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Connect to theory.
correlation length &
susceptibility

Sensitive to:

(1)Nature of transition
(2)Critical point
(3)Freeze-out
(4)Thermalization
(5)Initial EM fields

Key topics in the field




Thermalization

« Why address this topic ?
* To establish quark-gluon

plasma

* To establish the QCD
phase diagram

* To understand several
physics conclusions at
Relativistic Heavy lon
Collisions
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Thermalization

* Some of the ways to address the topic

* Maximum entropy - dS/dt =0 (Our system
short lived) -- To show experimentally is
challenging (impossible?)

* Interactions among constituents saturate. (State
in thermal equilibrium has no knowledge of past)

-- Can we demonstrate this experimentally ?

« Space-momentum distributions reach
equilibrium value -- Can we access this

experimentally ?




Thermalization
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Mean yields have been successfully explained by thermal models. But that is not the full
distribution. Distributions described by moments - are all orders of moments thermal ?




Moments of multiplicity distribution and
statistical hadron resonance gas model

mZCT,V,{m}) = Y %/dc‘pln(u NEC¢ =T

dln Z6°¢

Opi

_ YV Ny L, (ke
_27r2kz_:l(:{:1) w2\ 7T

species i 8, _“‘))il xeﬁk“‘
X _ n. (n) XY _ vp2 (1) 4P
C, = V/T)T"xx Cii =771 Xxy — dpiy dyiy
P T7 ) ) 7V
XEZ'L) — an/d,LL% ( /;B .UQ Hs )
=Y+, % [K*dkIn{l £ exp|(y; — E)/T]}

e Assumptions:
— Thermal equilibrium
— Point like hadrons

— Conservation laws applied on average
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Observables

all observables
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Moments of multiplicity distribution and hadron gas model
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Moments of multiplicity distribution and hadron gas model
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Moments of multiplicity distribution and hadron gas model
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Moments of multiplicity distribution and hadron gas model
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Discussion

Favors a thermal
system for
collision energies

> 30 GeV
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Future: (1) Try canonical approach specially at lower collision energies. (2) Fixed target
energies and (3) Try the approach in multiplicity dependent proton-proton collisions




Summary # Tests of thermalization

AAPPS Bull. 31 (2021) 1

Statistical thermal model
of hadrons and
resonances with grand
canonical ensemble
tested using moments of
multiplicity distributions
up to 4™ order.

The distributions look
thermal for central
collisions for collision
energies above 30 GeV
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Nuclei production and criticality
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Nuclei production

Hadronization for light nuclei is not well understood

@ Deuteron

@ E, =2.22 MeV

J(R2) = 2.13 fm

P. J. Mohr et al., Rev. Mod. Phys. 88 (2016) 035009

3H
© 60

E, =7.72 MeV

@ J(R2) = 1.96 fm

Nucl. Data Sheets 130, 1 (2015)




Light nuclei in hadron gas

Hadron gas is a very hostile environment for light nuclei (reminder: binding energy = few MeV)

e typical hadronic momentum transfer > 100 MeV/c

O-Jtd > 100 mb — 10 fm2 From SAID database

1 1
'1d =—< o00s =2 fm  should exceed = 10-15 fm for deuteron survival!
no — X 10 fm?
fm3
Density at kinetic freeze-out ' """"""""""
(when elastic interactions cease) . S '
& N
Assumptions: R ~ o ' . @
e Light nuclei produced as T — - >
compact (colorless) quark systems T=0fm/c > 10 = 20 fm/c
> Negligible interaction with hadrons Hadronization

wave function fully developed

e Formation time > 1 hadronic phase


http://gwdac.phys.gwu.edu/

Nuclei production two mechanisms

GCE Thermal model Coalescence model

Yield of deuteron: Invariant yield:
%

Ny = 24 m3TK,(ma/T)exp(uq/T)

where, g,: degeneracy, u,: chemical E4

potential.

de_
N By,

Elliptic flow:
Deuteron is treated as a free and

pT)

point particle. ve(pr) =~ 208 (-

Degeneracy, mass and baryon Light nuclei created using protons
number are inputs. and neutrons.




Simple coalescence model expectations
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Results from RHIC

Thermal-FIST: V. Vovchenko et al., Comput. Phys. Commun. 244, 295 (2019)
Simple Coalescence: Z. Feckova et. al,: PRC 93, 054906 (2016)
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GCE thermal model

1.05 seems to fail to describe
the cumulant ratios for
lower /Syy.

1 CE thermal model
qualitatively reproduce
collision energy

0.95 |dependence.

UrQMD+Coalescence also

0.04 reproduces the trend and

shows better agreement

with the cumulant ratios.

-0.02 |Neither correlated nor

independent assumption
for proton and neutron in
the toy model from

~0.06 reproduce the data.



https://arxiv.org/abs/2304.10993

Kurtosis x Variance

KUZ: Deuterons vs. Protons
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Results from LHC
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Results from LHC
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Results from LHC

| 5:04<p<09GeVic  [n<0.8

0.005f =
d: 0.8<p;<1.8 GeV/c

g 0000
Q

.
-0.005}

-0.010 : ' ) ) ' '
0 20 40 60 80
Centrality (in %)
Pb+Pb @ 5.02 TeV = ALICE

[ I Case | (Default)y || Case Il (Event Selection)

1 Simple Coalescence (Model B)
—-— |ndependent Poisson

Kai-Jia Sun et al. Phys. Lett. B 840 (2023) 137864



Summary # Nuclei production
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