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Collective flow: Initial to
final

Initial state Final particle distribution
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Collective flow: initial to final

Initial state Final particle distribution
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Hydrodynamics Successfully describes/predicts the
flow observables in relativistic heavy ion collisions
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From large to small systems

proton-proton nucleus-nucleus




Flow In small systems
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Origin of the collectivity

Initial-State Correlations (ISC) Final-State Correlations (FSC)
« Momentum collectivity VS. '« |nitial geometry driven
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Small system scan at RHIC

Nature Physics 15, 214-220
(2019)

0.6

0.0t

(e, (g,

0.5]
0.4]
03]
0zl

0.1}

Expect from Final-State

Au
p < vdAu ~ ngeAu

Au
U:F ~ dAu < v3HeAu

t 1 0 fm/c t=1.7fm/c t=3.2fm/c t=4.5fm/c

6
48 0.30
— 2
Eol
>08 0.25
-4 5
-6
6L 0.20
435
— 2
£ ol
> o8 0.15
-4 5
-6 3
61 0.10
4g
=25
E <8
= 0f 0.05
>_2
-4 8
:_‘I“I FY WY AN N ST N [N WWRY SITE TN N SUWN PIS S0 WITY WURE WP PIVE SIS NI FIry o0 s S SR s | ||_ 000
6-4-20246-6-4-2024 6 -6-4-2024 6 -6-4-2024 6 :

x [fm] x [fm] x [fm] x [fm]

Expect from Initial-State

Au
; ~ ngu ~ ngeAu 0

Au
Ué) ~ vé:lAu ~ p3HeAu

Temperature [GeV]



Small system scan at RHIC
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Large collective flow and clear hierarchy: final-state effect dominate



Small system scan at RHIC
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PHENIX: Nature Physics 15, 214-220 (2019)
STAR: Nucl. Phys. A 1005, 122041 (2021)
Theory: Phys.Lett.B 803 (2020) 135322

PHENIX: clear hierarchy among systems

STAR: system independent vy

- Discrepancy might from different detected rapidity region and non-flow subtraction method

- Hydrodynamics with sub-nucleonic fluctuation reproduce STAR data

Can the flow hierarchy be used to detect sub-nucleon fluctuations?



Task |: Precisely describe the flow in p/d/*He+Au & sub-nucleon fluctuation

Task Il: Extend hydrodynamics to Pb+Pb / p+Pb / p+p @ LHC
(where is the limit of hydrodynamics?)



Trento + IEBE-VISHNU model
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v,(pr) Iin p/d/3He+Au

Z.Wu, R. Liu, BF and H. Song, preliminary
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v,(pr) in p/d/?He+Au

Dashed lines: Para-1V (with sub-nucl. fluc.)
Band: turn-off sub-nucl. fluc. & tuned parameter
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« System independent v; (STAR) can only be reproduced with sub-nucleonic fluctuations

* Improved measurement might be used to constrain initial conditions



C,{4}

In p/d+Au

With parameters describe PHENIX data

C,{4} x10°
()

—
L e

AA‘A AAAfA‘x,\‘\AA Ay ‘
1F d+Au Ty ‘-
i N '
= \ i
D) [ === Para-I (Nucl. Fluc.) \ -
- Para-II (Sub—INucl. Fluc. \IN/ FS) I | 1
0 5 10 15 20 25

C,{4} x 10°

|

o

o

]
[E—

1o

With parameters describe STAR data
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Para-Ill and IV describes the sign of C,{4} in both p+Au and d+Au systems

A full 3+1-d simulated needed in the future



Extend hydrodynamic simulation to
Pb+Pb / p+Pb / p+p system at LHC

Pb+PD p+PD p+p

BF, W. Zhao and H. Song, in preparation



pr — spectra and (p;)
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-Duke parameter: Phys.Rev.C 101 (2020) 2, 024911
-PKU parameter: (smaller fluctuations) BF, W. Zhao and H. Song, in preparation
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Uni2} and v {2, prj

v,{2)

0. 20——m—————+————
_ Pb+Pb @ 5.02 TeV |
¢ v,{2} ALICE PKU-tuned

01514 {2} ALICE — — Duke-Bayesian |

o0} .
>

0.05+ .

000 1 1 1 . 1 . 1 . 1

0 20 40 60 80 100
Centrality [%]
05 T T
_ Pb+Pb @ 5.02 TeV 30-40%
04re V,{2} ALICE —— PKU-tuned -
4 v,{2} ALICE — — Duke-Bayesian/{
0.3+
o
o,
>C

-Duke parameter: Phys.Rev.C 101 (2020) 2, 024911

-PKU parameter: (smaller fluctuations) BF, W. Zhao and H. Song, in preparation
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-Duke parameter: Phys.Rev.C 101 (2020) 2, 024911

-PKU parameter: (smaller fluctuations)
BF, W. Zhao and H. Song, in preparation
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Duke parameter: Phys Rev.C 101 (2020) 2. 024801
PXU parameter (smaller fuctuatons )
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© v2{2} : flow + flow fluctuations
© vo{4} : flow = flow fluctuations

« (,{4} problem also exists in other p+p calculations

« Might from too large non-linear response in such small systems
see also: W. Zhao (2019), B. Schenke(2020), S. Chun(2019)
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Summary

\_

- p/d/*He+Au @ RHIC

Final-state effect dominate
Hydrodynamics reproduce STAR data only with sub-nucl. Fluc. j

Flow hierarchy can be used to constrain initial sub-nucl. Fluc.

\_

- Pb+Pb /p+Pb /p+p @ LHC

Hydrodynamics successfully describe various flow
observables in Pb+Pb and p+Pb with same parameter
Also describe the 2-PC flow in p+p

p+p c,{4} still a pending puzzle




Thanks!



Collective flow: QGP signature
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Nearly “Perfect” fluid!




QGP & Relativistic heavy-ion collisions
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Jet quenching
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