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Introduction

m QCD crossover transition
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Hadrons are deconfined to quark-gluon plasma (QGP) above
around T ~ 155-160 MeV
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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-)

Akihiko Monnai (OIT), INPC 2025, 29™" May 2025 3/17



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)
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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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What participates in the fluid?

B Momentum dependence

1/27py dN/dprdn[1/Ge V]
=

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

Ly (h+h")2

ETTT(TII T[T [T [ TII T [TTT [ TIT I [TT I T[T T TT 1T 71T

—— Ty = 150 MeV 3

5 % most central

E

Akihiko Monnai (OIT), INPC 2025, 29" May 2025

E 3
E Im ]
E  RHIC Al+Au 5 E
E Pooohacev) Ui -
EO STARO045 % 1 3
E A PHENIX0-5 % i

E O PHOBOS 0-6 % z
E 0 BRAHMS 0-10 % 3
prre v brevr kv Pl s o b b b b
o 1 2 3 4 5 6 7 8 9 10 11

pr [GeV]

- Conventional approach

Assumes a thermal distribution

(= some high momentum components
are hydrodynamized)
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This work

m Two scenarios of correction to hydrodynamic model
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~ 1. “Red” scenario
Only low momentum components are

. hydrodynamized
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This work

m Two scenarios of correction to hydrodynamic model

) Eskola et al., PRC 72, 044904 (2005)
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~ 1. “Red” scenario

. hydrodynamized

Only low momentum components are

~ 2. “Violet” scenario

. are fully hydrodynamized

Medium-high momentum components

7/17



“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-a-az| " =exp -E/T) > f = exp(=E/T)
. . . . . 1 ‘ ‘ ‘ — ——
Generalization of thermal distribution by g oot (thea;n%g
q=1.2 ——
. o equ(_E/T) . |
With quantum statistics: f =
5 S = T expa(—E/T) os|
_ __ . 0.4 1 “Tail-like”
We use Tsallis statistics to treat medium-
high momentum components as a fluid . >
T. Osada and G. Wilk, Phys. Rev. C 77, 044903 (2008) 00— 05 1 15 2 25 3
K. Kyan, AM, Phys. Rev. D 106, 054004 (2022) BT
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Equation of state

m Hadron resonance gas (HRG) + parton gas Particle Data Group: PRD 98, 030001 (2018)

10f
ob T.=140 MeV . _ .
gF The pressure increases with g, reflecting
I the contribution of long-tail in f

£ s
: Phag iNCreases faster than Pqgp
2F dP . . .
L — > ( is satisfied only if ¢ < 1.07-1.09
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. 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 Fing Modified with Tsallis statistics (for energy-
d3p (2m)3)s " P oy momentum conservation)
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Numerical results

m Charged 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 — — |
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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 ‘tS Poskanzer and Voloshin, PRC 58, 1671 (1998)
m Charged particle elliptic flow v, for LHC 2.76 TeV Pb+Pb collisons
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Tsallis description may work up to praround 4 GeV without viscosity

/\ Quantitative comparison is not possible with event-averaged simulations

Akihiko Monnai (OIT), INPC 2025, 29" May 2025 12 /17



“Red” scenario

B Momentum cutoff method

N

particles particles /

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

m Results
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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
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The effect of p. is larger at higher temperatures; negligible in
the hadronic phase (= minimal effects on hadron production)
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Numerical results

m Photon elliptic flow

thermal thermal + prompt thermal + prompt + *high p;
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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
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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 ~ !
applicability L

dN Ch/ZTEpTd pTdn
=
N

m “Red” scenario (low momentum fluid)

» Equation of state is affected in the QGP phase

y,th+pr

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

m Future directions

—

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

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

» Calculation of direct photons in the Tsallis hydrodynamic model

10 M m— 100 =1 —
q=1.07 ——

Thank you for listening!
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