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Transverse momentum fluctuations and percolation of strings
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The behavior of the transverse momentum fluctuations with the centrality of the collision shown by the
Relativistic Heavy lon Collider data is naturally explained by the clustering of color sources. In this frame-
work, elementary color sourcesstiings—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 motransverse space that means that the transverse areas of the
mentum are considered to be one of the most important toolstrings overlap, as it happens for disks in the two-
to identify a phase transition in the evolution of the systemdimensional percolation theory.
created in relativistic heavy ion collisions, since a second- In the case of a nuclear collision, the density of disks—
order phase transition may lead to a divergence of the spelementary strings—corresponds to
cific heat which could be observed as fluctuations in mean
transverse momenturfl—3]. These fluctuations have been U:El,
extensively studied both theoretical§—10Q and experimen- Sa

?11‘”5;1 e[1|%eIgi.viSt?cCanégl\,/;rllgnpgo?l%Z((R%?g?%c;satrlgpmosriég a where N; is the total number 02f strings created in the colli-
peculiar behavior of the variabfg, that measures the trans- sion, each one of an arég= g, ands, corresponds to the

. . nuclear overlap areSA=7rRi for central collisions.
verse momentum fluctuations as a function of the number of Moreover, at a certain critical density of disks;

participants in Au-Au coIIisionsIFIDT quantifies the deviation _ 1.12—-1.18, a macroscopical cluster appears which marks
of the observed fluctuations from statistically independentne percolation phase transitiga8,19, which is a second
particle emission, order, nonthermal, phase transition.
The percolation theory governs the geometrical pattern of
E = Wdata— @random (1) the string clustering. Its observable implications, however,
Pr ®random required the introduction of some dynamics in order to de-
scribe the behavior of the cluster formed by several overlap-
where ping strings[20,21]. We assume that a cluster ofstrings
that occupies an are® behaves as a single color source with
B \’(]O%) —(pp? a higher color field, generated by a higher color chapge
w—T, (2) This charge corresponds to the vectorial sum of the color
charges of each individual strir@,. The resulting color field
sfovers the are&, of the cluster. AsQ?=(29Q,)?, and the
individual string colors may be oriented in an arbitrary man-
cger respective to one another, the aver@g@.; is zero, so

3

and{py) is the mean transverse momentum averaged over
particles and all events. The data show tﬁg; increases

with the number of participants, reaching a maximum aroung-z_ N
Npart=150+200 and decreasing at higher centrality. In this n=NQ1. Q, depends also on the ar€gof each individual

paper we show that this behavior is naturally explained bystring that comes into the clusterl, as well as on the total area
the clustering of elementary color sources that may také)f thel fIUStZr.S“éQ?:V'énS‘/%g)%l'f We takeS, cons(;antt a?hd
place in heavy ion collisions. equal to a disk of radiusy=0.2 fm. S, corresponds to the

Multiparticle production is currently described in terms of total area occupied by disks[20]. One could do reasonable

color strings stretched between the partons of the projectilglt.emat've assumptions about_ t_h_e_ Interaction among the
and the target. These strings decay into new ones bﬂseaStr'ngS' but they have incompatibilities with correlation data
- production, and subsequently hadronize to produce th{ezz’za‘ . . . .

observed hadrons. In our approach, the strings are equivalent Note that_|f the strings are Just touch[ng each oy,

to effective color sources with a fixed transverse sizg, NS andQy=nQy, so the strings behave independently. On
with ry=0.2 fm, filled with the color field created by the

colliding partons. With increasing energy and/or atomic 'Q, would be equal to/nQ; if the strings overlap completely.
number of the colliding nuclei, the number of exchangedSince the strings may overlap only partially we introduce a depen-
strings grows, so they start to interact forming clusters. In thelence on the area of the cluster. See Ref(a)] for more details.
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the contrary, if they fully overlapS,=S,; and Qn:v’ﬁQl. Nevents
Knowing the color charg®),, one can compute the multi- > E HnPn
.. o - J J
plicity u, and the mean transverse moment(og),, of the (py) = i=1 8
particles produced by a cluster ofstrings. According to the T Nevents
Schwinger mechanism for the fragmentation of the cluster, > > Fen;
i=1

one finds

The sum ovelj goes over all individual clusteljs each one
nS, ns |4 fprmed byn; strings angl occupying an aré;r;;j. The quanti-
=1\ < m and (pp,=(—=| (Pp1 (4 tiesn andS, are obtained for each event, using a Monte
1 Sh Carlo code[2’4,25, based on the quark gluon string model.
Each string is generated at an identified impact parameter in
for the multiplicity u, and the average transverse momentumhe transverse space. Knowing the tranverse area of each
(pm)n of the particles produced by a cluster formed by string, we identified all the clusters formed in each event, the
strings, wherew; and(py); correspond to the mean multi- number of string:; that conforms each clustgr and the
plicity and the mean transverse momentum of the particlegrea occupied by each clus@y. Note that for two different
produced by one individual string. These equations constielusters,j andk, formed by the same number of strings
tute the main tool of our evaluations. =ny, the areas,, ands1k can vary. Because of this we do the
The behavior of the transverse momentum fluctuationsum over all individual clusters.
can be understood as follows: At low density, most of the For the quantitiespy), (meanp; of the particles pro-
particles are produced by individual strings with the samejuced by a clustey of n, st'rings and are§, ) andy, (mean
(pr)1, so the fluctuations are small. Similarly, at large densitymuttiplicity of a clusterj formed byn; strings and of area
above the percolation critical point, there is essentially onlys, ), we apply the analytical expressions given by Egs.
one cluster formed by most of the strings created in the CO'FiJnaIIy we do the average over all events.
lision and therefore fluctuations are not expected either. In- By introducing Eqs(4) for (py), andu, we get
stead, the fluctuations are expected to be maximal below the ! )

percolation critical density, where the number of clusters is Neyents NS, \ 2 n;S; \ ¥4
larger. Moreover, there are clusters formed by very different — M1<_) (P
numbers of strings, with different size, and therefore with =1 ]\ S Sy
different (pry,. (pr) = " e\
In order to develop quantitatively this idea, we introduce %”‘S S
the function[4] ¢ defined by S < \g M1
Sn- 1/4
(7> n-3’4< i )
¢:\/m—\"<22>- (5 El’ ' \s
= NS, \ 2 (pr)1=fApPp1, 9
Fp, is related tog [14], approximately > (_Slj>
]
" 1 2 where the mean value in the right-hand side corresponds to
N 1. (6) an average over all events.
WA (B VA For the quantitie$z?) and(Z2) we obtain
. 1/2
For each particle we defing=pr—{p), where py; is the N§”'SE nJS”j El 1/4< = (o) 2
transverse momentum of the parti¢leand(p;) is the mean S \s K1 S, Pr7a = Pr
transverse_momentum of all particles averaged over all (z2)= :
events..(z°) is the second moment of the single particle Nevents NSy, 12
inclusive z distribution, and it is averaged over all events. 22— m
Z is defined for each event, =\ S
3n)
N ] 2 2 2 2
Z=2, z, (7) = NS, \ 12 =5 Kpn1=(f1 = f)(pn1
i\ S
whereN; is the number of particles produced in an evient (10)
In this way, introducing our formulas for the multiplicity

and the meamp; we get and
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Nevents anhj 12 nJS.L 1/4 2 L-g-_ 6
22\ = m| | | Pr1—<(pm C
<ZZ> i=1 j S.I. S’Ij 5
<,U«> N§nts2 (njshj )1/2 4 :_
i ST\ s " s |
1472 C {
2 I
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1/2 2
[E ] FIG. 1.F, (%) vs the number of participants. Experimental data
j Sl from PHENIX atys=200 GeV are compared with our resulselid
+ line).
NSy,
E ters. It gives rise to correlations which would be similar in
A the clustering approach and in an independent string picture,
Sh unless additional dynamics were taken into account. There-
j - E fore its contribution toF,. cancels in our approach.
_ ' Sl ' of (pr)? The comparison of our results for the dependencEchJf
2 [P on the number of participants, with the PHENIX datg16]
> ( ) is shown in Fig. 1. The calculation is done for charged par-
i\ S ticles in the rapidity rangésn|<0.35, u;=0.7uger An ac-
_ 2 - ceptable overall agreement is obtained.
=[fa+ faf3 - 206 lua(pri. (11 ?n order to corﬁqpute our value fdf, , we take into ac-
Finally we arrive to count all possible transverse momenta, whereas in the ex-
periment there is a limited acceptance,
fa+ f4f5— 2f,fg 0.2 GeVE<pr<pl*™ PHENIX [15,16 has studied the
Fp, =y T 1, (12)  variation ofF,,_ with the maximal value of the acceptance for
pr.pT* The maximum ofF,_is reached for the largest ac-
where f,, f,, f3, f,, and f5 are defined in the expressions ceptancepf®=4 GeV/c [15]. So we can expect that our
(9)—(112). value foerT is going to be higher than the experimental one,

In order to compute Eq12), several ingredients are nec- specially for a moderate number of participahtssince the
essary. On one hand we need a Monte Carlo ¢adg5 for  truncated averagp; [26],
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 )
[Egs.(4)] for the transverse momentum and the multiplicities f dN\/dp;
of the clusters. pT"

We also need the value @f;—multiplicity produced by _ .
one individual string. It was previously fixed from a com- de|<r:1reases with —the number of participants for
parison of the model to SPS and RHIC dg2a,21 on mul- pf'"">2 GeV/c. This means that, for momenta higher than
tiplicities. In the first reference q20(@)], the total multiplic- 2 GeV/c, the highpy contribution would be due to colli-
ity per unit rapidity produced by one string has been taken agions with a moderate number of participants. These con-
Kowo=1. If we assume that 2/3 of the created particles arsiderations may explain the difference between our results
charged, which would lead to a charged particle muItlpI|C|tyand PHENIX data—with a limited acceptance of
per unit rapidity for each individual string gfo;,=0.65. In  0-2 GeVk<pr<2.0 GeVe—at low N,
order to compare with experimental data we defing Moreover, our values for the mean transverse momentum

1125 — (. \2

= ocry, Wherey is the rapidity interval of the produced par- (P, for the dispersionr, =(pp)~(pr)® and for the mean
ticles. We don’t introduce any dependence of with the ~ multiplicity per unit rap|d|ty dN"/dy, for Au-Au central
energy or the centrality of the collision. Note that in Et2)  (0—5 % collisions atys=200 GeV are(py)=455 MeV/c,
the value of(py); cancels. opT—379 MeV/c, anddN°"/dy=700. These results are com-

We have neglected the subsequent rescattering of hadropatible with the PHENIX data of Ref27], where the mean
and resonances that takes place after the decay of the clus; is calculated by integrating over the measupgdrange

(e}

f _prdN/dpy

runc> — min
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TABLE I. Centrality dependence of mean transverse momentumg 2°F
and dispersion for Pb-Pb collisions at 2Z5&eV. The experimental E 181~
data are taken from NA49 Collaboration. S 16
@n‘ 14— O all charged
Npart {pp) (MeV/c) Op; (MeV/c) (pp (MeV/c) Op; (MeV/c) 12;_ O negatively charged
Experimental data Model results 10E-
8
42 299 220 290 237 =
88 305 226 296 242 o
134 309 230 302 248 2
204 312 233 313 256 0_0‘ = ISIOI - .1(|)0I = .1é0< = .Z(I)OI = 'zzlso' = .3ll)0. = .3;0I II;T.“OO
281 315 234 324 265 P
352 317 236 336 274 FIG. 2. (Color onling ¢, vs the number of participants. Ex-

perimental data from NA49 Collaboration at SPS energies are com-

. . I . ared with our resultgsolid line).
from the data, and adding the fitted contribution of the |nte-p & )

gral from zero to the first data point and from the last datafour different centralities: 0—5%. 5—10%. 10—15%. and

point to infinity. On the contrary, our meap; value is - ,
smaller than the experimental one of RgE6], where the 1h5—20%f|or Pb-?u co!lc|j§|ons at 40, 80, and JA(;BeV/q md
mean value is obtained in a limited range,t ecenktra psr:eu orapidity range 2.<2.7 an restrlckt:e
0.2 GeVik<pr<2.0 GeVk. to tracks wit transverse' momenta &pr<1.5 GeVe.
Due to the narrower rapidity and transverse momentum

the data from NA49 Collaboratiof28]. Here again the data range one WOUIC.j expegt a IOW%T value. However th'? 'S
are  obtained in a  determined p;  range, compensated with the increase of the number of strings at

0.005 GeVE<pr<1.5 GeVk, while our results are ob- central rapidities. The data at 18&eV, after short range

tained taking into account all possible transverse momentd€moval, are 3.3, 3.6, 4.4, and 4.1 for the above mentioned

Nevertheless, the experimental acceptance in this case covéfgniralities, with errors of the order of 1.5—for smaller en-
the smallp; region, which gives the biggest contribution at ergies the data are lower as expected. These values and their

these energies. Because of this, we obtain a good agreem pendence with centrality are compatible with our results of

for (pr). Concerningz, , our value is bigger than the experi- ™9 2

mental one, since we don’t have a limited aCcept&n‘ﬂHaese In order to have a better understanding of the behavior of

results together with experimental data are shown in Table I'.:PT and bp, ON the number of participants, we plot in Figs. 3

The fact that we obtain a bigger. =+(z2 could have some 2and 4 the mean number of clustévsand the dispersion on
influence on the value ob g?ﬂepJertVrfeléss this is compen- the number of clusters multiplied by the number of clusters

; U o M at RHIC and SPS energies. The ratify/M would be
sated, since we obtain a similar deviation in the value of M g adxﬁ

N i one in the case of a Poisson distribution. Theluctuations
\(Z%)/{u). This also explains the acceptable agreement thal o' in our approach to the different mean transverse mo-

we obtain when we compare our results B with the  enta of the clusters. These momenta depend on the number
PHENIX data. Note that we calculatg, through Eq.(6),  of strings that comes into the cluster and the area occupied
where the effects oR(z%) and \(Z?)/(u) are compensated. by the cluster through our Eq4), thereforeM and oy,

In Fig. 2 our results forqﬁpT of charged particles in should be the key quantities. Howeveuf,,/M ranges be-
Pb-Pb central collisions at 188GeV are compared with the tween 1/2 and 2 in the wholbl, range, what indicates a
experimental data of NA49 Collaboratidi28,29. In this  lower variation than the one fdvl, as can be seen from Figs.
case the data correspond to the forward rapidity range
4.0<y<5.5. For this reason we uge =1.5 woen, Which in s 200
principal implicates larger correlations. However we see that 18
this effect is compensated, since we have a lower value for 1
the mean number of strings at fixég}, due to: 140

(a) lower energy at SPS than at RHIC so less strings are 120
produced, 100

We have also compared our results {pf) and o, with

.. Pb-Pb SPS

Au-Au RHIC
(b) the mean number of strings in this rapidity region is s
proportional to the number of participantg, while in the 60
central region it is proportional tN‘;’3 due to the contribu- 40
tion of g—q strings from the sea. 20

For the computation o, we use(pr);=0.3 GeVk. o i

The CERES Collaboration has also measut:gg [29] at P

FIG. 3. (Color onling Mean number of clustersl vs the num-
2In fact, our values fob<3.5 fm lie between the experimental ber of participants for Pb-Pb collisions at SPS energlested ling
data of Ref[28] and the ones of Re{l2]. and Au-Au collisions at RHIC energidsolid line).
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FIG. 4. (Color onling Dispersion on the number of clusters
multiplied by the number of clustergy,M vs the number of par-
ticipants for Pb-Pb collisions at SPS energig®tted ling and
Au-Au collisions at RHIC energiegsolid line).

3 and 4 whereM andoy M are plotted. The only effect afy,
is to shift the maximum oM. Because of this we expect the
dependence d¥pT and ¢p, ONN, to be more similar to th&l

PHYSICAL REVIEW C 69, 034901(2004)

number of effective sources leads to a decrease of the tran-
verse momentum fluctuations.
Similar conclusions have been reached in R&f], where
a formula foerT 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 calcula1k'-:‘pT and
¢pT. The same variables have been able to describe the be-
havior of the strength of tw{22] and threg23] 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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