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Azimuthal anisotropic flow

S. Voloshin, Y. Zhang, Z.Phys.C 70 (1996) 665

® Fourier series decomposition of azimuthal
distribution of emitted particles:

d(¢d_N\pn) x 1+ 2 nz::l Uy, cos [n(¢p — U, )]
vn = (cos [n(¢ — ¥p)])
@ Anisotropy of Iinitial spacial geometry « U, — event plane (EP)
transters to anisotropy of particles in -
momentum space via medium created in o v, — Tlow coeflicients
collisions » v; — directed flow

» sensitive 1o early stages of the collisions » 1, — elliptic flow

» useful probe to study initial state,

viscosity, equation of state (E0S), etc. » u3 — lriangle flow
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STAR detector

uon 'elescope nner upgrade
etector : -

g / vent Plane Detector
¥ e ndcap

arrel lectro agr:a:ic

Fixed Target
z =200 cm

Yellow beam

alorimeter

WEST

L. ime rojection hamber

i, esss——

e Beam energy scan Il (BES-Il) upgrades

o Fixed-target (FXT) setup

» iITPC (2019+): extended n acceptance and improved tracking, dE/dx

resoltion » Access to energies
» eTOF (2019+): extended PID coverage
» EPD (2018+): EP determination away from mid-rapidity, improved EP \/SNN < 7.7 GeV

resolution compared to BBC
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Colliding systems and energies at STAR

o BES-ll and FXT program: Au+Au collisions at \/SNN = 3.0 — 54.4 GeV

o Top RHIC energy 4 /snn = 200 GeV;, Au+Au, Zr+Zr, Ru+Ru, p+Au, d+Au, t+Au, O+O etc.

RHIC energies, species combinations and luminosities (Run-1 to 21)

u ' ' \
|

A
1045&?8’9 NS RS S R J. S S R I 2 E\{s._NN(G.eV)
[ (& _
: lBEs-1 WBES-I {FXT :
S ol ‘
3| _
= 10°¢ §
92 i :
fnd 5 \
qC) 10°F 8 =
L|>J i i i
¢
10 3 E
" =

8 9 12 15 17 20 23 27 39 54 56 62 130193200410500510

Center-of-mass energy \syy [GeV] (scale not linear)
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Hypernuclel v, at

SNN

STAR, PRL 130 (2023) 212301
|

3 GeV

STAR, PRL 130 (2023) 212301
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o Midrapidity v, slope of ?\H and f\H
Particle Rapidity (y)

follow baryon number scaling

® ?\H and f\H hypernuclei v; slopes
are lower than ones of light nuclel

» Coalescence Is the dominant
mechanism for hypernuclel production
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v at forward and backward pseudorapidity

- 40~60%

o P

STAR Preliminary

20~40%

=7

- STAR

~0.1 = UrQMD <cosi(¢-‘I’1EP)>
- — UrQMD <cos:(¢-‘I’1RP)>
_%1|1|1I|1|||1||||||1
0~20%
0.1+ :
S ¢ J) I /V' ___________________________

4

Au+Au ,
01" Vsww =27 Ge\/?
° (year 2018)

—4 —2 0 2 4
n

24.08.2023

e v1(m) changes
sign near beam
rapidity at all
centralities

e UrQMD fails to

describe the
measurements

@ Can be used to

constrain T-

dependence of
medium VISCcosity

0.15

0.1

0.05

-0.05

PHOBOS 19GeV
PHOBOS 62GeV
PHOBOS 130GeV
PHOBOS 200GeV
STAR 27GeV BESI
STAR 27GeV BESII
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STAR Preliminary
AutAu /syy = 27 GeV ®
(year 2018)
Centrality: 0~40%
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—2 —1 0 1 2
n-y

beam

o lest of limiting fragmentation: v, collapse to a common

curve with other energies in a region of 7 — Yheam
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Number-of-constituent-quark (NCQ) scaling
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=S-11), NCQ scaling

Dominance of partonic interactions
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0.06
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—0.02

STAR, PLB 827 (2022) 137003
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o At \/SNN = 3 GeV, the NCQ scaling is absent
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Dominance of baryonic interactions




Flow In small systems

IRTTTTTPTPTrOry v g mmmmmmma -
He+Au(2014) d+Au(2016) 0+Au(2015) = Nucleon Glauber ":_:Sub-Nucleon Glauber
: e2(e3) " e2(€3) '

0-5% pAu = 0.23(0.16) =¥ 0.38(0.30) :

AU 0-5% dAu  :  054(0.18) ' 0.51(0.31) :

0-5% *He+Au :  0.50(0.28) = 0.52(0.35) ]

". -------------- e e = = = = = = - ’

Nucleon Glauber: J. L. Nagle, et. al., PRL 113 (2014) 112301
Sub-nucleon: K. Welsh, et. al., PRC 94 (2016) 024919

STAR, PRL 130 (2023) 242301

150 g) UCpsAuM =341 b b)  VeedeSFit
% _ 2) -10% d+AuN,)=356 | ) o - —3HetAl —2.chi ® WHetAl m godtAu> gyptAiu
= 10-20% °He+Au (N _ )=33.1 T ™
o - . | B —p+AU 3
o 1.0 g .ﬁ..‘..‘..'..'..'..'..'..'..'.EL..'..'..'..'..'..'..'. B B 145 8 ® UaHeTAl =~ odtAU =~ opt+Au
© o
~ [ T "o i 3] . .
5 = lio = » Suggests significant influence of
~05F - 3 . |
> e Z sub-nucleonic fluctuations
i . | . | . | . L T . | . | . | 0.5
0.0 0.5 1.0 1.5 20 0 0.5 1.0 1.5 2.0
p_(GeVio) b (GeVio » Need to study pre-flow
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Nuclear deformation from isobar collision

Ru Centrality 5 21 02%

.-'C_‘QU — T T T [ T T T T [ T T T T ] 1 I 020 :_ \/87NN = 200 Gevw A _;:_ \/3th = 200 Gev Kg _;
0 : : - o Ru+Ru lyl <1.0 1+ o Ru+Ru lyl <1.0 -
0.15 — m Zr+Zr 1 m Zr+Zr -
> - g o 8 5 .
QN - d T }
\>/ 0.10 — a S 1 o g Q@ a QO S ]
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0 1 OO 200 fﬂ_300 0 20 40 60 80 0 20 40 60 80
A N?rk " (Inl<0.5) Centrallity°c?) | . Cntrty%)

fo(Ru) > fh(Zr)
fs(Ru) < fs(Zr)

o Ratio of integrated v, between Ru+Ru and Zr+Zr collisions differs from 1

» Indication of larger nuclear deformity in Ru nuclel than in the Zr nuclel
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Flow fluctuations via multiparticle flow cumulants &%

STAR, PRL 129 (2022) 252301

o Assuming a Gaussian distribution of v,

k

2

i l I

Au+Au

i

200 GeV & 19.6GeV = |
544 GeV © 11.5GeV @ |

39.0 GeV &
27.0 GeV %

k

4

® |

) 02{2} ~ <?JQ> + (52/(2<?JQ>)

) ’02{4} ~ ’02{6} ~ <112> — 02/(2<’l}2>)

» wi{d}/ {2} ratio serves as a metric for v, fluctuations

24.08.2023

1210

L 410 1
Centrality (%)

| | l 1 1 1
60

Vy{4}/vy{2}

hiriididins |7

T T 1

l' T T L] I T

e)

J12 =

e ................. 41 é\'

ar a )

%ﬁ% 108 &

'R DN T BT COM Tt P Y | | g
40 60
Centrality (%)

ik} increasing with increasing colliding energy

n{d}/1w{2} show a weak colliding energy dependence

» Weak energy dependence of flow fluctuations

uncertainties
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e 1{6}/w{4} are consistent with unity within



Constraints on initial conditions

STAR, PRL 129 (2022) 252301

| | | I | | T T T T T l l :
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0.08 i
- = 55%55 H _
- g e ‘lmﬂ' H |
) - e & i
s 0.04+ B..- Hydro-I v,{2] ; =
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24.08.2023

Hydro-I Hydro-ll
/5 0.12 0.05
Initial conditions IP-Glasma TRENTO
Contributions Hydro + Hadronic cascade Hydro + Direct decays

e Both models describe {k} well
o &l{d}/ef2} = w{d}/ {2} for central collisions

» Initial-state eccentricity fluctuations dominate v
fluctuations

o wi{4}/ {2} from Hydro-l agrees well with the data

» Feasible constraints on the initial stages
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?}3{\:[]1} at 1 /SNN — 3 Ge\/
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2
o (GeV/c)

o v3{ ¥} measured at

3 GeV with STAR is much
weaker than one

observed at 2.4 GeV*,
further decreases at

SNN — 32_39 GeV**

@ Signal could only be

reproduced with including
mean field potential

@ Can be used to constrain

—0S

*HADES, PRL 125 (2020) 262301
“*Sharang Rav Sharma, Mon. 10:20
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Summary

o v; Of 3AH and j‘\H

» Measured for the first time

» 1 Slope follows baryon number scaling

® ’UlEPD( 77)

» L

» L

M

SE]

ted fragmentation check

Ul to constrain T-dependent shear

VISCOSIty

@ Number-of-constituent-quark scaling
> HO‘dS at 4 /SNN — 196 GeV

y Absent at 4 /sy = 3 GeV

24.08.2023

® ¥, 3N He+Au, d+Au, p+Au collisions

» Suggests significant influence of sub-

nucleonic fluctuations

o Strange hadron v, from isobar collisions

» Glve access to nuclel deformation

o vo{d}/ {2}

4

4

-low 1

deper

uctuations show weak energy
dence

Provide constraints for initial conditions
® ’Ug{\Ijl} at \/SNN = 3 GeV

» Useful to constrain E0S

Stay tuned for more flow results from BES-I1 and FXT programs!
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System size dependence
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e v at high pr Incresases with atomic mass number of colliding nuclel

» Indicating a nuclear size dependence
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