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QGP signal (collective flow)
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The collective flow of the QGP fireball converts the initial geometric anisotropy into final
momentum anisotropy.



Why anisotropic flow/Flow fluctuations?

e Constrain the initial state
4+ The initial spatial geometry (v, v5...)
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Why anisotropic flow/Flow fluctuations?

e Constrain the initial state

4+ The initial spatial geometry (v,, v5...)

4+ The longitudinal structure
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Why anisotropic flow/Flow fluctuations?

e Constrain the initial state
4+ The initial spatial geometry (v, v5...)
4+ The longitudinal structure
4 The connection to nuclear structure at low energy
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Why anisotropic flow/Flow fluctuations?

e Constrain the initial state %
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e Constrain transport properties of QGP —(T, ug) —(T, up)
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A standard hybrid framework

Hydrodynamics

Hadronization Afterburner

» Initial condition - evolution with EOS

Initial condition: Glauber, Trento, AMPT, SMASH, IP-Glasma...
Hydrodynamics: Energy/baryon conservation+2nd Israel-Stewart-like equations including 7, £, kp

Hadronization: Cooper-Frye formula

Afterburner: URQMD/ SMSAH/JAM
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CLVisc Model

Initial condition:
Hydro evolution:
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Equation of state:

Particlization

Afterburner: SMASH

MCGlauber + envelope function

1 4 5 9 4
AY D% = — — (Jz'ﬂv _ If]G””) — g — _ﬂa(ggﬁ/ | ﬂa([ﬂﬂ.v)a
K ITﬂ 3 73 70 e+ P
AMUDV,M e <V’M—KB Vﬂ'u_B> — VHO — _VUGMU
Ty I 10
(a) NEOS BQS e ;1351; -
NEOS-BQS ( Taylor expansion, LQCD+hadron gas) : ¥ =30
Lo '
dN 8i J |
= Hdx 1+0f, + 6
dYprdprdp 2z )y Pra 2l ( /s fv) |

'ag 8y
()
' ~ l‘. .
[} ,00

prof+mFrd, (f)=CIfl  # &

smash
Monnai, Schenke and Shen, Phys. Rev. C 100, 024907 (2019)]

'Wu, Qin, Pang, and Wang, Phys. Rev. C 105, 034909 (2022)]

Denicol, Gabriel S. et al. Phys.Rev. C98 (2018) no.3, 0349 186]




Mean transverse Momenta
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The CLVisc framework can describe the mean transverse momenta of identified particles from STAR.
One can clearly observe a larger blue shift effect for more massive particles.



Mean transverse Momenta
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The CLVisc framework can describe the mean transverse momenta of identified particles from STAR.
One can clearly observe a larger blue shift effect for more massive particles.
The dynamical initial conditions and pre-equilibrium evolution should be considered
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Anisotropic flows
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Our results are in good agreement with the experimental data from STAR:
V,{2}: typical non-monotonic centrality dependences due to the combined effects of elliptic geometry,
geometrical fluctuations, and system size.

V3{2}: weak centrality dependence due to initial state geometrical fluctuations.
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Anisotropic flows
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We find that both elliptic and triangular flows increase slightly with the beam energy.

e the very weak collision energy dependence of eccentricities €, and ..
e the increase of radial flow due to the increase of initial energy density.
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Flow tluctuations
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The multi-particle cumulant ratio v,{4}/v.{2} first increases, and then decreases with centrality increased.

Gaussian distribution assumption:
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The fluctuation of collective flow from multi-particle cumulant ratio
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e Initial collision geometry dominates in mid-central collisions.
e the fluctuations dominate in central and peripheral collisions.
The multi-particle cumulant ratio v,{4}/v.{2} has weak collision energy dependence.



Flow tluctuations

va{4}/v2{2]

The multi-particle cumulant ratio v,{4}/v.{2} first increases, and then decreases with centrality increased.
e Initial collision geometry dominates in mid-central collisions.
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e the fluctuations dominate in central and peripheral collisions.
The multi-particle cumulant ratio v,{4}/v.{2} has weak collision energy dependence.
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Anisotropic flow/Flow fluctuations in Au+Au, Cu+Au, O+O collision

L1 e e
(a) L -
0.08 Flow/flow fluctuation highly connects to collision systems.
11 ﬂﬂ';
008k ){J-H”f :}
% Ay )
S A
0.04r— ﬁ.
Y
:’ - = Au+Au 200 GeV -
0.02f =+ Cu+Au 200 GeV
0+0 200 GeV
0.005 10 20 30 40 50 60 70
Centraluty
1.0 [y
Ny ( rrHHHHF 44
q f b ]
N !
s %'./ |
<
— 04
S
0.2
0090 20 30 40 50 80 70
Centrality

15



Anisotropic flow/Flow fluctuations in Au+Au, Cu+Au, O+O collision

0, 1 [T e e ————————— —]
(a) | N .
0.08 ’ﬂ?ﬂ' R 1 Flow/flow fluctuation highly connects to collision systems.
el ;ﬁ:} | Cu+Au vs Au+Au:
o § ok | B Larger v,12} in the central centrality: fluctuations
N | 1 . . .
= 004} s Smaller v,{2} in the larger centrality: smaller system size
; { AusAu 200 GeV
0.02/ =~ 4 Cu+Au 200 GeV |
| { 0+0 200 GeV
0.0 {50 80 70
i “ Centrality
1.0—% |
0.8 ‘ e - e —
2% (} it T + <y ]
X y L Y :
“~ 08 1 8 .
S [/
= {,
-~ 04 -
S
0.2>
0090 20 30 40 50 80 70
Centrality

16



Anisotropic flow/Flow fluctuations in Au+Au, Cu+Au, O+O collision

0.10}#’ """"""""""""""""""" —]
(a) | N -
0.08 ’ﬂ?ﬂ' R 1 Flow/flow fluctuation highly connects to collision systems.
| M'ﬁ ,H-H't" T3 Cu+Au vs Au+Au:
_. 0.06- /((*),J-* - . . . .
A 53 | Larger v,12} in the central centrality: fluctuations
N P L i 1 . . .
= 004} ,v,"-/ ; - Smaller v,{2} in the larger centrality: smaller system size
. |
v "ﬁ w == Au+Au 200 GeV
0.02] ', ==+ Cu+Au 200 GeV ] 0+0:
’, e s, 1 v,{2}: mainly driven by fluctuations
gy, FEEOR | TN il R JRGURN - R RUEEN Weak centrality dependence
| Centrality
/ n
B " LM f <7
“\é, 0.6 ,/( —‘
< | |
~ 04 B
% o] ;
0.2} :
0090 20 30 40 50 80 70

Centrality
17



Anisotropic flow/Flow fluctuations in Au+Au, Cu+Au, O+O collision
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The n-th order eccentricity: .

Au+Au@200 GeV
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Flow fluctuations on initial states
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Flow fluctuations on initial states

Au+Au@200 GeV
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Central-> peripheral collision: initial fluctuation-> initial geometry
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Flow fluctuations on initial states

Au+Au@200 GeV
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A monotonic increase of €,{4 }/e,{2} for the three systems:
Central-> peripheral collision: initial fluctuation-> initial geometry

The initial state fluctuations are the main source of the final state collective flow fluctuations in Au+Au, Cu+Au collision systems:

Semi-central: &,{4}/6,{2} = v,{4}/v,{2}

Peripheral: &,14}/e,12} < v,{4}/v,{2} -> where is the fluctuations comes? hadronization and hadronic afterburner fluctuations.
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Flow fluctuations on initial states

Au+Au@200 GeV
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Cu+Au@200 GeV
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A monotonic increase of €,{4 }/e,{2} for the three systems:
Central-> peripheral collision: initial fluctuation-> initial geometry

The initial state fluctuations are the main source of the final state collective flow fluctuations in Au+Au, Cu+Au collision systems:

Semi-central: &,{4}/6,{2} = v,{4}/v,{2}

Peripheral: &,14}/e,12} < v,{4}/v,{2} -> where is the fluctuations comes? hadronization and hadronic afterburner fluctuations.

Another sources instead of the initial state always have strong contributions to the flow fluctuations in O+O collision.
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Flow fluctuations on identified particle

In Au+Au and Cu+Au collision systems:
different magnitudes of v,{2} and v,{4}

similar v,{4}/v,{2} for identified particle ( z, k, p )



Flow fluctuations on identified particle
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In Au+Au and Cu+Au collision systems:
different magnitudes of v,{2} and v,{4}

similar v,{4}/v,{2} for identified particle ( z, k, p )

In O+0 collision systems:
Fluctuation is no longer independent of particle species
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Summary

Anisotropic flow is a set of important observables used to constrain the initial conditions and transport properties of QGP.

Our calculation provides a benchmark for understanding the RHIC-BES data.
* Elliptic and triangular flows increase slightly with the beam energy.
* The multi-particle cumulant ratio v,{4 }/v,{2} mainly origins from the fluctuations of initial conditions.

It has weak collision energy dependence and strong collision system dependence.
* The ratio v,14}/v,{2} in small system (O+O) is no longer independent of particle species.
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utlook

There are still many things we do not know:

The longitudinal dynamics.
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There are still many things we do not know:
* The longitudinal dynamics.
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There are still many things we do not know:
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Outlook

There are still many things we do not know:

ne longitudinal dynamics.
ne origins of anisotropic flow or flow fluctuations in small systems (p+A collisions).

ne evolution and diffusion of multiple conserved charges and the equation of state (EOS).

Thank you for your attention!
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“Standard Model” of heavy ion collision

Final detected
particles

Initial state

Time: 0 fm/c
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