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 Introduction: Fluctuations of conserved charges and hadron resonance gas

« Hardon resonance gas with repulsive interactions and fluctuations of baryon
number

« Charm fluctuations and quark deconfinement

« Baryon number fluctuations and baryon-strangeness correlation along the
crossover line and freeze-out condition in RHIC

« Summary
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QCD Thermodynamics at Non-zero Chemical Potential

Taylor expansion :
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Taylor expansion coefficients give the susceptibilities, i.e. the fluctuations and
correlations of conserved charges, e.g.
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information about carriers of the conserved charges ( hadrons or quarks )

\ 4

probes of deconfinement and freeze-out in heavy 1on collisions 2




Second order Taylor expansion coefficients and HRG
HISQ, mghw’ a=1/(I'N,;) Bollwegetal (HotQCD), PRD 104 (2021) 074512
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Quark Model HRG (QM-HRG) works up to temperatures ~145-150 MeV
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Higher order Taylor expansion coefficients and HRG

HISQ, mP"s, a = 1/(TN,)
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For 4% order expansion coefficient QM-HRG
may work only for 7</40 MeV
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For 6 and 8t order expansion coefficients

turn negative around 7, QM-HRG, only works

for 7<135 MeV



HRG with repulsive mean field
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Baryon number fluctuations in HRG with repulsive mean field

Biswas, PP, Sharma, PRC 109 (2024) 055206
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WB continuum correspond to small box LT=2

QM-HRG with repulsive mean field can explain the lattice result on 61" and 8t order
baryon number fluctuation up to 7=755 MeV
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Generalized charm susceptibilities
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Hadronic description breaks down
just above T,
—=>open charm deconfines above T,
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The charm baryon spectrum is not well
known (only few states in PDG), HRG
works only i1f the “missing” states are
included



Charm Hadrons and Quarks across T,

M >>T and Boltzmann approximation holds fix = px/T
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Generalized susceptibilities for strangeness neutral case

Xn 2 (T, 1B)

RXY (T, up) = can probe freeze-out conditions in RHIC

Bazavov et al, PRD 101 (2020) 074502; Bollweg et at, PRD 110 (2024) 054519
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Baryon number fluctuations along the freeze-out line

T T T T
11.5 GeV 9.2 GeV 7.7 GeV

Bollweg et at, PRD 110 (2024) 054519
R%(TpC(NB)a np) = Riy(V/snN)

=yl = ph(VEnN)

agreement with Tf(,/sNN), ,ué(\/SNN)

obtained from statistical model fits
of particle yields

12 B 14.5 GeV —
RE (Tpe (Ua) , Uip) - N
17.3 GeV
1 — 19.6 GeV _|
||
27 GeV
0.8 | ] |
06 - /.. QCD:NLQJ[3,2] ==
54.4 GeV NNLO[5,4]
04 - 62.4 GeV STAR:F{E’2 HIlH |
QMHRG2020 —
0.2 ' o ey PDG-HRG — =
ps/T
0 | | | | |
0 0.5 1 1.5 2 2.5
Q N ©
si2[GeV]: & & & >

1.4

1.2

0.8

0.6

0.4

0.2

- RX
mn

— 39

@
|

HotQCD 2020 : R®
RB

42
STAR 2024: Rg1
R, i

» 9
SN
| |

- 1| Bazavov et al, PRD 101 (2020) 074502

RB <1
RE, < RZ for large up

. ~§ + % + in agreement with LQCD

. 10

HIC-data: X =p
B QCD:X=B
_ « i
I:{12
| | |
0 0.2 0.4 0.6 0.8 1 1.2



Correlations of strangeness with baryon number
and strangeness along the freeze-out line
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Tension between LQCD and STAR BES-II for /s < 39 GeV

Underestimated feed-down from excited states ?
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A generalized definition of the isothermal compressibility in QCD

Non-relativistic theory: QCD: n—onyx,X=RB,Q,S
1 [OV 1 9°P
KT = % (%)TN = FW Problem: diverges for ux — 0

applicable also in HRG
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Summary

* Fluctuations and correlations of conserved charges can be understood in terms
of HRG if missing baryons are included (QM-HRG)

» For higher order baryon number fluctuations repulsive interactions play an
important role

« Charm quark appear as new degrees of freedom above the crossover temperature
but co-exist with charm hadrons up to T=200 MeV

« Lattice results and the experimental results on fluctuations
and correlations of conserved charges indicate that interactions in hadron gas
just below the transition temperature are significant

» Fluctuations and correlations of conserved charges can be used to
determine the freeze-out conditions in RHIC

 Electric charge fluctuations can be used to define iso-thermal susceptibility in QCD
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