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The transverse mass spectra of V, J�c , and c 0 in Pb 1 Pb collisions at 158A GeV are studied within
a hydrodynamical model of the quark-gluon-plasma expansion and hadronization. The model reproduces
the existing data with the common hadronization parameters: temperature T � TH � 170 MeV and
average collective transverse velocity yT � 0.2.

DOI: 10.1103/PhysRevLett.88.132301 PACS numbers: 25.75.Dw, 12.38.Mh
The possibility of observing the quark gluon plasma
(QGP) in nucleus-nucleus (A 1 A) collisions motivated an
extensive experimental program. Rich experimental results
on hadron spectra and multiplicities are now available for
a broad range of collision energy and for various colliding
systems [1]. The anomalies observed [2] in the energy
dependence of pion and strangeness production indicate
[3] that in central collisions of heavy nuclei the threshold
for QGP creation during the early stage of the reaction is
in the region of low CERN SPS energies (�40A GeV).

The equilibrium hadron gas (HG) model describes re-
markably well the hadron multiplicities measured in A 1

A collisions at top SPS [4] and RHIC [5] energies, where
the creation of QGP is expected. The extracted hadroniza-
tion temperature parameter is similar for both energies
TH � 170 6 10 MeV. This is close to an estimate of the
temperature TC for the QGP-HG transition obtained in lat-
tice QCD simulations at zero baryonic density (see, e.g.,
[6]). One may therefore argue that the QGP created in high
energy heavy ion collisions hadronizes into an (approxi-
mately) locally equilibrated HG, and the chemical compo-
sition of this HG is weakly affected by rescattering during
the expansion of the hadronic system [7].

In our previous paper [8] we formulated the hypothe-
sis that the kinetic freeze-out of J�c and c 0 mesons takes
place directly at hadronization and that those mesons there-
fore carry information on the flow velocity of strongly in-
teracting matter just after the transition to the HG. Based
on the measured J�c and c 0 spectra in Pb 1 Pb colli-
sions at 158A GeV [9] and using the hypothesis of the sta-
tistical production of charmonia at hadronization [10–12]
we extracted a mean transverse collective flow velocity of
hadronizing matter: yT � 0.2.

The effect of the rescattering in the hadronic phase was
recently studied within a “hydro 1 cascade” approach
[13,14]. A 1 A collisions are considered there to proceed
in three stages: hydrodynamic QGP expansion (“hydro”),
transition from QGP to HG, and the stage of hadronic
rescattering and resonance decays (“cascade”). The change
from hydro to cascade modeling takes place at T � TC ,
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where the spectrum of hadrons leaving the surface of the
QGP-HG transition is taken as input for the subsequent
cascade calculations. The results of Refs. [13,14] suggest
that the transverse momentum (pT ) spectrum of V may
be weakly affected during the cascade stage even for
central Pb 1 Pb collisions at the top SPS energy. This is
because of the small hadronic cross section and large mass
of the V hyperon [15]. The corresponding calculations
for charmonia are not yet performed within this model.

Thus we are faced with an intriguing problem: if the
above considerations for charmonia [8] and V [13,14]
are correct, their pT spectra should be simultaneously re-
produced using the same hydrodynamic parameters, TH

and yT . In this Letter we demonstrate that such a de-
scription is indeed possible. The transverse mass mT

(mT �
p

p2
T 1 m2, where m is a particle rest mass) spec-

tra around midrapidity in Pb 1 Pb at the SPS (158A GeV)
were recently measured for V by WA97 Collaboration
[16,17] and for J�c and c 0 by NA50 Collaboration [9].
These spectra are the subject of the present analysis.

Assuming kinetic freeze-out of matter at constant tem-
perature T , the transverse mass spectrum of ith hadron
species (with mass mi) in cylindrically symmetric and lon-
gitudinally boost-invariant fluid expansion can be approxi-
mated as [18]

dNi

mT dmT
~ mT

Z R

0
r dr K1

µ
mT coshyT

T

∂
I0

µ
pT sinhyT

T

∂
,

(1)

where yT � tanh21yT is the transverse fluid rapidity, R is
the transverse system size, and K1 and I0 are the modified
Bessel functions. The spectrum (1) is obtained under the
assumption that the freeze-out occurs at constant longitu-
dinal proper time t �

p
t2 2 z2, where t is the time and z

is the longitudinal coordinate. Thus the freeze-out time t is
independent of the transverse coordinate r [18]. The analy-
sis of the numerical calculations of Ref. [14] shows that the
latter is approximately fulfilled. The quality of the approxi-
mation made becomes better for the heavy particles
© 2002 The American Physical Society 132301-1
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and small transverse flow velocities considered here
because possible deviation from Eq. (1) is proportional
to p2

T yT ��2mT T� and thus it decreases with increasing
particle mass at constant pT .

In order to calculate (1) the function yT �r� has to be
given. A linear flow profile, yT �r� � ymax

T r�R, is often
assumed in phenomenological fits [18]. The numerical cal-
culations of Ref. [14] justify this assumption. For heavy
hadrons analyzed in this paper, the condition mi ¿ T is
always satisfied and, therefore, the asymptotic form for
large arguments of K1�x� � x21�2 exp�2x� can be used
in Eq. (1). At SPS energies the typical values of yT

are small (y2
T ø 1) and consequently coshyT � 1 1

1
2y

2
T

and sinhyT � yT .
The experimental mT spectra are usually parametrized

by a function (It corresponds formally to neglecting the
transverse flow [yT � 0 in Eq. (1)], but introducing in-
stead an “effective” temperature):
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µ
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i

∂
, (2)

where the inverse slope T�
i is extracted from the fit to the

data. However, when Eq. (2) is considered as an approxi-
mation of Eq. (1), the inverse slopes T�

i should depend on
both mi and pT . The limiting cases of T�

i behavior at low
and high pT can be easily studied using the small and large
argument asymptotic of the modified Bessel function I0 in
Eq. (1):
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where the average velocity yT in Eq. (3) is defined as
y

2
T �

RR
0 r dr y

2
T �r��

RR
0 r dr. The maximum velocity

y
max
T in Eq. (4) is related to yT as y

2
T � �ymax

T �2�2 pro-
vided a linear flow profile is assumed, yT �r� � y

max
T r�R.

Note that T� in Eq. (4) is equivalent to the well-known
“blueshifted” temperature, T ��1 1 y

max
T ���1 2 y

max
T �	1�2

(see, e.g., [14,18]), calculated for �ymax
T �2 ø 1. The shape

of the “high-pT ” tail (pT ¿ mi) of the mT distribution
(1) is “universal,” i.e., T� given by Eq. (4) is independent
of particle mass mi. On the other hand, the inverse slopes
T �

i (3) at “low pT ” are strongly dependent on mi. Two re-
marks are appropriate here. First, for heavy particles such
as V and J�c the term 1

2 miy
2
T �T in Eq. (3) is not small

compared to one, thus the second (approximate) equality
in this equation is violated. Second, a condition of the
validity of Eq. (3), pTyT ø T , is too restrictive for heavy
hadrons, e.g., for T � 170 MeV and yT � 0.2 discussed
below it leads to mT 2 mi ø 0.3�mi GeV2�c4. This
means that Eq. (3) is valid for the values of mT 2 mi

which are much smaller than 0.2 GeV�c2 for V and than
0.1 GeV�c2 for J�c.
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Summarizing, (a) none of the asymptotic regimes (3)
or (4) can be clearly seen in the experimental mT spec-
tra, i.e., neither low-pT (mT 2 mi ø 0.3�mi GeV2�c4)
nor “high-pT ” (mT 2 mi ¿ mi) approximations are use-
ful ones (at least for studying the available mT spectra of V

and charmonia); (b) fitting the experimental mT spectrum
of ith hadron species by Eq. (2), one finds in fact the “av-
erage inverse slopes” which depend not only on particle
mass mi but also on the mT 2 mi interval covered in a
given experiment (see also Ref. [14], where T�

i have been
discussed separately for mT 2 mi , 0.6 GeV�c2 and for
0.6 GeV�c2 , mT 2 mi , 1.6 GeV�c2).

For small values of yT relevant to our discussion a good
approximation of Eq. (1) at mT 2 mi , mi can be ob-
tained by substituting the yT distribution in Eq. (1) by
its average value yT and by using large argument K1
asymptotic:
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(5)

We checked numerically that the values of the parameter
yT extracted from the fits (see below) to Eqs. (1) and (5)
assuming a linear velocity profile differ by about 5%.

We turn now to the test of our hypothesis of the
kinetic freeze-out of J�c, c 0, and V occurring directly
at hadronization, i.e., at T � TH � 170 MeV. The mT

spectra of these hadrons are measured around midrapidity
[9,16] for Pb 1 Pb collisions at 158A GeV. The fit to these
data performed using Eq. (5) with T � TH � 170 MeV
yields yT � 0.194 6 0.017 and x2�d.o.f. � 1.3. The
value of yT varies by 70.016 when TH is changed within
its uncertainty 610 MeV. Note that T and yT parameters
are anticorrelated. A surprisingly good agreement (see
Fig. 1) of our model with the data on mT spectra serves as
a strong support of the hypothesis of the statistical nature
of J�c and c 0 production [10] and their kinetic freeze-out
occurring directly at hadronization [8].

The dependence of the J�c and c 0 transverse mass
spectrum on the centrality (quantified by the neutral trans-
verse energy ET ) of Pb 1 Pb collisions at 158A GeV was
also measured by NA50 Collaboration [9]. An increase of

pT � and 
p2

T � from peripheral collisions to the most cen-
tral collisions can be explained, within our approach, by an
increase of the model parameter yT with ET . Note that the
increase of the mean flow velocity and consequently an in-
crease of 
pT � and 
p2

T � with a centrality of the collision as
well as an increase of 
pT � and 
p2

T � with particle mass mi

are characteristic features of hydrodynamics. In contrast to
J�c and c 0 mesons the mT spectra of the Drell-Yan pairs
(dileptons with invariant mass M . 4.2 GeV�c2) do not
show this type of hydrodynamical behavior. The values
of 
pT � and 
p2

T � [9] for the Drell-Yan pairs are smaller
than those for J�c and c 0 and do not change significantly
with ET .
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FIG. 1. The transverse mass spectra of V2 (triangles down)
and V1 (triangles up) [16] as well as J�c (circles) and c 0

(squares) [9] produced in Pb 1 Pb collisions at 158A GeV.
The solid lines indicate a prediction of model (5) assuming ki-
netic freeze-out of heavy hadrons directly after hadronization of
expanding quark-gluon-plasma. The freeze-out parameters are
T � 170 MeV and yT � 0.194.

The kinetic freeze-out parameters of pions were ex-
tracted from the analysis of single- and two-pion spectra
measured for central Pb 1 Pb collisions at 158A GeV
by NA49 Collaboration [19–21]. The results are:
Tf � 120 MeV and yT � 0.55, i.e., they are very differ-
ent from those obtained here from the analysis of heavy
hadron spectra. In fact we checked that the parameters
obtained for pions lead to the mT spectra of heavy hadrons
which strongly disagree with the data. A decrease of
temperature and an increase of transverse flow velocity
with time is a general property of expanding systems.
The different kinetic freeze-out times of heavy hadrons
and pions allow us to follow the expansion history of
the hadron gas phase created in Pb 1 Pb collisions at
158A GeV. The freeze-out points of heavy hadrons
and pions extracted from the data are plotted in Fig. 2,
defining the path of the expanding hadron system in the
T 2 yT plane.

In conclusion, the mT spectra of V, J�c, and
c 0 produced in Pb 1 Pb collisions at 158A GeV
are analyzed within the hydrodynamical model of the
QGP expansion and hadronization. The spectra are in
agreement with the hypothesis of kinetic freeze-out of
these heavy hadrons occurring directly after the transition
132301-3
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FIG. 2. The expansion history of strongly interacting matter
created in Pb 1 Pb collisions at 158A GeV. The points indicate
the temperature T and the mean transverse flow velocity yT of
matter at the time of V, J�c , and c 0 freeze-out (upper point)
and at the time of pion kinetic freeze-out (lower point).

from the quark-gluon-plasma to the hadron gas. A
mean collective transverse flow of hadronizing matter of
yT � 0.2 is extracted from the fit to the spectra using tem-
perature TH � 170 MeV fixed by the analysis of hadron
multiplicities [4]. This result together with previously
obtained parameters of pion freeze-out (Tf � 120 MeV
and yT � 0.55), allows for the first time to establish the
history of the expanding hadron matter created in nuclear
collisions.

In the RHIC energy range the temperature parameter
is approximately the same T � TH � 170 MeV [5],
whereas the transverse hydrodynamic flow at T � TH is
expected to be stronger. The model predictions for the
mT spectra of V and charmonia at the RHIC energies will
be presented elsewhere.
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[10] M. Gaździcki and M. I. Gorenstein, Phys. Rev. Lett. 83,
4009 (1999).

[11] P. Braun-Munzinger and J. Stachel, Phys. Lett. B 490, 196
(2000).

[12] M. I. Gorenstein et al., Phys. Lett. B 498, 277 (2001);
J. Phys. G 27, L47 (2001); Phys. Lett. B 524, 265
(2002); hep-ph/0110269; A. P. Kostyuk, M. I. Gorenstein,
and W. Greiner, Phys. Lett. B 519, 207 (2001); M. I.
Gorenstein et al., hep-ph/0012292.

[13] S. Bass and A. Dumitru, Phys. Rev. C 61, 064909 (2000).
[14] D. Teaney, J. Lauret, and E. V. Shuryak, nucl-th/0110037.
[15] H. van Hecke and H. Sorge, Nucl. Phys. A661, 493 (1999).
[16] WA97 Collaboration, F. Antinori et al., J. Phys. G 27, 375

(2001).
[17] WA97 Collaboration, E. Anderson et al., Phys. Lett. B 433,

209 (1998).
[18] E. Schnedermann, J. Sollfrank, and U. Heinz, Phys. Rev.

C 48, 2462 (1993).
[19] B. Kämpfer, hep-ph/9612336; B. Kämpfer et al., J. Phys.

G 23, 2001 (1997).
[20] NA49 Collaboration, H. Appelshauser et al., Eur. Phys. J.

C 2, 661 (1998).
[21] U. A. Wiedemenn and U. Heinz, Phys. Rep. 319, 145

(1999), and references therein.
132301-4


