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HRG - a useful tool

Lattice —Xperiment
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The HRG model

A system of non-interacting resonances can describe
most of the attractive interactions among hadrons.

WZ(T = > () T / FFm[1+(-1) e VFE o]

1€ Particles

—Here particles are assumed to be pointlike, with an
infinite life-time, masses in vacuum, etc.
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Multiverse of HRG

Particle list: density of states in the hadronic spectrum
Canonical vs Gran-Canonical (ensemble)
Kinematic cuts: exp. particle multiplicities

Multiple freeze-out scheme: tlavour hierarchy  seiwied et al. Prys RevLett. 111 2013)

Chatterjee et al., Phys.Lett. B727 (2013)

EC{UI“bl’Ium VS non—equilibrium Petran et al., Phys.Rev. C88 (2013)
Initial system size fluctuations Skokov et al., Phys.Rev. C88 (2013)
Repulsive interactions among hadrons

INn medium effects: effective masses Aarts et al., JHEP 1706 (2017)



Hadronic spectrum

PDG 2014
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The strange sector
IS the one which got
the largest and most
relevant changes in
recent years.
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Hadronic spectrum

The Quark Model predicts
a larger number of states
with respect to the ones
actually measured.
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P.A. et al., Phys.Rev. D96 (2017) no.3, 034517 D. Ebert et al., Phys.Rev. D79 (2009) 114029
S. Capstick et al., Phys.Rev. D34 (1986) 2809
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Hadronic spectrum

PDG 2012

mass (GeV)

PDG 2014 Quark Model PDG 2012 PDG 2014

P.A. et al., Phys.Rev. D96 (2017) no.3, 034517

Quark Model

Above a certain mass
threshold, only the
number of total states
matters for a given
set of guantum
numbpers.

D. Ebert et al., Phys.Rev. D79 (2009) 114029
S. Capstick et al., Phys.Rev. D34 (1986) 2809



Many particle effect

—0r most observables the eftect of additional particles
IS quite trivial...

— PDGO05 —» 142 ptcs
-==PDG14 -» 575 ptcs
--== PDG16 - 738 ptcs
-===QM - 1526 ptcs
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Many particle effect

—0r most observables the eftect of additional particles
IS quite trivial... the important is to have an agreement
with lattice data in the relevant temperature range (?)




More strange baryons?
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P.A. et al., Phys.Rev. D96 (2017) no.3, 034517
Bazavov et al., Phys.Rev.Lett. 113 (2014) no.7, 072001



Breaking down the spectrum
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Particular combinations
of fluctuations give
o201 7 selective informations
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P.A. et al., Phys.Rev. D96 (2017) no.3, 034517



EXxtra resonances on yields

'he inclusion of higher mass states systematically
improves the description of particle yields.
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P.A. et al., in preparation



EXxtra resonances on yields

ALICE@2.76 TeV

T (MGV) LB (MGV) \Y (fm 3) XQ/NdOf
PDGO5 | 156.2£2.2 0.8E7.2 5224.84624.8 | 14.8/9~1.6
PDG14 | 155.2£2.2 3.8L7 4663.1£590.3 | 20/9~2.2
PDG17 | 147.6£1.8 | 4.9£6.9 | 6995.84792.6 | 14.8/9~1.6
QM 148.31.8 6.9£7.2 6182.7£710.4 | 11.4/9~1.2

STAR@200 GeV

T (MeV) | up (MeV) V (fm ) X% /Naos
PDGO5 | 160.64+1.9 26.9x9 2208.94227.1 | 43.6/8~5.4
PDG14 | 164.1+2.3 | 29.6+8.4 | 1492.1+187.8 | 14.1/8~1.8
PDG17 | 156.5+2.0 | 25.847.9 | 2234.94268.7 | 14/8~1.8
QM 157.0+1.9 | 31.148.3 | 1934.94232.6 | 7.4/8~0.9




Rapidity cuts: relevant?

ALICE@2.76 TeV
T (MeV) | pg (MeV) V (fm 3) X°/Ndof
PDGO5 | 156.2+2.2 5.847.2 5224.84624.8 | 14.8/9~1.6
PDG14 | 155.242.2 3.847 4663.1£590.3 20/92~2.2
PDG17 | 147.6+1.8 4.946.9 6995.8+792.6 | 14.8/9~1.6
QM 148.34+1.8 6.947.2 6182.7+710.4 | 11.4/9~1.2
Baryon chemical potential is stable
T (MeV) | up (MeV) V (fm ?) X°/Ndof
PDGO05 | 149.34+2.1 5.1£6.7 9578.7+1156.5 22.2/9~2.4
PDG14 | 147.442.1 3.216.4 9203.741195.8 | 27.7/9~3.08
PDG17 | 141.5£1.7 4.4+6.3 12662.911450.4 22./9~2.4
QM 142.3£1.7 6.14+6.7 11176.1+1307.7 | 17.1/9~1.9




The chemistry of particle lists

temp= 155, mub= 1, vol= 5500

—— pdg05
—— pdgl4
— pdgl7
—— gm

In PDG14 there is the sigma
meson, not in PDG17
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Phase shift vs HRG

Repulsive channels counteract interactive ones. In the case
of the sigma meson they completely balance each other.
= doy g d°p
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The contribution from
repulsive channel

Broniowski et al., Phys.Rev. C92 (2015) no.3, 034905



Phase shift vs HRG

The same applies partially for other states, BUT we need
to have experimental data for the corresponding channels.
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Pok Man Lo et al., Phys.Rev. D92 (2015) no.7, 074003



Phase shift vs HRG

NN phase shifts have been used to calculate BS
susceptibilities.
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P. Huovinen et al., 1708.00879 [hep-ph]



Phase shift vs HRG

NN phase shifts have been used to calculate BS
susceptibilities.

. ME 1 dS dSt
2y 1 2 | — e —
+ M*) K, (2,9 > +M)4iTr[S - ds]

These combinations
are zero in the
standards HRG!!!!

These effects are
entirely due to
hadronic interactions!!!

P. Huovinen et al., 1708.00879 [hep-ph]




Phase shift vs HRG

NN phase shifts have been used to calculate BS
susceptibilities.

ST [*  ME ME _\1. [.dS dS!
b(T) =5 | dB(=5= + MO (23 > +M)4i'n[s - — 7=S

Possible drawbacks:
* inelastic scattering?
e NN=NL=LL=...7
e mesonic sector?

Unfortunately there is a
large systematic, due
to the lack of
experimental data

P. Huovinen et al., 1708.00879 [hep-ph]



EV effects into the HRG

Repulsive interactions can be easily implemented in the HRG
by means of hard spheres. This results into a shifted chemical

potential.

p(T, ﬁ) — Zp;d(T, ,LLj)
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D.H. Rischke et al., Z.Phys. C51 (1991) 485-490
M. Albright et al., Phys.Rev. C90 (2014) no.2, 024915
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EV effects into the HRG

Repulsive interactions can be easily implemented in the HRG
by means of hard spheres. This results into a shifted chemical
potential.

. Bini (T, i;) T,i) =Y p:T,u;
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: L 3
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inverse : v; < 1/m;
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M. Albright et al., Phys.Rev. C90 (2014) no.2, 024915



EV effects into the HRG

n order to be consistent with the virial expansion of
oressure, modifications are needed.
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Vovchenko et al., Phys.Rev. C95 (2017) no.4, 044904



EV: lattice QCD
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=V: Pure gauge

SU(2), with T, = T r (fm) | Ar (fm) | x*

point like 0 0 11.25

fixed 0.69 0.114 0.917

direct 0.518 0.095 1.95

. céntinuum extrapolation 3 lnverse O . 8 6 ]. O . ]. 4 7 O . 4 5

— point-like particles

— — fixed radius »=0.69(11) fm
-+ rdirectly proportional to mm, with r+ = 0.50(9) fm

- =+ rinversely proportional to mm, with 7+ = 0.89(15) fm

—— continuum-extrapolated results
— point-like particles
- -~ rfixed
. . 13
rdirectly proportional to m

. . 13
* = rinversely proportional to m

P.A. et al., Phys.Rev. D95 (2017) no.9, 094511




SU(3), assuming T, = 1.0247 r (fm) AN & (fm) X2

point like 0 0 54.73

point-like particles

« continuum-extrapolated results from JHEP 07 (2012) 056 ﬁX e d O 7 1 7 O O 4 7 2 O 7

— — fixed radius r=0.72(4) fm
-+ rdirectly proportional to mm, with r++ = 0.54(3) fm

direct 0.926 0.036 3.12

- = rinversely proportional to mm, with r+ = 0.91(6) fm 1HV€I‘S€ O . 90 7 O . 06 2 2 . O 5

¢ continuum-extrapolated results from JHEP 07 (2012) 056
— point-like particles
--- rfixed
r directly proportional to m™®

. . 13
* rinversely proportional to m

P.A. et al., Phys.Rev. D95 (2017) no.9, 094511




=V: Pure gauge

SU(3), assuming T, = 1.024T. r (fm) | Ar (fm) | x*
point like 0 0 54.73
fixed 0.717 0.047 2.07
direct 0.526 0.036 3.12
inverse 0.907 0.062 2.05
There iIs consistency

P.A. et al., Phys.Rev. D95 (2017) no.9, 094511

between SU2 and SUS3
glueball masses!!!!




=V: Pure gauge

SU(3), assuming T,, = 1.024T r (fm) | Ar (fm) | ¥

point like 0 0 54.73

fixed 0.717 0.047 2.07

direct 0.926 0.036 3.12

inverse 0.907 0.062 2.05

Would effective masses
(temperature dependent)
have the same effect???

P.A. et al., Phys.Rev. D95 (2017) no.9, 094511



EV + QM: fit to lattice

observables involved in the calculation of y?:

e thermodynamic: Z 4. _
o light: x4/x2 net-B, x4/x2 net-1, xuq;
o strange: xa/x2 net-S, Xus, ts/m LO, X5 .
number of lattice points = 111
PDGO05 | PDG14 | PDG17 QM
XQ/NdOf 49.645 10.094 9.331 16.312




EV + QM: fit to lattice

| perform a fit to the lattice data, allowing light and strange
particles to have a different behaviour, within the different EV
schemes formerly showed.

Fixed Fixed

X*/Naos r, (fm) ra (fm)
DGO05 44.3 0.446 £0.115 | 0.173 £0.133
DG14 5.723 0.389 +0.101 0.173 £0.1
DG17 4.28 0.383 +0.1 0.217 +£0.066
QM 6.263 0.351 £0.099 | 0.274 £+0.044

0| T T




EV + QM: fit to lattice

| perform a fit to the lattice data, allowing light and strange
particles to have a different behaviour, within the different EV
schemes formerly showed.

Direct Direct

X*/Naos r, (fm) ra (fm)

DGO05 45.48 0.394 £0.093 | 0.004 £0.432
DG14 4.719 0.375 £0.081 | 0.016 40.508
DG17 3.595 0.373 £0.085 | 0.172 £+0.073
QM 1.714 0.38 £0.092 | 0.266 +0.034

T| T T




EV + QM: fit to lattice

| perform a fit to the lattice data, allowing light and strange
particles to have a different behaviour, within the different EV
schemes formerly showed.

Direct Inverse

X*/Naos r, (fm) ra (fm)

DGO05 40.0632 0.487 £0.157 | 0.249 £0.052
DG14 3.717 0.404 £0.099 | 0.171 =0.063
DG17 2.20 0.391 +£0.092 | 0.192 +0.051
QM Ritels 0.353 £0.078 | 0.201 £0.043

0| | T




EV + QM: fit to lattice

The use of multiple parameters does not drastically improve
the quality of the fit, but underlines an interesting systematic
difference between PDG lists and the QM one.

Fixed Fixed Fixed Fixed

X°/Naof rr (fm) rg (fm) rp, (fm) ra (fm)
PDGO05 | 15.632 | 0.757 +0.093 | 0.515 +0.049 | 0.656 +0.114 | 0.006 4+0.73
PDG14 2.611 0.208 =0.279 | 0.221 £0.059 | 0.446 £0.102 | 0.007 =0.486
PDG17 1.721 0.161 =0.399 | 0.224 =0.058 | 0.435 =0.096 | 0.113 =0.221
QM 1.257 0.171 =0.339 | 0.214 =0.063 | 0.42 £0.095 | 0.285 0.038




EV + QM: strange obs.
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EV + QM: EoS
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FV + QM: light obs.
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EV + QM: no-fitted obs.

® lattice [notQCD] nt=6 |
A lattice [hotQCD] nt=8 :

~ .

PDGO5 - ideal }*\\

PDG16 - ideal
QM - ideal
QM - 2bEV

| I145I - I15OI - I155I
T (MeV)

PDGO05 - ideal
PDG16 - ideal
QM -  ideal
QM - 2bEV

lattice [hotQCD]

Xe/X2 net-B

lattice [hotQCD] nt=6 |

lattice [hotQCD] nt=8

PDGO05 - ideal
PDG16 - ideal
QM - ideal
QM - 2bEV

0.20

| '1215' o '150' |
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EV + QM: predictions
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EV + QM: yields

ALICE@2.76 TeV

PDG14 QM
id X% /Naor=20/9~2.2 X% /Naor=11.4/9~1.2
T= 155.242.2 (MeV) T= 148.3+1.8 (MeV)
up= 3.8¢7 (MeV) pup= 6.9+7.2 (MeV)
V= 4663.1+590.3 (fm 3) | V= 6182.74+710.4 (fm 3)
2b X2 /Naor=12.8/9~1.42
T= 149.4+1.78 (MeV)
pup= 7.6+£7.79 (MeV) .
V= 7323.84694.6 (fm °) For both energies are
STAR@200 GeV used the parameters
/ PDG14/ / QM / extracted from the fit
id 2/Ngor=14.1/8~1.8 2/Naor=T7.4/8>0.9 :
zf“: 1641423 (MeV) %: 157 0419 (MeV) to lattice QCD.

ip= 29.6+8.4 (MeV) pp= 31.14+8.3 (MeV)
V= 1492.14+187.8 (fm 3) | V= 1934.94232.6 (fm 3)
2b X2 /Ngor=11.9/8~1.48

T= 156.441.75 (MeV)

pp= 30.9548.6 (MeV)
V= 2744.14£239.5 (fm 3)
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Conclusions

The standard implementation of the HRG is unable to
describe all the observables/data.

Missing (strange-)resonances play a relevant role both in
lattice calculations and thermal fits, but repulsive
interactions MUST be considered in order to restore the
agreement with key observables.

EV effects are an useful tool in order to parametrize
effective hadronic interactions

There are signatures tor smaller strange states, both from
lattice thermodynamics and particle yields.



Thanks for your
attention
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Pb-Pb \5y=2.76 TeV
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T_148 MeV: (!1 *1 MeV ﬂxed) R S R
—— T=164 MeV!u =1 Mev
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Preghenella, Acta Phys.Polon. B43 (2012) 555



EV: crosstersm

This version of the model Is consistent with the 2nd order viral
expansion. The number of free parameters does not change.
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EV: crosstersm

This version of the model Is consistent with the 2nd order viral
expansion. The number of free parameters does not change.
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EV: particle yields

* ALICE, Pb+Pb, s, = 2.76 TeV, 0-5% centrality
: I-HRG, T =153.0 MeV, V = 5440 fm®, ’/N,, = 27.1/8
—— EV-HRG, T = 151.4 MeV, V = 11008 fm® %*IN,, = 0.42/6

A detailed balance of

particle suppression
removes the so called
proton anomaly.

P.A. et al. arxiv: hep-ph 1606.06542



EV: particle yields

With the parameters extracted from ALICE 0-5%, there is an
overall improvement for all centralities and lower energies.

e/ et TN 01w o] T 0w
NA49 20GeV | 5.868216 ‘ 3.668726 ‘ 106.448226 [122.919464
NA49 30GeV | 7.222598 ‘ 1.269705| §41.555846 |136.454728

B T 2
tice 0| oo | Vs 1.7
108 0] s o157 | foorsons [t
wace s s mor [0

NA49 40GeV | 8.07721 2.292649 39.293714 |136.775614

NA49 80GeV 13.78313 4.812104 38.121797 |141.917805
Ny soossgfass3508s 142032007
NA49 158GeV| 5.329034 §1.590537§ 146.535995 [142.932057
ALICE 30-40%| 5.29027 | 0.479082 6.606086 |155.778665 N f
ALICE 40-50%| 4.320371 | 0.225175 6.901153 155.046625

stice svau| 2o\ vssios | o azosorn
o _-'- There are no relevant changes
60-70 2.522801 3 0.896884 | 148.338287 |150.736294 .
- | in the freeze-out parameters.

f
ALICE 70-80%| 2.480648 m 150.701703 |158.829787
\__J




