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Abstract

From simulations on lattice it is suggested that there exissing states in the strange sec-
tor of the hadronic spectrum. Since those predictions maeglly on the Hadron-Resonance
Gas model assumption, it is important to check the influerfiedl the known possible imple-
mentation of such a model, in particular the effect of repalforces among hadrons. | ex-
plore the interplay between the inclusion of extra stateglipted by the Quark Model, which
| expect to be in line with possible future discoveries, dmel¢orresponding repulsive forces
parametrized trough the Excluded Volume. | find that theusidn of Quark Model states
improves the description of some observables, but in omlérate an overall improvement
for most of the available observables, repulsive inteoastiare needed. | check experimen-
tal measured yields and results from lattice simulationgvels | find that there is a better
description of the data when including both effects, withireasonable temperature range.

. Introduction

In recent years the HIC program was very successful in pnogicesults on strong inter-
actions. Among these it is remarkable the success of thistgtat hadronization model,
which assumes that immediately after the collision theesysthermalizes into a fireball
from which hadrons are emitted. This result has been fusthested against hadron pro-
duction [1], and with hydrodynamical simulationg][ However it is worth to mention that
other options exist, e.g., a microscopical descriptionulgh transport models, from which
it is possible to access directly the partonic nature oféhogeractions.

Lattice simulations provided excellent results, and irerggears it was possible to improve
the accuracy and precision of those, in order to be able tyzsaxperimental dat&], and
being able to do important step forward in the understandfrthpe QCD transition; this is
extremely important because allows to directly connectetiigeriment with first principle
calculations. From these, we know that the confinementitranss a crossover4], i.e.,
does not allow to clearly asses when there is the passagedretive two phases, but only
to estimate a (pseudo-)critical temperature of about 150 Mg This has important conse-
guences, e.g., the fact that the crossover acts differénthljifferent constituent, hinting for
a flavor hierarchy in the critical temperatu.[

Fluctuations of conserved charges have been proposed taudwaest these assumptions,
and have been proven to be very sensitive observables ftaoelaimulations$], and from
experimental measuremeni §).

One important tool used to overcome the inner differencésdeEn experimental measure-
ments and lattice is the Hadron-Resonance Gas (HRG) motdalhwas proven to be suc-
cessful in the description of particle yield3,[and shows a good agreement with lattice sim-
ulations [LO] and experimental measurements for the fluctuations ofeserd chargesifi].

140



— ideal: T=154 MeV, V=5020 fm®
1T fixed EV:  T=154 MeV, V=6755 fm’
double bag: T=157 MeV, V=8694 fm®

4L — PDG2014: T=154 MeV, V=5020 fm®
- PDG2015: T=151 MeV, V=5594 fm®
PDG+QM: T=148 MeV, V=6202 fm®

L L L L L L L L L L L L L L L L L L L L L L L L L L L e 0
120 130 140 150 160 170 120 130 140 150 160 170
T (MeV) T (MeV)

Figure 1:y? profile with temperature from the fit to particle yields measlby the ALICE collab-
oration for PbPb collision at 2.76 Te\l4-16]. For every temperature the volume is minimized,
but the baryon chemical potential is fixed to zero. On parjas(showed the effect of the inclusion
of higher-mass states, while on panel (b) is showed thetedfdeV effects.

2. Quark Model

From the discrepancy between lattice calculations and HR@igtions for a specific ob-
servable, it has been proposed that the actual measurezhi@sipectrum is lacking in some
states in the strange sectd?], and that Quark-Model (QM) predictions could fill the gap
restoring the agreement between the two frameworks. Haweigeeasy to check that the
wild inclusion of all those states can ruin the agreement wiher observables, due in par-
ticular to multi-strange baryons.

Indeed, this is connected with the uncertainty coming froengarticle list used as an input
in the HRG model, which relies essentially on the measurpédmxental states listed by the
Particle Data Groupl[3].

In order to check the reliability of those states, | show ig.Hi panel (a), the/? profile in
temperature for the fit to particle yields from PbPb collisat 2.76 TeV measured by the
ALICE collaboration [L4-16] (see [L7] for more details), withy? given by:

N exp
B S (Nu))” (1)

N
dof h—1

It comes out that the updates from the PDG improve the degmmipf the data (see also Ta-
ble 1); extracting the informations on the branching ratios fithh PDG 2015 and applying
them to the QM states, the’ is further decreased, leaving the freeze-out parameterssal
unaffected.

By the way there are different options available for QM chdtions with respect to the one
employed here, which are essentially the most crude andabasidant.

A similar improvement can be achieved accounting for rapelsteractions (see Fidl
panel (b)), as will be explained in the following section.
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Table 1: Freeze-out parameters, and corresponghirfgom the fit to particle yields measured by
the ALICE collaboration for PbPb collision at 2.76 Tel4{-16] for different particle lists and EV
parameterizations. In the last column is shown thdor observables calculated on the lattice for
temperatures below 164 MeV; the parameters are the onesethfaom the fit to particle yields.

list EV X?jields T (MeV) 14 (fmS) XIQattice
PDG2014 id 22.49/8=2.81 154.19t2.29 5047+ 663 9.49
PDG2015 id 14.47/8=1.8 15153t 2.12 5620+ 705 8.65
QM id 11.62/8=1.45 148.39%+1.18 6227+ 722 15.905
PDG2014 fix 22.65/7=3.23 154.1H 2.28 5934+ 701 10.95
QM fix 11.74/7=1.67 148.33t1.18 7131+760 6.98
PDG2014 2b 11.77/6=1.96 157.64t2.46 5734+ 620 14.07
QM 2b 13.47/6=2.24 149.2A 1.8 7483t 704 1.705

3. Repulsive Forces

The inclusion of resonance formation mediates the attradtiteractions among hadrons,
neglecting the repulsive ones which however are preseheiexperimental scattering mea-
surements. The last can be implemented within the HRG moitelke so called Excluded
Volume (EV) [18]; hadrons are considered as hard spheres, and are assumepelteach
other when their effective radii; overlap. In this picture hadrons posses an eigenvolume
given byv; = 1—367rr§’, which must be subtracted to the total volume of the systeimis T
implies a transcendental equation for the system pregswith a shifted single particle
chemical potentiafi; = 11; — v;p. The others thermodynamical quantities are obtained from
usual relations, e.g., the particle densities are:

ni (T, jiy)
L+ vy (T, pf)

where it is clear the double fold suppression, coming froensthifted chemical potential and
the overall denominator.

ni(T, up) = (2

It has been pointed out that the proper inclusion of repealivces is relevant for resonances
like theo and thex [19,20], and in general can influence other resonances.

Since data are not available for all the hadronic speciesepten our lists, | employ different
parameterizations for the particle eigenvolumes: fixedafbspecies, directly proportional
to the particle mass (as one could expect for radial excitatirom QM calculations), and
inversely proportional. The last case, even if may look ¢euntuitive, has been explored
theoretically R1], and can derive from the assumption of diquarks as comstitubuilding
blocks together with quarks. It has been pointed out howabksimption can improve the
description of particle yieldsl7], and of lattice simulations in the pure gauge sec2&.|

It is worth to note that for a fixed radius the relative demesitstay constant (see BjJ.
essentially leaving unaffected results based on partigkly. The situation is different
when looking at higher order cumulants, as can be seen ir2Fig.
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Figure 2: Comparison between lattice daBaZ4] and HRG calculations with different particle
lists and particle eigenvolumes, fgr /x> observables for different quantum numbers. Currently
there are no lattice data available for net-electric charge
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4. Comparison with Lattice

In Tablel, I list the results from the fit to particle yields using tharsflard HRG i¢l), an
EV with fixed radii fix) and with radii proportional to the particle mass with postionality
constant dependent on the flav@bj. The same EV parameters are applied for PDG2014,
PDG2015 and QM lists. Here | also calculate tftefor the different HRG options against
the lattice data for pressure, interaction measwté, !, x3, is/1slro, Xa/X2|net—B
Xa/X2|net—s aNAx4/X2|net—iigne TOr temperatures below 164 Me\3,[23, 24], which should
be a reasonable range of temperatures near the crossoveow Itlsat with the inclusion
of QM states and with @b EV withr, = 0.36 fm andr, = 0.27 fm (it is convenient to
parametrize the; with the ground state hadrons in order to have an immediatgadson),

| can systematically improve the description of both expertal and lattice data, with hints
from both sectors for smaller strange hadrons with resettid light ones with the same
mass.

In Fig. 2, | show a comparison between lattice and HRG predictiongi®g,/x-» for net-
light, net-B and net-S quantum numbers; the improvementaltie EV could be understood
in terms of the statistical suppression due to the finitesstfaesonances; in particular in
the strange sector the EV suppression balances the efféloe aficlusion of multi-strange
baryons (leaving unaffected the results for fhg:z|.0). There are no data for the net-
electric charge, and here | show my prediction for this giyant

It is worth to note at this point that the EV parameters emgtbgre solely obtained from a
fit to particle yields, which result in freeze-out parametesmpatible with théd case.

5. Conclusion

In conclusion, | studied the balance between attractiverepdlsive forces within the HRG
framework. | find that the simultaneous inclusion of higheass states and EV interactions
improves the description of a large set of observables lvoth €xperimental measurements
and lattice simulations, hinting in particular to a flavopdadent size. This could depend
on the QM calculations employed, and can be critical theusioh of exotic resonances
like the x(800), which need still to be confirmed but which would havargé influence on
observables related to strangeness.

A systematic study of all the different versions of the Quisi&del against repulsive inter-
actions is mandatory.
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