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Outline

@ In this talk we present predictions of the dynamical clusters model (DCM) for
mulfiplicity fluctuations of charged particles produced in collisions of relativistic ions.

@ The DCM predictions are compared to the recent measurements of the charged
particles multiplicity fluctuations done by NA49 (Phys. Rev. C 75, 064904) and
NA61/SHINE (PoS(EPS-HEP2017)167), (J. Phys. G 45, 115104) experiments.
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Motivation
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Figures taken from (Phys. Rev. C 75, 064904) and (J. Phys. G 45, 115104).
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Infroduction

@ Collision of relativistic ions leads to a production of hot quark-gluon plasma, which
cools and at T = 155 + 10 MeV fransits fo a hadron gas of that temperature.

@ The hot quark-gluon system during the fransition is effectively quenched by the cold
physical vacuum. The so-called self-organized criticality is the appropriate
mechanism leading to universal scale-free behaviour (arXiv:1901.10407v1).
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Infroduction

@ Self-organized criticality (SOC) is a property of non-equilibrium dynamical systems
that have a critical point as an attractor. The macroscopic properties of such systems
are characterized by the the spatial and/or tfemporal scale-invariance of the phase
transition critical point. Unlike equilibrium systems which require the tuning of
parameters to get a critical behavior, non-equilibrium SOC systems tune itself during
evolution in the direction of criticality. (Phys. Rev. Lett. 59, 381)

@ A remarkable feature of active matter is the propensity to self-organize. One striking
instance of this ability to generate spatial structures is the cluster phase, where cluster
broadly distributed in size constantly move and evolve through particle exchange.
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Infroduction/Model description

@ Thus, we can define cluster as a quasi-neutral gas of charged and neutral particles
which exhibits collective behavior. The characteristic space scale of this shielding is
the Debye length (or radius):

KT
2

D~ ane2n’
where nis the density of charged pions.
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where nis the density of charged pions.

@ Taking pion radius r, = 0.7 fm and kT = 0.15 GeV we have Ap = 4.2 fm.
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Infroduction/Model description

@ Thus, we can define cluster as a quasi-neutral gas of charged and neutral particles
which exhibits collective behavior. The characteristic space scale of this shielding is
the Debye length (or radius):

KT
2

D~ ane2n’
where nis the density of charged pions.

@ Taking pion radius r, = 0.7 fm and kT = 0.15 GeV we have Ap = 4.2 fm.

@ In the Debye sphere of the volume:

4 .3
V= gﬂAD

we have N = 143 charged pions, what corresponds at 1/syy = 17 GeV to the number
of projectile participants Ny =~ 18.
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Infroduction/Model description

@ The statistical hadronization model is a very efficient tool for description of average
particle multiplicities in high energy heavy ion reactions as well as in elementary
particle reactions.
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status of the hadronizing sources is known.
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Infroduction/Model description

@ The statistical hadronization model is a very efficient tool for description of average
particle multiplicities in high energy heavy ion reactions as well as in elementary
particle reactions.

@ Within this model there is also possible to obtain multiplicity fluctuations since the
status of the hadronizing sources is known.

@ In the canonical ensemble (CE) with exact conservation of charges, scaled variance
of the multiplicity distribution of any particle does not converge to the corresponding
grand canonical (GCE) value even in the thermodynamic limit, unlike the mean.
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Infroduction/Model description

@ If we split a CE, or micro-canonical ensemble (MCE) into N subsystems, the variance
of any particle multiplicity distribution is not additive, as conservation constrains
involve non-vanishing correlations between different subsystems even for large N.
Thus, their GCE and CE thermodynamic limits differ.
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Infroduction/Model description

@ If we split a CE, or micro-canonical ensemble (MCE) into N subsystems, the variance
of any particle multiplicity distribution is not additive, as conservation constrains
involve non-vanishing correlations between different subsystems even for large N.
Thus, their GCE and CE thermodynamic limits differ.

@ We split a CE with a large volume into cluster, which is a Grand Canonical Ensemble
with the rest of the system being a reservoir.

Reservoir, CE or MCE

GCE is defined as a small subsystem of a large reservoir.
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Infroduction/Model description

@ Multiplicity distribution in a cluster is given by Negative Binomial distribution (NBD)
while the rest (reservoir), freated as a superposition of elementary collisions, is
described by Binomial distribution (BD).
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Infroduction/Model description

@ Multiplicity distribution in a cluster is given by Negative Binomial distribution (NBD)
while the rest (reservoir), freated as a superposition of elementary collisions, is
described by Binomial distribution (BD).

@ Variance of multiplicity distribution in a cluster, Var (N), depends on the mean
multiplicity (N of the system, Var (N) = (N) + (NY2/k.
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Experimental data

@ The NA49 experiment located at CERN SPS analyzed fluctuations of the number of
charged particles produced in Po+Pb collisions at /syy = 17.3 GeV (Phys. Rev. C 75,
064904)

@ The NA49 experiment registered multiplicity distributions of particles produced in the
forward hemisphere in restricted rapidity interval 1.1 < yo.m < 2.6. Such restriction
corresponds to fraction of about 17% of accepted charged particles.

@ The magnitude of multiplicity fluctuations was determined by value of scaled
variance of multiplicity distribution, o (N), defined as:

Var (N)

0 (N) = T

where Var (N) is the variance of the distribution and (N) is the average multiplicity.
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Experimental data
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Figure taken from (Phys. Rev. C 75, 064904)
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Model results

To describe the NA49 data on centrality dependence of multiplicity fluctuations the
following dynamical clusterization method was used:
@ Each projectile nucleon participating in collision “produces” particles independently,
(N) = Np - {Ncn),
where (N) is the average multiplicity produced in Pb+Pb collisions at particular

centrality, Np is the number of nucleons from projectile nucleus participating in
collision and (Ngp) is the average multiplicity produced in proton-proton interactions.
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Model results

To describe the NA49 data on centrality dependence of multiplicity fluctuations the
following dynamical clusterization method was used:

@ Each projectile nucleon participating in collision “produces” particles independently,

(N) = Np - (Ncn),

where (N) is the average multiplicity produced in Pb+Pb collisions at particular
centrality, Np is the number of nucleons from projectile nucleus participating in
collision and (Ngp) is the average multiplicity produced in proton-proton interactions.

@ Having calculated (N), multiplicity in a given event of collision is calculated
according to NBD distribution with the shape parameter k dependent on (N).

@ This is up fo certain value of Np = NZ'9, for which clusters of secondary particles may
be formed. The value of NJ'* is sampled from Gamma distribution with (NJ'%) = 18

and Var (NP%) = 9 - (NJ'%),
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Model results

@ The rest of colliding projectile nucleons, m = Np — NJ'¥ do not contribute their
produced particles to the cluster. The produced by them particles are emitted
according to Binomial distribution:

Pep (N, n,p) = (IZ)ION (1-p)"N.

with (N) = (Ngp). and probability p = pgp = 0.4
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Model results

@ The rest of colliding projectile nucleons, m = Np — NJ'¥ do not contribute their
produced particles to the cluster. The produced by them particles are emitted
according to Binomial distribution:

Pep (N, n,p) = (IZ)ION (1-p)"N.

with (N) = (Ngp). and probability p = pgp = 0.4
@ Clusters of particles are formed with a certain probability, p. = 0.25.

@ If cluster of particles is not formed then all colliding nucleons emit their particles
according to Binomial distribution.
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Model results
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Average number of all charged particles (panel a)) and scaled variance of all charged multiplicity
distribution (panel b)) of particles produced in Po+Pb collisions plotted as a function of number of
nucleons from projectile nucleus which participate in the collision. Circles — NA49 data (Phys. Rev. C 75,
064904).
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Model results
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Average number of negatively charged particles (panel a)) and scaled variance of negatively
charged multiplicity distribution (panel b)) of particles produced in Po+Pb collisions plotted as a
function of number of nucleons from projectile nucleus which participate in the collision. Circles - NA49

data (Phys. Rev. C 75, 064904).
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Model results

@ In the dynamical clusterization model the only difference between negatively and all
charged particles is the experimental acceptance manifested by the fraction of
accepted particles.
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Model results

@ In the dynamical clusterization model the only difference between negatively and all
charged particles is the experimental acceptance manifested by the fraction of
accepted particles.

@ Using similar considerations we have obtained the values for scaled variance of
negatively charged particles multiplicity distribution produced in p+p and the most
central (1%) Be+Be, Ar+Sc and Pb+Pb collisions, and emitted to forward hemisphere,
yr > 0 (POS(EPS-HEP2017)167),(J. Phys. G 45, 115104).
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Conclusions

@ We discussed the recently measured event-by-event multiplicity fluctuations in
relativistic heavy-ion collisions.

@ It is shown that the observed non-monotonic behaviour of the scaled variance of
multiplicity distribution as a function of collision centrality (such effect is not observed
in a widely used string-hadronic models of nuclear collisions) can be fully explained
by the correlations between produced particles promoting cluster formation.

@ The ability fo generate spatial structures (cluster phase) sign the propensity to
self-organize of hadronic matter. Multiplicity clustering provide new insights on
non-monotonic behaviour of mulfiplicity fluctuations.

@ This falk is based on the manuscript: arXiv:1904.01366.
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Additional slides
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Imprints of acceptance

@ Let us assume that g (M) presents a real distribution which describe multiplicity
distribution in the full phase space. Scaled variance w is given by parameters of such
distribution. For example:

14+ {(M)/k for NBD
w=11 for Poisson M
1-(My/k forBD
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Imprints of acceptance

@ Let us assume that g (M) presents a real distribution which describe multiplicity
distribution in the full phase space. Scaled variance w is given by parameters of such
distribution. For example:

14+ {(M)/k for NBD
w=11 for Poisson M
1-(My/k forBD

@ However, in the experiment we measure the multiplicity only within some window in
rapidity Ay. Roughly, for fixed acceptance a we have

W=a-We—, ()

and scaled variance decrease monotonically with decreasing acceptance.
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Imprints of acceptance

@ Of course, the above discussed procedure is not correct. Let us assume that the
detection process is a Bernoulli process described by the BD with the generating
function

F2)=1-a+a-z ®

where a denotes the probability of the detection of a particle in the rapidity window.
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Imprints of acceptance

@ Of course, the above discussed procedure is not correct. Let us assume that the
detection process is a Bernoulli process described by the BD with the generating
function

F2)=1-a+a-z 3)

where a denotes the probability of the detection of a particle in the rapidity window.

@ The number of the registered particles is

M
N = Z ni, @
i=1

where n; follows the BD with the generating function F (z) and M comes from g (M)
with the generating function G (z). The measured multiplicity distribution P (N) is
therefore given by the generating function

H(z) = G[F(2)] ®)
and finally we have
1 dVH(z2)
P(N) = MW . (6)
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Imprints of acceptance

@ Note that such procedure applied to NBD, Poisson distribution (PD) or BD gives again
the same distributions but with modified parameters. The scaled variance is given by:

14+ a(My/k =1+ (N)/k for NBD
w=11 for PD %)
T—a(My/k =1—(Ny/k for BD
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Imprints of acceptance

@ Note that such procedure applied to NBD, Poisson distribution (PD) or BD gives again
the same distributions but with modified parameters. The scaled variance is given by:

14+ a(My/k =1+ (N)/k for NBD
w=11 for PD %)
T—a(My/k =1—(Ny/k for BD

@ For all mentioned in Eq. 7 distributions w — 1 when a — 0. In the case of small
acceptance, the observed P (N) tends to PD.
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