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Introduction

m QCD phase transition

O ( (#)
: O O . Q)O’
o Qo -
i o © 9, °
o S

Hadrons are deconfined to quark-gluon plasma (QGP) above
around 2 trillion degrees Kelvin
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Introduction

m How to make the quark-gluon plasma on earth

BNL Relativistic Heavy lon Collider (2000-)
CERN Large Hadron Collider (2010-)
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Introduction

m [nterpretation of the momentum distribution

Eskola et al., PRC 72, 044904 (2005)
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Introduction

m [nterpretation of the momentum distribution

10°
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Eskola et al., PRC 72, 044904 (2005)

g||||||||||||||||||||||||||||||||||||||||||||||||||||_

(i) —— Ty = 150 MeV 3

E

5 % most central

E 3
C Km ]
E  RHIC Au+Au 5 E
E 12 Fo 3
- s7=200 AGeV i .
E_O STAR 0-5 % 1 1 E
= PHENIX 0-5 % i .
E<> PHOBOS 0-6 % =

BRAHMS 0-10 % 3
||||I||||I||||I||||I||||I||||I||||I||||I||||I||||I||||

01 2 3 4 5 6 7 8 9 10 11
pr [GeV]

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023

Low momentum region (< 2-4 GeV)

Hydrodynamic model (strongly-coupled)
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Introduction

m [nterpretation of the momentum distribution

Eskola et al., PRC 72, 044904 (2005)
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Low momentum region (< 2-4 GeV)

Hydrodynamic model (strongly-coupled)

_|_

Medium-high momentum region (> 4-5 GeV)

perturbative QCD (weakly-coupled)
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Who participate in the fluid?

B Momentum dependence

Eskola et al., PRC 72, 044904 (2005)
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- The conventional approach

Assumes the thermal distribution

(= a specific amount of high momentum
components has to be hydrodynamized)

~

IIRedH

Low momentum

<

™~

>

“Blue”

High momentum
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This work

m Two scenarios of correction for hydrodynamic model

10°

1/27pp dN/dpdn[1/GeV’]
=

Eskola et al., PRC 72, 044904 (2005)
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~ 1. “Red” scenario
Only low momentum components are

. hydrodynamized
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This work

m Two scenarios of correction for hydrodynamic model

Eskola et al., PRC 72, 044904 (2005)
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~ 1. “Red” scenario
Only low momentum components are

. hydrodynamized

~ 2. "Vilolet” scenario
Medium-high momentum components

. are fully hydrodynamized

~
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“Violet” scenario
K. Kyan, AM, Phys. Rev. D 106, 054004 (2022)
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“Violet” scenario

m Tsallis distribution Tsallis, J. Statist. Phys. 52, 479 (1988); Braz. J. Phys. 29, 1 (1999)
1
E11=q q—1
f = [1 —(1—-gq) ?] = expqy(—E/T) > [ =exp(—E/T)
Generalization of thermal distribution by g N
Q=12 —
. oo equ(_E/T) Al |
With quantum statistics: f = T expg(—E/T) .
04| “Tail-like” -
We use Tsallis statistics to treat medium- ool >
high momentum components as a fluid
0
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What will be affected?

m The structure of hydrodynamic model

*A relation among state variables
such as pressure, temperature, etc.

y{fn)

Observa-

Initial Hydro

condition evolution bles

Equation of state & particle production are affected

T. Osada and G. Wilk, Phys. Rev. C 77, 044903 (2008)
K. Kyan, AM, Phys. Rev. D 106, 054004 (2022)
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What will be affected?

m The structure of hydrodynamic model

*A relation among state variables
such as pressure, temperature, etc.

y{fn)

Initial Hydro Observa-

condition evolution

bles

w{fn)

Equation of state & particle production are affected

T. Osada and G. Wilk, Phys. Rev. C 77, 044903 (2008)
K. Kyan, AM, Phys. Rev. D 106, 054004 (2022)
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Equation of state

m Hadron resonance gas (HRG) + parton gas Particle Data Group: PRD 98, 030001 (2018)
z j g;d3p p* p Py.q4: hadron resonances < 2 GeV with u,d,s components
3 (27T)3 E PQGP: U,d,S, and g

» Connection of the hadronic and QGP pressures

| P = Phaa(m) (T <T,)
| P(T) = Ppaa(Te) + [Pocp(T) — Praa(To) | x{1 —exp[—c(T - T} (T =Te)
. Plhad(Tc) dP(Tc) _ dPhad(Tc)
where ¢ = so that

Pocp(T) — Phaa(T¢) dr ~ dT

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023 11/25



Equation of state

B Numerical results

10¢
- T.= 140 MeV . . .
Z The pressure increases with g, reflecting
I the contribution of long-tail in f
: Phag iNCreases faster than Pqgp
2 dP . - .
L — > ( is satisfied only if ¢ < 1.07-1.09
06 ‘ b.1 02 03 04 0.5 06 07 0.8 dT

T (GeV)

. X Those equations of states are available for downloading:
https://sites.google.com/site/akihikomonnai/downloads
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Equation of state

B Numerical results

N
)/

_ T. =140 MeV . _ .

Z_ e e The pressure increases with g, reflecting
oo the contribution of long-tail in f

: Prag iNCreases faster than Pugp

2" dp . L .

L — > ( is satisfied only if ¢ < 1.07-1.09

06 ‘ b.1 02 03 04 0.5 06 07 0.8 dT

T (GeV)

. <X Those equations of states are available for downloading:
https://sites.google.com/site/akihikomonnai/downloads
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Hydrodynamic model

m (2+1)-dimensional inviscid hydrodynamic model AM, PRC 90, 021901(R) (2014)

Initial condition: Monte-Carlo Glauber model (event-averaged)
2.76 TeV Pb+Pb collisions (0-5%, 20-30%)

Initial time: t,, = 0.4 fm/c

Hadronic decay: Sollfrank, Koch, and Heinz, Phys. Lett. B 252, 256 (1990)

m Hadron production Cooper and Frye, Phys. Rev. D 10, 186 (1974)
. dN;  g; j Fong Modified with Tsallis statistics (for energy-
d3p (2m)3)s " P oy momentum conservation)

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023 13/25



Numerical results

m Charge particle p; spectra for LHC 2.76 TeV Pb+Pb collisons

4 4
107 F ALICE ‘0_50/0 276 Tev — 10 ALICE 20-30% 2.76 TeV ——
Tf=140 MeV q=1.07 —— Tf=140 MeV q=1.07 ——
Tf=140 MeV g=i — — | 102l Tf=140 MeV g=1 — — |

d Nch/27'cp-|—d pTdT]
=)
N
d Nch/27tp-|-d pTdn
=)
N

-4
- 10
\\
10°® N 10°
‘8 1 1 1 | | | '8 | | | 1 1 1
07— 17 2 3 5 6 7 8 10— 1 2 3 5 6 7 8

4 4
pt (GeV) pt (GeV)

prspectra is described up to 3-4 GeV by thermal distribution (g =1)
and 7-8 GeV by Tsallis distribution (g = 1.07)
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" Ollitrault, PRD 46, 229 (1992)
N U m e rl Ca ‘ res U ItS Poskanzer and Voloshin, PRC 58, 1671 (1998)
m Charge particle elliptic flow v, for LHC 2.76 TeV Pb+Pb collisons
| e —
= eV g=1.07 ——
0.6 Tf=140 MeV g=1 — — —
osl 7 /Elliph'c flow: azimuthal anisotropy of\
ol e | momentum distributions
~ 7
" oal - | dN
0.3 Vs
s — =— |1+ 2v; cos(¢p — ¥
B | 15 = 11+ 2vicos( = ¥)
01| T K + 21, cos(2¢p — 2W,) + -+ ] /
% 1 2 3 4 5 6 7 8
pr (GeV)

Tsallis description may work up to praround 4 GeV without viscosity

/N\ quantitative comparison is not possible with event-averaged simulations

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023
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“Red” scenario
AM, arXiv:2301.00588 [nucl-th]
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“Red” scenario

m Momentum cutoff method

N

particles particles /

We introduce an upper limit (p.) for the momenta of
strongly-coupled components

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023 17 /25



Equation of state

m Results

6

=00 —

P Séev —_—-
5| peed GeV —-—-
pc=3 GeV
41 p.=2GeV ------

P/T*
w

-
————
- -~
~
-~
e~
-~

p
2 : ¢ 9;d°p Ei)]
Pressure: P = j )31n 1 exp(

i: index for particle species
Hadron resonance gas

(2+1)-flavor parton gas ce-

|

Connect the pressures

similarly to the “violet” case

the hadronic phase (=

The effect of p. is larger at higher temperatures; negligible in
minimal effects on hadron production)
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Equation of state

m Results
6 ety || Pressure: P = +T2jpcg pl 1+ Eq
51 1o . : njlxzexp|\—+
S I o (-7)
°=3 GeV =
4\ BC 2GeV .- - ]
YAl / ~~~~~~~~ | irindex for particle species
o ya
2| N Hadron resonance gas Connect the pressures
/ . . ' 124
1} . (2+1)-flavor parton gas «+. | similarly to the “violet” case
007 02 03 04 05 06 07
T (GeV)

The effect of p. is larger at higher temperatures; negligible in
the hadronic phase (= minimal effects on hadron production)
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P h Oto n S Review: AM, Int. J. Mod. Phys. A 37(11n12), 2230006 (2022)

m Sources of direct photons (conventional)
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Photons

Review: AM, Int. J. Mod. Phys. A 37(11n12), 2230006 (2022)

m Sources of direct photons (conventional)

Prompt photons
produced at the collision

Turbide, Rapp and Gale, PRC 69, 014903
Heffernan, Hohler, and Rapp, PRC 91, 027902
Holt, Hohler, and Rapp, NPA 945, 1

Berges et. al., PRC 95, 054904 (2017)

Tanji and Venugopalan PRD 95, 094009 (2017)

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023

Thermal photons
produced from the medium

particles
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Photons

Review: AM, Int. J. Mod. Phys. A 37(11n12), 2230006 (2022)

m Sources of direct photons (this work)

Prompt photons . Thermal photons
produced at the collision produced from the medium
. (low momentum only)

High p; photons
produced from the non-
thermal components

Turbide, Rapp and Gale, PRC 69, 014903 particles

particles
Heffernan, Hohler, and Rapp, PRC 91, 027902 \
Holt, Hohler, and Rapp, NPA 945, 1

i ! |
Berges et. al., PRC 95, 054904 (2017) : I \.
Tanji and Venugopalan PRD 95, 094009 (2017) 0 > :
! c

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023
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Particle spectra

B Numerical results

thermal thermal + prompt thermal + prompt + *h|gh pT
10" | p=4 éev _ 10" N\, p=4 éev I o' | p=4 éev _
o™ p.=3 GeV | = ol '\ p.=3 GeV | NS BN p.=3 GeV |
5 107 F Pe =25 GeV 1 T 107 N Pe =25 GeV 1 2107 N\ Pc =25 GeV E
& \ pc_2 GeV ------ E g i1 ‘\\ pc_2 GeV ------ E ~ ‘\\ pc_2 GeV ------ j
5107 ~ =10 . E10
o | ; e > 8 N z
&10° S10° 210 ~
= T ¢ ]
= -3 <403 2 ~-3 St
Z 10 =10 10 ]
© = ]
10 1074 <10
105 | | | | | 105 | | | | | 105
05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4
pt (GeV) pt (GeV) pt (GeV)

Thermal photon distribution is reduced above p_
Total distribution is mostly unaffected by the choice of p.

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023 21/25



Elliptic flow

B Numerical results

thermal thermal + prompt thermal + prompt + *high p;
0.18 I T p \=m T T T T p =w T T T T p éw T
0161 p=4 GeV —-—- 0.05 p=4 GeV —-—- 0.05 p=4 GeV —-—-
' pc=3 GeV p.=3 GeV p.=3 GeV
0.14} p.=2.5GeV 0.04 pc=2.5 GeV 0.04 pc=2.5 GeV
0121  Pc=2 GeV ------ 1 _ pc=2GeV ------ . p=2GeV ------
Y , 1 % o003 z
Q) S s = =
> 0.08 | I <
0.06 ;”//'/__,}//——7
004} ___——" .
0.02}
%5 1 15 2 25 3 35 4 %5 1 15 2 25 3 35 4 %5 1 15 2 25 3 35 4

Photon v, is sensitive to the choice of p.; whether it is
enhanced or not depends on the high p; contributions

*conjectured here as thermal photons with no anisotropy

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023 22/25



Summary and outlook
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Summary

m “Violet” scenario (high momentum fluid)

4
10 ‘ " ALICE 0-5% 2.76 TeV ——
Tf=140 MeV q=1.07 ——
Tf=140 MeV g=1 — — |

> Charged particle spectra can be described up
to 7-8 GeV by Tsallis statistics with g=1.07

» Elliptic flow v, suggests a narrower range of | 7
applicability L

dN Ch/ZTEpTd pTdn
=
N

m “Red” scenario (low momentum fluid)

—

» Direct photon spectra is not much affected

y,th+pr

» Elliptic flow v, can be sensitive to the
momentum cutoff p.

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023 24 /25



Outlook

m Future directions

—

» Introduction of viscous corrections and event-by-event estimations for
comparison with the experimental data

» Calculation of direct photons in the Tsallis hydrodynamic model

» Estimation of energy-momentum exchange of hard and soft sectors

» Comparison with the experimental data for 02l "
understanding the photon puzzle* 015

0.1F

*The discrepancy between the theoretical estimations and

, _ 0.05
experimental data of direct photon v,  PHENIX, Phys. Rev. C 94, 064901 (2016)

—

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023 25/25



The end

Thank you for listening!
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Backup slides
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Ollitrault, PRD 46, 229 (1992)

E ‘ | I ptl C ﬂ OW Poskanzer and Voloshin, PRC 58, 1671 (1998)

m Azimuthal anisotropy of momentum distributions

Px

YN
N

Spatial anisotropy Momentum anisotropy

If strongly coupled

2nd-order Fourier harmonics of distribution: elliptic flow

Cfijq\bf = ;\7: 1+ 2v1 cos(¢ — W1) + 2pz|cos(2¢ — 2¥2) + 2v3 cos(3¢p — 3¥3) + ...

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023



Nonextensive statistics

m Extensivity

Thermodynamic entropy is extensive  [F dictionary i
5(A) +S(B) = S(4,B) extensive variable ({REZ )

" intensive variable (7RIEZ )

Tsallis entropy is nonextensive
S(A) +S(B) # S(4,B)

m Applications

Galaxy clusters, cosmic rays, granular matter, liquid crystals, etc. (> 9000 papers)
Constantino Tsallis’s website: http://tsallis.cat.cbpf.br/TEMUCO.pdf

[6568] K. Kyan and A. Monnai, QCD equation of state with Tsallis statistics for heavy-ion collisions, preprint V
(2022), 2205.01742 [nucl-th].

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023



Equation of state

m Benefits of the connection method

p/T* parton gas

Ve continuous and smooth

HRG

T T

C

1. It puts emphasis on HRG, which is more reliable than parton gas accoding to
lattice QCD
2. Kinetic freezeout is safe below T,

3. The difference from the lattice QCD pressure is wihtin 10% for 0 < T < 1 TeV

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023



Numerical results

m Charge particle p; spectra for RHIC 200 GeV Au+Au collisions

4 E T T T T T 4 T T T T T
10 STAR 0-5% 200 GeV —— 10 STAR 20-30% 200 GeV ——
Tf=140 MeV g=1.07 ——— Tf=140 MeV g=1.07 ——
102 Tf=140 MeV g=1 — — | 102 } Tf=140 MeV g=1 — — |
£ 10° 5
[ F —
g | §
& 102 &
B 10 B
A\ A\
S S
-4
S 107} =
10°® 1
-8
10 0

pr (GeV) pr (GeV)

Tsallis distribution (g = 1.07) also describes pyspectra up to 7-8 GeV
at RHIC energies

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023



Equation of state

m Relativistic kinetic theory

N f | | pcg El
Partition function: In Z; = iVjO (21)3 ln 1+ exp (_ ?)]

pc E
Pressure: P ——ETan = +T2j 2 7T)Sln ’1+exp (—?)]

Pe g;d°p p*
A P + BEJ 2m)? E, fi because the “surface integral” remains finite

i: hadron resonances < 2 GeV with u,d,s components in the hadronic phase
u,d,s, and g in the QGP phase

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023



Hydrodynamic evolution
m Numerical results (2.76 TeV Pb+Pb collisions, b = 4.6 fm)

‘ — ‘ — 1.35
s p =0 |
0.6 / N p=4 GeV — - — 1.3}
‘. Pe=3 GeV 105
0.5 \\ pc=2.5 GeV . .
. Q\ Pe=2 GeV ----- 1oL
= i o ] A
@ 04 \\\\ Pe 115 B
l_ 03 | . — 11 B
) 1.05 |
0.2}
s
(o Jy [ ‘ — 0.95

© (fm) T (fm)

Initial temperature is higher with lower cutoff momentum; the flow
development is mostly unaffected

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023
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Hydrodynamic evolution

B Numerical results

120
100

e (GeV/im3)

The pressure is larger with lower cutoff momentum; the energy
density is mostly unaffected

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023



Setup

m Emission rates

Thermal photon emission rate

dRYth 1 T —T~| dRVH"
= — (1 — tanh C) f —_had
d3p 2 AT d3p

Turbide, Rapp and Gale, PRC 69, 014903
Heffernan, Hohler, and Rapp, PRC 91, 027902 ——
Holt, Hohler, and Rapp, NPA 945, 1

th

1 T —T.\|_ dR4cp
—11 + tanh )E

+2( TN d3p

J. Berges et. al., PRC 95, 054904 (2017)
N. Tanji and R. Venugopalan PRD 95,
094009 (2017)

+ p. is introduced in the phase-space distribution

Prompt photon emission

dNY-P" s N b
T = pazs Vo Mool PO
d°p (or) opp GeV

Turbide, Rapp and Gale, PRC 69, 014903

Akihiko Monnai (OIT), ATHIC 2023, 24™ March 2023




