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The behavior of the transverse momentum fluctuations with the centrality of the collision shown by the
Relativistic Heavy Ion Collider data is naturally explained by the clustering of color sources. In this frame-
work, elementary color sources—strings—overlap forming clusters, so the number of effective sources is
modified. These clusters decay into particles with mean transverse momentum that depends on the number of
elementary sources that conform each cluster, and the area occupied by the cluster. The transverse momentum
fluctuations in this approach correspond to the fluctuations of the transverse momentum of the particles
produced by the different clusters, and they behave essentially as the number of effective sources.
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Event-by-event fluctuations of the mean transverse mo-
mentum are considered to be one of the most important tools
to identify a phase transition in the evolution of the system
created in relativistic heavy ion collisions, since a second-
order phase transition may lead to a divergence of the spe-
cific heat which could be observed as fluctuations in mean
transverse momentum[1–3]. These fluctuations have been
extensively studied both theoretically[4–10] and experimen-
tally [11–17]. Recently, the PHENIX Collaboration[15,16]
of the Relativistic Heavy Ion Collider(RHIC) has reported a
peculiar behavior of the variableFpT

that measures the trans-
verse momentum fluctuations as a function of the number of
participants in Au-Au collisions.FpT

quantifies the deviation
of the observed fluctuations from statistically independent
particle emission,

FpT
=

vdata− vrandom

vrandom
s1d

where

v =
ÎkpT

2l − kpTl2

kpTl
, s2d

andkpTl is the mean transverse momentum averaged over all
particles and all events. The data show thatFpT

increases
with the number of participants, reaching a maximum around
Npart=150÷200 and decreasing at higher centrality. In this
paper we show that this behavior is naturally explained by
the clustering of elementary color sources that may take
place in heavy ion collisions.

Multiparticle production is currently described in terms of
color strings stretched between the partons of the projectile
and the target. These strings decay into new ones by seaq
− q̄ production, and subsequently hadronize to produce the
observed hadrons. In our approach, the strings are equivalent
to effective color sources with a fixed transverse sizepr0

2,
with r0.0.2 fm, filled with the color field created by the
colliding partons. With increasing energy and/or atomic
number of the colliding nuclei, the number of exchanged
strings grows, so they start to interact forming clusters. In the

transverse space that means that the transverse areas of the
strings overlap, as it happens for disks in the two-
dimensional percolation theory.

In the case of a nuclear collision, the density of disks—
elementary strings—corresponds to

h =
NsS1

SA
, s3d

whereNs is the total number of strings created in the colli-
sion, each one of an areaS1=pr0

2, andSA corresponds to the
nuclear overlap areaSA=pRA

2 for central collisions.
Moreover, at a certain critical density of disks,h

.1.12–1.18, a macroscopical cluster appears which marks
the percolation phase transition[18,19], which is a second
order, nonthermal, phase transition.

The percolation theory governs the geometrical pattern of
the string clustering. Its observable implications, however,
required the introduction of some dynamics in order to de-
scribe the behavior of the cluster formed by several overlap-
ping strings[20,21]. We assume that a cluster ofn strings
that occupies an areaSn behaves as a single color source with
a higher color field, generated by a higher color chargeQn.
This charge corresponds to the vectorial sum of the color
charges of each individual stringQ1. The resulting color field
covers the areaSn of the cluster. AsQn

2=so1
nQ1d2, and the

individual string colors may be oriented in an arbitrary man-
ner respective to one another, the averageQ1iQ1j is zero, so
Qn

2=nQ1
2. Qn depends also on the areaS1 of each individual

string that comes into the cluster, as well as on the total area
of the clusterSn,Qn=ÎsnSn/S1dQ1.

1 We takeS1 constant and
equal to a disk of radiusr0.0.2 fm. Sn corresponds to the
total area occupied byn disks[20]. One could do reasonable
alternative assumptions about the interaction among the
strings, but they have incompatibilities with correlation data
[22,23].

Note that if the strings are just touching each other,Sn
=nS1 andQn=nQ1, so the strings behave independently. On

1Qn would be equal toÎnQ1 if the strings overlap completely.
Since the strings may overlap only partially we introduce a depen-
dence on the area of the cluster. See Ref.[20(a)] for more details.
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the contrary, if they fully overlap,Sn=S1 and Qn=ÎnQ1.
Knowing the color chargeQn, one can compute the multi-
plicity mn and the mean transverse momentumkpTln of the
particles produced by a cluster ofn strings. According to the
Schwinger mechanism for the fragmentation of the cluster,
one finds

mn =ÎnSn

S1
m1 and kpTln = SnS1

Sn
D1/4

kpTl1 s4d

for the multiplicity mn and the average transverse momentum
kpTln of the particles produced by a cluster formed byn
strings, wherem1 and kpTl1 correspond to the mean multi-
plicity and the mean transverse momentum of the particles
produced by one individual string. These equations consti-
tute the main tool of our evaluations.

The behavior of the transverse momentum fluctuations
can be understood as follows: At low density, most of the
particles are produced by individual strings with the same
kpTl1, so the fluctuations are small. Similarly, at large density
above the percolation critical point, there is essentially only
one cluster formed by most of the strings created in the col-
lision and therefore fluctuations are not expected either. In-
stead, the fluctuations are expected to be maximal below the
percolation critical density, where the number of clusters is
larger. Moreover, there are clusters formed by very different
numbers of strings, with different size, and therefore with
different kpTln.

In order to develop quantitatively this idea, we introduce
the function[4] f defined by

f =ÎkZ2l
kml

− Îkz2l. s5d

FpT
is related tof f14g, approximately

FpT
=

f

Îkz2l
=

1
Îkz2l

ÎkZ2l
kml

− 1. s6d

For each particle we definezi =pTi−kpTl, where pTi is the
transverse momentum of the particlei and kpTl is the mean
transverse momentum of all particles averaged over all
events.Îkz2l is the second moment of the single particle
inclusivez distribution, and it is averaged over all events.
Z is defined for each event,

Zi = o
j=1

Ni

zj , s7d

whereNi is the number of particles produced in an eventi.
In this way, introducing our formulas for the multiplicity

and the meanpT we get

kpTl =

o
i=1

Nevents

o
j

mnj
kpTlnj

o
i=1

Nevents

o
j

mnj

. s8d

The sum overj goes over all individual clustersj , each one
formed bynj strings and occupying an areaSnj

. The quanti-
ties nj and Snj

are obtained for each event, using a Monte
Carlo codef24,25g, based on the quark gluon string model.
Each string is generated at an identified impact parameter in
the transverse space. Knowing the tranverse area of each
string, we identified all the clusters formed in each event, the
number of stringsnj that conforms each clusterj , and the
area occupied by each clusterSnj

. Note that for two different
clusters,j and k, formed by the same number of stringsnj
=nk, the areasSnj

andSnk
can vary. Because of this we do the

sum over all individual clusters.
For the quantitieskpTlnj

(mean pT of the particles pro-
duced by a clusterj of nj strings and areaSnj

) andmnj
(mean

multiplicity of a cluster j formed bynj strings and of area
Snj

), we apply the analytical expressions given by Eqs.(4).
Finally we do the average over all events.

By introducing Eqs.(4) for kpTlnj
andmnj

we get

kpTl =

o
i=1

Nevents

o
j
SnjSnj

S1

D1/2

m1SnjS1

Snj

D1/4

kpTl1

o
i=1

Nevents

o
j
SnjSnj

S1

D1/2

m1

=

Ko
j

nj
3/4SSnj

S1

D1/4L
Ko

j
SnjSnj

S1

D1/2L kpTl1 = f2kpTl1, s9d

where the mean value in the right-hand side corresponds to
an average over all events.

For the quantitieskz2l and kZ2l we obtain

kz2l =

o
i=1

Nevents

o
j
SnjSnj

S1

D1/2

m1FSnjS1

Snj

D1/4

kpTl1 − kpTlG2

o
i=1

Nevents

o
j
SnjSnj

S1

D1/2

m1

= 3 Ko
j

njL
Ko

j
SnjSnj

S1

D1/2L − f2
24kpTl1

2 = sf1 − f2
2dkpTl1

2

s10d

and
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kZ2l

kml
=

o
i=1

NeventsHo
j
SnjSnj

S1

D1/2

m1FSnjS1

Snj

D1/4

kpTl1 − kpTlGJ2

o
i=1

Nevents

o
j
SnjSnj

S1

D1/2

m1

=3KFo
j

nj
3/4SSnj

S1

D1/4G2L
Ko

j
SnjSnj

S1

D1/2L
+

KFo
j
SnjSnj

S1

D1/2G2L
Ko

j
SnjSnj

S1

D1/2L f2
2

−

Ko
j

nj
3/4SSnj

S1

D1/4

o
j
SnjSnj

S1

D1/2L
Ko

j
SnjSnj

S1

D1/2L 2f24m1kpTl1
2

= ff3 + f4f2
2 − 2f2f5gm1kpTl1

2. s11d

Finally we arrive to

FpT
= Îm1Î f3 + f4f2

2 − 2f2f5

f1 − f2
2 − 1, s12d

where f1, f2, f3, f4, and f5 are defined in the expressions
s9d–s11d.

In order to compute Eq.(12), several ingredients are nec-
essary. On one hand we need a Monte Carlo code[24,25] for
the cluster formation, in order to compute the number of
strings that come into each cluster and the area of the cluster.
On the other hand, we do not use a Monte Carlo code for the
decay of the cluster, since we apply analytical expressions
[Eqs.(4)] for the transverse momentum and the multiplicities
of the clusters.

We also need the value ofm1—multiplicity produced by
one individual string. It was previously fixed from a com-
parison of the model to SPS and RHIC data[20,21] on mul-
tiplicities. In the first reference of[20(a)], the total multiplic-
ity per unit rapidity produced by one string has been taken as
m0tot.1. If we assume that 2/3 of the created particles are
charged, which would lead to a charged particle multiplicity
per unit rapidity for each individual string ofm0ch=0.65. In
order to compare with experimental data we definem1
=m0chy, wherey is the rapidity interval of the produced par-
ticles. We don’t introduce any dependence ofm0 with the
energy or the centrality of the collision. Note that in Eq.(12)
the value ofkpTl1 cancels.

We have neglected the subsequent rescattering of hadrons
and resonances that takes place after the decay of the clus-

ters. It gives rise to correlations which would be similar in
the clustering approach and in an independent string picture,
unless additional dynamics were taken into account. There-
fore its contribution toFpT

cancels in our approach.
The comparison of our results for the dependence ofFpT

on the number of participantsNp with the PHENIX data[16]
is shown in Fig. 1. The calculation is done for charged par-
ticles in the rapidity rangeuhu,0.35, m1=0.7m0ch. An ac-
ceptable overall agreement is obtained.

In order to compute our value forFpT
, we take into ac-

count all possible transverse momenta, whereas in the ex-
periment there is a limited acceptance,
0.2 GeV/c,pT,pT

max. PHENIX [15,16] has studied the
variation ofFpT

with the maximal value of the acceptance for
pT,pT

max. The maximum ofFpT
is reached for the largest ac-

ceptance,pT
max=4 GeV/c [15]. So we can expect that our

value forFpT
is going to be higher than the experimental one,

specially for a moderate number of participantsNp since the
truncated averagepT [26],

kpT
truncl =

E
pT

min

`

pTdN/dpT

E
pT

min

`

dN/dpT

−pT
min,

decreases with the number of participants for
pT

min.2 GeV/c. This means that, for momenta higher than
2 GeV/c, the highpT contribution would be due to colli-
sions with a moderate number of participants. These con-
siderations may explain the difference between our results
and PHENIX data—with a limited acceptance of
0.2 GeV/c,pT,2.0 GeV/c—at low Np.

Moreover, our values for the mean transverse momentum
kpTl, for the dispersionspT

=ÎkpT
2l−kpTl2 and for the mean

multiplicity per unit rapidity dNch/dy, for Au-Au central
s0–5 %d collisions atÎs=200 GeV arekpTl=455 MeV/c,
spT

=379 MeV/c, anddNch/dy=700. These results are com-
patible with the PHENIX data of Ref.[27], where the mean
pT is calculated by integrating over the measuredpT range

FIG. 1. FpT
s%d vs the number of participants. Experimental data

from PHENIX atÎs=200 GeV are compared with our results(solid
line).
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from the data, and adding the fitted contribution of the inte-
gral from zero to the first data point and from the last data
point to infinity. On the contrary, our meanpT value is
smaller than the experimental one of Ref.[16], where the
mean value is obtained in a limited range,
0.2 GeV/c,pT,2.0 GeV/c.

We have also compared our results forkpTl andspT
with

the data from NA49 Collaboration[28]. Here again the data
are obtained in a determined pT range,
0.005 GeV/c,pT,1.5 GeV/c, while our results are ob-
tained taking into account all possible transverse momenta.
Nevertheless, the experimental acceptance in this case covers
the smallpT region, which gives the biggest contribution at
these energies. Because of this, we obtain a good agreement
for kpTl. ConcerningspT

, our value is bigger than the experi-
mental one, since we don’t have a limited acceptance.2 These
results together with experimental data are shown in Table I.
The fact that we obtain a biggerspT

=Îkz2l could have some
influence on the value offpT

. Nevertheless this is compen-
sated, since we obtain a similar deviation in the value of
ÎkZ2l / kul. This also explains the acceptable agreement that
we obtain when we compare our results onFpT

with the
PHENIX data. Note that we calculateFpT

through Eq.(6),
where the effects onÎkz2l andÎkZ2l / kul are compensated.

In Fig. 2 our results forfpT
of charged particles in

Pb-Pb central collisions at 158A GeV are compared with the
experimental data of NA49 Collaboration[28,29]. In this
case the data correspond to the forward rapidity range
4.0,y,5.5. For this reason we usem1=1.5 m0ch, which in
principal implicates larger correlations. However we see that
this effect is compensated, since we have a lower value for
the mean number of strings at fixedNp, due to:

(a) lower energy at SPS than at RHIC so less strings are
produced,

(b) the mean number of strings in this rapidity region is
proportional to the number of participantsNp, while in the
central region it is proportional toNp

4/3 due to the contribu-
tion of q− q̄ strings from the sea.

For the computation offpT
we usekpTl1=0.3 GeV/c.

The CERES Collaboration has also measuredfpT
[29] at

four different centralities: 0–5%, 5–10%, 10–15%, and
15–20% for Pb-Au collisions at 40, 80, and 158A GeV/c in
the central pseudorapidity range 2.2,h,2.7 and restricted
to tracks with transverse momenta 0.1,pT,1.5 GeV/c.
Due to the narrower rapidity and transverse momentum
range one would expect a lowerfpT

value. However this is
compensated with the increase of the number of strings at
central rapidities. The data at 158A GeV, after short range
removal, are 3.3, 3.6, 4.4, and 4.1 for the above mentioned
centralities, with errors of the order of 1.5—for smaller en-
ergies the data are lower as expected. These values and their
dependence with centrality are compatible with our results of
Fig. 2.

In order to have a better understanding of the behavior of
FpT

andfpT
on the number of participants, we plot in Figs. 3

and 4 the mean number of clustersM and the dispersion on
the number of clusters multiplied by the number of clusters
sMM at RHIC and SPS energies. The ratiosM

2 /M would be
one in the case of a Poisson distribution. ThepT fluctuations
are due in our approach to the different mean transverse mo-
menta of the clusters. These momenta depend on the number
of strings that comes into the cluster and the area occupied
by the cluster through our Eq.(4), thereforeM and sM
should be the key quantities. However,sM

2 /M ranges be-
tween 1/2 and 2 in the wholeNp range, what indicates a
lower variation than the one forM, as can be seen from Figs.

2In fact, our values forbø3.5 fm lie between the experimental
data of Ref.[28] and the ones of Ref.[12].

TABLE I. Centrality dependence of mean transverse momentum
and dispersion for Pb-Pb collisions at 158A GeV. The experimental
data are taken from NA49 Collaboration.

Npart kpTl sMeV/cd spT
sMeV/cd kpTl sMeV/cd spT

sMeV/cd
Experimental data Model results

42 299 220 290 237

88 305 226 296 242

134 309 230 302 248

204 312 233 313 256

281 315 234 324 265

352 317 236 336 274 FIG. 2. (Color online) fpT
vs the number of participants. Ex-

perimental data from NA49 Collaboration at SPS energies are com-
pared with our results(solid line).

FIG. 3. (Color online) Mean number of clustersM vs the num-
ber of participants for Pb-Pb collisions at SPS energies(dotted line)
and Au-Au collisions at RHIC energies(solid line).
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3 and 4 whereM andsMM are plotted. The only effect ofsM
is to shift the maximum ofM. Because of this we expect the
dependence ofFpT

andfpT
on Np to be more similar to theM

behavior, as it is actually. In other words, a decrease in the

number of effective sources leads to a decrease of the tran-
verse momentum fluctuations.

Similar conclusions have been reached in Ref.[31], where
a formula forFpT

as a function of the cluster dispersion over
the mean number of strings per cluster has been obtained.

Note that we only need to know the number of strings
formed for each centrality and their location in the impact
parameter space in order to form clusters. This information,
together with Eq.(4), is enough for us to calculateFpT

and
fpT

. The same variables have been able to describe the be-
havior of the strength of two[22] and three[23] body Bose-
Einstein correlations with centrality and the dependence of
the multiplicities and transverse momentum distributions
[21,30] on the centrality. All that points out that the percola-
tion approach may be appropriate to describe the relativistic
heavy ion collisions.
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