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Abstract. Fluctuations of conserved charges measured in Heavy-Ion Collisions (HICs)
received increasing attention in recent years, because they are good candidates to explore
the phase diagram of QCD matter. During the last year, net-electric charge and net-proton
moments of multiplicities measured at RHIC have been published by the STAR collaboration,
for a range of collision energies which spans a region of the phase diagram at finite chemical
potential. Here we present a new freeze-out curve obtained using the Hadron Resonance Gas
(HRG) model approach to fit these experimental data. The HRG model is modified in order
to have a realistic description of the HICs: kinematic cuts, resonance feed-down and resonance
regeneration are taken into account. Our result is in agreement with preliminary studies by the
ALICE collaboration, and is supported by a recent lattice analysis of the same quantities.

1. Introduction

Various studies on Quantum ChromoDynamics (QCD) converge to the idea that for arbitrarily
high temperature and/or densities the strongly interacting confined matter undergoes a
transition to a phase in which the fundamental degrees of freedom, namely quarks and gluons,
are deconfined [1]. With joined efforts, physicists all around the world were able to obtain first
insight on the formation of such a state by means of Heavy-Ion Collisions (HICs). The quest for
the right set of observables in order to get a clean signal of the quark liberation has reached the
first step, mainly thanks to the possibility of performing simulations on a lattice (1QCD); on the
lattice they are able to exactly solve QCD, and consequently to find probes of the free-quark
phase from first principles. From the lattice we know that in the pure gauge sector the Polyakov
loop is the order parameter for the confinement first order transition, and that in a system with
dynamical quarks the transition is a smooth crossover [2]. Unfortunately, lattice simulations
are available only for small chemical potentials, due to the so called sign problem which does
not allow to use Monte Carlo techniques. In order to complement lattice simulations many
options are available from effective theories, like the quasi-particle approach for the deconfined
phase [3, 4, 5, 6, 7]. To study the confined thermal-equilibrated hadron phase, the most used
tool is the Hadron-Resonance Gas (HRG) model, which is based on the idea that a system of
interacting hadrons in the ground state can be described in terms of a non-interacting gas of



hadrons and resonances. This model is very successful in describing the hadron production in
HICs for a wide range of collision energies, ranging from AGS to the LHC [8, 9]. In the following
we will show how to describe the moments of particle multiplicity distributions measured in
experiments, by means of the fluctuations of conserved charges calculated in the HRG model. A
first matching with lattice calculations shows a good agreement with the HRG predictions [10] ,
which potentially can provide the link between experiment and first principle calculations. One
has to keep in mind that several sources of non statistical fluctuations might potentially affect
the experimental measurements: for a discussion on these issues see e.g. [11, 12]

The paper is organized as follows: in Section 2 we will introduce the main concepts about the
HRG model, in Section 3 we will introduce the concept of fluctuations and relate them to the
moments of multiplicity distributions, in Section 4 we will describe the main corrections applied
to the HRG, in Section 5 we will show the main results, and in the end the conclusions.

2. The Hadron Resonance (Gas model

The idea at the basis of the HRG model is that a system of interacting hadrons can be described
by a non interacting gas of hadrons and resonances. The resonance formation accounts for the
strong interaction among particles.

The thermally equilibrated system created after the hadronization process can be described by
the sum of independent particle contributions, e.g. for the pressure:
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where Bg, dr, mp are respectively baryon number, degeneracy factor and mass of the particle

R. The chemical potentials pr are given by a linear combination of all the conserved charges

times the correspondent chemical potential, for example in full chemical equilibrium where we

consider baryon number, electric charge and strangeness:

pr = Brup+ Qrpg + Sk s - (2)

The other quantities follow from the usual thermodynamic identities, e.g. the particle number
densities:
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We use a PDG list [13] with particles with masses up to 2 GeV. Due to its simple ideal-
gas nature it is easy in the HRG to modify a selected set of particles in order to fulfill the
experimental constraints, as showed below.

3. Fluctuations and higher order moments
From Eq. 1 it is possible to extract fluctuations of conserved charges as follows:
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The mean M, the variance o, the skewness S and the kurtosis x of the multiplicity distribution

of a net-quantity (e.g. electric charge Q) are related to the above fluctuations through the
following equations:

(4)
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Ratios of them are volume independent (to leading order), and so are in principle easily
comparable to lattice simulations and HRG model results:

o®/M = x2/x1, So=x3/x2, So°/M =x3/x1, ko* = x1/x2 . (6)

First experimental data on net-charge and net-proton number have been recently published [15]
and compared to lattice QCD results [16].

4. Corrections to match the experimental situation

Many corrections can be applied to the HRG model in order to get closer to the experimental
situation. For example, in order to reproduce the initial conditions one usually imposes
Ng = 0.4 Np and Ng = 0; this connects the temperature T and the three chemical potentials
to each other, namely pg and pg are functions of 7" and pp.

In the experiment it is not possible to cover the entire phase space, but just a portion of
it. This leads to the fluctuations of conserved charges: in the entire phase space, such charges
would be strictly conserved and there would be no fluctuations at all.

In accordance with the experimental kinematic setup the formulae modify as follow:
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The higher order cumulants are obtained accordingly. The effects of kinematic cuts on ng / X?
are shown in Fig. 1 (left). For a systematic study see [17].

At a certain point in the evolution of the system it is reasonable to expect that inelastic
scatterings between hadrons cease to happen, and hadrons will only interact elastically or quasi-
elastically, through the formation and subsequent strong decay of resonances. This is called
chemical freeze-out. Only the particles with a lifetime longer than the hadron phase one will
be detected; the effective number N; of these stable particles, given by their primordial thermal
number plus the contribution from the resonance decays (Eq. 9), is thus conserved.

Ni = Ni+ Y drosiN;. 9)
T

This situation is different from the full chemical equilibrium described by the lattice
simulations, and so we will call it Partial Chemical Equilibrium (PCE).
As a consequence, after chemical freeze-out, the resonance chemical potentials can be expressed
in terms of the stable particle ones, using the branching ratios of the decays.

The contribution to the higher order cumulants for every stable particle in PCE is easily
obtained using the partial derivative with respect to its effective chemical potential. See
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Figure 1. (Color online) Left panel: effects of the kinematic cuts on x2/x1 for the net-electric
charge compared to the situation of no cuts (blue full line); the different cuts read: 0.4 < pr < 0.8
(GeV) and |y| < 0.5 (red dashed line), 0.2 < pp < 2 (GeV) and |n| < 0.5 (green dot-dashed
line). Right panel: feed down correction to x2/x1 for the net-proton number (red dashed line),
compared to the result for the net-baryon (blue full line) and primordial net-proton (green
dot-dashed line). The curves are obtained using the freeze-out parametrization from [21].

Fig. 1 (right) to see the effect of the feed down correction. Experimentally, pions, kaons and
(anti)protons are the most abundant particles in the energy range of interest, but we extended
the set of stable particles in order to exclude the contribution from weak decays [14].

The multiplicity distribution of neutrons has not been measured. Nevertheless, the
contribution of neutrons on the distribution of their isospin partner can still be sizable, due
to some particular processes. Consider for example the formation cycle of a Delta resonance:

p(n) + 77 ") = AT = n(p) + 7 (x°); (10)

this regeneration process during the hadron stage realizes an isospin randomization, namely at
the detection it is impossible to distinguish between a primordial proton, or a proton coming
from the interaction of a neutron with a pion. The lifetime of a Delta resonance, for the
temperature range of interest, is big enough to perform a complete isospin randomization for
collision energies /syn > 10 GeV. The prescription to include such a process has been defined
in [18], and effectively this correction has a well established effect on the proton distribution.
See [19] for more details.

5. Results and conclusions

Using the experimental data from [15] on 0?/M for net-charge and net-protons, we are able to
calculate for each collision energy (11.5, 19.6, 27, 39, 62.4 and 200 GeV) the temperature and
the up at the chemical freeze-out. For further details on the calculation see [20]. In Fig. 2
(right) we show a comparison to the previous results by [21].

In our approach, we were able to find a common freeze-out surface which describes
simultaneously the net-charge and net-proton low order fluctuations. The agreement with
previous results is satisfactory for the pup, while our temperature is lower by about 20 MeV.
This difference may follow from the fact that the observables we are analyzing are dominated
by light quarks, namely pions, kaons and protons, while the former result is obtained from a
simultaneous fit of particle multiplicities belonging both to the light and strange sectors. Such a
lower freeze-out temperature is suggested also from another analysis of lattice calculations [22]
and recent LHC data [23], but further studies to solve this issue will be performed. Preliminary
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Figure 2. (Color online) Left panel: x2/x1 calculations using the HRG model with our freeze-
out parameters compared to the STAR data [15]; right panel: our freeze-out parameters (blue
crosses), compared to the previous result by [21] (red band).

results on the sensitivity of the higher order cumulants are available [24], and confirm our present
finding that the lower order fluctuations can be a good candidate to explore the QCD phase
diagram.

Acknowledgments

This work is supported by the Italian Ministry of Education, Universities and Research under the
FIRB Research Grant RBFR0814TT, a fellowship within the Postdoc-Program of the German
Academic Exchange Service (DAAD), and the US Department of Energy grants DE-FGO02-
03ER41260, DE-FG02-05ER41367 and DE-FG02-07TER41521.

References
[1] Adams J et al. [STAR Collaboration] 2005 Nucl. Phys. A 757 102

[2] Borsanyi S, Endrodi G, Fodor Z, Jakovac A, Katz S D, Krieg S, Ratti C et al. 2010 JHEP 1011 077
[3] Blaizot J P and Iancu E 1994 Nucl. Phys. B 417 608.
[4] Bluhm M, Kampfer B and Redlich K 2012 Phys. Lett. B 709 77
[5] Meisinger P N, Ogilvie M C and Miller T R 2004 Phys. Lett. B 585 149.
[6] Castorina P, Greco V, Jaccarino D and Zappala D 2011 FEur. Phys. J. C 71 1826.
[7] Ruggieri M, Alba P, Castorina P, Plumari S, Ratti C and Greco V 2012 Phys. Rev. D 86 054007
[8] Braun-Munzinger P, Redlich K and Stachel J 2003 In *Hwa, R.C. (ed.) et al.: Quark gluon plasma* 491-599
[9] Andronic A, Braun-Munzinger P, Redlich K and Stachel J 2013 Nucl. Phys. A 904-905 535¢
[10] Karsch F, Redlich K and Tawfik A 2003 Eur. Phys. J. C 29 549
[11] Hauer M and Vogel S 2011 Phys. Rev. C 83 064906.
[12] Schuster T, CERN-THESIS-2011-318.
[13] Beringer J et al. [Particle Data Group Collaboration] 2012 Phys. Rev. D 86 010001.
[14] Bluhm M, Alba P, Alberico W, Beraudo A and Ratti C 2014 Nucl. Phys. A 929 157
[15] Adamczyk L et al. [STAR Collaboration] 2014 Phys. Rev. Lett. 112 032302
Adamczyk L et al. [STAR Collaboration] 2014 Phys. Rev. Lett. 113 092301
[16] Borsanyi S, Fodor Z, Katz S D, Krieg S, Ratti C and Szabo K K 2014 Phys. Rev. Lett. 113 052301
[17] Garg P, Mishra D K, Netrakanti P K et al. 2013 Phys. Lett. B 726 691
[18] Kitazawa M and Asakawa M 2012 Phys. Rev. C 86 024904
[19] Nahrgang M, Bluhm M, Alba P, Bellwied R and Ratti C 2014 arXiv:1402.1238 [hep-ph)].
[20] Alba P, Alberico W, Bellwied R et al. 2014 Phys. Lett. B 738 305
[21] Cleymans J, Oeschler H, Redlich K and Wheaton S 2006 Phys. Rev. C 73 034905
[22] Bellwied R, Borsanyi S, Fodor Z, Katz S D and Ratti C 2013 Phys. Rev. Lett. 111 202302
[23] Preghenella R [ALICE Collaboration] 2012 Acta Phys. Polon. B 43 555
[24] Forthcoming publication.



