PROCEEDINGS

OF SCIENCE

Hadronization, chemical equilibrium and chemical
freeze-out

F. Becattini*

University of Florence and INFN

Department of Physics and Astronomy, Via G. Sansone 1,1%®&esto F.no (Firenze), Italy
E-mail: becattini @i .infn.it

Eduardo Grossi

Universita di Firenze and INFN Sezione di Firenze, Firentady
Jan Steinheimer

Frankfurt Institute for Advanced Studies (FIAS), Frankf@ermany
Reinhard Stock

Institut fiir Kernphysik, Goethe-Universitat, Frankfu@&ermany

Marcus Bleicher

Frankfurt Institute for Advanced Studies (FIAS), Frankf@ermany

| review recent results in the subject of hadron productioreiativistic heavy ion collisions and
the concepts of chemical freeze-out, chemical equilibraind the role of post-hadronization
inelastic collisions at the LHC energy.

9th International Workshop on Critical Point and Onset ofddafinement - CPOD2014,
17-21 November 2014
ZiF (Center of Interdisciplinary Research), UniversityRiélefeld, Germany

“Speaker.

(© Copyright owned by the author(s) under the terms of the @e&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



Hadronization, chemical equilibrium F. Becattini

1. Introduction

The study of hadroproduction in relativistic heavy coliisé has been the subject of an intense
research work for more than 20 years by now. Accurate meamunes of multiplicities of the
different species and their spectra over a large span ofecefimass energies have been a major
test bench for the models and have led to a concrete vertficafithe QCD phase diagram. Re-
cently, the accurate measurements provided by the LHC iexpets at a nucleon-nucleon centre
of mass energy of/syy = 2.75 TeV have renewed the interest in the dynamics of the budkdma
production.

The collected evidence in elementary and heavy ion cafissipoints to the following picture
of the process of hadron production:

e Hadrons are produced laical equilibrium at a pseudo-critical temperature because meso
intrinsic feature of non-perturbative QCD, possibly rethto the so-called quantum thermal-
ization phenomenon [1];

e Hadron reinteraction is possible if the hadronizing sysiefarge enough, like in heavy ion
collisions. Hadronic collisions in the expanding system dave it out of equilibrium until
freeze-out occurs;

It is possible to model post-hadronization dynamics (hftaming) with some numerical code such
as UrQMD, hence to reconstruct the primordial equilibriuonditions of the hadronic system,
what we define as LCER,atest Chemical Equilibrium Point Although conceptually different

from the hadronization point (hadrons can reinteract foeey \short time cooling down while

maintaining chemical equilibrium), it seems reasonablassume LCEP virtually coinciding with

hadronization.

2. Thefreeze-out process

In an expanding sytem of interacting particles freeze-aatics when the mean scattering time
Tscat€Xxceeds the mean collision tinigy:

1 1
Tscatt= —na<v> > Texp = ERT (2.2)

u being the hydrodynamical velocity field arfd) is the mean velocity of particles. If the cross-
sectiono is the inelastic one, the freeze-out is caltdeemical whereas if it includes elastic pro-
cesses, the freeze-out is calleédetic Chemical freeze-out of course precedes the kinetic as the
inelastic cross section is smaller than the total.

We can obtain a gross approximation of the expansion timie thé ratioV/V whereV (t) is
the volume of the fireball at the tinte For a fireball which is spherical in shape with a radrjs
this isR/3R and if the radius increases at approximately the mean feastiocity (v), we have

the condition:
1 R 1 R
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For N particles within the volume, this inequality yields the itedat which freeze-out occurs as a
function of N and of the average cross-section:

INo
Rfo = E (2-3)

and the density at which freeze-out occurs, which decreaglkdN according to:

N 4 1
Mo = == = 31/ — —=— (2.4)
7%, VN o

Of course, it should be kept in mind these estimates (2.3Y24d are crude, but they tell us that
the freeze-out radius, for each particle, approximateffescwith the square root of the number of
scattering centers a particle can interact with and theeleross section. For a low multiplicity
hadronic system, it may happen that the above value exchedsensity of hadrons when they
are formed, that is at hadronization. This simply signat ttedrons decouple right after their
formation without reinteracting, what happens in elemgntallisions, at the intrinsic hadroniza-
tion density scale which is dictated by QCD. For relatigisieavy ion collisions, conversely, the
multiplicity can grow to large numbers so that there coulcebeugh time for hadronic reinterac-
tion and freeze-out occurs later. For instance, for thecglpialue ofN = 1000, in most central
collisions, ando = 30mb= 3fm? one hasR;, ~ 15 fm, which is in the right ballpark (for kinetic
freeze-out) taking into account the drastic approximatiorade; the density at freeze-out turns out
to beny, ~ 0.06 fm~3 which is lower than the typical hadronization density of @®.5 fm 3.
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Figure 1: Modification factors (see text for definition) far", proton, ancE™ as a function of centrality at
V/Syn= 2.76 TeV calculated with UrQMD. The error bars are stat#ti From ref. [2].
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3. An analysisof yieldsat different centralitiesat the LHC

As the freeze-out conditions depend on multiplicity, onewt then expect that the amount of
post-hadronization collisions depends on centrality atesdixed centre-of- mass energy. Indeed,
while in central collisions multiplicity is large and theshould then be, e.g., more antibaryon
baryon annihilation/regeneration than in peripheralisohs. Thus, if our hypothesis is correct
that the QCD hadronization process generates an equitibdnadron/resonance yield distribution,
at some constant temperature the afterburning effects should lead to a larger modificatn
central than in peripheral collisions. As baryon atteraratieads to lower apparent freeze-out
temperatures derived from the standard SHM analysis, wddnexpect this temperature to rise,
mildly, from central toward peripheral collisions. We haaealyzed the multiplicities measured
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Figure 2: Temperature as a function of the impact paramief{gentral values corresponding to centralities
measured by ALICE). Black dots: chemical freeze-out terapuee. Red dots: LCEP (see text) temperature
obtained by including UrQMD modification factors. From rieX].

by the ALICE experiment a{/sy\= 2.76 TeV [3] to determine the chemical freeze-out pararsete
with fits to the usual SHM predictions and to the same formuelaeected for the modification
factors, defined as the ratios between the particle yields afterburning and the same vyields
without it. Details of the analysis can be found in ref. [2]heTmodification factors (see fig. 1
have been estimated with a hybrid version of the code UrQMnjplementing afterburning after
a hadron generation according to local thermodynamicalliedqum prescription (Cooper-Frye
formula).
The results of the fit are shown in fig. 2 and 3. As can be seen fign3, the fit quality

improves throughout after the implementation of afterimgrcorrections. The fitted temperature



Hadronization, chemical equilibrium F. Becattini

- Without afterbuner
5L e With afterburner

20

10F

b (fm)

Figure 3: (Color online)x? of the SHM fits with and without afterburning corrections asiaction of the
impact parametdy (central values corresponding to centralities measuresLb@E). The fitted parameters
being in this cas@, ys and the normalization, the number of degrees of freedomksam ref. [2].

rises by several MeV'’s, as shown in fig. 2, in agreement widvipus findings [5]. Furthermore,
the LCEP temperature is less centrality dependent thanlaie ghemical freeze-out temperature,
which bears out the idea of a universal (at fixed baryon dgnisédronization temperature [6, 7].
This is best seen in fig. 4 where we show the difference betwezoorrected temperature and the
plain SHM fitted one. The difference steadily decreasesisvperipheral collisions, again in full
agreement with the picture that afterburning affects lesschemical composition if the overall
multiplicity is lower. There remain two small structurestie temperature vs centrality plot after
the afterburning correction: a mild rise towards mid-pleeial collisions (see fig. 2) and a sizeable
decrease in most peripheral collisions.

4. Conclusions

To summarize, we have demonstrated that in the high mulitiplenvironment of relativistic
heavy ion collisions a{/syy=2.76 TeV the inelastic collisions play a significant rolenodifying
the primordial hadronic yields from hadronization. The amioof inelastic rescattering is expected
to depend on multiplicity, hence on centrality. This effectlearly seen in the centrality depen-
dence of specific particle ratios measured by the ALICE erpent and especiall§ / it which - for
the first time - is observed to increase towards periphethsioms before dropping. These findings
are in excellent agreement with the concept of a univeratisstal hadronization occurring at the
pseudo-critical QCD temperature.
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Figure4: Difference between the corrected temperature and the claéfréeze-out temperature as a func-
tion of the impact parametér(central values corresponding to centralities measuredlh€E). The error
bar has been estimated by taking a 100% correlation betvesgriors ol in the two fits. From ref. [2].
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