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EnhancedJ/ s 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 suppressionJbp 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 NAS5O.
[S0556-28188)02307-3
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I. INTRODUCTION busy, foggy highway and recognize that most of the colli-
sions are between cars originally going in the same direction.
In a previous papelrl] we examined the issues involved  In this paper the linear depletion effect can l?e turned off
in ascribing some aspect of the phenomenod/gf suppres- ~ and replaced by the usual absorption effect, if it helps to be
sion in heavy-ion collision§2] to the depletion of gluons ungontro_versml; yet the nonlinear depletion e_ffect to be de-
prior to the hard subprocess @it production. What we Scribed is nevertheless capable of accounting for the en-
found is that the data on the survival probabilBywithout ~ hanced suppression seen in the Pb data. As will become
the points from Pb-Pb collisior8,4], by themselves, cannot C€ar, the nonlinear effect is most important if thg—cc
distinguish whether the suppression is due to gluon depletiofy'Sion point OCCLI‘(rS '?te ”g tfhe cfolll_smnvprqcess_ to allow
or hadronic-nuclear absorption. That is, both mechanism§'°'¢9—dd to take place )ETore fusion. various 1SSues as-
contribute to an exponential dependenc&ain the effective Sociated with gluon depletion, such as the gain of gluons

pth e (or on B We now consder te ennanced (.89 S0 POCLton & Sharee sne e, one,
suppression in the Pb-Pb data of NABQ and show how P bfon p '

. : .Sec. Il. A guantitative treatment of the gluon depletion effect
gluon depletion can naturally account for it. Furthermore, it

. . ) is given in the subsequent sections.
is possible for that to happen even if the “normal” suppres- g a

R . . . ) X It should be emphasized that we do not regard the usual
sion in the lighter-ion data is due mainly to the absorpt'onexplanation ofJ/ ¢ suppression through absorption and de-
mechanism with negligible depletion effect.

! confinement as being superseded by the gluon depletion
Many suggestions have been advanced to account for th@echanism. We actually have no doubt that absorption and
enhancement al/ s suppression observed in the Pb-Pb col-deconfinement are operative at some level. However, our
lision data[5—-11]. They all refer to the absorption processesmain point is that the third possibility of gluon depletion can
after the production of thec state. Our suggestion is con- also contribute, and that until it is convincingly ruled out, we
cerned with the depletion of gluorm®eforethe gg—cc sub-  should keep an open mind on all possible causes of the sup-
process. The basic idea is rather intuitive and can be degpression phenomenon. In this paper we go so far as to dem-
scribed qualitatively before we go into the details. Consider anstrate that by an appropriate choice of parameters it is
row of nucleons in nucleué colliding with another row in  possible to fit the suppression data totally in the gluon deple-
nucleusB, and suppose that thesth one from the front of tion scenario. It does not mean that the other two mecha-
the former(call it a) collides with thength one in the latter nisms are ruled out; they can be incorporated by further ad-
(call it b) in a hard process creatirag. The gluon depletion justments of the parameters. Our aim is only to suggest that
mechanism discussed in R¢1] takes into account the loss at this point the gluon depletion mechanism should be in-
of gluons ina (due primarily tog—qq) as it goes througB  cluded as one of the various contributing causes.
until gg— cc occurs with a gluon ib; similarly, the gluons
in b are depleted ab traversesA. We shall refer to this
process aBnear depletion for reasons that will become clear
below. What we now want to emphasize is thaianlinear There are various issues and questions concerning the
depletion process may be even more important. Such a prajuon-depletion mechanism that should be discussed before
cess is due to the interaction of the gluonsainwith the  we go into the quantitative details abaitys suppression.
slower partons liberated from they,—1 forerunners inA  Since the proposed mechanism is unconventional, it is per-
broken by earlier interactions, and likewibewith the par- haps more important to address the skepticism that arises
tons of theng—1 forerunners inB. In an imperfect, yet from the conventional point of view than to claim how well
helpful, analogy one may think of a multicar accident on athe data can be fitted by some new formulas.

II. ISSUES SURROUNDING GLUON DEPLETION
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The first question is whether there is any experimental The fusion process aj+g— c+c has been simulated in
evidence in favor of gluon depletion. The answer is no; therehe parton cascade model for heavy-ion collisions at high
is no direct evidence, whether for or against gluon depletionenergy[14]. It is found in that model that thec production
If there is gluon depletion, then the reduction®fD pair  rate is increased, contrary to the expectation in the gluon
production rate should be an unambiguous signature. \Weepletion scenario. However, it is essential to recognize that
urge a dedicated search for back-to-b&xkD pairs, since @ model based on perturbative QCBQCD is reliable only
the D-meson single inclusive cross section includes contri@t very high energy—at least, say, RHIC energy. For
butions from processes that are not due togheg—c-+c \/§~ 200 GeV, the momentum fraction for gluons to create
subprocess. cc pairs atd/ mass is roughlx~0.015. That is an order of

Secondly, the absence of quark depletion may be taken t&agnitude lower than the value-0.15 for the correspond-
imply that gluon depletion may also be absent. It is knowning gluons at CERN-SPS energy. At any energy the deple-
that the dilepton production througitq— /'+/ depends tion of gluons atx~0.15 is nearly certain to enhance the
on the nuclear size& andB according toAB without sig-  gluon density at the lowek~0.015. However, at CERN-
nificant deviation. This fact would seem to place a constrainSPS, gluons with such low momentum fractions cannot pro-
on the possibility of gluon depletion, since the gluon andducecc pairs. Thus there is no conflict between what the
quark sectors are expected to have coupled behaviors. Wsarton cascade model can reliably predict at highand the
first note that because of the overwhelming abundance of thgluon depletion process relevant to the experiments at hand
gluons relative to the antiquarks, the reactiphg—q+qis  on J/y suppression at loweys.
far more dominant than the reverse process. That is the ori- gjnce the nonlinear effect that we shall consider below
gin of gluon depletion. With the rise of theq density, one  ygjies on the possibility that gluons in a nucleon in the rear
would expect the dilepton production rate to increase, b“t;art of a tube can interact with the gluons emitted by the
that is not observed. We comment on this point in the neXfyrerynners, i.e., the nucleons in the front part of the tube, it
paragraph. Here we mention that the risggfdoesresultin s appropriate to examine whether there is time for such in-
the rise of hadron production rate evenpm collisions—  taractions to take place. The mean free path in a nucleus is
relative to the hadron inclusive cross section calculated fromypoyt 3.5 fm in the rest frame, so in the c.m. system with
the g and q_distributions alone using the recombination , — 19 that distance is contracted to 0.35 fm in the longitu-
model[12]. The point is that the gluons must hadronize inging| direction. Gluons that are produced with
soft interaction. Since glueballs are not observed, the onNlWE~05Gev can then have enough time within

route is for the gluons to convert @ andgq first and then A< 4 fm/c to form and interact with the gluons that come
hadronlze;_ the normallz_at|on of the_resultant pion inclusiVef,om pehind. Such gluons produced by the forerunners are
cross section agrees with the experimiig]. the products of very modest semihard processes, and should
Now we come to dilepton production rate. In order for pe produced in abundance. Thus the requirement for the non-
that rate to increase, thgg produced from gluon fusion must |inear depletion process to be operative can readily be satis-
be formed_in the nuclear medium so that the subprocesgeq at CERN-SPS.
q+q—/+/ may take place. Sincg+g—q+q need not Our final remark in this section concerns the use of
be a hard procesaE not only can be small, but is predomi- PQCD. In order that the PQCD method be reliable, the vir-
nantly small in soft interaction. The correspondiag can  tuality of the hard process should be high, 2y 5 GeV.
therefore be long—long enough so that theand q are  For the fusion procesg+g—c+c at thel/ mass region,
formed outside the domain where they are to find othand  Q is low enough to question the reliability of lowest-order
g to make the/ / pair. In that case the excegsandq can  calculations. Nevertheless, let us accept its use, as is gener-
only produce hadrons, so the net effect is that the gluonally done. However, thg-+g—q+q subprocess that leads
hadronize via theyq intermediate states without increasing to gluon depletion need not involve high virtuality, and
the dilepton production rate. Since the gluon depletion effechence is not perturbative. Although perturbative calculations
is most severe in large nuclei, it suggests that the nonlineazannot be done, it is still possible to make certain meaningful
depletion is most effective for the gluons that are originallystatements independent of the details of PQCD. For example,
in the nucleons residing in the rear parts of the collidingbased on the fact that the gluon density is higher thargthe
nuclei. For those gluons the produagd pairs have the least density in the region of interest, the rate of the process
likelihood to find partners to creaté/ pairs. Thus when the g+9g—q+q is much higher than that of the reversed pro-
gluon depletion effect is most pronounced, the dileptons aréess,q+dq—g+g. Similarly, since the gluon distribution
least likely to be produced. Of coursgq pairs can also be falls off roughly as (+x)°, one can reasonably state that
produced with short formation time, but at a reduced ratghe gain in gluon density at~0.15 due tog—g+g from
appropriate for hard subprocesses. In the early part of theigherx is unimportant compared to the loss of gluons due to
nuclear collision history, those pairs can lead to a small en¢g+q at x~0.15. Thus as we focus on the balance of gain
hancement of dileptons. Since there are excess dileptonersus loss of gluons in the momentum cell of interest, there
found in the low-mass region rising above the Drell-Yanare less gluons at>0.15 feeding into the cell at~0.15
level, the experimental data still have room to accommodat#han there are leaving the cell. The net effect is gluon deple-
unusual sources of dilepton production. Thus in our view thdion. Details of PQCD are not needed for that observation.
data on dilepton production do not place a strong constrainince reliable calculation cannot be done, we shall in the
on the gluon depletion process, especially for the nonlineafollowing parametrize the gluon depletion effect by a simple
effect in Pb-Pb collisions that we shall address in this papeparameteD for linear depletion an®’ for nonlinear deple-
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tion. Those parameters can be varied in suitable phenomenpensation for the fact that the first collision of a nucleon with

logical analyses of the data. a row of nucleons is the normalp collision, whose cross
section is larger than those of the subsequent collisions that
Il. SUPPRESSION FACTORS AT FIXED b AND z involve the broken nucleon propagating downstream. To

_ . . elaborate on this point is too much of a digression that is not
Let us first summarize the essence of the linear effecgermane to the following discussigrthe remaining part of
COhSIdered n Reﬂ:l] Our notation will fO”OW that Of Ref the matrix having (]A_l)(nB_l) pairings contributes to

[1], but abbreviated for clarity’s sake. The probability that athe quadratic depletion effect due to multiple parton scatter-
nucleon inA makesv; collisions inB before the hard sub- ings. Let us define

process is
na=(na—1)0(na—1), ()
™, = ngle s, ng=oyTg, (1) » , ,

1 and similarly forng. Then, assumingA<B, the average
number of collisions that the forerunners afin A make
with the forerunners ob in B, producing comoving partons
that can interact with the partons af is nyng—n,?/2; that
for producing comoving partons with the oneshins n,&2/2.
This way of partitioning then,ng pairings can be visualized
in the forward light cone oAB collision, where the former
lie on theA side of the interaction region, i.e., the left side of

whereTg is the path length that is traversedBnbefore the
cc production and is dependent on the impact pararntajer
and longitudinal positiozg, both being suppress¢tut de-
fined in Eq.(8) below]. If the depletion factor per collision at
fixed momentum fractionx; and x, is D (D=1 for no
depletion, then the suppression factor at fixedandz in A

andB is the light cone for the right-moving nucleus, while the
latter lie on theB side, i.e., the right side of the light cone for
Iig= > =, m, D" 2=exd —(1-D)(na+ny)], the left-moving nucleus. The precise method of partition-
Y1:v2 ing is unimportant, as will become evident presently.

@ The probabilities thaa andb can interacty; andv, times
where,_is defined as in Eq1), but with B replaced byA. with their respective forerunners are

It is the simple sumpn,+ng, in EQ. (2) that leads us to call 1

the effect linear. The exponential behavior IBf) is what = (ngné_nAZ/z)Vie—(n/&“'a—“L\2/2>, @)

generates, after integration ovbrand z, the approximate oyt

exponential dependence 8fon L that is indistinguishable

from the Gerschel-Huaer formula[15], derived from purely , 1 12 eyl 2

absorptive consideration. T o (Np/2)"2e~ "2, (5
The nonlinear effect that we now describe arises from the

interactions with the forerunners. At the partonic level the|s b is the effective gluon depletion factor for each of those

linear effect is due to the primary interactions of gluons injnteractions, then the corresponding suppression factor,
nucleons going in opposite directions, while the ”On"”earanalogous to EqQ2), is

effect is due to the secondary, tertiary, etc., interactions
among partons moving in the same direction, initiated by

primary interactions. The rapidity separatidy between the F,&(E‘;’E 2 w'y,rr'v,D’”i”é:exq—(l— D')nangl.
participants of the primary interaction is large because they vy b2
belong to the nucleh andB separately. On the other hand, (6)

Ay between the partons involved in the secondany ter-

tiary, etc) interactions is small because they belong to theWe refer to this as the quadratic depletion effect, since it is
same nucleus. Ordinarily, in an unperturbed nucleus or imng that appears in the exponent, as opposed,t ng in
deep inelastic scattering of a nucleus, those partons in diffelgq. (2). As it is in Eq.(2), the dependences dm,, z,, bg,

ent nucleons do not interact except in the context of nucleaandzg have been suppressed in Ef).

binding and shadowing. However, if a primary interaction

has tak_en place between two colliding nuclei, the s_cattered IV. EFFECTS DUE TO LINEAR AND

parton in A, whether at large or small angle, can interact QUADRATIC DEPLETION

with a parton coming from behind in the same or neighbor-

ing rows. Since they are comovers, their interaction can be The combined suppression factor due to both linear and
much stronger than the primary interaction, a property that isjuadratic depletion as well as absorpt[dr is now

consistent with the general notion of strong interaction in

soft processes being short ranged rapidity). Thus even if P=exd —(1-D)(na+ng)—(1—D")npng
the linear depletion effect is small, the nonlinear effect need .
not be. —0oa(Ta+Tg) ], ™

If we consider am,Xng matrix, representing the pos-
sible pairings ofn, and ng nucleons in collisions, the last whereo, is the absorption cross section afig is the path
row and last column contribute to the linear depletion effectlength in A traversed by thel/ system. Exhibiting thed
[Their sumn,+ng—1 appears as,+ng in EqQ.(2) in com-  andz dependences, we hayg]
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1.0
Th= ( 1- E) po(La®za), La=(RA-s)'% (8
A 0.9
and similarly forTg , with 5A=§ and 53=5—§. The aver- 0.8 -
age overall suppression fact@nore precisely, survival prob-
ability) is 0.7
o O
B_n-1] 42 2 [t Ls
W—NABJ d bf d sf dzAf dzgP, 9 06
—La —Lg .
where N,g is the same integral as in E¢Q) but with P
replaced by 1. 0.5 L -
To see hows);’, depends o andB, let us examine the 108 104
parameters in the formula. Without the quadratic depletion AB

terms in Eq.(7), we have _ 5 _ _
FIG. 1. The suppression factsﬁ‘,d,, abbreviated aS§, is plotted

againstAB, when only the quadratic depletion effect is taken into
account. The shaded regions are fohaving values between 0.5
(upper boundarigsand 1.0(lower boundaries Three values ofr;,

. . . . are used, as indicated.
whereoy=0i,(1—D), o, being the inelastic cross section

already used in Eq1). As pointed out in Ref[1], Eq. (10) ) . )

exhibits the symmetry between the depletion effect befor@ble to considera® P~20-25mb, ande® P ~(aP P)?%/

the formation ofJ/¢ and the absorption effect afterwards. o)P~13-21 mb. We shall adopt;,~15-25 mb as typical
That is why the exponential dependence of the empif§§l  values.

on the effective length. (or In AB) cannot distinguish the (c) The quadratic depletion parameteccan be substan-
two effects. So long as the combined cross sectiorially different from zero, even if the linear effect measured
o.=0,+ gy is around 7 mb, the heavy-ion data, excludingby o4 is zero, since, as discussed earlier, the interaction be-
the Pb-Pb collisions, can be fitted by any ragje- o4/ 0, . tween partons with small rapidity separation can be much
Now, we consider the contribution from the quadratic deple-greater than that between partons with lafge Since the

P,=P(D'=1)=exf —o4(Ta +Tg)— oa(T/+T)],
(10

tion term in Eq.(7) only, giving determination ofr from first principles is difficult, we shall
use it as a free parameter in the following. It should be noted
P,=P(D=1,0,=0) that even ifD’ =0, i.e., total depletion per collisior,attains
its maximum value 1, so Eql1) does not giveP,=0. That
=exd —7(Na—1)(ng—1)0(ny—1)B(ng—1)], is because the Poissonian fluctuations in Egs.and (5)

(11)  allow for v1=v,=0, which result in a nonvanishing prob-
ability for the passage of the gluon fluxes with minimal in-

where r=1—D’, a parametrization, similar toy, having fluence by the depletion mechanism.
the more proper sense of depletion in that0 means no
depletion. There are a number of features of @4) worth
noting.

(@ While the discussions in the introduction and in the  To gain some further insight in the quadratic depletion
paragraph containing E() regardn, andng as integers for  effect, let us computs;’,, taking onlyP, into account, i.e.,
the sake of ease in describing the nonlinear depletion mech@y substituting Eq(11) alone into Eq.(9). Using the inte-
nism, they can in reality have any positive value by virtue ofgration procedure developed in REF], we obtain the results
their definitionsns g= i T g. That is why the step func- shown in Fig. 1, wherer;, is set at 15, 20, and 25 mb; the
tions in Egs.(3) and (11) are important to ensure that the shaded regions are bounded by 0.5 from abovefor illus-
participants of the process, andng, are nonnegative. As a trative purpose and 7=1.0 from below. Evidently, the
consequence there is a threshold effect, A@ndB must be  threshold for the quadratic depletion effect is higher at
large enough for the mechanism to be operative. smaller oy, since there would be less participants for the

(b) The inelastic cross sectian, is relevant in the deter- multiscattering subprocesses unlessis higher. Further-
mination of the position of the threshold. It is not thf” for ~ more, even at maximum depletior=£1) there is still a
pp collision because, except for the first collisions on theresidual rate ofd/« production because of the aforemen-
front sides of the nuclei, most of the collisions are betweertioned probability of gluon passage without depletion. We
broken nucleong16], which consist mainly of the parton note that, although the parameterg and r are not empiri-
fluxes that propagate downstream after the bound nucleorwally familiar, their values used in Fig. 1 are sensible esti-
are broken by the first collisionsr;, is an effective cross mates, so the suppression effect revealed is a natural conse-
section for the collision of such broken nucleons, and therguence of a physical process that is not contrived to explain
exist no reliable estimates for its value. Usipg to denote the data.
broken nucleon, and taking?"~30 mb, it is not unreason- For a comparison with the daf&,4] we include bothP,

V. SOME NUMERICAL RESULTS
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(1):3-_ VI. CONCLUSION
o p% & 3 A concomitant phenomenon associated with quadratic
0.6 1 PAL pCu % gluon depletion is the suppression of back-to-bBdX pro-
0.5 4 PWU E E duction in Pb-Pb collision, but not iAB collisions whereA
0.4 1 P ocu gy § is smaller. Photon production would not necessarily be sup-
su pressed, since the quarks produced by gluon conversion can
n 031 o data ¥ carry on the y—producing subprocess without inhibition:
6 =6.4mb,c = 0.6 mb PbPb Dilepton production may or may not be _enhanced, depending
024 a d on whether the extra quarks and antiquarks are produced
G,,=20 mb inside or outside the interaction region. It is therefore impor-
A T=1 tant that all those signatures should be examined experimen-
v 1=05 tally in the collisions of very heavy ions.
0.1 T ——— T ——T—rr Whether or not the nonlinear gluon depletion process can
10! 102 108 104 108 wholly or partially account for the enhancéti suppression
AB phenomenon, what we have discovered here is that there is a

FIG. 2. The suppression factSﬁ,?&, abbreviated aS, is plotted Wh‘?'? class of _parton interactions whose role in heavy-ion
againstAB, when both the usual lineamainly absorption effect c_oll|s_|0ns has hitherto been overlooked, but they are of cru-
and the quadratic depletion effect are taken into account. The dafd@l importance to any process whose rate depends on the

are from Ref[4]. Typical values for the parameters in the theoret- Magnitude of the gluon flux available in large nuclei. Since
ical calculations have been used. what is done in this paper is only a phenomenological fit of

the J/ ¢ suppression data, we cannot claim that gluon deple-
and P, in Eq. (9) and calculate the overall suppression fac-tiON IS necessary and sufficient to explain the data. Any ad-
tor. Since, as found in Refl], the combined effect of ab- mixture with absorpuor_l anq deconfinement can no dogbt fit
sorption and linear depletion is insensitive to the ratioth® data also. The main point to be emphasized here is that

n=aqla we choose the uncontroversial values 9/uon depletion constitutes a third possible cause of suppres-
o :; +aa'd:7 mb andy~0.1. For quadratic depletion ef- sion that should be considered and excluded before a defini-
C a bl

fect we user; =20 mb andr=0.5—1.0. The result is shown tive conclusion on the evidence for deconfinement is
by the triangles in Fig. 2. The agreement with the ddfas reached.
evidently very good. Of course, if there exists enhanced
nuclear, hadronic, or plasma absorption at g, it can be
accommodated by reducing the value ofWhat is shown This work was supported, in part, by the U.S.-Slovakia
here is that the quadratic gluon depletion effect by itself isScience and Technology Program, National Science Founda-
able to account for the enhanced suppression in the Pb-Rlbn under Grant No. INT-9319091 and by the U. S. Depart-
data. ment of Energy under Grant No. DE-FG03-96ER40972.
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