Eur. Phys. J. C 37, 115-121 (2004)
Digital Object Identifier (DOI) 10.1140/epjc/s2004-01971-5

THE EUROPEAN
PHYSICAL JOURNAL C

J /1 gluonic dissociation revisited:
l. Fugacity, flux and formation time effects

B.K. Patral, V.J. Menon?

! Department of Physics, Indian Institute of Technology, Roorkee 247 667, India
2 Department of Physics, Banaras Hindu University, Varanasi 221 005, India

Received: 27 February 2004 / Revised version: 3 June 2004 /
Published online: 6 August 2004 — (© Springer-Verlag / Societa Italiana di Fisica 2004

Abstract. We revisit the standard treatment due to Xu et al. of J/1 suppression due to gluonic bombard-
ment in an equilibrating quark—gluon plasma. Effects arising from gluon fugacity, relative g— flux, and v
meson formation time are explicitly incorporated in the formulation of the gluon number density, velocity-
weighted cross section, and the survival probability. Our new formulae are applied to a numerical study
of the pattern of J/1 suppression in the central rapidity region at RHIC/LHC energies. The temperature
and transverse momentum dependence of our graphs have noticeable differences from those of Xu et al.

1 Introduction

Relativistic heavy-ion collision experiments at CERN
SPS/LHC and BNL/RHIC are believed to have led to a
phase transition from the hadronic world into a deconfined
and/or chirally symmetric state of free quarks and gluons,
the so called quark—gluon plasma (QGP) [1-6]. However,
as of now, no conclusive evidence of QGP formation has
been discerned. Among the most hotly debated theoreti-
cally proposed signatures in this context are the erstwhile
J/v suppression due to the medium’s influence [6] and
recent J/1 enhancement via dynamical regeneration [7].
The well known mechanisms responsible for J/1 suppres-
sion are summarized briefly in the appendix for the sake
of completeness.

Attention in the sequel will be focused on the break-up
of the J/¢ owing to bombardment with energetic gluons
[8]. For this mechanism, Xu et al. [2] employed statistical
mechanics coupled with phenomenological QCD to
calculate the J/v¢ survival probability in a temporally
evolving parton gas. It is well recognized that to evaluate
the magnitude of quarkonium suppression in nuclear
collisions one has to use a number of model assumptions,
and their validity must be continually challenged or
explored further. It is only in this modest spirit that the
present paper aims at extending or modifying the work
of Xu et al. in the following various respects.

(i) Gluon fugacity effect: Xu et al. ((7) in [2]) used a
fudge factor /\§<“ to account for the deviation of the
initial gluon distribution (as computed in the mini-jet
model) from the thermal one. It is natural to ask what
would happen if a true fugacity A, (stemming e.g. from
a chemical potential) were used in the conventional form
of the Bose-Einstein distribution. In Sect.2 below we

derive a new formula for the gluon number density n,
valid for general A\, <1, appropriate for a system not yet
in chemical equilibrium.

(ii) Relative flux effect: Xu et al. ((8) in [2]) were
interested in the invariant product I' = v 0 where the
gluon—) break-up cross section o was written in the
meson rest frame, but unfortunately their relative flux
Ufé‘f was evaluated in the fireball frame so that their
expression vX' = 1 — (k - pr)/k° Mt remains different
from unity, i.e., ¢. In Sect.3 we modify this procedure by
treating the product I strictly in the ¢ rest frame so that

the corresponding relative flux vg}” remains ¢ = 1 always.

(iii) Formation time effect: For computing their survival
probability S(pr) Xuet al. ((14) in [2]) used an integration
over 7y having the lower limit 0, where 7, is the proper
time measured in the J/v rest frame. This is inconve-
nient because the gluon density ny(t) and the thermally-
averaged cross section (v o) are natural functions of the
usual time ¢ in the fireball rest frame. In Sect. 4 we write a
modified expression for S(pr) using a ¢ integration where
formation times of the QGP as well as J/¢ are explicitly
included. Of course, in our numerical results in Sects. 2, 3
and 4 the actual velocity profiles of hydrodynamic flow are
ignored. Finally, our main conclusions appear in Sect. 5.

2 Number density
2.1 Preliminaries

Assuming thermal equilibrium and working in the fire-
ball rest frame let the symbol T denote the absolute
temperature, K the gluon four momentum, 16 the spin-
color degeneracy factor, A, < 1 the gluon fugacity, and
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Table 1. Initial values for the temperature, time, fugacities etc. at RHIC(1), LHC(1)

only [5]
T (GeV) t; =70 (fm) Aq i (fm)~% Q" (fm)~°
RHIC(1) 0.55 0.70 0.05  0.008 2.11 1.76
LHC(1) 0.82 0.5 0.124  0.02 17.34 14.66

f = f(K°T,)\,;) the one-body gluon distribution func-
tion. Then the gluon number density n, is obtained from

d*K 8
Y KL

* 0 702
) n2/0 dK" K" f. (1)

2.2 Xu procedure

It is known that in the early stage of the evolution the
quark—gluon plasma is not in chemical equilibrium. Hence
Xu et al. ((7) in [2]) employed a factorized gluon distribu-
tion function,

)\Xu > 0/
Xu _ _\X —nK%/T
fu*eKO/T_lf)‘guZen ’ (2)
n=1
where )\;(u is a fudge factor accounting for the deviation
of the initial distribution (as computed in the mini-jet
model) from the thermal one. This led them to a number

density linearly depending on )\zf“ through

Xu _ 16

ng T3)\X“C( ). (3)

2.3 Our proposal

We do not contest the validity of the above view. Rather
we ask the following independent question: What would
happen if one employs the standard Bose—Einstein distri-
bution

oo

Z A™ —nKO/T (4)

fOur — eKO/T
where A, is the true fugacity stemming e.g. from a chem-
ical potential? The expression (4) is certainly of interest
since it is familiar from text books of statistical mechan-
ics. Moreover, (4) has the advantage that the denominator
KT X, >1—A, >0 aslong as Ay < 1, implying that
any possibility of Bose condensation is avoided. Insertion
of (4) into (1) guides us to a number density containing
the fugacity in a power series via

16 — Ay
Our _ 3

Remembering that a 1/n3 type series converges rapidly
with n, numerical comparison of (3) and (5) is easily done

via the ratio

nXu 1 )\2
9 (14 = 1+ -2 6
now ( + 8) +3 ) (6)

)@(“ ~ A4 in the leading order. Of
course, the algebraic reason for the inequality ng"" < n;(u
is the fact that the distribution function fOU < fX" as
long as Ay < 1. In other words, the effect of actual fugac-
ity (before chemical equilibration) is to reduce the number
density of gluons below the value of Xu et al.

where we have set

2.4 Initial conditions

It is well recognized that the scenario resulting from rel-
ativistic heavy-ion collisions is rapidly time-dependent.
Quick scattering among the partons drives the QGP to
thermal equilibrium in the fireball rest frame within a
time t; = 79 ~ 1/A ~ 0.5fm/c where the suffix i stands
for “initial” and A is the QCD energy scale. The initial
conditions predicted by the HIJING Monte Carlo simu-
lation are summarized in Table 1. There gluon densities
computed via the Xu procedure (3) and our proposal (5)
are also listed. Clearly the relative difference between né%u
and n;)i‘“ is of the order of 1/8 ~ 12%, which is significant.

2.5 Temporal evolution

The thermally equilibrated QGP produced at the in-
stant t; = 79 undergoes rapid expansion (accompanied
with cooling) while partonic reactions tend to drive the
plasma towards chemical equilibrium. In Bjorken’s boost-
invariant longitudinal expansion scenario the fugacities
and temperature are known [16] to evolve through the
following master rate equations:

X, LT 1 A2
29 43 4 2 —Ry(1—Xg)—2Ry (1 -2
Ag+T+T 3(1=2) 2( )%)’
X, T Ay A
23l 1 g Lo _Za
N TS 2b1 (A Ag>’
b 3/4
<)\ + 2 > T37 = const. (7)
a2

Here 7 is the medium proper time, A\, the quark fugacity,
Ny the number of flavours, and the remaining symbols are
defined by

Ry = 0.5n4(v0gg—qq), Rs = 0.5ng(v0g9—g44),
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ay = 81 /15,
by = TR* N /20. (8)

ay = 16C(3)/TC23

bl = 9((3)Nf/n2a
Their solutions on the computer yield the functions T'(t),
Ag (), ng(t) in terms of the fireball time ¢. The lifetime (or

freeze-out time) ¢y of the plasma is the instant when the
temperature drops to T'(ti.) = 200 MeV, say.

3 Flux-weighted rate
3.1 Preliminaries

Next, the question of applying statistical mechanics to glu-
onic break-up of the J/¢ becomes relevant. In the fire-
ball frame consider a 1) meson of mass my, four momen-
tum py, three velocity vy = py/ pgj, and dilation factor

Yop = p?/) /my. If g is the gluon four momentum measured

in ¥ meson rest frame, then by Lorentz transformations
K =9(¢° + vy - @) = 750" (14 | vy | cosfgy)
K = (K°/¢") &, (9)

where 64, is the angle between the ¢ and 9, unit vectors.

The invariant quantum mechanical dissociation rate
for the g— collision can be written compactly as
I' = vy o, (10)

where v, is the relative flux and o the cross section writ-
ten in any chosen frame. Its thermal average over gluon
momentum in the fireball frame reads

16 a3 0
2 7‘1}{7 rf,
(20 ¢°

= | o (1)

with f being the distribution function already encountered
in (1).
3.2 Xu procedure

Xu et al. ((8) in [2]) worked with their relative flux in the
fireball frame, viz.

vt =q" /K vy =1— (K- py)/K"p),

which, of course, is different from unity. At the same time
their dissociation cross section ogrest was written in the
meson rest frame based on the standard QCD value [20]

/Q%°,

0
q T (32 1

Q' =—, B:() —
€y 3\3 mc(ewmc)l/2

where €, is the J/¢ binding energy and m. the charm
quark mass. Insertion into (11) led them to

3
(R 1}1/ d3q 1
Ny (21t)

(12)

3/2

ORest = B( ) qO > €qps

(13)

O'Rest >\ Zean /T (14)

n=1
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where the approximate fX" given by (2) has been recalled.
The simple angular integration over d cos 64, can be done
by taking the polar axis along 7y to yield

8%)\

2
) Z / 4Q°Q°

3 sinh D,,Q°
X ORest€ n Q" (DQOC?> (15)

nz:l / dQ° Q°
—e Q) (16)

Here the following abbreviations have been introduced:

() =

4ew/\T
T 1242 v, | nXu Q‘Vw‘nXu

A -0
X ORest (e An”Q

Vo = PY/my, Vo = Py/PY,
Cp = neyvy/T, Dy =|vy | Cy,
AF=C,+D,=C, (1% | vy ). (17)

For J/¢ produced in the central rapidity region, Xu et al.
have drawn elaborate curves showing the dependence of
(I'*"Y on T and pr.

3.3 Our proposal

We set up our I entirely in the ) meson rest frame where
v = ¢ = 1. This is because when a massless gluon is in-
cident upon a 1 meson at rest, the corresponding relative
flux must become unity in sharp contrast to the value due

to Xu et al., (12). Thereby (11) becomes

16 d3q
rowy = / 1+ | vy | cosO
(rem) v | an? Yo (14 | vy | )

o0
X ORest Z )\Ze_nKO/Ta (18)
n=1
where the exact fOU given by (4) has been recalled. The
slightly complicated angular integration over d cos 4, can
be performed by choosing the polar axis along 9y, yielding

8e3
Oury _ Sy 1Y 0 02
<F > - TCZnOur Z A / dQ Q
X OResie” @ [fo(pn)— | vy [ Ii(pn)]
42T
_ P 0 MO
_n2|Vw|nOurZ / dQQ
1 —A-Q°
X ORest 17‘V¢| 11— — (§] "
Pn
1 0
- (1+ [ vy | (1 + p)) o4 ] , (19
where
Pn = DnQO = ano/ewa IO(pn) = (Smhpn)/pn,
Ii(pn) = (cosh p,)/pn — (sinh pn)/p%' (20)

Clearly the dependence of (I"°") on )\, and 7, is more
involved than that of (I'*%) given by (15) and (16).



118

2
g
A
«
£
2
wn
E]
>\
\"2
RHIC(1)
0 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1

T (GeV)

Fig. 1. The thermally-averaged gluon—J/v dissociation cross
section (vre1o) as a function of temperature at different trans-
verse momenta pr as done by Xu et al. ((16) in [2]). The initial
gluon fugacity is given in Table 1 at RHIC energy

3.4 Numerical work

The initial thermally-averaged rates (I'*") (16) and
(I°v) (19) are depicted in Figs.1, 3 and Figs.2, 4, re-
spectively. The physics of the dependence of the peak on
the temperature and transverse momentum has already
been discussed in [2]. Here we wish to focus attention
only on the striking similarity between Figs.1 and 2 in
spite of the different fugacities and fluxes employed. For
this purpose, we first go back to the Lorentz transforma-
tion (9) and observe that the relative flux due to Xu et
al. receives a dominant contribution from the antiparallel
(cos by = —1) configuration. Indeed, then

v

Xu qO 1
1

~ N]_ .
Rl = R0 A v, e

(21)

Now let us consider the ratio

<[‘Our> - ng(u

(rxwy. nd" | [phase space integral of v opeg
phase space integral of ¢ oRest

Velocity—weighted cross section (Our Model)
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Fig. 2. Same as in Fig. 1, but these curves are obtained by our
(19)
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Velocity—weighted cross section (Xu et al)
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Fig. 3. The thermally-averaged gluon—J/v dissociation cross
section (vre10) as a function of transverse momentum at differ-
ent temperatures as done by Xu et al. [2]

(22)

Due to the fugacity effect the number density ratio in (22)
is somewhat smaller than unity as already mentioned in
Sect. 2. On the other hand, in a near antiparallel configura-
tion, the relative flux vii‘f > ¢, hence the ratio of the phase
space integrals, is somewhat larger than unity. These two
effects tend to partially compensate each other in (22) so
that the relative difference between the curves of Figs. 1
and 2 is not more than about 5—6%. However, the influence
of 1+ | vy | becomes more pronounced at high transverse
momentum, causing a noticeable difference between the
curves of Figs. 3 and 4.

4 Survival probability
4.1 Preliminaries

Consider a cylindrical coordinate system in the fireball
frame where the 1) meson was created at the time-
space point (¢, rfp, qﬁp) with transverse velocity v,T. The

Velocity—weighted cross section (Our Model)

gma>

<v_rel si;

RHIC(1) ]

0 | | | |
0 2 4 6 8 10

p_T (GeV)

Fig. 4. Same as in Fig. 3 except that the results are obtained
by us
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plasma is supposed to be contained within a cylinder of ra-
dius R, expanding longitudinally till the end of its lifetime
tiife- The 1) meson’s trajectory will hit the said cylinder af-
ter covering a distance dgr in the time interval tg; such

that
dr1 = —r%z, cos d)b, +4/R? — 7'11/)2 sin? Dy

tre=dr1/ | vy" | (23)
and the full temporal range of interest is obviously
tr <t <ty tin=min (f; +tgr,  tige) - (24)

The corresponding survival probability of J/i averaged
over its initial production configuration extending over the
transverse area A becomes

S(pr) = /AdQTL (R2 - r,lpz) eV //AdQTL <R2 — rff) ,
"t ny (1) (10

t1

W = (25)

4.2 Xu procedure

Xu et al. ((14) in [2]) did not take into account the for-
mation time of the coulombic bound state, i.e., they chose
the instant of production as

Y =t; = 7. (26)
Also, they seem to have used as integration variable the
proper time 7, = (t —t;) /7, measured in the ¢ meson
rest frame. This procedure is inconvenient since the gluon
number density n?“ was best known in the fireball frame.

4.3 Our proposal

We do take into account the formation time 7, say, of the
bound state in the c¢ barycentric frame. Remembering the
dilation factor ~y, we choose

Our __

ty =1; + Yo TR (27)
and retain the fireball time ¢ for integration in (25). Of
course, the value of 7% is not unique since many possible
prescriptions for the same are available in the literature
as outlined below.

Firstly, a naive estimate of 7 is given by 7 =
1/(my, — my) ~ 0.3fm/c. Secondly, Blaizot and Ollitrault
[25] define 7w ~ 0.7fm/c as the time spent by the heavy
quark in going between two WKB classical turning points.
Thirdly, Karsch and coworkers [27] use 7p &~ 0.89 fm/c as
the time consumed by a quark to traverse a distance equal
to the radius of the quarkonium in its rest frame. Finally,
the dispersion-theoretic analysis of a correlation function
by Kharzeev and Thews [28] yields 7 ~ 0.44fm/c. In
the numerical work reported below we employ 0.89 fm/c
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[27] and 0.44 fm/c [28] as two representative values of the
formation time.

There still remains an important question to be an-
swered, viz. “why cannot the unformed c¢ pair interact
before producing a fully-developed resonance?” Actually,
such a preformation interaction is possible but its treat-
ment will require tedious time-dependent wave packets in
which the ¢ pair may scatter in the color singlet/octet
states and one or more additional gluons may also be
present. Our modest aim here was just to incorporate the
effect of 7¢ via the simplest prescription in the original
treatment of S(pr) by Xu et al.

4.4 Numerical work

In Figs.5 and 6 the J/tv survival probability has been
plotted as a function of the transverse momentum based
on the general formula (25). The solid and dashed-dotted
curves denote our result using (27) with two representa-
tive values of 7 while the dashed curve is that of Xu et
al. employing (26). Clearly, the J/v’s survival chance is
much higher (i.e.. their suppression is substantially lower)
in our case compared to Xu et al.’s one. The reason for this
can be understood by examining the integral appearing in

(25), viz.
ti
dt
t1

First, we recall from Sect.2 that fO < X% due to
the fugacity effect. Next, we know from (21) that v, =
¢ < vX% due to the flux effect. Finally, (26) and (27) tell us

rel
that the time interval available for dissociation ¢y —tIO“lr <

W phase spaceintegral of (28)

VUrelo Over f at time ¢
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Fig. 5. The survival probability of J/¢ in an equilibrating
parton plasma at RHIC energy with initial conditions given in
Table 1 [2]. The solid and dashed-dotted curves are our result,
while the dashed curve is the result obtained by Xu et al. [2]
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Fig. 6. Same as in Fig.5 but at LHC energy

t — tf(u due to the formation time effect. These three
mechanisms operate cooperatively to make WOW < WXu
resulting in less suppression.

5 Conclusions

(i) In this paper we have extended the work of Xu et al.
[2] concerning the gluonic break-up of the J/v¢’s created
in an equilibrating QGP. Our theoretical formulae for
number density (5), flux-weighted cross section (19), and
survival probability (27) are new.

(ii) Our numerical results are also significant as compared
to those of Xu et al. Since gluon fugacity is less than
unity before chemical equilibration, our number density
ng™(t) of hard gluons (which are primarily instrumental
in dissociating the J/v’s) is lower as shown in Table 1.

(iii) Next, since our g— relative flux in the meson rest
frame is only vQ* = 1 (and not 1+ | vy | of the fireball
frame), our thermally-averaged rate (I'O%(t)) is also
smaller as depicted in Fig. 4.

(iv) Since we properly take into account the production
time of the J/v’s, the temporal span available for their
break-up becomes shorter. These three effects act in a
cooperative manner to reduce substantially the amount of
J/4 suppression (i.e. to increase noticeably their survival
chance SO (p7) as demonstrated by Figs.5 and 6.

(v) Apart from possible ¢¢ recombination [7] another im-
portant effect not considered in the present paper is the
transverse hydrodynamic expansion of the QGP. Mathe-
matically such an expansion demands that the gluon sta-
tistical mechanics must be done in a local comoving frame,
while physically the temperature will drop more quickly
with time. This highly non-trivial problem is under inves-
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tigation at present and its results will be published in a
future communication.
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Appendix

J /1 suppression mechanisms summarized

In relativistic heavy-ion collision the heavy quark—
antiquark pairs (leading potentially to J/¢ mesons) are
produced on a very short time scale, ~ 1/2m, ~ 10~?*s,
with m,. being mass of the charmed quark. The pair de-
velops into the physical resonance over a formation time
~ 0.89fm/c in its own rest frame. This J/v traverses the
deconfined plasma together with the hadronic matter be-
fore leaving the interaction region to decay into a dimuon
which is finally detected. However, this chain of events can
be prevented via any of the following mechanisms.

Even before the c¢ bound state is created it may be ab-
sorbed by the nucleons streaming past (Glauber/normal
absorption [6]). Or, by the time the resonance is formed
the Debye screening of the color forces in the plasma may
be sufficient to kill it [9]. Or, an energetic parton could
hit and dissociate the J/v¢ [8]. Or, the Brownian motion
of the J/v through the medium could cause its sufficient
swelling/ionization [3]. The extent of suppression will be
decided by the competition between the J/¢ momentum
and the rate of hydrodynamic expansion (with associated
cooling) of the plasma [11]. Of course, the entire above
picture will be substantially modified if the J/’s are re-
generated via ¢¢ recombination [7].
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