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Xg distribution of J/y/s produced in heavy ion collisions
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Thermal production o8/ within quark gluon plasma is reconsidered. We show that if screening effects are
not strong enough, the “in-plasma bordf#’s would show up as a peak in the Feynman momentum distribu-

tion atxg=0.
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[. INTRODUCTION pairs. No systematic effort was made to reconcile these dif-

Over the past 15 years charmonium suppression has be(1;erent e_stimates mainly because the screening mechanism
. . Whs believed to destroy all bound states. Therefore in-plasma

considered as one Qf the best S|gn§tures. of quark gluo@harm production has been an issue of open charm physics
plasma(QGP) formation. Recently, this belief was ques- \ nareas the main focus has always been on hidden charm
.tloned py_ some worksl/ suppression in re_Iat|V|st|c heavy production and suppression.
ion collisions is based on the following simple argument,”  ajthough well established in several lattice calculations
presented in the original work by Matsui and Stz Lat- 18] the color screening mechanism may be not so effective
tice simulations show that the heavy quark-antiquark potenin real collisions. The existing lattice results are valid for an
tial becomes screened at high enough temperatures. Asjginite mass, static, charge-anticharge pair and we know that
consequence, when the range of the potential becomasis is not very close to the real situation, where charges are
smaller than thel/ss Bohr radius, the bound state can no not so heavy and are moving. Recently, a calculation of the
longer be formed. On the other hand, detailed simulatighs screening effect in moving charg¢d] showed that in this
of a population ofcC pairs traversing the plasma suggestedcase the screening is not so strong. With the improvements of
that, given a large number of such pairs, the recombinatiofattice gauge determinationg8] of the temperature-
effect of the pairs into charmonium Coulomb bound states islependent quark-antiquark potential, new calculations of the
non-negligible and might even lead to an enhancemedti/of quarkonium spectrum in QGP were performed. In REd] it
production. This conclusion received support from the calcuwas found that up to temperatures of the order of T, 1the
lations of Ref.[3], where a two-component model fdfy  J/i can survive as a bound state in the plasma. At higher

production was proposed. temperatures the potential is too shallow to hold a bound
Taking the existing calculations seriously, it is no longercharmonium state.
clear that an overall suppression of the numbed/gfs will We shall assume that screening is not so strong and, in a

be a signature of QGP. A more detailed analysis is requiredarrow temperature window just above the phase transition,
and a more complex pattern can emerge. In particular, wavill allow for charmonium(Coulomb bound states which
might have suppression in some regions of the phase spatsurvive” from QGP. More precisely, we will allow up to one
and enhancement in others. Indeed, this is the result of th@ hundred bound states to survive in the region where they
analysis presented in R¢#]. In that work the authors study should be screened and destroyed. As it will be seen, these
the fate ofcc pairs produced in the early stage of heavy ion“survivors” tend to escape witke=0, thus giving us a new
collisions, comparing the case where they have to traverskind of QGP signal. Moreover, this peak at low will fill
QGP with the case where they have to traverse ordinarthe dip predicted in Ref4].
nuclear matter. One of the merits of that paper is to empha- We will considerd/ys production in nucleus-nucleus colli-
size that very interesting information can be extracted fronsions by three different mechanismg) direct (primordial
the scaled momentuiixg) distribution of the produced/«/'s. QCD parton fusion (ii) thermal (statistical coalescence at
Motivated by these observations, in this work we addressiadronizatiof, and (iii) QGP (in-plasma parton fusionAs
the J/¢y Feynman momentum distributions. In some aspectalready discussed in R€8], (i) and(ii) are just two extreme
we follow Refs.[3] and[4] with one important difference: cases. In realistic simulations, for a fixed numbecopairs
we includeJ/ys productionwithin the plasmaThis is usually — and ofJ/¢/'s, these last are gradually destroyed, giving origin
neglected because the numberaofpairs produced in the to the “regenerated” compone(it). In the particular calcu-
plasma is believed to be small. However, as it will be dis-lation presented in Refl3], for central collisions and for
cussed in Sec. lll, a closer look into the existing estimatesigh enough energies a near to complete replacement of the
shows discrepancies of two orders of magnitude. In Fgf.  initial by the final thermal/y/'s was found. Componertii )
for example, it was estimated to be of the order of 1% of thewas considered long time agl], before the work of Mat-
total number of charm quark pairs. In R¢8], with the in-  sui and Satz, and then it was left in oblivion. Once produced,
clusion of thermal parton masses this fraction was estimatethe charmonium state will suffer interactions with the partons
to reach 20—30%. Finally, in Ref7] this number could, in in the plasma, or with hadrons in hot and dense medium and
some cases, be equal to the number of directly produceih a later stage with comoving hadrofs2,13.
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Before performing detailed calculations one could try to We are suggesting that a peak will arisexat0 as a
guess the shape of the outcomidigf's x¢ distribution in the  consequence of in-plasma production. This is a signal which
three mechanisms mentioned above. QCD production hagill emerge from the background composed by initial pQCD
been studied in the past and the naive extrapolation of thproduction. If we ignore the final-state interactions we will
spectra measured jp-p and p-A collisions would lead us to calculate a background which already contains an enhance-
conclude that thé//s produced in(i) should follow a dis- ment ofJ/is production in the lowk: region, making it harder
tribution of the type[14] to detect the signal. In other words, if we treat correctly the

FSI this will lead to a background with a dip arourg=0

=(1-xg)% (1 instead of an enhancement. Therefore, at least for the sake of

our argument, neglecting FSI is being conservative. This is
wherec=5-6. As it will be discussed in the following the correct procedure in order to isolate the new effect,
section, perturbative QCEpQCD) calculations within the  which we are looking for. Nevertheless, at the end of this
framework of the color evaporation modeCEM) con-  \work we will include FSI quantitatively and investigate their
firmed this behavior in leading order and next-to-leadingeffect on thel/yy momentum distribution.
order[15]. No explicit calculation of this¢: distribution The text is organized in the following way. In Sec. Il we
was performed with the color octet mod@@OM), but a  describe direct production; in Secs. Ill and IV we address
recent study of asymmetries in open charm productiorproduction in the plasma and final thermal production re-
[16] suggests that a similar smooth behaviorxat=0  spectively; in Sec. V we discuss final-state interactions; in
might be found for thel/y differential cross section. Of Sec. VI we present numerical results, and in the last section
course, this has to be verified. Thermal production followsywe make some concluding remarks.
a Bose-Einstein distributiofi17], which integrated inp?

ives
9 II. INITIAL J/¢y PRODUCTION IN NUCLEUS-NUCLEUS

COLLISIONS

1 1 ——
[2 [2 2
= - Z (X84 + m? 1+ —\Xts/l4d +m 2 . .
ex T(\XF Jh//)][ T\XF Wf]’ 2) Nowadays perturbative QCD calculations @ produc-

i tion can be found in textbooks. Nevertheless, we shall, in
where x and Vs are the Feynman momentum and thewhat follows, give some formulas to introduce the notation,
center-of-mass(c.m. system nucleon-nucleon invariant to stress the role played by shadowing and to obtain expres-
energy. Comparing Eq$1) and(2), we can see that the sions in terms ofxg, the variable of interest. One popular
latter flattens out at low values of, because of the mass approach to charm production is the color evaporation model
my,, forming a “plateau.” A spectrum from mechanism [15,18,19. We are aware of the discrepancies between dif-
(iii) is a little more difficult to predict. It involves the ferent implementations of perturbative QCD in charm pro-
convolution of two distributions of the typ&) (for the  duction[18]. In particular, there is another model, namely,
two colliding massless partonand therefore we expect it the color octet moddl20], which gives a more sophisticated
to be more steeply falling withe. As it will be seen, description of the hadronization process in terms of nonper-

within certain approximations, it is given by turbative matrix elements. While the COM seems to give a
very good description of higlp; data (pr>2 GeV), espe-
1 cially those from the Fermilab Tevatron, it is not so reliable

_XF. ) at smallerp [21] (py<2 GeV), where the bulk of charmo-
nium production takes place and where we wish to make a
This behavior was found with the CEM. It remains to be COmparison between QCD and plasma production. For our
shown that it is not an artifact of the model and that it Purpose of studying the: distributions, as can be inferred
would also be found in the thermal version of the COM. from the calculations presented in Rg22], the COM pre-
Comparing Eqs(1)—(3) we see that if QGP is formeand dictipn is compatible wi'gh.a smooth behavior of the cross
if the multiplicity of “in-plasma-formed” J/y's is large  Sectiondo/dx: at the originx-=0, much like the CEM.
enough’ we may expect to see an enhancemeven a TherEfore, for SImpIICI'{y, we shall use this latter model in
peal at the origin of thex distribution. This signal is inter- what follows. Our_results will certainly depend on the choice
esting because it was not predicted by any other productiolf @pproach. Inspite of the uncertainties, we will assume that,
mechanism. However, it relies on a very accurate knowledgg&ince we are interested in the lowregion, pQCD is enough
of the pQCD, thermal and QGP abundancies, which is very’vl”d nonperturbative effects are small, in sharp contrast to
difficult, as it will be discussed in detail later. what happens at large: [23].

At this point one might argue that after being produced by In the CEM, charmonium is defined kinematically asca
the usual pQCD mechanism, thebound state suffers inter- state with mass below thBD threshold. In leading order
actions either with the plasma or with comovers in a hadrorLO) the cross section is computed with the use of perturba-
gas. These interactiongalled here final-state interactions tive QCD for the diagrams of the elementary processgs
(FSI] will distort the initial x¢ distribution of the bound — cCandgg— ct convoluted with the parton densities in the
state. In Ref[4] it was shown that FS(either with a plasma projectile and in the target. Calling the fractional momen-
or a hadron ggswill suppress the charmonium yield &  tum of the produced paiiwith respect to the momentum of a
=0, giving origin to a dip in the centra¢ region. projectile nucleon in c.m. framend s the cm energy of a
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nucleon-nucleon collision, the cross section for production of This model describes well the experimentally measuged
a cC pair with massm is just given by distribution of hidden charm both with LO and next-to-
leading ordeNLO) cross sections, provided thgt® is de-

doPP-c (1 fined asF'-° multiplied by a theoretical factok, which is
—= f dx, dX, 8(XqXoS— M?) equal to the ratio of the NLO and LO cross secti¢f§;°
dredn Jo ~29%) [25],

X S(Xe = Xq + Xo)H(Xq, Xo;P) In what follows we shall use the CEM to study perturba-

tive J/yy production in nucleus-nucleus collisions at RHIC.
_ 1 Y D) As it is well known, in nuclear collisions and in processes
T X2 + amils (o1, Xo2:1M1); involving small values of, shadowing plays an important
A= . .
role (see, for example, Ref26]). In this case expressiqh)

1 . .
Xo1,02= E(iXF + \‘"X|2: T 4m2/5)’ (4) IS rewritten as

i Hag(Xq, Xo; M°)
wherex, andx, are the nucleon momentum fractions car-

ried, respectively, by partons in the projectile and target. = A B{f,(x, mz)lﬁ(xl, mP)fo(Xa, m2)RS(le MP) & gg(M°)
The functionH(xy, X,;m?), which represents the convolu-

tion of the elementary cross sections and parton densities, ~ + > [fq(x1, M)RG(xq, M) f50x,, mz)Rg(Xz, )
is given by a=uds
+ 0, MIREOy, M) oo, MRG0, ) g},

H(Xq, Xo;MP) = f(xq, MP)fy(Xo, MP)Frgg(MF)
+ 2 [fa, m)fg06, )

g=u,d,s

+ 0, M40 M) oA, (5)

9)

where

with the parton densitie(x, m?) in the nucleon computed o fiA(x, me)

at the scalam?=x;x,s. RA(x, mP) = .06 D)’ (10
The LO elementary cross sections in terms of the pair

invariant massn are given[24] by:

with fA(x, m?) being thei parton momentum distribution in

A ma(m?) am 1+\ a nucleon inside the nucleds ReplacingH by Hpg in Eq.
Ogo(m)=——>—1|1+—=+— |In| — (4) we obtain the cross section fat production inA-B
3m? m  m 1-\ e
collisions
1(/_ 31
i 2 b ©®)
4 14 -
do”® e F o1 i
= K d —H (X yX ; )
. , dxe wi S+ andls 0N
. _ 8mag(n) 2mg\
O'qq(mz) = W 1+ 2 \; (11)
4m2 1/2
A= {1 - mZC} , (7)  and theJ/y production cross section as
wherem, is the mass of the quark. dg/B—Yv Lo [4m6 1 _
The production cross section of the charmed state™ g ~ <"uw | —/WHAB(XOL Xo2: ).
. , r , . ) ; am? S\Xg +4mr/s
i(=Jly, ' or x.y oiis then finally obtained by integrating the
free pair cross sectiocC over the invariant mass starting (12

from the production threshold up to open charm produc-

: In a centralA+A collision the number ofl/y/s produced
tion threshold 2y s p

directly is related to the cross sectif@y7] by:

doPP—3l amd, doPPce
dXF = Jll/jf dr’ﬂ2

, W , (8) d ’\@Aﬂle 1 do_AAHle
amg =

irect

dx  7RA dx

: (13

whereF, is the fraction ofa* which contains the corre-
spondingct resonance. whereR, is the radius of nucleué.
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TABLE I. Number ofJ/i/s andcc pairs produced in Au-Au collisions at RHIC from QCD calculations for
different values of couplings and charm quark masses.

QCD m.=1.2 GeV m.=1.5 GeV
Eskolaet al. [38] Hirai et al. [40] Eskolaet al. [38] Hirai et al. [40]
NCQCCD(WithOUt shadowiny 6.52 4.65 2.65 2.07
(With shadowing 6.32 4.36 2.61 1.97
N%@D(Without shadowiny 0.096 0.063 0.019 0.013
(With shadowing 0.088 0.058 0.018 0.012

The expression above would give the final distribution if NJ“” =0.1, which is close to the number df¢'s in Table
there were no absorption due to further interactions with part.
tons in a QGP or hadrons in a comoving fireball. The effect

of these final-state interactions will be discussed later.

Since we are going to compare the total number of ini-
tially producedct pairs andl/i/'s with those produced in the

plasma, it is useful to introduce the compact notation

1 A—cc
((:)CCD : f dXF& (14)
R/Z-\ 0 dxe
for the number ofcc pairs and
1 ANAA= I
Jy direct
Naco fo d——— dxe (15)

for the number ofl/#'s.

Ill. J/¢y PRODUCTION IN THE PLASMA
A. The number of cC pairs

As in the preceding section we reproduce beltw a
great extenttextbook materia[30], with the purpose of de-
fining our notation. The derivation presented here is also
useful because, relaxing the screening hypothesis, we calcu-
late the production of charfound statesn the plasma and

we integrate the rate on all variables excgptAll this re-

quires some straightforward but not very often shown ma-
nipulations.

The computation of the in-plasn@& pair production rate
goes back to the late eighti¢81], was discussed in short

Expressiong14) and(15) are calculated with the nuclear papergfor example, Ref[5]) and included in Reff32] dur-
parton distributions which take shadowing into accounting the nineties, and experienced improvements due to ad-
While this makes calculations more realistic, it also intro-vances in thermal field theof].
duces some model dependence in the results. In order to have Assuming that QGP is formed, we then have a gas of
a base line for comparisons it is useful to introduce thegquarks and gluons with momenta obeying, respectively,

equivalent definitions ol and Nfg’éD without shadowing.
For centralA-A collisions these are

_ pp—»cc
acp=Taab= 0) dXF

(No shadowing  (16)

and
pp—ce
dxe

1
NGEn=FYs> Taalb = 0)f dxe (No shadowing,
0

(17)

whereT,, is the usual nuclear overlap function. In Table |

we present some quantitative results for E¢sd)—(17).

Fermi-Dirac and Bose-Einstein distributions that can collide
producingct pairs. This is the same mechanism, which in the
strange sector causes the strangeness enhancement. In the
charm case, there will be always a “charm enhancement”
but, because of screening, the charmed quarks will mostly
form open charm. In the present calculation we will let part
of the thermally produced charm Coulomb bound states es-
cape. Since the temperature is high, there will be a signifi-
cant number of parton-parton collisions at a c.m. energy high
enough to produce charm quark pairs, which may form char-
monium states. We will now estimate their production rate
using the CEM in a thermal environment.

The charmonium production rate in the reactm— T,
at temperaturd, is given by[30] by

As it can be seen, these numbers change with different

choices for the charm quark mass and for the parton dis- gneg—cc 1 1
tribution. Inclusion of shadowing reduces the number of dtdPx 25(277)
charm quark pairs andl¢ by about 10%, choosing differ-
ent parton densities may change these numbers in 40% but (18)
what changes our results the most is the adopted value for

the charm quark mass. This choice may alter the numberngheregy is the gluon statistical factoinumber of colors
by a factor of 4. Our number afc pairs is smaller but still times number polarization stajes,, is the relative veloc-
compatible with other estimates presented, for example, iity between colliding gluons with energids and E, and
Ref.[18]. On the other hand, the number &/'s can be three momentgs; and p,, o-° is the elementary gluon-
estimated taking into account the recent PHENIX datagluon cross sectioi6), and %g(E) the usual thermal dis-
[28] on p-p collisions. These estimatg&9] indicate that tribution function,

egé J d3p1d3pzfg(E1)fg(Ez)fr'gg(mz)vlz,

044904-4



Xe DISTRIBUTION OF J/y/s PRODUCED IN HEAVY ION COLLISIONS PHYSICAL REVIEW (68, 044904(2003

1

fo(E) = FT1

— (19

We now introduce the charm pair four momentprwith
help of the delta functio*[p—(p;+p,)]:

ng@HCC 11
d4p 2(2 )Ggg f dtd3Xd3pld3p2 fg(El)fg(Ez)
xagg S(M)v 1,8 p = (py + py)]. (20)

In the expression above, we have
P1= (Ev, Pr Pz);  P2= (Ez Pr, Py); (21)
p= (E, pr. p);

1

e = (py + pp?ivgp= 2E1E2 (22

wheremis the invariant mass of the pair. We next decom-
pose thes function into temporal, transverse, and longitu-

dinal components:
dNgg-—ce 1 1. 1

ALO 2)"125[m (p1+ p2)?]
X 52[pT = (Pr, + Pr)lolp,— (p, +P,)]. (23
Making use of the identity

| sz | dpoene)
- [ dEdpyap, €202 - p210(E). (29

we arrive at

AN =t
dnPdprdp, (2w>699f dtdsxfo dElL delL AP,
X ST - pf, — P2 16(ED)
<[ aea| a [ v, 50t -0t
X O(E ) To(Ex) o EDLO ()

x o[m? = (py + p2)?16%pr — (Br, + Pr,)]
X dp, = (pz1 + pzz)] (25)

Integrating |np Pr, Pry andE, and definingB as the

angle betweenp; and pT we finally obtain

ngg%C(_: aT 2J~06 e 2
- dn? f d f d f dicP
dp, 4(277)699 4 0 p% 0 P

X f dE, f o|pzlfg(|zl)fg(E—El)a;g(mz)E
0 —o0

X &[m? - 2EE, + 2pr(EZ - pZ)*codB)
+2p,p, 10(E1) 0(E ~ Ey) 6(EF - p2)

e o 27
__ T 5
_4(2W)Gggf4m§dm?fo dp%f dBJdtdSX

Xf dE;fo(En)fy(E - Ep)agg (mP) — [

1
[H(hy)|

2_ 2 2 _ K2
X O(E7 hl)+|H(hz)|¢9(E1 hz)}

X 60(E) OE-Ey), (26)
whereE, H(h, ), andh, , are given by
2prcodp) _

(27)

E=[m?+pf+psY%  H(hyp=2p,-

1
2pZ+ picos(p)
X [4EX(Phcos(p) +pf) - (nf - 2EE)2)}3.

(28)

In the first line of Eq.(26) we havem?-2EE, +2p(E3
-p;, )1’2cos(,8)+2pzpz] It is easy to see that taking either
El— P, Or E;>p,, and using thes function to perform the
mtegral inp, we 'obtain a factor Y,. This factor survives
and, at the end gives thext/structure(3) mentioned in
the Introduction. The actual numerical calculation in-
volves no approximation and has a similar behavior. No-
tice that, because of the kinematical cuts in the invariant
mass integral, we are now restricting the result to the rate
to charmonium states. A similar expression can be derived
for cc production originating from quark-antiquark anni-
hilation:

{p,(2EE, - m?) T {pico(pB)

h1,2:

d quﬂCC T

2w
dpz = 2(2 ﬁgq(q) E drnZJ dp%J dIB

g=u,d,s

X f dtd®x f dE;fy(E)fy(E-Ey)
0

X Ggq(m o 6(EZ - hY)

{ 1
IH(hy)|

1 2 2
|H(h2)|0(E h2):|6(E1)0(E E), (29

whereg, is the statistical factor for quark@ntiquarks

(number of colors times number of spin statesnd
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(}:g(mz) is given by Eq.(7) andf,5(E) is the usual quark

(antiquark thermal distribution function,

1
fq,a(Ei) = eE

ﬁ_ . (30)

PHYSICAL REVIEW &8, 044904(2003

T TO 3

V(1) =Vo— 0O V(T)=Vo| = | , (36)
70 T

whereVo=m R% 7, Ra=(1.18 A¥3-0.45fm, and thex fac-
tor was introduced explicitly.

In order to account for expansion effects we shall assume symming Egs(34) and (35) and integrating ovek: we

ics, in which temperature and proper time are rel§8&j by

m_(ﬁ)lli’,

TO T (3 1)

where Ty is the initial temperature ang, is the thermali-

which we callNggp

B. Comparison with other works

We shall now compare the number @ obtained in this

zation time, which marks the beginning of the hydrody-work with the number of charmed pairs obtained in other
namical expansion. With the help of this relation we canworks. There are some known papers on the subject

perform the following change of variables:

dtd®x=dx, 7 dy dr
=-3dV 7 To T4dT

To
0 fdtd3x:3f
Tt

Finally, we introduce the energy scals (the invariant
energy of a single nucleon-nucleon collisjon

7o To T4 V()T (32)

-
\r’S

= Xe—
Pz=X¢ >

(33
Expressiong26) and(29) can thus be rewritten as
dN9T-C 3 = (e
= / dn? f d d
dx: 8<2w>699‘s“f4mg , %),

TO o
X f 70 TS T4 V(T)dT f

dEfo(Ey)

m| 1
X fy(E - El)&gg(mz)E { WH(E% -h))

1 Er-n2 -
* g "B h2>]e<E1>e<E E). (34

dnda—ee 3 = -
P 4(277)69(4(5)\"8 K > 2dr'anO dpzT

g=u,d,s </ 4mg

2w TO e
X f dg| 7 ToT4V(T)dT f dE;
0 T 0

m?
X 1 ED fg(E - Enérgg (nf)

; 2 _ |12 ; 2_ K2
XLH(hma(El M)+ Ty & hz)}

[5—7,32,33. From the reading of these papers, we conclude
that there are large discrepancies in the numbers and in the
way to obtain them. The sources of these discrepancies are
(a) initial temperature of the plasmal, (ranging from
300 MeV to 550 MeV, (b) degree of parton equilibration
(described by the fugacity factgrgc) initial volume and/or
thermalization time)/, and 7, (d) total energy contained in
the fireball,(e) use or not of ax factor (=2) in computing
thermal rates(f) use or not of temperature dependegt(g)
mass of the charm quank, (going from 1.2 to 1.5 GeyY
and(h) use or not of thermal masses for gluons and quarks in
the reactiongj+g—c+C andg+g— c+C.

Depending on the choices that one has to make in dealing
with (a)— (h), the final value of in-plasma produced pairs
can change by orders of magnitude, going roughly from

NSGP:O.OZ in Ref.[5] up to 15 in Ref.[32]. In a compre-
hensive analysis this same variation was found in R@f.In
Ref. [6], the authors arrive to the conclusion that in-plasma
production was only a factor of 2 smaller than the initial
production. However in that paper the facter2 was not

included in calculation. If it were, theNggp=Ngcp.

The list of uncertainties given above is not unique and
could be enlarged. Each of the items implies taking a deci-
sion or making an assumption. Since the list is already large,
it seems that a high precision calculation is hopeless. In fact,
the situation is not so bad since our knowledge will increase
both because of new experimental results and because of
lattice results. RHIC data will impose severe constraints on
items from(a) to (d). For example, taking together data from
all the four collaborations, we may expect to know with suf-
ficient accuracy the rapidity distribution of charged patrticles,
from which we can have a good knowledge of the total en-
ergy contained in the fireba]ltem (d)]. The global analysis
of data on rapidityp; spectra, abundancies, elliptic flow, and
HBT interferometry, will eventually rule out several initial
conditions used in hydrodynamical models and we will have
much less uncertainty in the initial temperature of the
plasma. On the theoretical side, the perturbative QCD analy-
sis of other processes similar to, for examke) photopro-
duction orJ/¢ production ine"e* collisions may significantly
reduce the uncertainty in the charm quark mpgssm (g)].
Lattice calculations at finite temperature will hopefully re-

The volume of the system evolves in time according to duce the freedom in the choices of iteitfis and (h). A re-
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TABLE II. Number of in-plasma producect pairs andV/y/s in ~ expansion of the plasma must be included in any serious
RHIC collisions. Numbers inside parentheses are obtained mith calculation, but hydrodynamics is in itself a very complex
=1 and the others witk=2. The initial temperature is 550 MeV in subject. A prudent strategy, which we adopt here, is to study
all cases. the desired effectcharm productioy first with the most
standard and simple hydrodynamical model and then, as a

QGP mc2=1-2 Gev ”‘021-5 Gev second step, plug the charm production formalism into a
aM9) M) aM9)  adT) state-of-the-art hydrodynamical code. We will leave this last
Levai and co-worker§s] 3.7) (1.1 step for the future. The comparison of thg qther results in
NS Rafelskiet al. [3 (15) Table II with other works shows that for similar inputs we
Qap RAIEIS letal.[37] obtain numbers which are compatible with those presented in
Muller and co-workerg7] 17 Refs.[7] and[32].
This work 12@60) 39(19.5 2211) 7.63.9)
Ng&p This work 2.70 084 049 0.16

C. The number of J/i's

The number of)/y/s produced in the plasma can be ob-

view of what we may learn in the field in a near future can be,_.
found in the summary talk presented by Pisarski in the Iasfa'ned from Eqs(34) and (35. We must change the upper

quark matter meeting34]. imit of integration in n? introducing a kinematical cutoff,

e - . ie., king the replacemem—>4m%. In doing so, we re-
We have explicitly investigated the effect of changing the!-€-» Ma C
mass of the quark and the differences which arise when we name the superscripts in Eq84) and (35) to gg—J/y and

use the coupling constant running witt: q

qq— J/y. Moreover, we introduce the CEM multiplicative
factor Fy,, and arrive at
127

ag(m?) = — (37) i
(33 = Np)In—— dNGge” dNOg— I . dNAa— I a9
QCD dxe =TsFyy % %
or with T [6],
61 and
af(T)=———, (38)

(33 = 2Ng)In— 1 ANRA= Y

s Ng&p= J X — (40)
0 dx

whereNg=3, Agcp=230 MeV, andAys=80 MeV.

In Table Il we present our results for the number of in- The color evaporation model has an “intrinsic efficiency”
plasma borncc pairs for different values of couplings and given by the fractional factoF;, above, which was fixed
charm quark masses. All the calculations were done with afl8,19 in the analysis ofp-p reactions to beF,,=0.02
initial plasma temperature df,=550 MeV, andagM?) and  =2%. It is by no means obvious that the same value should
a4(T) are given by Eqe37) and(38), respectively. The num- hold for A-A collisions. For simplicity, we shall assume that
bers inside parentheses correspond to the cheice Oth-  Fy, is universal and holds even for in-plasma production.
erwise, the numbers were obtained with2. The “screening factorf; is thus the only free number intro-

The fourth line of Table Il shows that our results may duced here. It gives the probability thatlas formed inside
change by a factor 30 depending on the inputs used. Sindge plasma survives the passage through the medium. In
there is no strongly preferred value for teequark mass, other words,fs accounts for dynamical screening, in which
neither for x nor for the functional form ofa,, we are not gluons in the plasma destroy the charmonium bound state. It
able toa priori discard any of these choices and our finalvaries from 0 to 1. A literal interpretation of ReflL] or Ref.
results will reflect these uncertainties. In some cases a dire¢8] would imply f;=0. We will, however, tolerate a small
comparison with other works is possible. For example, in thevalue of fs and examine the consequences. In fact, it is im-
second column, comparing the numbers in parentheses, wagssible to say what a “realistic” value & would be. Our
notice that we obtain nearly 5 times more pairs than in Refchoices, based on some numerical estimates, are in the fol-
[6]. A similar excess is observed comparing the numbers ifowing interval:
parentheses in the fourth column. Comparing our work with
Re_f. [6]_ we can see that the pair_ production mechanism is 103<f, <102 (41)
quite similar, but the treatment given to the plasma expan-
sion is different. Whereas we have used the standard Bjorken If f.<103 we do not observe any visible effect of the
hydrodynamics, in Ref[6] a new hydrodynamical model in-plasma production. On the other harfig 10, which can
was introduced. Comparing the details of both approacheke interpreted as meaning that 1% of the in-plasma born
we concluded that in Ref6] the expansion and cooling of J/#'s can survive as bound states, can be taken as an upper
the system are much faster than in Bjorken hydrodynamicdimit, beyond which, rather than taking small fluctuations
Consequently, the system stops much earlier to create into account, we would be really challenging the well-
pairs and the final yield will be smaller. We think that the established concept of screening.
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IV. FINAL THERMAL  J/¢y PRODUCTION o= 0,25, (45)

We will also, for completeness, consider the case wherginal-state interactions with comovers will be included in
the J/y/s produced in the early stage of the collision traversethe thermal production differential rat@2) in the same

the plasma being destroyed and then “regenerat@"We  way and with the use of Eq45).
call them “thermal”. As has been discussed in the literature

[17,35, regenerated/y’s follow a thermal distribution with VI. FEYNMAN MOMENTUM DISTRIBUTIONS
the temperature of the quark-hadron phase transifign _
=170 MeV: In Fig. 1(a) we show, for Au-Au(ys=200 GeVf and Pb

-Pb (Vs=17 GeV) [Fig. 1(b)] collisions, the results obtained
d[\mrﬁéy/ m,ngOA s 1, > 2 with Eq. (13) (dash-dotted ling Eq.(39) (solid line), and Eq.
dx. i f dprexp| - ?(XFS/4 +pF+my,) (42) (dashed ling For the QCD distribution, we have used
0 ¢ the nuclear parton distribution functio(BDF) parametrized
as in Ref[38]. In doing so, the proton PDF were taken from
Ref. [39] (GRV98 LO). We also usedn.=1.2 GeV , np
=1.87 GeV, andc=2. With these choices the total number of

1 ——
= const ex;{— ?(\ﬂxﬁsm +mj,)
Cc

1 roduced)/¢/'s is determined. In computing E(B9) we have
iy VY 2 p
X [1 + T, VXES/4 + mJ/e//] ' (42) used7,=0.7 fm andTy=550 MeV for Au+Au andr,=1 fm
and T;=300 MeV for Pb+Pb collisionsT,; was taken to be
170 MeV.

where the constant in front of the integral will be fixed i )
later through the normalization condition In each figure all curves are normalized to the same num-

ber of produced)/'s, which is given by Eq(15). In Fig. 1

1 gNRA T we have used the parton distributions of R&8], obtaining
N%w:f dxpﬂ. (43) Ny,=0.09 at RHIC and\,,,~=0.001 at SPS.

0 dxe Although the normalization is still artificialit overesti-

mates the number af/¢/s produced in QG it anticipates

our main claim: QGP production will create a peakxat

V. FINAL-STATE INTERACTIONS =0. Even if suppressed, it will leave a signal. Moreover, this
) ) ) may happen at RHIC and at SPS as well.
In Secs. II-IV we discussedys production. After being In order to further investigate the differences between the

produced, these states will suffer interaction with the frethee\]/{/, production mechanisms we will study the relation
partons of the plasma and later with the hadronic comovergetween the measured numberJbp's and the naive expec-

In Ref. [4], the FSI were incorporatefdo the rate analogous tation based on what we know fropp collisions. Experi-

to our(13)] by the introduction of the multiplicative suppres- mentally, this ratio is easily constructed from the measured
sion factorsSE§" and S35, for interactions with comovers . spectra inA+A and p+p collisions. Theoretically, the nu-
and QGP partons, respectively. We shall adopt here the sanigerator can be written in terms of our theoretical prejudices.
procedure. In fact, in the case of the initial QCD production,  As a starting point, we assume that &W's are produced
since we are using the same formalism, for the sake of comgirectly and we show in Fig. 2 the following ratio:

parison we shall later borrow the final corrected expression

from Ref.[4]. In the case of Eq40), the J/y dissociation by 1 doges”” dNGE Y
partons within the plasma is already taken into account by W_R?-\ dx- dx-
the screening factof. If the charmonium state survives the Ri(Xe) = pp—IY doPr—J
plasma phase, it will interact with hadronic comovers and Taa(b=0)— Taa(b=0)—
Eq. (40) will be multiplied by the suppression fact{86,4] dxe dx
(46)
gl’\": exp{— gconcom(%)}, (44)  where the denominator is given by the product of ER).
No with the nuclear overlap functiofias(b=0)=29.9 mb* at

RHIC and =30.4 mi* at SPS. The numerators were ob-
where n, is the comover densityn, is the freeze-out tained with Eqs.(12) and (13) and the nuclear PDF pa-
density (=1.15fm?), and o,=1-4mb is the rametrized Ref.[38] (solid line) and as in Ref.[40]
charmonium-hadron cross sectipt2,13. The above ex- (dashed ling In the first case the proton PDF were taken
pression depends on the impact parameter, on the collisioiiom Ref.[39] (GRV98 LO) whereas in the second case
energy, and on time at which the charmonium interactshey were taken from Ref41] (MRST LO). With this last
with a given comover. Moreover, sineg, is a function of  set of parton distributionsNy,,=0.06 at RHIC andNy,
the rapidity, it will depend also ome. However, restrict-  ~0.001 atSPS.
ing the analysis to central collisions and to a fixe®) R shows essentially the effect of shadowing in the bow-
energy, the suppression factor tends to be constant, asgion. We can see that if no effect is present, other than
concluded in Refd.3,36,37. For simplicity, we shall take shadowingJ/«s spectrum produced iAA collisions is just a
here the average of the values quoted in these works: constant times the correspondip@ spectrum. As it can be
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FIG. 1. J/y momentum distributions: direct QCQ23) (dash-dotted ling in-plasma(39) (solid line), and thermal productio@®2) (dashed
line). All curves have the same normalizatisee text (a) RHIC collisions andb) SPS collisions.

seen, this constant may change a lot with the PDF. Thispond to the choices 2.7 and 0.16, in the last line of Table II.
constancy in the regiom=<0.1 will be important for the Figures 8a) and 3b) correspond to RHIC and SPS colli-
subsequent discussion. This figure shows also that the valigons, respectively.
of the constant decreases when we go from SPS to RHIC If we believe that all production is mainly direct plus
collisions. This same behavior was found in Rf. some small plasma component, then [E4p) acquires the

In Fig. 3 we present thgg distribution of the in-plasma- form
producedJ/y/s. The screening factor will be fixed tdg

=102 The curves are obtained with expressi88) normal- ANPA=IY NAAS Y
ized to the largestsolid line) and to the smallestdashed direct | = QGP
line) number ofJ/¢/s. These normalization constants corre- _ O dxe
Ry (Xg) = QPP (47
130 (et r e Taa(b=0) %
125 | where, for the moment, we neglect the final-state interac-
Pb_ Pb tions discussed in the preceding section. If the screening
120 S 174 GeV in the plasma is so strong th&=0, then,R;, =R, =const.
- If, however, there is a small/ys survival probability, for
115 . example f;=1072, there will be a noticeable change Ry.
_______________ This is illustrated in Fig. 4, where we see a pronounced
R,(x;)1.10 deviation from a flat behavior in the low region if there
I is a contribution from the plasma. This interesting feature
105 is due to the nature of the plasma production, which is
peaked ak-=0. In Fig. 4 the two upper lines correspond
100 L to the largest plasmad/ production(N%E’gpzz.?) and the
4 lower two lines to the smallest plasma contribution
095 L Au — Au (Nf{éP:O.l@. The screening factor is kept fixed té
Vs = 2004 GeV =107 In all cases solid and dashed lines mean the same
S i - PDF as in Fig. 2.
0.0001 0.001 x,, 001 Figures 4a) and 4b) refer to Au+Au at RHIC and to

Pb+Pb at SPS, respectively. We can clearly see that devia-
FIG. 2. RatioR (x): effect of shadowing in QCD direct produc- tions from unity happen more strongly for RHIC collisions.

tion. The numerators were obtained with E(3) and(12) and the The above situation has to be regarded as an extreme
nuclear parton distribution functions were taken from R@&8]  case, in whichJ/y/s are produced via parton fusiovith
(solid lineg and from Ref[40] (dashed lines shadowing taken into accoynin the initial state of the
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FIG. 3. In-plasmal/¢y momentum distribution(a) Au+Au at RHIC and(b) Pb+Pb at SPS. Soli(tlashed lines are obtained with the
smallest(largesj charm quark mass and witM?) [a(T)]. The curves are obtained with expressi88) and in both cases the screening
factor f4 has been fixed to 18,

nucleus-nucleus collision and then just escape from the firemaism the ratio defined above is modified to
ball, without further nuclear or comover suppression.
We now consider the opposite extreme case, where all

J/y's are formed in the final state. Final state here means that OMdN’T*,’f;nﬂ’;{f omdNGGs”"
the originalJ/¢/s are totally destroyed by plasma screening ST dxe 5| dxe
and recreated at the final stage of the fireball (B T=T, Ry (xg) = SN , (48)
=170 MeV) by coalescence and then just “emerge ready” Taa(b=0) dor
during the phase transition, obeying the thermal distribution dxe
(42). This scenario is supported by the calculations per-
formed in Ref.[3,17,43. Assuming this production mecha-
a b)
6'5\ ! R | ! R | ' v ETTT ] 21 L ! o ! | ! L |
o £ Au — Au : . Pb_Ph 7
OF ~ 1 20 .
; N Js = 2004 GeV g Js =174 GeV ]
L ~ J [ ]
il N f. =107 ] 1o r f,=107 1
50 F > 3 F o~ - - ]
b \ 1 1erp T~
45 F m, =1.2GeV\\ 3 E m =12 GeV ‘\\
F 1 17 F "% — ~ ~
40 o, (M) I o (M)
Ry (xz) . ' ] 16 F
35 F =
b 1 15F
3.0 F 3
”s : 1 14F
. E : Fm, = 1.5 GeV
20 ¢ 170w
15 E e I
1.0: L L L L h Ll L ] 11 : L el L Ll L L
0.0001 0.001 0.01 0.1 0.0001 0.001 0.01 0.1
Xg XF

FIG. 4. RatioR(xz): (@) Au+Au at RHIC andb) Pb+Pb at SPS. Solid and dashed lines, as in Fig. 2, are obtained with the nuclear parton
densities taken from Ref§38] and[40], respectively.
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FIG. 5. RatioR, (xg) calculated with Eq(48); labels | and Il represent the normalizations defined in (B§); solid (dashegl lines are
obtained with the largegsmallest in-plasma contribution(@) and(b) are for RHIC collisions, an¢c) and(d) for SPS collisions; in the two
left (right) panels we use the Eskodd al. [38] (Hirai et al. [40]) nuclear parton distributions.

whereSE9M=0.25. Whendiscussing thermal production, a and introduce shadowing effects. Moreover, in a very re-
crucial aspect is how to normalize the distributitf2). cent calculation of thermal charm productipt2], already
The most straightforward procedure would be to normaltaking into account the first PHENIX datg8], it was

ize it in such a way that the total number®&indt quark  shown that, to explain the overall magnitude of the data,
in the final state would match the number of charm quarkne needs to increase the NLO Q@D yield by a factor
pairs produced initially and computed with the help of of 2.8. In view of this lack of precise knowledge, in our
perturbative QCD. However, as we can see from Table ktudy we will normalize the integral of Eq42), NtJ?w in
and also from the recent and comprehensive analysis petwo different ways:

formed in Ref.[18], already at thep+p—cC+X level

there is some uncertainty in the cross section coming from Ni/ = 3 N§Zo Nt/ = 0.5 NSy, (49)
choices of the quark masses, renormalization scales, and

parton density parametrizations. A further source of unwhere N%@D is given by Eq.(15), which, in turn, will be
certainty arises when we go froprp to A-A collisions  evaluated with two different nuclear parton distributions.
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FIG. 6. RatioRy/(xz) computed with Eq(50). (a) RHIC collisions,(b) SPS collisions; solid lines: parton densities of R88]; dashed
lines: parton densities of Ref40].

In Fig. 5 we plot the ratioR,,. The two lower(uppey  of Ref. [4], keeping our plasma contribution the same, and
pannels refer to Pb+PAu+Au) data measured at SPS construct a new version of E¢47):
(RHIC). In the two left(right) panels we use the Eskodaal.

[38] (Hirai et al. [40]) nuclear parton distributions. Inside dNAA I
. . oM QGP
each of the pannels, the two upper curves are obtained with S| T
0 Njg‘f/’:3 N_fg"’C’D and the two lower curves witill) N _ Riv(Xe) = Rag(Xg) + e (50)
:o.ngD. Finally, solid and dashed lines represent the maxi- Taa(b=0) g
mal and the minimal contribution from the QGP component, AR dxe

Eq. (39). Although f;=1072, it is easy to see that choosing a
smaller value for the screening factor would move the solidThis quantity, plotted in Fig. 6, is a more realistic version
lines to the dashed ones, since they contain already a veof R, (plotted in Fig. 4. As in previous figures, solid and
small number of “in-plasma” bord/'s. dashed lines correspond to the nuclear parton densities of
In Fig. 5 we see that there is already a riseRy)f at  Refs.[38] and [40], respectively. Figures (6 and Gb)
decreasing values o, but this rise has the shape of a pla- correspond to RHIC and SPS collisions, respectively. Fol-
teau (as anticipated in the introductipnstarting from xg lowing the same convention employed in Fig. 4, in each
=0.01. If the screening is less effective=1072, then we panel the two upper curves represent the largest QGP con-
find a deviation from the plateau at RHIC energies, as irtribution, whereas the two lower curves represent the
Figs. §a) and %b), but do not observe any visible effect at smallest QGP contribution. Comparing Figs. 4 and 6 we
SPS energies, as in Figsgicband %d). From these last fig- can see that the inclusion of FSI changes the results, de-
ures we conclude that in-plasma production can hardly bereasing the strength of the low enhancement. Never-
detected at SPS since thedistribution is always dominated theless, the effect of in-plasma production remains quite
by the thermalplateaulike contribution. On the other hand, visible. Notice that the lowest line crosses the origin of
it should be remarked that if a plateau is found experimenthe horizontal axigx-=0) at 0.16.This is still far above
tally, this is interesting in itself, being a strong evidence inthe point predicted in Ref4], of 0.055.
favor of the statistical hadronization model, which implies We discuss now two more conservative scenarios, i.e.,
plasma formation. with less QGP production. First, we consider the lower part
Now we come back to the prediction made in Rjgf], of Fig. 6@a), amplifying the scale and allowing for smaller
namely, that the initially produced s after the interaction values of the screening factéy(fs=10"3). This amplification
either with hadronic comovers or with the plasma will dis- is shown in Fig. 7. Inspite of the uncertainties in the calcu-
appear aroundr=0 giving place to a dip in this region. We lations, our results in this figure, being still larger than the
can split Eq.(47) into two pieces, the first one containing one found in Ref[4] (the dash-dotted line suggest that an
initial production and the second containing the plasma conenhancement ifRy, in the low x- region might be seen if
tribution. In order to include the suppression resulting fromQGP would be formed. Finally, we compute again the QGP
the final-state interactions predicted in Rpf], we replace production rate, using the same inputs except for the initial
the first piece by a parametrization Bfg(xg, b=0), Eq.(3)  temperature of the plasma, which we take to Pbg
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FIG. 7. RatioR,,(xg) computed with Eq(50) for RHIC collisions; solid lines: parton densities of REF8]; dashed lines: parton densities
of Ref. [40]; dash-dotted line represents tfarametrizef result for central collisions obtained by Hifner and co-workells (a) Ty

=550 MeV; (b) To=300 MeV.

=300 MeV. At these smaller temperatures the screening faaent of (i) (ratio R;;). In the first case it is completely flat

tor must be larger and we choose it to he0.1. This is

without plasma contribution. A QGP contribution creates a

shown in Fig. Th) with the same conventions used in the big bump atx-<0.01. In the second case, without plasma
previous figures. As it can be seen, our lowest line is stillcontribution, we observe a step structure, with a plateau at

above the result of Ref4].

VII. CONCLUSIONS

In this paper we have considerellyy production in

nucleus-nucleus collisions by three different mechanigims:

direct(primordial parton fusioy (ii) thermal(statistical coa-
lescence at hadronizatiprand (iii) QGP (in-plasma parton
fusion). As already discussed in Rg8], (i) and(ii) are just

Xx<<0.01. Switching on the plasma contribution creates a
steeply falling curve. We believe that any of these features
can be measured and will be very interesting for charm phys-
ics at RHIC.

In Ref. [4] it was suggested that the distribution to be
measured at RHIC is flat and has a dip in the regips0.
Our calculations indicate that the inclusion of the in-plasma
born J/y/s will fill this dip.

Of course, there are several improvements that one could

two extreme cases. In realistic simulations, for a fixed numdo in the in-plasma production, as, for example, the use of a
ber of cC pairs andl//'s, these last are gradually destroyed, more sophisticated hydrodynamical expansion. Moreover,

giving origin to the “regenerated” componetit). Compo-

final-state interactions of this component should be consid-

nent(iii) is reconsidered here after being forgotten for longered. Work along these lines is already in progress. Our find-
time. Our main point was that, even being small, contribu-ngs in this work encourage us to pursue this program.

tion iii) is very strongly peaked aroung¢=0 and can thus
become visible if enough plasma is formed.

With this in mind we defined the rati@6) and computed
it assuming mechanisri) plus a small component dafii)
(ratio R) and assuming mechanigiin) plus a small compo-
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