
PHYSICAL REVIEW C JULY 1998VOLUME 58, NUMBER 1
EnhancedJ/c suppression due to gluon depletion
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The nonlinear effect of gluon depletion in the collision of large nuclei can be large. It is due to multiple
scatterings among comoving partons initiated by primary scattering of partons in the colliding nuclei. The
effect can give rise to substantial suppression ofJ/c production in very large nuclei, even if the linear
depletion effect is insignificant for the collisions of nuclei of smaller sizes. This mechanism offers a natural
explanation of the enhanced suppression in the Pb-Pb data recently observed by NA50.
@S0556-2813~98!02307-3#
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I. INTRODUCTION

In a previous paper@1# we examined the issues involve
in ascribing some aspect of the phenomenon ofJ/c suppres-
sion in heavy-ion collisions@2# to the depletion of gluons
prior to the hard subprocess ofcc̄ production. What we
found is that the data on the survival probabilityS without
the points from Pb-Pb collisions@3,4#, by themselves, canno
distinguish whether the suppression is due to gluon deple
or hadronic-nuclear absorption. That is, both mechanis
contribute to an exponential dependence ofS on the effective
path lengthL ~or on lnAB!. We now consider the enhance
suppression in the Pb-Pb data of NA50@4# and show how
gluon depletion can naturally account for it. Furthermore
is possible for that to happen even if the ‘‘normal’’ suppre
sion in the lighter-ion data is due mainly to the absorpt
mechanism with negligible depletion effect.

Many suggestions have been advanced to account fo
enhancement ofJ/c suppression observed in the Pb-Pb c
lision data@5–11#. They all refer to the absorption process
after the production of thecc̄ state. Our suggestion is con
cerned with the depletion of gluonsbeforethe gg→cc̄ sub-
process. The basic idea is rather intuitive and can be
scribed qualitatively before we go into the details. Conside
row of nucleons in nucleusA colliding with another row in
nucleusB, and suppose that thenAth one from the front of
the former~call it a! collides with thenBth one in the latter
~call it b! in a hard process creatingcc̄. The gluon depletion
mechanism discussed in Ref.@1# takes into account the los
of gluons ina ~due primarily tog→qq̄! as it goes throughB
until gg→cc̄ occurs with a gluon inb; similarly, the gluons
in b are depleted asb traversesA. We shall refer to this
process aslinear depletion for reasons that will become cle
below. What we now want to emphasize is that anonlinear
depletion process may be even more important. Such a
cess is due to the interaction of the gluons ina with the
slower partons liberated from thenA21 forerunners inA
broken by earlier interactions, and likewiseb with the par-
tons of thenB21 forerunners inB. In an imperfect, yet
helpful, analogy one may think of a multicar accident on
PRC 580556-2813/98/58~1!/434~5!/$15.00
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busy, foggy highway and recognize that most of the co
sions are between cars originally going in the same direct

In this paper the linear depletion effect can be turned
and replaced by the usual absorption effect, if it helps to
uncontroversial; yet the nonlinear depletion effect to be
scribed is nevertheless capable of accounting for the
hanced suppression seen in the Pb data. As will beco
clear, the nonlinear effect is most important if thegg→cc̄
fusion point occurs late in the collision process to allo
moreg→qq̄ to take place before fusion. Various issues a
sociated with gluon depletion, such as the gain of gluo
from g→gg, soft production of quarks and antiquarks, a
the possible increase of dilepton production, are discusse
Sec. II. A quantitative treatment of the gluon depletion effe
is given in the subsequent sections.

It should be emphasized that we do not regard the us
explanation ofJ/c suppression through absorption and d
confinement as being superseded by the gluon deple
mechanism. We actually have no doubt that absorption
deconfinement are operative at some level. However,
main point is that the third possibility of gluon depletion ca
also contribute, and that until it is convincingly ruled out, w
should keep an open mind on all possible causes of the
pression phenomenon. In this paper we go so far as to d
onstrate that by an appropriate choice of parameters
possible to fit the suppression data totally in the gluon dep
tion scenario. It does not mean that the other two mec
nisms are ruled out; they can be incorporated by further
justments of the parameters. Our aim is only to suggest
at this point the gluon depletion mechanism should be
cluded as one of the various contributing causes.

II. ISSUES SURROUNDING GLUON DEPLETION

There are various issues and questions concerning
gluon-depletion mechanism that should be discussed be
we go into the quantitative details aboutJ/c suppression.
Since the proposed mechanism is unconventional, it is p
haps more important to address the skepticism that ar
from the conventional point of view than to claim how we
the data can be fitted by some new formulas.
434 © 1998 The American Physical Society
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The first question is whether there is any experimen
evidence in favor of gluon depletion. The answer is no; th
is no direct evidence, whether for or against gluon deplet
If there is gluon depletion, then the reduction ofD-D̄ pair
production rate should be an unambiguous signature.
urge a dedicated search for back-to-backD-D̄ pairs, since
the D-meson single inclusive cross section includes con
butions from processes that are not due to theg1g→c1 c̄
subprocess.

Secondly, the absence of quark depletion may be take
imply that gluon depletion may also be absent. It is kno
that the dilepton production throughq1q̄→l 1 l̄ depends
on the nuclear sizesA and B according toAB without sig-
nificant deviation. This fact would seem to place a constra
on the possibility of gluon depletion, since the gluon a
quark sectors are expected to have coupled behaviors.
first note that because of the overwhelming abundance o
gluons relative to the antiquarks, the reactiong1g→q1q̄ is
far more dominant than the reverse process. That is the
gin of gluon depletion. With the rise of theqq̄ density, one
would expect the dilepton production rate to increase,
that is not observed. We comment on this point in the n
paragraph. Here we mention that the rise ofqq̄ doesresult in
the rise of hadron production rate even inpp collisions—
relative to the hadron inclusive cross section calculated fr
the q and q̄ distributions alone using the recombinatio
model @12#. The point is that the gluons must hadronize
soft interaction. Since glueballs are not observed, the o
route is for the gluons to convert toq and q̄ first and then
hadronize; the normalization of the resultant pion inclus
cross section agrees with the experiment@13#.

Now we come to dilepton production rate. In order f
that rate to increase, theqq̄ produced from gluon fusion mus
be formed in the nuclear medium so that the subproc
q1q̄→l 1 l̄ may take place. Sinceg1g→q1q̄ need not
be a hard process,DE not only can be small, but is predom
nantly small in soft interaction. The correspondingDt can
therefore be long—long enough so that theq and q̄ are
formed outside the domain where they are to find otherq and
q̄ to make thel l̄ pair. In that case the excessq and q̄ can
only produce hadrons, so the net effect is that the glu
hadronize via theqq̄ intermediate states without increasin
the dilepton production rate. Since the gluon depletion ef
is most severe in large nuclei, it suggests that the nonlin
depletion is most effective for the gluons that are origina
in the nucleons residing in the rear parts of the collidi
nuclei. For those gluons the producedqq̄ pairs have the leas
likelihood to find partners to createl l̄ pairs. Thus when the
gluon depletion effect is most pronounced, the dileptons
least likely to be produced. Of course,qq̄ pairs can also be
produced with short formation time, but at a reduced r
appropriate for hard subprocesses. In the early part of
nuclear collision history, those pairs can lead to a small
hancement of dileptons. Since there are excess dilep
found in the low-mass region rising above the Drell-Y
level, the experimental data still have room to accommod
unusual sources of dilepton production. Thus in our view
data on dilepton production do not place a strong constr
on the gluon depletion process, especially for the nonlin
effect in Pb-Pb collisions that we shall address in this pap
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The fusion process ofg1g→c1 c̄ has been simulated in
the parton cascade model for heavy-ion collisions at h
energy@14#. It is found in that model that thecc̄ production
rate is increased, contrary to the expectation in the glu
depletion scenario. However, it is essential to recognize
a model based on perturbative QCD~PQCD! is reliable only
at very high energy—at least, say, RHIC energy. F
As;200 GeV, the momentum fraction for gluons to crea
cc̄ pairs atJ/c mass is roughlyx;0.015. That is an order o
magnitude lower than the valuex;0.15 for the correspond
ing gluons at CERN-SPS energy. At any energy the dep
tion of gluons atx;0.15 is nearly certain to enhance th
gluon density at the lowerx;0.015. However, at CERN-
SPS, gluons with such low momentum fractions cannot p
duce cc̄ pairs. Thus there is no conflict between what t
parton cascade model can reliably predict at highAs and the
gluon depletion process relevant to the experiments at h
on J/c suppression at lowerAs.

Since the nonlinear effect that we shall consider bel
relies on the possibility that gluons in a nucleon in the re
part of a tube can interact with the gluons emitted by
forerunners, i.e., the nucleons in the front part of the tube
is appropriate to examine whether there is time for such
teractions to take place. The mean free path in a nucleu
about 3.5 fm in the rest frame, so in the c.m. system w
g510 that distance is contracted to 0.35 fm in the longi
dinal direction. Gluons that are produced wi
DE.0.5 GeV can then have enough time with
Dt,0.4 fm/c to form and interact with the gluons that com
from behind. Such gluons produced by the forerunners
the products of very modest semihard processes, and sh
be produced in abundance. Thus the requirement for the n
linear depletion process to be operative can readily be s
fied at CERN-SPS.

Our final remark in this section concerns the use
PQCD. In order that the PQCD method be reliable, the v
tuality of the hard process should be high, sayQ.5 GeV.
For the fusion processg1g→c1 c̄ at theJ/c mass region,
Q is low enough to question the reliability of lowest-ord
calculations. Nevertheless, let us accept its use, as is ge
ally done. However, theg1g→q1q̄ subprocess that lead
to gluon depletion need not involve high virtuality, an
hence is not perturbative. Although perturbative calculatio
cannot be done, it is still possible to make certain meaning
statements independent of the details of PQCD. For exam
based on the fact that the gluon density is higher than thq̄
density in the region of interest, the rate of the proce
g1g→q1q̄ is much higher than that of the reversed pr
cess,q1q̄→g1g. Similarly, since the gluon distribution
falls off roughly as (12x)5, one can reasonably state th
the gain in gluon density atx;0.15 due tog→g1g from
higherx is unimportant compared to the loss of gluons due
q1q̄ at x;0.15. Thus as we focus on the balance of g
versus loss of gluons in the momentum cell of interest, th
are less gluons atx.0.15 feeding into the cell atx;0.15
than there are leaving the cell. The net effect is gluon dep
tion. Details of PQCD are not needed for that observati
Since reliable calculation cannot be done, we shall in
following parametrize the gluon depletion effect by a simp
parameterD for linear depletion andD8 for nonlinear deple-
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tion. Those parameters can be varied in suitable phenom
logical analyses of the data.

III. SUPPRESSION FACTORS AT FIXED b AND z

Let us first summarize the essence of the linear ef
considered in Ref.@1#. Our notation will follow that of Ref.
@1#, but abbreviated for clarity’s sake. The probability tha
nucleon inA makesn1 collisions inB before the hard sub
process is

pn1
5

1

n1!
nB

n1e2nB, nB5s inTB
2 , ~1!

whereTB
2 is the path length that is traversed inB before the

cc̄ production and is dependent on the impact parametebB
and longitudinal positionzB , both being suppressed@but de-
fined in Eq.~8! below#. If the depletion factor per collision a
fixed momentum fractionsx1 and x2 is D ~D51 for no
depletion!, then the suppression factor at fixedb andz in A
andB is

GAB
~d!5 (

n1 ,n2

pn1
pn2

Dn11n25exp@2~12D !~nA1nb!#,

~2!

wherepn2
is defined as in Eq.~1!, but withB replaced byA.

It is the simple sum,nA1nB , in Eq. ~2! that leads us to cal
the effect linear. The exponential behavior ofGAB

(d) is what
generates, after integration overb and z, the approximate
exponential dependence ofS on L that is indistinguishable
from the Gerschel-Hu¨fner formula@15#, derived from purely
absorptive consideration.

The nonlinear effect that we now describe arises from
interactions with the forerunners. At the partonic level t
linear effect is due to the primary interactions of gluons
nucleons going in opposite directions, while the nonline
effect is due to the secondary, tertiary, etc., interacti
among partons moving in the same direction, initiated
primary interactions. The rapidity separationDy between the
participants of the primary interaction is large because t
belong to the nucleiA andB separately. On the other han
Dy between the partons involved in the secondary~or ter-
tiary, etc.! interactions is small because they belong to
same nucleus. Ordinarily, in an unperturbed nucleus o
deep inelastic scattering of a nucleus, those partons in di
ent nucleons do not interact except in the context of nuc
binding and shadowing. However, if a primary interacti
has taken place between two colliding nuclei, the scatte
parton in A, whether at large or small angle, can intera
with a parton coming from behind in the same or neighb
ing rows. Since they are comovers, their interaction can
much stronger than the primary interaction, a property tha
consistent with the general notion of strong interaction
soft processes being short ranged~in rapidity!. Thus even if
the linear depletion effect is small, the nonlinear effect ne
not be.

If we consider annA3nB matrix, representing the pos
sible pairings ofnA and nB nucleons in collisions, the las
row and last column contribute to the linear depletion effe
@Their sumnA1nB21 appears asnA1nB in Eq. ~2! in com-
o-
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pensation for the fact that the first collision of a nucleon w
a row of nucleons is the normalpp collision, whose cross
section is larger than those of the subsequent collisions
involve the broken nucleon propagating downstream.
elaborate on this point is too much of a digression that is
germane to the following discussion.# The remaining part of
the matrix having (nA21)(nB21) pairings contributes to
the quadratic depletion effect due to multiple parton scat
ings. Let us define

nA85~nA21!Q~nA21!, ~3!

and similarly for nB8 . Then, assumingA<B, the average
number of collisions that the forerunners ofa in A make
with the forerunners ofb in B, producing comoving partons
that can interact with the partons ofa, is nA8nB82nA8

2/2; that
for producing comoving partons with the ones inb is nA8

2/2.
This way of partitioning thenA8nB8 pairings can be visualized
in the forward light cone ofAB collision, where the former
lie on theA side of the interaction region, i.e., the left side
the light cone for the right-moving nucleusA, while the
latter lie on theB side, i.e., the right side of the light cone fo
the left-moving nucleusB. The precise method of partition
ing is unimportant, as will become evident presently.

The probabilities thata andb can interactn18 andn28 times
with their respective forerunners are

pn
18

8 5
1

n18!
~nA8nB82nA8

2/2!n18e2~nA8nB82nA8
2/2!, ~4!

pn
28

8 5
1

n28!
~nA8

2/2!n28e2nA8
2/2. ~5!

If D8 is the effective gluon depletion factor for each of tho
interactions, then the corresponding suppression fac
analogous to Eq.~2!, is

GAB8~d!5 (
n18 ,n28

pn
18

8 pn
28

8 D8n181n285exp@2~12D8!nA8nB8 #.

~6!

We refer to this as the quadratic depletion effect, since i
nA8nB8 that appears in the exponent, as opposed tonA1nB in
Eq. ~2!. As it is in Eq.~2!, the dependences onbA , zA , bB ,
andzB have been suppressed in Eq.~6!.

IV. EFFECTS DUE TO LINEAR AND
QUADRATIC DEPLETION

The combined suppression factor due to both linear
quadratic depletion as well as absorption@1# is now

P5exp@2~12D !~nA1nB!2~12D8!nA8nB8

2sa~TA
11TB

1!#, ~7!

wheresa is the absorption cross section andTA
1 is the path

length in A traversed by theJ/c system. Exhibiting theb
andz dependences, we have@1#
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TA
65S 12

1

AD r0~LA6zA!, LA5~RA
22s2!1/2, ~8!

and similarly forTB
6 , with bW A5sW andbW B5bW 2sW. The aver-

age overall suppression factor~more precisely, survival prob
ability! is

SJ/c
AB 5NAB

21E d2bE d2sE
2LA

LA
dzAE

2LB

LB
dzBP, ~9!

where NAB is the same integral as in Eq.~9! but with P
replaced by 1.

To see howSJ/c
AB depends onA andB, let us examine the

parameters in the formula. Without the quadratic deplet
terms in Eq.~7!, we have

P1[P~D851!5exp@2sd~TA
21TB

2!2sa~TA
11TB

1!#,
~10!

wheresd5s in(12D), s in being the inelastic cross sectio
already used in Eq.~1!. As pointed out in Ref.@1#, Eq. ~10!
exhibits the symmetry between the depletion effect bef
the formation ofJ/c and the absorption effect afterward
That is why the exponential dependence of the empiricalSJ/c

AB

on the effective lengthL ~or ln AB! cannot distinguish the
two effects. So long as the combined cross sect
sc5sa1sd is around 7 mb, the heavy-ion data, excludi
the Pb-Pb collisions, can be fitted by any ratioh5sd /sa .
Now, we consider the contribution from the quadratic dep
tion term in Eq.~7! only, giving

P2[P~D51,sa50!

5exp@2t~nA21!~nB21!Q~nA21!Q~nB21!#,

~11!

wheret512D8, a parametrization, similar tosd , having
the more proper sense of depletion in thatt50 means no
depletion. There are a number of features of Eq.~11! worth
noting.

~a! While the discussions in the introduction and in t
paragraph containing Eq.~3! regardnA andnB as integers for
the sake of ease in describing the nonlinear depletion me
nism, they can in reality have any positive value by virtue
their definitionsnA,B5s inTA,B

2 . That is why the step func
tions in Eqs.~3! and ~11! are important to ensure that th
participants of the process,nA8 andnB8 , are nonnegative. As a
consequence there is a threshold effect, i.e.,A andB must be
large enough for the mechanism to be operative.

~b! The inelastic cross sections in is relevant in the deter
mination of the position of the threshold. It is not thes in

pp for
pp collision because, except for the first collisions on t
front sides of the nuclei, most of the collisions are betwe
broken nucleons@16#, which consist mainly of the parton
fluxes that propagate downstream after the bound nucle
are broken by the first collisions.s in is an effective cross
section for the collision of such broken nucleons, and th
exist no reliable estimates for its value. Usingp8 to denote
broken nucleon, and takings in

pp'30 mb, it is not unreason
n

e

n

-

a-
f

n

ns

e

able to considers in
p8p'20– 25 mb, ands in

p8p8'(s in
p8p)2/

s in
pp'13– 21 mb. We shall adopts in'15– 25 mb as typical

values.
~c! The quadratic depletion parametert can be substan

tially different from zero, even if the linear effect measur
by sd is zero, since, as discussed earlier, the interaction
tween partons with small rapidity separation can be mu
greater than that between partons with largeDy. Since the
determination oft from first principles is difficult, we shall
use it as a free parameter in the following. It should be no
that even ifD850, i.e., total depletion per collision,t attains
its maximum value 1, so Eq.~11! does not giveP250. That
is because the Poissonian fluctuations in Eqs.~4! and ~5!
allow for n185n2850, which result in a nonvanishing prob
ability for the passage of the gluon fluxes with minimal i
fluence by the depletion mechanism.

V. SOME NUMERICAL RESULTS

To gain some further insight in the quadratic depleti
effect, let us computeSJ/c

AB , taking onlyP2 into account, i.e.,
by substituting Eq.~11! alone into Eq.~9!. Using the inte-
gration procedure developed in Ref.@1#, we obtain the results
shown in Fig. 1, wheres in is set at 15, 20, and 25 mb; th
shaded regions are bounded byt50.5 from above~for illus-
trative purpose! and t51.0 from below. Evidently, the
threshold for the quadratic depletion effect is higher
smaller s in , since there would be less participants for t
multiscattering subprocesses unlessA is higher. Further-
more, even at maximum depletion (t51) there is still a
residual rate ofJ/c production because of the aforeme
tioned probability of gluon passage without depletion. W
note that, although the parameterss in andt are not empiri-
cally familiar, their values used in Fig. 1 are sensible e
mates, so the suppression effect revealed is a natural co
quence of a physical process that is not contrived to exp
the data.

For a comparison with the data@3,4# we include bothP1

FIG. 1. The suppression factorSJ/c
AB , abbreviated asS, is plotted

againstAB, when only the quadratic depletion effect is taken in
account. The shaded regions are fort having values between 0.5
~upper boundaries! and 1.0~lower boundaries!. Three values ofs in

are used, as indicated.
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and P2 in Eq. ~9! and calculate the overall suppression fa
tor. Since, as found in Ref.@1#, the combined effect of ab
sorption and linear depletion is insensitive to the ra
h5sd /sa , we choose the uncontroversial valu
sc5sa1sd57 mb andh'0.1. For quadratic depletion ef
fect we uses in520 mb andt50.5– 1.0. The result is show
by the triangles in Fig. 2. The agreement with the data@4# is
evidently very good. Of course, if there exists enhanc
nuclear, hadronic, or plasma absorption at highAB, it can be
accommodated by reducing the value oft. What is shown
here is that the quadratic gluon depletion effect by itsel
able to account for the enhanced suppression in the P
data.

FIG. 2. The suppression factorSJ/c
AB , abbreviated asS, is plotted

againstAB, when both the usual linear~mainly absorption! effect
and the quadratic depletion effect are taken into account. The
are from Ref.@4#. Typical values for the parameters in the theor
ical calculations have been used.
, in

,

-

d

s
Pb

VI. CONCLUSION

A concomitant phenomenon associated with quadr
gluon depletion is the suppression of back-to-backDD̄ pro-
duction in Pb-Pb collision, but not inAB collisions whereA
is smaller. Photon production would not necessarily be s
pressed, since the quarks produced by gluon conversion
carry on the g-producing subprocess without inhibition
Dilepton production may or may not be enhanced, depend
on whether the extra quarks and antiquarks are produ
inside or outside the interaction region. It is therefore imp
tant that all those signatures should be examined experim
tally in the collisions of very heavy ions.

Whether or not the nonlinear gluon depletion process
wholly or partially account for the enhancedJ/c suppression
phenomenon, what we have discovered here is that there
whole class of parton interactions whose role in heavy-
collisions has hitherto been overlooked, but they are of c
cial importance to any process whose rate depends on
magnitude of the gluon flux available in large nuclei. Sin
what is done in this paper is only a phenomenological fit
the J/c suppression data, we cannot claim that gluon dep
tion is necessary and sufficient to explain the data. Any
mixture with absorption and deconfinement can no doub
the data also. The main point to be emphasized here is
gluon depletion constitutes a third possible cause of supp
sion that should be considered and excluded before a de
tive conclusion on the evidence for deconfinement
reached.
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