Linking the particle yields data in HIC with lattice QCD
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Probing thermalization, composition and
parameters of the collision fireball in HIC
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Compare HIC data and Lattice QCD results
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Can the thermal nature and composition
of the collision fireball in HIC be verified ?

Jean Cleymans, Helmut Oeschler & K.R

HIC Lattice QCD
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Consider fluctuations and correlations of
conserved charges to be compared with LQCD

v

Excellent probe of:

QCD criticality
A. Asakawa at. al.
S. Ejirietal,,...

M. Stephanov et al.,

K. Rajagopal et al.
B. Frimann et al.

freezeout
conditions in HIC

F. Karsch &
S. Mukherjee et al.,
C. Ratti et al.

P. Braun-Munzinger
et al.

They are quantified by susceptibllities:
It P(T, us, 14, 14s) denotes pressure, then
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Consider special case:

Baryon and anti-antibaryon Poisson
distributed, then for the net charge N

P(N) is the Skellam distribution

<N;>=N, = P(N) = [N J (2,/N N_, ) exp[—(N, +N_;)]

Charge carrying by
particles (=1 The susceptibility
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Consider special case: particles carrying q=+1+2,+3

The probability distribution
P. Braun-Munzinger, S
B. Friman, F. Karsch, [
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<Sn,m> IS the mean number of particles
carrying charge N=n and M =m




Variance at 200 GeV AA central coll. at RHIC

STAR Collaboration data in central coll. 200 GeV
Consistent with Skellam distribution

=1.022+0.016

4 —1.076+0.035

X3

ALICE data consistent with Skellam A77 <1

0-5% 200GeV =
5-10% 200GeV -
01 | 10-20% 200GeV - AR
20-30% 200 v :
001 | 30-40% ZUDGEV !' STAR —
' . ‘v <p>+<p>
0.001 | !g- _ o2
Z 0.0001 | g‘T ‘8
o T :
1605 | L “ — 1.15p
: : — C
10-06 | LI " Q- | o
Lo
1607 | . | x 1.1
v 58 Q\l ﬂ
* o
1e-08 : : ' ' : : : ¥ 1.05
20 15 10 -5 0 5 10 15 20
N
Skellam distribution is a good 1
approximation to calculate the 2 0.95
order charge fluctuations in HIC
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The influence of baryon number conservation:
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Variance at 200 GeV AA central coll. at RHIC

K. Morita, B. Friman and K.R.
Phys.Lett. B741 (2015) 178
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STAR Collaboration data in central coll. 200 GeV

Consistent with Skellam distribution
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needed to capture the O(4) critical chiral
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properties of higher order cumulants
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Direct comparisons of Heavy ion data at LHC with LQCD

Znv with  N,M ={B,Q,S} are expressed by particle yields
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The cumulant ratios extracted from ALICE data are
The Volume at consistent with LQCD at

0.148<T. <160 MeV
VTC =3800+500 fm’ Evidence for therrT{aIization at the phase boundary




Constraining chemical freezeout temperature at the LHC
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Constraining the upper value of the chemical
freeze-out temperature at the LHC

caontinuum extrap.
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Considering the ratio
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one gets T <156 MeV
From the comparison of
2"d order fluctuations and
correlations observables
constructed from ALICE
data and LQCD, one gets
agreement at

148<T, <156 MeV
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Particle yields data at the LHC consistent with LQCD at the phase boundary



Thermal origin of particle yields with respect to HRG

Rolf Hagedorn => the Hadron Resonace Gas (HRG):
“uncorrelated” gas of hadrons and resonances
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Measured yields are well reproduced within HRG with
T =156+1.5 MeV that coincides with the chiral crossover



Helmut Oeschler

Correlated strangeness production
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Chemical Freeze out and QCD Phase Boundary

Chemical freeze out defines a lower The QCD phase boundary

bound for the QCD phase boundary coincides with chemical freeze out
A. Andronic, P. Braun-Munzinger, K.R. & J. Stachel conditions obtained from HIC data
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Good description of the QCD Equation of States by
Hadron Resonance Gas

A. Bazavov et al. HotQCD Coll. July 2014
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provides an excellent approximation of the
QCD equation of states in confined phase
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As well as, good description of the net-
baryon number fluctuations which can be
improved by adding baryonic resonances
expected in the Hagedorn exponential mass
spectrum




Deviation of Hadron Resonace Gas from LQCD
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Missing strange baryon and meson resonances in the PDG

F. Karsch, et al., Phys. Rev. Lett. 113, no. 7, 072001 (2014)
P.M. Lo, M. Marczenko, et al. Eur. Phys.J. A52 (2016)

Large deviation of HRG from LQCD results due to missing strange baryon
resonances and incorrect treatment of dynamical width of non-strange resonaces



HRG model and S-MATRIX APPROACH

R. Dashen, S. K. Ma and H. J. Bernstein,

Phys. Rev. 187, 345 (1969) Consider interacting pions and kaons gas in thermal

W. Weinhold, & B. Friman equilibrium at temperature T
Phys. Lett. B 433, 236 (1998). Due to K1r scattering resonances are formed
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Probing non-strange baryon sector

Pok Man Lo, B. Friman, C. Sasaki & K.R. Due to isospin symmetry
T | | | | | | ) ZBQ :E(ZBB_|ZBS )
. gpN(s11) where all S =x1 baryon resonances

b.0e

are canceled out. The S=12,43
contribution is small, thus ¥gq is
governed mainly by the contribution of
nucleons andS =0 baryonic
resonances N°,A”

Considering contributions of all
, N™, A resonances to 4BQ with
/V o IS|=2.3 correctly implemented dynamical

= T widths within S-matrix approach imply
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(G towards the LQCD data in the region
of chiral crossover




Conclusions:

The medium created in HIC at the LHC is of thermal origin and
follows properties expected in LQCD near the phase boundary at

148<T <156 MeV

= The Hadron Resonance Gas is confirmed to be a very good
approximation of QCD thermodynamics and provides also
quantitative description of particle yields in HIC from SIS to LHC

= systematics of LQCD results on 2" order fluctuations and
correlations idicate that there are missing baryonic resonances in
the S=+1 strangeness sector

= To properly quantify fluctuation observables within HRG model the
dynamical widths of broad resonances must be correctly included.
e.g. by using the phase shift data within S-matrix approach



