expression~20! is smaller than the perturbativ
one. For smalluptu, thex-dependence of the saturation sca
Eq. ~6! is frozen, and one finds

U dN~b!

dyd2pt
U

y50

pt!Qs(b)

5
1

4p3

Nc
221

asNc

Qs
2~b!SAA~b!

pt
2

ln~4!.

~21!

Thus, for small transverse momentum, the spectrum~21!
scales with the number of participants, i.e.

Npart~b!5SAA~b!rpart~b!. ~22!

Numerically, however, we find that the limit~21! provides a
fair approximation for the full expression~20! in a very
small rpart(b)-dependent region belowpt,0.1 GeV only.

In Fig. 2 we plot the result of the numerical evaluation
the formula Eq.~20! normalized to the peripheral~perturba-
tive! yield Eq. ~19!, i.e.

dN~b!

dyd2pt
Y dNpert~b!

dyd2pt

, ~23!

for rpart53.1 (fm22), and with Qs
252 GeV2. This corre-

sponds to the normalized ratio of central over periphe
yields

FIG. 2. Cronin effect in thept-dependence of gluon productio
yields for head-on A-A collisions. Solid curve for the MV-gluo
distribution normalized to the perturbative yield. The dot-dash
curve is for the evolved gluon distribution~10!, the dashed one for
the evolved gluon distribution~13!, both normalized as in Eq.~24!.
9-5
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1

Ncoll~b50!

dN~b50!

dyd2pt
Y 1

Ncoll~b513 fm!

dN~b513 fm!

dyd2pt

. ~24!
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To understand thept-dependence of Eq.~23! qualitatively,
we consider the integral*d2kt fA(y,kt) fA(y,pt2kt) in Eq.
~2!. For a saturated gluon distribution anduptu.Qs , one
does not gain a logarithmic enhancement factor from the
momentum region,uktu!uptu. However due to enhanceme
in the intermediate region one gets a bigger contribution
the integral fromuktu;ukt2ptu;Qs . Since both factors off
are enhanced in this region, we expect that for some mom
tum range this enhancement will overcome the suppres
in the small momentum range, and therefore will lead to
net excess of produced gluons relative to the perturba
result. This is seen in Fig. 2 as a small but clear Cro
enhancement of the produced gluon number for mome
just above the saturation scale. The amount of enhancem
depends on the value of the coupling constant, but qua
tively the phenomenon persists for anyas .

For the evolved distributionsfA
NLE , since thekt depen-

dence is very slow, the contribution to the integral com
from a very large range of momenta—forpt in the scaling
region the integral is dominated byuktu;ukt2ptu;uptu. This
leads to a significant enhancement of gluon production for
uptu.Qs relative to the perturbative expression. It is howev
more interesting to consider the ratio of the central to peri
eral yields. Again, takingrpart(b50)53.1 fm22 andrpart(b
513)50.35 fm22 we display the results of the numeric
integration of Eq.~2! in Fig. 2. This plot mirrors the plot for
a single distribution Fig. 1~b!. The distributionfA

NLEF dis-
plays a clear Cronin effect similar to the MV gluon, whi
fA

NLES shows uniform suppression for the central/periphe

FIG. 3. Centrality dependence of gluon production yields~2! in
A-A collisions as a function ofrpart (fm22), normalized to the yield
in peripheral collisions, Eq.~25!. Curves are calculated for the MV
gluon distribution~5! and different values ofpt : solid curve:pt

50.25 GeV, dashed curve:pt51.0 GeV, dot-dashed curve:pt

53.0 GeV.
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ratio for all momenta. Although the ratio of the yields fo
fA

NLEF is smaller than unity atpt;10220 GeV, we have
checked numerically that at very largept it slowly ap-
proaches unity from below. We thus conclude that the pr
erties of the ratio are very sensitive to the way in which t
distribution behaves outside the scaling window.

We discuss now to what extent the gluon spectrum~2!
shows an approximateNpart or Ncoll scaling in some kine-
matic regime. To this end, we plot the gluon yield norm
ized to the yield for peripheral collisions atb513.0 fm, cor-
responding torpart50.35 fm22 @1#,

2

Npart~b!

dN~b!

dyd2pt
Y dN~b513.0!

dyd2pt

. ~25!

This quantity is plotted for the MV gluon in Fig. 3 and fo
the evolved gluon distributions~10! and ~13! in Fig. 4, for
various fixed values ofpt as a function ofrpart. We also
replot in Fig. 5 this quantity for the evolved gluon as a fun
tion of Npart using the relation betweenrpart andNpart given
in @1#. We explore the dependence onrpart beyond the ex-
perimentally accessible range to illustrate better the fu
tional dependence. For the MV gluon a steep increase w
rpart indicative ofNcoll scaling is found forpt>1 GeV. For
smaller transverse momentum, e.g.pt50.25 GeV, the
rpart-dependence is seen to level off.

For the evolved gluon the centrality dependence is ag
sensitive to the large momentum behavior. ForfA

NLEF at pt

53 GeV the centrality dependence is similar to the M
gluon. One does not recoverNpart scaling even in the en

FIG. 4. Centrality dependence as in Fig. 3, but with the gluo
of Eq. ~10! and Eq.~13! for pt51 and 3 GeV. The solid and dashe
lines correspond to Eq.~10! for pt51 GeV andpt53 GeV, respec-
tively. The short-dashed (pt51 GeV) and dot-dashed (pt

53 GeV) lines are calculated for the gluon distribution~13!.
9-6
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larged centrality regionrpart,8 fm22. The qualitative fea-
tures of Figs. 4 and 5 at small and largerpart at pt53 GeV
can be understood as follows: At smallrpart, the saturation
momentumQs is small so that the scaling window does n
exist; the overall yield scales withNcoll , like the perturbative
one. ThisNcoll behavior should persist as long as 3 GeV
above the scaling window, 3 GeV.Qs

2(b)/Q0 ~for our pa-
rametrizationQ050.5 GeV). This is indeed seen for sma
rpart in Figs. 4 and 5. In the other extreme, whenQs

2 becomes
very large and 3 GeV lies well inside the scaling window, t
main contribution to the yield comes from the integrati
over the momentum in the scaling window and one obta

dN~b!

dyd2pt

}S~b!Qs
2g . ~26!

This dependence is much flatter. Forg50.5 as in @2#, it
scales withNpart rather thanNcoll . For the valueg50.64
used here, the dependence is only slightly steeper. This is
argument given in@2#. However, as we have shown above,
these large values ofQs the absolute magnitude o
dN(b)/dyd2pt is greater than that ofdNpert(b)/dyd2pt .
Hence there must be an intermediate region ofrpart where
dN(b)/dyd2pt growsfasterthanNcoll so thatdN(b)/dyd2pt
can overtakedNpert(b)/dyd2pt and then stay flat for som
region of largerpart.

1 Such behavior is indeed seen in Figs
and 5. However, the values ofrpart for which the curve flat-
tens out, are larger than the experimentally relevant ones
Fig. 5. The reason why the scaling of Eq.~26! is not reached
faster is that the argument leading to Eq.~26! neglects the
finite width of the scaling window. Since the functionfA

NLEF

decreases quite slowly in the scaling window, the yield g

1Of coursedN(b)/dyd2pt does not stay abovedNpert(b)/dyd2pt

for arbitrarily large rpart. When the value ofQs reachespt ,
dNpert(b)/dyd2pt overtakesdN(b)/dyd2pt consistently with our
discussion of the previous section.

FIG. 5. Normalized yield for evolved gluon distributions as
function of Npart. Legend the same as in Fig. 4. The largest va
Npart5380 corresponds torpart53.1 fm22 in Fig. 4.
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significant contributions from momenta aboveQs
2/Q0. These

momenta bring in additionalQs and thereforerpart depen-
dence, and slow down the onset of scaling Eq.~26!. At
smaller momenta (pt51 GeV) the normalized yield is flat in
rpart for rpart.2 fm22, since these gluons are produced b
low the saturation momentum.

For fA
NLES on the other hand, the centrality dependence

very flat for all momenta we explored, consistent with@2#.

IV. GLUON PRODUCTION IN P-A OR D-A COLLISIONS

Finally, we discuss the gluon production in the situati
where the distribution of one of the nuclei is perturbativ
This situation pertains to proton-nucleus and deuter
nucleus collisions. Following the previous discussion, we
the kt-factorized formula~2! for the gluon yield, replacing
fA(y,kt) fA(y,pt2kt) in Eq. ~2! by the product of a pertur-
bative gluon distribution for the proton and a saturated M
or evolved gluon distribution for the nucleus. We also co
pare the results of this calculation to the gluon product
cross section derived in the quasiclassical approxima
@5,6,9#. This quasiclassical expression can be written as

dspA

d2ptdyd2b
5

1

pE d2xd2y
1

~2p!2

asCF

p

x•y

x2y2

3eipt•(x2y)@~e2(x2y)2Qs
2/421!

1~12e2x2Qs
2/4112e2y2Qs

2/4!#, ~27!

whereb is the impact parameter, which we choose to beb
50, pt is the gluon’s transverse momentum, andy its rapid-
ity. Although this expression also has a factorized form
momentum space, this form is distinct from Eq.~2! @16#. For
the numerical evaluation, we regulate they-integration of the
first bracket of Eq.~27! by an infrared cutoff 1/m where we
choose m5LQCD. This cutoff can be introduced usin
ln(1/z2m2)5(1/p)*d2y@y•(z1y)#/@y2(z1y)2#. As in Eq.
~6!, we use for the saturation scale

Qs
2~x!5

4p2asNc

Nc
221

~2Rr!xG~x,1/x2!, ~28!

where r denotes the nuclear density andxG is the gluon
distribution of Eq.~7!. For the numerical analysis, we us
2Rr5rpart(b50)/251.5 fm22.

In order to compare with the perturbative behavior, w
calculate for central rapidityy50 the asymptotic limit of Eq.
~27!,

dspA

d2ptdyd2b
U

pt@Qs

5
4as

3CF

p
K~2Rr!

1

pt
4 S lnF pt

2

4LQCD
2 G12gE21D .

~29!

e

9-7



o
a
he

d

ur

rtu

om

he
us
io
f t

lt
n
h
io
f t
an

e
la-

bits
ely

ence
the

in-
his
u-
e
nd
the
h

e
on

on
n

e of

els
on
uc-

c-
ble

he
u
Au
in
nt
-Au
t

c-

is

ese
on.
y is

the
rt-
of
d
lso
s-

al-
up-
is

d
ra
re

BAIER, KOVNER, AND WIEDEMANN PHYSICAL REVIEW D 68, 054009 ~2003!
In the limit of small momenta, we quote@5#

dspA

d2ptdyd2b
U

pt!Qs

5
asCF

p2

1

pt
2

, ~30!

which is obtained for ‘‘frozen,’’ i.e. constantQs . We use Eq.
~29! as the baseline for comparison for the MV gluon. F
the evolved gluon we calculate the yield using the stand
factorized formula. We take the proton distribution in t
same functional shape as that of the nucleus, i.e. Eq.~10! and
Eq. ~13! with Q̂s5LQCD . We compare the central yiel
(rpart53.1 fm22) to the peripheral yield (rpart
50.35 fm22). Results are plotted in Fig. 6.

For moderate momenta, i.e. above about twice the sat
tion scale Qs.1.4 GeV, the full rate for the MV gluon
shows a Cronin-type enhancement with respect to the pe
bative one. For small momentapt<Qs , there is significant
suppression, which can be immediately deduced when c
paring Eq.~30! with Eq. ~29!. A qualitatively similar behav-
ior is found when calculating the gluon spectrum from t
factorized ansatz~2!. As in the case of the nucleus-nucle
collisions, we find also that in p-A collisions the Cronin rat
in the evolved case depends strongly on the properties o
evolved distribution above the scaling window.

V. CONCLUSION

In summary, our study illustrates that quantitative resu
depend largely on the precise model-dependent impleme
tion of saturation effects. A generic qualitative feature for t
multiple scattering situation is that perturbative saturat
leads to Cronin-type transverse momentum broadening o
produced gluon spectrum in both nucleus-nucleus

FIG. 6. The gluon yield produced in p-A collisions, normalize
to the perturbative yield for the MV gluon and to the periphe
yield for the evolved gluon distributions. The different curves a
for the quasiclassical expression~27! normalized to Eq.~29!
~dashed curve!, the kt-factorized spectrum with MV gluon~solid
curve!, and with evolved gluon distributions~10! ~dot-dashed
curve! and Eq.~13! ~short-dashed curve!, respectively.
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proton~deuteron!-nucleus collisions. In the evolved cas
there is an overall enhancement of the production yield re
tive to the perturbative baseline. The spectrum also exhi
strong transverse momentum broadening due to relativ
large anomalous dimension. On the other hand, the abs
or presence of the Cronin effect strongly depends on
behavior of the distribution function outside the scaling w
dow. At present the shape of the evolved distribution in t
momentum range is not known analytically. The recent n
merical study@17# strongly indicates that crossover from th
scaling regime to the perturbative one is very slow a
gradual, and that the Cronin effect which is present in
MV gluon is wiped out by the quantum evolution at hig
energies. Thus,fA

NLES in Eq. ~13! seems to provide a mor
realistic parametrization of the evolved gluon distributi
thanfA

NLEF in Eq. ~10!.
Although the centrality dependence of the produced glu

spectrum showsNpart scaling in some limiting case, it ca
differ significantly from a simpleNpart or Ncoll scaling in the
experimentally accessible regime depending on the shap
the gluon distribution.

A detailed comparison of perturbative saturation mod
to data not only requires the knowledge of the distributi
and the improvement of the calculation of the gluon prod
tion yield beyond the factorized expression~2! used in this
paper. It also requires the inclusion of fragmentation fun
tions for gluons into pions, and a discussion of their possi
medium-dependence@4#.

On the qualitative level however we observe that t
gluon distributions which lead to the Cronin effect in d-A
collisions also lead to the Cronin enhancement in the Au-
collisions. And vice versa, if no Cronin effect appears
Au-Au, none is seen in d-Au collisions. Given the rece
experimental observation of the Cronin enhancement in d
collisions at RHIC@18# this supports the view that significan
final state~‘‘quenching’’! effects are needed in order to a
count for the Au-Au data@19#.

Note added. When preparing the revised version of th
paper we were made aware of@20# and@21# which also study
the effects of saturation on the Cronin enhancement. Th
references agree with our results regarding the MV glu
Regarding the evolved gluon, the detailed numerical stud
reported in@17#.
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