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6.8 Event-by-event physics

Editor: Marek Gazdzicki. Contributors: W. Retyk, P. A. Bolokhov, M. A. Braun, G. A. Feofilov, V. P.
Kondriatev, V. V. Vechernin, V. Koch, St. Mr´owczyński, G. Wilk, J. Bartke

6.8.1 Introduction

The main motivation for a broad experimental programme of nucleus-nucleus (A-A) collisions at high
energies (AGS, SPS and RHIC) is the search for the phase transition to the Quark Gluon Plasma (QGP)
[1]. Currently [2] the theoretical calculations indicate that a way to infer the nature and order of this
transition is to look for the fluctuations in different parameters measured not as a value averaged over
many events like slopes of momentum spectra, multiplicity, mean value of momentum etc but rather for
each event, and comparing the excursion of these values compared with the average behaviour. We call
then this approachevent-by-event physics. It also is expected that the measured fluctuations will give
us information about the degree of thermalization one achieves in heavy-ion collisions, comparing the
evolution of the nonstatistical fluctuations with centrality. The challenge of this type of studies is that,
beyond fluctuations linked to the details of the phase transition, there are number of other fluctuations
which may appear. They impact different observables and act on different scales. As an example let
us mention two of them. Quantum number, and energy and momentum conservation laws correlate all
particles in the collision and thus influence fluctuations at large scales. On the other hand, short-range
correlations due to quantum statistics obeyed by fermions and bosons result in suppression (fermions) or
enhancement (bosons) of fluctuations at small scales.

The rapid development of the event-by-event physics in recent years is directly related to the experi-
mental progress in the field of high-energy nucleus-nucleus collisions. Recent detector technologies and
collision energies allow the detection of a large fraction of thousands of hadrons produced in each central
Pb+Pb collision at SPS, RHIC and LHC energies. This high statistics of particles registered for a single
event allows for a precise estimate of various event characteristics.

Active study of event-by-event fluctuations in A+A collisions was initiated by the NA49 experiment
[3, 4] at the CERN SPS. The experimental setup is based on four large-acceptance TPCs which yield
high momentum and two-track resolution data on identified hadron production. More than 103 hadrons
are measured in a single central PbPb collision at the SPS and the typical number of registered events is
106. Event-by-event fluctuations of charged particle multiplicity, strangeness production, electric charge
and transverse momentum are the focus of this study. A similar strategy was adopted by the STAR
experiment at RHIC and will also be followed by ALICE at the LHC. First results on event-by-event
fluctuations in nuclear collisions at the SPS and RHIC are now available. The experimental procedures,
statistical tools, and theoretical models are challenged by the requirements of event-by-event study.

So far the results of the SPS and RHIC experiments and their theoretical interpretation have allowed
us to establish neither clear fluctuation patterns nor satisfactory projections to higher energies. Therefore
the scope of this section is limited to a review of the SPS and RHIC results and to a presentation of the
possible event-by-event observables at the LHC.

6.8.2 Present status of event-by-event fluctuations at the SPS and RHIC

The present results at the SPS and RHIC indicate that statistical models of strong interactions reproduce
surprisingly well the energy dependence of entropy and strangeness production [5] and the hadronization
process [6], resulting in a correct description of hadron yield systematics (see section 6.2). However, the
interpretation of the data within statistical models is under discussion. These models are not commonly
recognized as valid tools to investigate high-energy nuclear collisions. Indeed, their basic assumptions
cannot be derived from the commonly accepted theory of strong interactions QCD. On the other hand
it is difficult to apply QCD for the interpretation of the experimental results since almost all effects
connected to the transition to QGP are in the domain of soft processes for which experimentally testable
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predictions of QCD are not available. Attempts to build phenomenological, QCD-inspired, models have
not been very successful [7] either. Conclusive interpretation of the data within these models seems to
be impossible since one cannot estimate the uncertainties due to the approximations introduced.

Thus, the questions concerning interpretation of A-A results unavoidably lead to the more fundamen-
tal questions about our understanding of strong interactions and the validity of various frameworks. In
particular, further tests of the limits of applicability of statistical models are urgently needed. Within this
context the study of event-by-event fluctuations [8, 9] plays a special role as it allows for independent
tests of competing approaches.
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Figure 6.1: The event-by-event fluctuations of the mean transverse momentum and the kaon-to-pion ratio for
central Pb+Pb collisions at 158 A·GeV as measured by NA49. The solid lines indicate fluctuations calculated
assuming independent particle emission (the ‘mixed’ event procedure).

The first results on fluctuations in central Pb+Pb collisions at 158 A·GeV, measured in the forward
rapidity region, indicate that fluctuations of transverse momentumpT [8] and kaon-to-pion ratio [9]
are small, see Fig. 6.1. They are close to the fluctuations expected in the case of uncorrelated particle
production (statistical fluctuations), and thus consistent with the expectation derived within statistical
models [10] when the small effects due to quantum statistics, Coulomb interaction, and resonance decays
are taken into account.

Systematic, quantitative study of event-by-event fluctuations is done using theΦ measure of fluc-
tuations [11] or closely related measures [12]. TheΦ measure is defined as follows. One introduces

a single-particle variablez
def= x− x with the over-line denoting average over a single particle inclusive

distribution. Here, we identifyx with pT . The event variableZ, which is a multi-particle analogue ofz,

is defined asZ
def= ∑N

i=1(xi − x), where the summation runs over particles from a given event. Finally, the
Φ measure is defined as

Φ def=

√
〈Z2〉
〈N〉 −

√
z2 .

It allows us to remove the influence of ‘unwanted’ volume fluctuations (due to variations in the impact
parameter of the collision resulting in turn in variations in the number of nucleons participating in the col-
lision). The values ofΦPT (the measuere of transverse momentum fluctuations) obtained for all inelastic
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p+p interactions and nucleus–nucleus (from C+C to central Pb+Pb) collisions at 158 A·GeV are shown
in Fig. 6.2 as a function of the mean number of participant nucleons [13] at forward rapidities (4–5.5).
We note that the value ofΦPT for uncorrelated particle production is equal to zero. The results indicate
a significant non-statistical fluctuations of transverse momentum for light nuclei and peripheral Pb+Pb
collisions. Similar results have been reported by PHENIX at RHIC [14]. The interpretation of these
interesting results is under discussion [15–17]. For central Pb+Pb (Au+Au) collisions significant non-
statisticalpT fluctuations are reported at midrapidity by STAR at RHIC [18] and CERES at SPS [19].
The origin of these fluctuations is still unclear.
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Figure 6.2: TheΦpT fluctuation measure dependence
on the number of participant nucleons for nucleus–
nucleus collisions and all inelastic p+p interactions at
158 A·GeV.

tot>ch / <Nacc>ch<N
0 0.1 0.2 0.3 0.4 0.5 0.6

  
q

Φ

-0.4

-0.3

-0.2

-0.1

-0

0.1

Figure 6.3: The Φq fluctuation measure for central
Pb+Pb collisions at 40 (triangles), 80 (squares) and
158 (circles) A·GeV as a function of the fraction of
accepted particles varied by changing the rapidity win-
dow. The inclined solid line indicates fluctuations ex-
pected only due to global charge conservation.

Recent suggestions [20, 21] that event-by-event fluctuations of electric charge in high-energy A-A
collisions may provide information on the state of matter at the early stage of the collision triggered
corresponding experimental studies. The first results [13, 22, 23] (see Fig. 6.3) indicate that the net
electric charge fluctuations are governed by the conservation of electric charge [24,25] and that additional
contributions, if any, are small.

Thus, the suppression of fluctuations predicted for the case of QGP creation is not observed. How-
ever, it have been suggested that processes following QGP hadronization like hadronic rescattering [26]
and resonance decays [24] may almost completely wipe out fluctuations originally developed in the QGP
phase.

The WA98 Collaboration searched for anomalous fluctuations of the ratio of neutral to charged pi-
ons predicted to occur in the case of creation of Disoriented Chiral Condensate (DCC). No signal was
observed [27].

6.8.3 Event-by-event fluctuations in ALICE

There are numerous well-established (i.e. observed and identified in p+p and/or A-A interactions) phys-
ical sources of event-by-event fluctuations in high-energy nucleus-nucleus collisions:

• geometrical (impact parameter) fluctuations [11],

• motional and material conservation laws [24,25],

• anisotropic flow [28],
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• resonance and string decays [10,24,29],

• jets and minijets [16],

• quantum statistics [10],

• Coulomb interactions [10].

Many exotic (still not observed and/or identified) phenomena may also occur and significantly impact
the observed fluctuations. Among them are:

• colour collective phenomena [30],

• frozen statistical QGP fluctuations [20,21],

• temperature fluctuations [31],

• formation of colour ropes [17],

• creation of DCC [32],

• creation of strangelets [33].

Dedicated analysis methods and statistical tools are well established in order to study the majority of
the standard processes listed above (geometrical fluctuations, quantum statistics, Coulomb interactions,
resonance production, anisotropic flow). Their impact on event-by-event fluctuations can be therefore
estimated based on the experimental results and thus they serve as a background above which other
effects are looked for.

Of special interest at LHC energies is the study of jet and minijet production in nucleus–ucleus col-
lisions. Since the jet/minijet production cross-section measured in p+p(p) interactions strongly increases
with energy, one expects that copious jet/minijet production may be a dominant feature of A-A collisions
at the LHC. Standard methods developed for the jet search in elementary interactions fail in the case of A-
A collisions (at least forET < 50 GeV on account of the very high background of soft hadrons and other
jets). Direct jet identification is possible only at very highpT . On the other hand, the hadrons originating
from a jet are correlated in momentum space and therefore jet production should lead to an increase of
fluctuations. Consequently, the study of event-by-event fluctuations may yield important information on
jet/minijet production not accessible by direct methods because of high background. Copious jet/minijet
production and consequently large fluctuations may, however, shadow fluctuations caused by other pro-
cesses of interest. It is therefore clear that the relation between jet/minijet production and searched for
event-by-event fluctuations needs careful study.

In the following we shall discuss in more detail this and other selected subjects of event-by-event
physics in relation to the ALICE experiment at the LHC.

6.8.3.1 Jets and fluctuations

i. pT fluctuations
In this subsection we report results of simulations concerning the influence of jet production on

event-by-event fluctuations of transverse momentum as measured by the ALICE TPC. In order to study
exclusively the effect of jet production, a simple model of central Pb+Pb collisions at the LHC was
developed. Two independent sources of particle production were assumed: the ‘soft’ component models
production of particles at low transverse momenta, whereas the ‘hard’ component simulates particles
originating from jets. The ‘soft’ component was simulated assuming independent production of charged
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hadrons. The rapidity and azimuthal angle distributions were assumed to be uniform. The transverse
momentum spectrum was generated according to a ‘thermal’ distribution:

1
pT

dn
d pT

= C ·exp
(
−mT

T

)
, (6.1)

whereT = 190 MeV is an inverse slope parameter, andC is an arbitrary normalization parameter. The
rapidity density distribution of the ‘soft’ component was taken to be Gaussian with a mean of 6000 and
σ = 1000. For each event, in addition to ‘soft’ component, a ‘hard’ component modelling jet production
was generated. ThepT spectrum of jets produced in central PbPb collisions at 5.5 TeV/(N+N) was
calculated by scaling the correspondingpT spectrum obtained for p+p interactions at 5.5 TeV using
PYTHIA (version 6.1) with the standard (2 jet-events, LO calculations and no initial and no final state
radiation) parameters. The scaling factor for the spectrum normalized to mean multiplicity was calculated
following the pQCD-based rule〈 jet〉 ∼ 〈NW 〉4/3, where〈NW 〉 is the mean number of wounded nucleons.
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Figure 6.4: Transverse momentum spectrum of jets in central Pb+Pb collisions at 5.5 TeV/(N+N) assumed in the
simulation.

The resulting jetpT -spectrum is presented in Fig. 6.4. The multiplicity distribution of jets was
assumed to be Poissonian. The jet fragmentation properties were introduced by a parametrization of the
appropriate distributions generated again within PYTHIA.

Events generated according to the model within the ALIROOT framework were passed through the
ALICE TPC fast simulation chain, which allowed for a proper introduction of the detector acceptances.
For the final analysis of fluctuations, only tracks measurable (long enough for reconstruction) in the
ALICE TPC were selected and theΦpT fluctuation measure was calculated for them.

The observed transverse momentum fluctuations depend on the acceptance selected for the study.
In order to investigate this effect we introduced a rectangular acceptance window defined in azimuthal
angleψ and pseudo-rapidityη, in addition to the geometrical TPC acceptance. The size of the window

Lη,ψ =
√

∆η2 +∆ψ2 (6.2)

was varied by scaling∆η and ∆ψ by the same factor. In this procedure we assumed that∆η/∆ψ =
2/(2 ·π) ≈ 0.32.

The dependence ofΦpT on Lη,ψ is shown in Fig. 6.5 for two cases: ‘soft’ component only and ‘soft’
+ ‘hard’ components, as defined above. In the case of the ‘soft’ component, independently of the size
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of the acceptance window, the value ofΦpT was equal to zero. This result was expected because of the
assumption of uncorrelated particle production in the ‘soft’ component model. However, in the ‘soft’+
‘hard’ case large non-zero values ofΦpT were obtained. The strong event-by-event fluctuations result
from the correlated particle production in the ‘hard’ component. TheΦpT increases with the size of the
acceptance windowLη,ψ. In order to understand this dependence it is useful to consider two asymptotic
regions. For very small acceptance (Lη,ψ → 0) at most one particle from a jet is accepted and thus the
correlation of particles within a jet is not seen,ΦpT → 0. For very large acceptances all particles from
a jet are accepted and a positive value ofΦpT is measured. With increasing acceptance one increases
proportionally the number of accepted jet- and ‘soft’- hadrons. In this limiting case the value ofΦpT

should be independent of the acceptance because of the ‘intensive’ property of theΦ measure. The
expected saturation ofΦpT for large acceptance is, however, not observed in Fig. 6.5. This is because
the ALICE TPC acceptance in pseudo-rapidity is too small. Finally, in order to illustrate the sensitivity
of the pT fluctuations on the ratio between ‘hard’ and ‘soft’ components we increased the expected jet
multiplicity by a factor of 3; the results are shown in Fig. 6.5. by open symbols.

Since the fraction of particles originating from the ‘hard’ component increases with increasingpT ,
one expects an increase ofΦpT when a lowpT cut is applied to select particles for the analysis. In
fact this is observed in Fig. 6.6 where the results withoutpT cut (squares) and after a lowpT cut at
1.0 GeV/c (dots) and 2.0 GeV/c (triangles) are plotted. The results for a 2 GeV/c cut suggest an early
onset of saturation ofΦpT with Lη,ψ which may be due to the narrowing of the jet extension inLη,ψ after
increasing the lowpT cut.

In the previous study only the geometrical acceptance of ALICE TPC was taken into account. In
the following the influence of detection inefficiency is discussed. First we consider the effect of random
track losses due to tracking and fitting problems. In Fig. 6.7 the standard results obtained assuming a
perfect detection and the result that includes random losses of 10% are compared. The difference is small
in comparison to the expected effect due to the presence of jets. Then we simulate losses of tracks that
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are close in the detector space (effect of the two-track resolution). We assume that tracks that have a
neighbour track with∆pT = |pT 1− pT2| < cut MeV/c are lost. The results obtained including the effect
of two-track resolution are shown in Fig. 6.8. The bias is small in comparison to the expected effect due
to presence of jets.

In conclusion, the expected jet production in central Pb+Pb collisions at 5.5 TeV/(N+N) should lead
to large event-by-event fluctuations of transverse momentum. This may allow one to test various models
of jet production in the jetpT region not accessible for the standard methods of jet detection. On the other
hand, fluctuations due to jet production should be taken into account when considering the detection of
fluctuations due to other processes.

The influence of random detection inefficiencies as well as two-track resolution was estimated to be
small for pT fluctuations as expected for unquenched jet production.
ii. Fluctuations of transverse energy flow

In this subsection we discuss an event-by-event azimuthal asymmetry in the transverse energy flow
induced by the minijet dynamics [34]. The underlying idea is that the presence of new physics brought
in by semihard degrees of freedom should manifest itself through reasonably well-defined changes in the
inelasticity pattern that can (we hope) be measured experimentally, depending on the relative weight of
minijet and soft hadronic contributions to the inelastic cross-section. Let us stress, that in order to repro-
duce an experimentally observed transverse energy spectrum, the description of minijet dynamics should
go beyond the lowest-order two-to-two elastic scattering and include, in particular, initial and final state
radiation (see for example Ref. [35]) as included into the HIJING Monte Carlo event generator [36].
HIJING allows one to study the effects due to the presence of semihard degrees of freedom at the early
stages of high-energy collision in a simple setting, where the only nontrivial effects distinguishing the
nuclear collision from an incoherent superposition of nucleon-nucleon ones are jet quenching, i.e. energy
losses experienced by partons traversing the surrounding debris created in nuclear collision, and account-
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ing for nuclear effects in the parton structure functions. Effects of rescattering and possible evolution of
the initially produced parton system towards equilibrium are not included in this consideration.

To quantify the event-by-event asymmetry of transverse energy flow we study, as proposed in Ref.
[37], the difference between the transverse energy deposited in some rapidity windowymin < yi < ymax,
and in two oppositely azimuthally oriented sectors having an angular openingδϕ each. The idea to
use this quantity as a measure of the presence of semihard dynamics comes from the expectation that
perturbative transverse energy production mechanisms have a built-in tendency of creating an event-by-
event azimuthal asymmetryin a fixed rapidity window. For example, the partonic transverse energy
flow occurring through binary parton collisions becomes, with increasing collision energy, more and
more azimuthally unbalanced, because one of the two scattered partons just misses the rapidity window
in question [37]. In the limit of high energies even the binary parton scattering at central rapidities
as such becomes azimuthally unbalanced because of the growing contribution of primordial transverse
momentum to particle production [38]. In contrast, one expects the soft transverse energy production
mechanisms, e.g. string decays, to be more azimuthally balancedlocally in rapidity on an event-by-
event basis because of the small momentum transfer involved.

By benoting the transverse energy going into the ‘upper’ and ‘lower’ cones in a given event by
E↑
⊥(δϕ) andE↓

⊥(δϕ), respectively, the asymmetry in transverse energy production in a given event is thus
described byδE⊥(δϕ):

δE⊥(δϕ) = E↑
⊥(δϕ)−E↓

⊥(δϕ). (6.3)

An ensemble of collisions is characterized by an event-by-event probability distribution

P(δE⊥|δϕ) =
d w(δE⊥(δϕ))

d δE⊥(δϕ)
. (6.4)

This distribution was calculated in Ref. [34] in the HIJING model for central Au+Au collisions at RHIC
energy

√
s = 200GeV and central Pb+Pb collisions at LHC energy

√
s = 5.5TeV forδϕ = πand central

rapidity interval−0.5 < y < 0.5. The distributionsP(δE⊥|π) were calculatedboth at partonic level and
at the level of final hadrons with semihard interactions and quenching on and off. This allowed one to
separate the contribution of minijets as described by HIJING from the backgroun of soft processes. The
resulting distributions for the LHC are shown in Fig. 6.9 with quenching turned on and the chosen value
of the minijet’s infrared cutoffp0 = 2GeV.

Table 1

AA
√

s (GeV) p0 (GeV) Asymmetry
√

〈δE2〉 (GeV)
hadrons (quenching on) 16

Au+Au 200 2 hadrons (quenching off) 17
partons 18
soft hadrons 7
hadrons (quenching on) 61

PbPb 5500 2 hadrons (quenching off) 71
partons 65
soft hadrons 15
hadrons (quenching on) 69

PbPb 5500 4 partons 76
soft hadrons 16

The numerical values of the standard deviation
√

〈δE2
⊥〉 characterizing the widths of the correspond-

ing probability distributions are shown in Table 1, where for completeness we also show these standard
deviations for the cases of quenching turned off and with a larger value for the infrared cutoffp0 = 4GeV
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Figure 6.9: Probability distribution for azimuthal transverse energy imbalance in the unit rapidity window for
PbPb collisions at LHC energy

√
s = 5.5TeV, p0 = 2GeV, quenching on.

We see that the magnitude of the azimuthal asymmetry is essentially determined by the relative yield
of the semihard (minijet) contribution. Switching off minijets, and thus restricting oneself to purely
soft mechanisms, leads to a substantial narrowing of the asymmetry distribution; by the factor of 2.3
at RHIC and by the factor 4.1 at LHC energy, respectively, (these values correspond to the case of
quenching turned on). Quite remarkably, the parton and final (hadronic) distributions ofδE⊥ in both
cases practically coincide indicating that the contribution to transverse energy due to hadronization of
the primordial parton system is, to a high accuracy, additive and symmetric in azimuthal angle and thus
cancels out. We see that the transverse energy flow imbalance Eq. (6.3) is a sensitive indicator of the
presence of primordial semihard parton dynamics that can be studied in calorimetric measurements in
central detectors at the LHC.

As mentioned earlier, rescattering of produced partons, which is essential for possible evolution of
the primordial partons towards equilibration, was not taken into account in the above consideration. In
fact one expects parton rescattering to destroy at least some of the initial asymmetry of the transverse
energy flow, making its measurement even more interesting.

6.8.3.2 Fluctuations of conserved quantities

In this subsection we discuss the fluctuation of conserved quantities such as charge or baryon number.
The advantage [20,21] of studying the fluctuation of conserved quantities is that their relaxation time in a
thermal system is much slower than that of non-conserved quantities, since there is no process which can
generate conserved quantum numbers from the vacuum or via particle collisions. A detailed discussion of
the relaxation time of fluctuation of conserved quantities is provided in Ref. [26]. As a consequence, the
fluctuation of conserved charges such as net electric charge or baryon number may provide information
from deep inside the system created in these collisions, where possibly a system with different degrees
of freedom existed.

In addition, the fluctuations of baryon number and charge are sensitive to the fractional charge/baryon
number carried by the quarks in the QGP, and amy provide therefore an imporatnt signature for the
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existence of a deconfined phase as will be discussed in detail below.
Of course, global charge conservation leads to vanishing fluctuations once the entire system is con-

sidered. But if only a small fraction of the produced particles are taken into account, the effect of global
charge conservation plays a minor role and appropriate corrections can be applied.

To be specific, let us consider the fluctuation of the electric charge. The arguments for the baryon
number are analogous and can be found in Ref. [20]. For simplicity let us assume that the QGP is made
of non-interaction massless quarks and gluons. The fluctuations of the charge are given by〈

(δQ)2〉 =
〈
Q2〉−〈Q〉2 , (6.5)

whereQ is the net charge measured in the acceptance. For a system of several particle speciesi with
chargesqi and multiplicitiesni we have

Q = ∑
i

qini,

〈Q〉 = ∑
i

qi 〈ni〉
(6.6)

and 〈
(δQ)2〉 = ∑

i

(qi)2〈ni〉+∑
i,k

c(2)
ik 〈ni〉〈nk〉qiqk, (6.7)

wherec(2)
i,k are the normalized two-particle correlation functions

c(2)
ii =

〈ni(ni −1)〉
〈ni〉2 −1, (6.8)

c(2)
ik =

〈nink〉
〈ni〉〈nk〉 −1 if i 
= k. (6.9)

Obviously correlations introduced by particle interactions, such as resonances, affect the fluctuations
[39–41]. And, therefore, as we shall discuss below the fluctuations my be used as means to measure
particle correlations in these systems. If, on the other hand, the particles are uncorrelated, the second
term of Eq.. 6.7 vanishes.

In a thermal system the charge fluctuations are given by the charge susceptibility:

VTχQ = −T
∂2F

∂µ2
Q

, (6.10)

which for a macroscopic system measures the response to external electric fields.
In the case of a free uncorrelated pion gas the charge fluctuations are then〈

(δQ)2〉
π−gas= 〈N+〉+ 〈N−〉 = 〈Nch〉 , (6.11)

whereNch is the total number of charged particles. For a QGP, on the other hand, assuming uncorrelated
quarks and gluons, one obtains

〈
(δQ)2〉

QGP= q2
u 〈Nu + Nū〉+ q2

d 〈Nd + Nd̄〉 =
5
18

〈
Nq

〉
, (6.12)

whereNq is the total number of quarks in the system. The contribution of heavy quarks can be neglected
since their yield is suppressed.

Note that in the case of the QGP the charge fluctuations depend on the square of the fractional charge
of the quarks. In order to expose the dependence on the fractional charge, one should divide the charge
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fluctuations by the number of particles or the entropy carried by the system. A good measure for the
entropy is the number of charged particles in the final state and thus the observable〈

(δQ)2
〉

〈Nch〉 (6.13)

should be sensitive to the fractional charges of the QGP. And indeed, usingNch � Nq +Ng (which follows
from the assumption of entropy conservation), whereNg is the number of gluons (for detailed discussion
see Ref. [21]) one obtains 〈

(δQ)2
〉

〈Nch〉 QGP
� 0.2 (6.14)

and 〈
(δQ)2

〉
〈Nch〉 π−gas

= 1 (6.15)

for the pion gas.
Correcting for quantum statistics and taking hadronic resonances into account, which introduce cor-

relation terms (see Eq. 6.7), one has for the hadron gas〈
(δQ)2

〉
〈Nch〉 hadron−gas

� 0.75. (6.16)

On the quark-gluon plasma side, one can actually consult Lattice QCD calculations, which are available
for the charge fluctuations as well as for the entropy. In this case one finds [21]〈

(δQ)2
〉

〈Nch〉 QGP
� 0.25−0.4, (6.17)

where the uncertainty is due to the way in which entropy is related to the number of charged particles
(see Refs. [20,21]).

To access this observable in the experiment it isnot sufficient to simply measure the charge fluc-
tuations and the number of charged particles separately. As can be seen from Eq. 6.7 the magnitude
of the charge fluctuations scales with the number of charged particles in the system, i.e. it scales with
the system size. Therefore fluctuations of the system size, or impact parameter fluctuations, which are
present even if centrality cuts are applied, will contribute to the charge fluctuations. Of physical interest,
however, are the charge fluctuations due to density fluctuations. Thus, the effect of volume fluctuations
has to be removed by an appropriate choice of observables.

Within this context two measures of fluctuations are discussed: theΦq measure [24] and thẽD
measure [42]. It was shown [24] that theΦq measure is less sensitive to the biasing effects than the
originally proposed̃D measure. Both are sensitive to the hypothetical suppression of charged fluctuations
due to QGP creation.

Finally, let us mention that similar information may also be obtained by measuring so-called balance
functions [41,43].

6.8.3.3 Long-range forward-backward pt and multiplicity correlations

Soft and semi-hard parts of the multi-particle production at high energy are successfully described in
terms of colour strings stretched between the projectile and target [44, 45]. The hadronization of these
strings produces the observed hadrons. In the case of nuclear collision, with growing energy and atomic
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number of colliding particles, the number of strings grows and one has to take into account the interaction
between strings in the form of their fusion and/or percolation. [46]- [52].
Around the percolation threshold [49], strong fluctuations in the number of strings with a given colour
should appear. This will produce large fluctuations in a number of different observables in an event-by-
event analysis. Scanning in the impact parameter space for the PbPb collisions provides the possibility to
change the density of the overlapping strings by moving from the most peripheral to the central collisions
(see Ref. [29] for details). Therefore the onset of the critical fluctuations relevant to the string fusion
and/or percolation could be obtained in the very first days of ALICE running from the observation of
correlation coefficient vs. event centrality.
The impact parameters determination in ALICE by the Zero Degree Calorimeter can determine the cen-
trality of collisions with an accuracy better then 1 fm in the region of impact parameters below 11 fm for
Pb+Pb collisions. We expect [53] to use the FMD rapidity distribution information for the purpose of
impact parameter determination at the larger values as was suggested earlier [54,55].
We propose [29,56] to measure the following types of long-range forward-backward correlations (FBC)
in ALICE at the LHC: long-range FBC of mean multiplicity vs. multiplicity (n-n FBC), meanpt vs. pt

(pt -pt FBC), and meanpt vs. multiplicity (pt -n FBC).
For a long time the long-rangen-n FBCs in p+p and p+p collisions have been studied experimentally
and theoretically (see Ref. [29] for references). Usually the average charged particle multiplicity in the
backward hemisphere as a function of theevent multiplicity in the forward hemisphere is studied.

The data obtained at ISR, SPS and Fermilab energies can be almost perfectly represented by a linear
function

〈nB〉nF = a+ bcornF , (6.18)

the strength of the correlation measured by the coefficientbcor.
Similarly to n-n FBC (6.18) one can studypt-pt FBC

〈ptB〉ptF = α +βcor, (6.19)

here theptF is the averagept of charged particles produced in the forward pseudorapidity window∆yF
in a given event and theptB is the same for the backward window∆yB. The〈...〉ptF means averaging over
events with fixedptF and〈...〉 means averaging over all events (see Ref. [29] for details).

Another possibility that we propose to be used in ALICE [29] includes the meanpt-multiplicity
FBC. This is a nice combination of the event-by-eventpt measurements by the ITS and TPC, and of the
multiplicity information coming from the FMD. For mixedpt -n FBC one can write

〈ptB〉nF = ā+ b̄cornF , (6.20)

whereb̄cor is pt -n correlation coefficient.
Mean pt - multiplicity FBC in PSM-1
The Parton String Model event generator (PSM-1) [54, 57] allows Monte Carlo simulations with

and without string fusion, and therefore one can choose the most adequate correlation variables for the
registration of the possible string fusion in ALICE. We perform the simulations in all three cases - for
n-n, pt -pt andpt -n FBC. The clearest appearance of the string fusion phenomenon was found in the case
of pt -n FBC [29].

First of all the results obtained using the PSM-1 generator, as was expected [58], indicate noticeably
increasedpt values (up to 0.5 GeV/c) in the central pseudorapidity region.
Secondly a strong rise of thept -n correlation coefficient in the case of string fusion in the region where
the percolation is expected (region of the impact parameter 10-15 fm for the Pb+Pb collisions at LHC
energies, see Fig. 6.10) is observed. This is also illustrated by the correlation function for the 10-15 fm
impact parameter region (see Fig. 6.11) calculated with and without string fusion.

Long-range FBC studies at ALICE
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Figure 6.10: The pt-multiplicity FBC in the peripheral region in Pb+Pb collisions at 6 TeV/nucleon. Thep t-
multiplicity correlation coefficient̄bcor (see Eq. 6.20) for pseudorapidity windows∆y B = (−0.8,0) and∆yF =
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Event-by-event measurements of thept distributions in ALICE could be done only in the central pseu-
dorapidity acceptance (-0.9, 0.9) using the information obtained from the ITS and the TPC. Therefore
we can combine the central rapidity data with the detailed event-by-event information on multiplicity
of charged particles obtained by the FMD in a wide pseudorapidity range. FMD can provide also the
azimuth (φ) distributions that could be useful for possible hard-jet discrimination.

Therefore we can studypt multiplicity FBC at LHC energies choosing the first pseudorapidity win-
dow in the central acceptance region (-0.9, 0.9) for thept data, and the second window within the pseu-
dorapidity intervals (-5.1,-1.7) and/or (1.7, 3.4) for multiplicities measured with the Si-FMD.
The TPC and FMD data off-line analysis makes it possible to discriminate the hard processes like jets
in ALICE (in the present Monte Carlo simulation study these jets in the PSM generator were simply
switched off):
a) by cuts inpt used in correlation studies (e.g. cuts of the high values at the level of 1-1.5 GeV/c could
be applied for the ITS and the TPC data);
b) by an exclusion of the windows inφ distributions with indications of hard jets formation (the FMD
multiplicity data).

6.8.3.4 Temperature fluctuations

The concept of temperature plays a key role in the description of relativistic heavy-ion collisions
because the matter produced at early stages of the collision achieves, at least to some extent, local ther-
modynamic equilibrium. The question arises whether there is a unique temperature of the system at
freeze-out or whether the temperature fluctuates from one collision to another [31]. We argue here
that the high-precision measurements of the event-by-event temperature fluctuations are feasible in the
ALICE experiment. We do not discuss the thermodynamic interpretation of theT fluctuations which
appears to be a rather controversial matter [59].

The temperature can be inferred from the experimental data in several ways. In particular, one
analyses thepT−distribution which is usually taken in the form

dN
d2pT

∝ exp
(
−mT

T

)
, (6.21)

wheremT ≡
√

m2 + p2
T with m being the particle mass;T is theeffective temperature which, as com-

monly accepted, see for example Ref. [60], combines the genuine temperatureT and transverse flow
velocity u according to the approximate relationT = T

√
(1+ u)/(1−u) [61]. Further, we consider the

fluctuations ofT rather thanT . Obviously, the fluctuations ofT and u both contribute to that ofT .
Since the discussion of thermodynamic meaning of the temperature fluctuations is beyond the scope of
this note, the distinction betweenT andT is not important for us.

We discuss below how to detect the temperature fluctuations and start with a simple observation that
the fluctuations influence the shape of thepT distribution. It has been shown [62] that theT fluctuations
in the exponential formula (6.21) lead in a natural way to the power-like form which is known as the
Lévy distribution. Indeed, averaging the exponential formula over the fluctuations of 1/T which follow
the gamma distribution, one gets

[
1− (1−q)

mT

T0

] 1
1−q

, (6.22)

where 1/T0 ≡ 〈1/T 〉. The parameterq - the so-called entropic index or nonextensivity parameter in
Tsallis statistics [63] - is connected to the size of the fluctuations. Namely,

q−1 =
〈1/T 2〉− 〈1/T 〉2

〈1/T 〉2
∼= 〈T 2〉− 〈T〉2

〈T〉2 ,
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where the second approximate equality holds for sufficiently small fluctuations. Whenq = 1 there are
no temperature fluctuations and the exponential formula is restored.

The distribution of the L´evy type (6.22) has been observed in inclusive processes [64], which, how-
ever, do not provide an unambiguous answer as to what is the source of such a behaviour. This can be
done by performing an event-by-event analysis of the data. The point is that whenT fluctuates from
event to event, thepT distribution in a single event should differ from thepT distribution averaged over
many events. In particular, if the single-eventpT distribution is given by the exponential formula (6.21)
the averaged one is that of L´evy (6.22). As shown in Ref. [65], a very large multiplicity of the central
Pb+Pb collisions allows one to observe the difference forq−1 as small as 0.05.

Let us now discuss a method that was proposed in Ref. [66] and developed in Ref. [67], to study
T fluctuations more quantitatively. The temperature variance can be found by measuring the event’s
transverse mass defined as

µT =
1
N

N

∑
i=1

mi
T ,

whereN denotes the event’s multiplicity andmi
T is the transverse mass ofi-th particle. If the single

particlepT distribution is of the form (6.21) the event’s temperature is expressed throughµT as

T =
1
4

[√
4mµT −4m2 + µ2

T + µT −2m
]
.

Thus, measuringµT on the event-by-event basis one can getV (T )≡ 〈T2〉−〈T 〉2. However, the statistical
fluctuations due to the finite event multiplicity have to be subtracted from the result. The point is that
even when the genuine temperature does not fluctuate at all, the observed one does vary because the
number of registered particles is not infinite.

When the genuine temperature is fixed and the particles are independent from each other, the variance
of T is fully determined by statistical fluctuations. In the events of multiplicityN, it equals

Vs(T ) =
1
16

[
2m+ 〈µT 〉√

4m〈µT 〉−4m2+ 〈µT 〉2
+1

]2 V1(mT )
N

,

whereV1(mT ) is the variance of the single particlemT distribution and

V1(mT ) =
6T 3 +6T 2m+3Tm2 + m3

T + m
−

(2T 2 +2Tm+ m2

T + m

)2
.

The varianceVs(T ) should be subtracted from the observedT varianceV (T ) to eliminate the statisti-
cal fluctuations. We have performed [67] a simple simulation to see how well the subtraction procedure
works. It appears that forN as small as 10 the value ofq > 1.05 can be unambiguously observed provided
the single-particlepT distribution is indeed described by Eq. (6.21).

The temperature fluctuations can also be observed by analysing the event-by-eventpT fluctuations
by means of theΦ measure [68].Φ(pT ) for fluctuatingT was computed in [67]. Here, we sketch the
derivation of the result. LetP(T )(pT ) denote the single-particle transverse momentum distribution in
events with temperatureT which is assumed to be independent of the event’s multiplicityN. Then, the
inclusive transverse momentum distribution reads

Pincl(pT ) =
∫ ∞

0
dT P (T ) P(T )(pT ) ,

whereP (T ) describes the temperature fluctuations. TheN particle transverse momentum distribution in
the events of multiplicityN is assumed to be theN product ofP(T)(pT ) weighted by the multiplicity and
temperature distributions. Then, one finds

〈Z2〉 = ∑
N

PN

∫ ∞

0
dT P (T )

∫ ∞

0
d p1

T P(T)(p1
T ) . . .

∫ ∞

0
d pN

T P(T)(pN
T )

×
(

p1
T + . . .+ pN

T −N pT

)2
,
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wherePN is the multiplicity distribution. In the limitm = 0, the pT distribution (6.21) acquires a sim-
ple exponential form and one easily computesz2 and 〈Z2〉. Assuming additionally that theN and T
fluctuations are small, one gets a very simple result:

Φ(pT ) =
√

2 〈N〉 〈T
2〉− 〈T 〉2

〈T 〉 =
√

2 〈N〉 〈T 〉 (q−1) . (6.23)

Thus,Φ linearly depends on the temperature variance.
We have presented here three methods of studing the temperature fluctuations. We believe that by

combining all of them one can get an unambiguous answer whether event-by-event temperature fluctua-
tions are present in relativistic heavy-ion collisions, and if so, how large the fluctuations are.

6.8.3.5 Disoriented chiral condensate

i. What is DCC and how to detect it

Observation in cosmic-ray experiments of events with extreme isospin imbalance among secondary
particles (‘centauros’ with dominating hadronic component and ‘anti-centauros’ with dominating electro-
magnetic component) [33, 69] calls for an explanation. An interesting hypothesis is the creation of a
‘disoriented chiral condensate’ (DCC) - a meta-stable state resulting from the cooling down of the quark-
gluon plasma [32]. Such a state appears in both linear and non-linearσ-models which are simplified
versions of the full chiral effective theory. It may have a large isospin vector oriented in any direction in
isospace, and thus it may be a source of secondary pions with any isospin configuration.

A DCC state may occupy the full available phase space or only a part of it, and thus it may constitute
a source of all secondary pions or only of small fraction of them. Some theoretical models [70] predict
‘DCC domains’ of sizes 3-4 fm in radius, emitting 50-200 pions. Such a source may be situated in the
central or in any other kinematic region, and the pion emission pattern might be statistical or coherent
(‘pion laser’ [71]). If the pion emission from DCC is indeed coherent, the pions will be collimated
in a limited region of phase space and will have small relative transverse momenta. In this case one
would expect to find ‘jet-like’ structures with high isospin imbalance. One should, however, keep in
mind that such finding, compatible with the expected characteristics of DCC, would not explain the
‘centauro’ events which are characterized, on the contrary, by high transverse momenta, of the order of
1-2 GeV/c [33].

In view of these unclear predictions it seems plausible to search for DCC in various phase space
regions, not only in the most forward one in which ‘centauros’ have been observed in cosmic rays, and
to look at various event characteristics.

A large isospin imbalance among the produced pions is considered as the primary signature of DCC.
The ratio of neutral to charged pions created in any statistical emission process can be described by a
binomial distribution that becomes rather narrow for high multiplicities, with a mean value of about 1/2.
For the fraction of neutral pions among all pions,f = Nπo/Nπ , a similar narrow distribution with the
mean value of about 1/3 is expected. For DCC the distribution of this ratio isP( f ) = 1/2

√
f which is

very wide and consequently large event to event fluctuations off are expected. Thus the prescription for
finding DCC is to measure photons and charged hadrons within a common acceptance.

Several methods of analysis leading to this goal have been proposed:
a) Nγ−Nch correlation,
b) discrete wavelet analysis,
c) power spectrum analysis,
d) ‘robust’ observables,
e) event-shape analysis.
Below we give a short description of these methods.

a) Nγ−Nch correlation
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This is the most straightforward method. In ‘normal’ eventsNγ andNch are correlated. In events with
DCC this correlation will be distorted: anomalous enhancement ofNγ or Nch will appear. The effect can
be quantified in terms of the scaled variableSz = Dz/σ(Dz) whereDz is the distance of a point in the
Nγ−Nch plane to the correlation axis, andσ(Dz) is the dispersion of theDz distribution for ‘normal’
events. The correlation can be studied in full detector acceptance, or in smaller regions.

b) Discrete wavelet analysis
In the Discrete Wavelet Analysis (DWA), also called Discrete Wavelet Transformation (DWT), one stud-
ies fluctuations in the neutral pion fraction,f = Nπo/Nπ, in small bins, at different scales (different
binning). The distribution of the obtained wavelet coefficients for ‘normal’ events should be Gaussian,
while the occurrence of a DCC makes the distribution much wider and non-Gaussian. This increase in
width is a sensitive parameter. The method allows one to pick up fluctuations in small bins.

c) Power spectrum analysis
In this approach one computes the fractionf = Nγ/Nch for a certain window, e.g. a window in azimuthal
angleφ, and this window is then displaced by a small amount,f is recalculated, etc. The power spectrum
is the square of the Fourier transform of the( f (φ)− fo(φ)) distribution wherefo(φ) is the distribution
for ‘normal’ events. It shows a complicated pattern, with narrow peaks indicating local fluctuations in
the original distribution.

d) ‘Robust’ variables
The analysis uses the ratios of factorial moments

Ri,1 =
Fi,1

Fi+1,0

where

Fi =
< N(N−1)...(N − i+1) >

< N >i

and

Fi, j =
< Nch(Nch −1)...(Nch − i+1)Nγ(Nγ−1)...(Nγ− j +1) >

< Nch >i< Nγ > j

The variablesR have been named ‘robust variables’ because the detection efficiencies, often difficult to
estimate (especially for photons), cancel out and thus do not influence the results. For ‘normal’ events
(statistical uncorrelated emission)Ri,1 = 1, while for DCCRi,1 = 1/(i + 1) - a remarkable difference
for all i ≥ 1. The analysis can be done inclusively or event-by-event (for high multiplicity events, as
expected in ALICE).

e) Event-shape analysis
This method combines the wavelet technique and flow analysis. The flow direction is found separately
for charged particles and photons and compared. For a DCC component a difference between the two
directions might be expected.

ii. Experimental search for DCC
The first attempt to look for DCC in relativistic nuclear collisions was made by the CERN NA49

Collaboration [72]. For semi-central Pb+Pb collisions at 158 A GeV the ratio of electro-magnetic to
hadronic transverse energy,EEM

T /EHAD
T , was calculated for each event using the radially and azimuthally

segmented cylindrical calorimeter. The distribution of this ratio was found compatible with that predicted
by the VENUS model, with the mean value close to 0.3, and tails not showing the presence of any
‘anomalous’ events.
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A dedicated experiment, MiniMax, was set up at the Tevatron at Fermilab to study p+¯p collisions
at

√
s = 1.8 TeV [73]. Their detector was composed of 24 MWPCs with a removable lead gamma

converter, and a segmented electro-magnetic calorimeter behind it. The detector had a very small angular
acceptance: a cone with axis atη = 4.1, with half-angle 0.65. The authors developed and used the method
of ‘robust’ variables for data analysis. No evidence for DCC was found at a few per cent level.

A thorough DCC search in Pb+Pb collisions at 158 A GeV was performed by the WA98 Collabo-
ration at CERN [74]. The Silicon Pad Multiplicity Detector and the Photon Multiplicity Detector were
used to measure the charged and neutral multiplicities for each event, and the Midrapidity Calorimeter
for the determination of event centrality. The data were analysed in terms of the dispersion of points with
respect to theNγ−Nch correlation axis (theSz variable). No DCC signal was observed and the upper
limit for DCC production at 90% CL was established as a function of the fraction of DCC pions among
all pions produced.

The wavelet (DWT) analysis of Pb+Pb events at 158 A GeV performed by the NA44 Collabora-
tion [75] revealed no local charge density fluctuations. This group, however, uses only information on
secondary charged hadrons (data from multi-pad Si array) and their results might be relevant to DCC
search only if DCC is produced locally in small ‘droplets’.

The results of a DCC search in Au+Au collisions at c.m. energy up to
√

sNN= 200 GeV can be
expected soon from experiments at RHIC, especially from the complex hybrid detectors STAR and
PHENIX.

iii. Detection of DCC in ALICE

The ALICE detector makes it possible to search for DCC by comparing the emission of charged and
neutral pions in two distinct regions of phase space:
a) central region (PHOS + TPC): -0.12< η < 0.12 ,∆φ= 100o

b) intermediate region (PMD + FMD): 1.8< η < 2.6 , full azimuth
a) Central region - PHOS+TPC
In this region determined by the acceptance of the photon spectrometer PHOS, photons will be recorded
by the PHOS [76], and charged pions by the TPC [77]. The PHOS detector has an area of about 8 m2 and
is composed of 17 280 lead tungstate crystals of 2.2x2.2 cm2 face area, which makes for a good space
resolution. The photon detection efficiency is close to 100%. Charged pions will be recorded in the TPC,
together with the momentum measurement. If one takes the highest estimate for the number of charged
particles produced per unit of rapidity, at midrapidity, to be about 8000, then about 550 charged pions
and 550 photons might be expected within the PHOS acceptance.

b) Intermediate region - PMD+FMD
PMD [78] is the preshower photon detector with active area of about 10 m2 , subdivided into 200 000
cells, each cell having an area of 1 cm2. It will detect photons with an efficiency of about 70%. In con-
junction with the forward multiplicity detector FMD measuring the multiplicity of charged particles, in
a common part of phase space, it is well suited for a search for DCC formation. The expected number of
photons and charged pions in the PMD acceptance is about 4000. Due to this large multiplicity, a search
for DCC in more restricted regions of phase space can also be performed.

iv. Conclusions

The ALICE detector offers possibilities to search for DCC in various pseudorapidity regions, central
and intermediate, in cells of various sizes. The estimate of the level of sensitivity to a possible DCC
signal would require appropriate simulation studies.
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6.8.3.6 Colour collective phenomena

A copious production of partons, mainly gluons, due to hard and semi-hard processes, is expected in
heavy-ion collisions at the LHC. One deals with the many-parton system at the early stage of the colli-
sion. The system is on the average locally colourless but random fluctuations can break the neutrality.
Since the system is initially far from equilibrium, specific colour fluctuations can exponentially grow
in time and then noticeably influence the system evolution. The very existence of such fluctuations
would be a clear manifestation of the quark-gluon plasma where the colour forces act well beyond the
confinement scale.

As argued in a series of papers [30], the colour plasma instabilities can indeed occur due to the
strongly elongated parton momentum distribution. These instabilities, in particular the so-called fila-
mentation instability, generate collective transverse flow in heavy-ion collisions. The occurrence of the
filamentation breaks the azimuthal symmetry of the system. The azimuthal orientation of the wave vector
will change from one collision to another, while the instability growth will lead to the energy transport
along this vector. Consequently, one expects significant variation of the transverse energy as a function
of the azimuthal angle. This expectation is qualitatively different from that based on the parton cascade
simulations [79], where the fluctuations are strongly damped due to the large number of uncorrelated
partons. On account of the collective character of the filamentation instability, the azimuthal symme-
try will be presumably broken by a flow of a large number of particles with relatively small transverse
momentum. The jets produced in hard parton-parton interactions also break the azimuthal symmetry.
However, a few particles with large transverse momentum break the symmetry in this case [80]. One
also expects the generation of the collective transverse motion as a result of the anisotropic pressure
gradient [81,82]. The flow is of the hydrodynamic nature and, in contrast to the colour instability driven
transport, it is strongly correlated with the collision plane orientation. This gives a chance distinguishing
the two phenomena.

The collective flow can be studied by means of various methods. We propose to use the fluctuation
measureΦ [11] which has been proven to be very sensitive to the collective effects [16,83].
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