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Anisotropic Flow at NICA energies: Data vs Models

Anisotropic flow at NICA energies Experimental Data:
(1) E895 Collaboration Au+Au at 2.7, 3.32, 3.85 and 4.3 GeV
(2) NA61/NA49 Pb+Pb at5.1, 7.6 and 8.9 GeV
(3) STAR Collaboration Au+Au at 3.0, 4.5, 7.7 and 11.5 GeV + new results from BES-II
Anisotropic flow at NICA energies Models:
(1) String/Hadronic Cascade Models: UrQMD, HSD, SMASH, JAM, DCM-QGSM
(2) Hybrid Models: viscous hydro+cascade (VHLLE+UrQMD 1 MUSIC+UrQMD) n parton/string models (AMPT,
PHSD n PHQMD)
Goals: Reliable set of published vn results for comparison
Hybrid model constructor
Tools for a Bayesian analysis of Heavy lon Collisions
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VHLLE+UrQMD: Elliptic and triangular flow in Au + Au collisions at 200 GeV
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3D hydro model vHHLE + UrQMD ( XPT EOS), n/s= 0.08 + param from
lu.A. Karpenko, P. Huovinen, H. Petersen, M. Bleicher, Phys.Rev. C91 (2015) no.6, 064901
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Reasonable agreement between results of VHLLE+UrQMD model and published PHENIX data
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Beam-energy dependence of v, and v,

*No p,-dependent efficiency was applied Petr Parfenov for STAR Collaboration, ICPPA 2020
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Integrated v, and v, decrease with decreasing collision energy
Similar shape of p, dependence of normalized v, and v, for all centralities and beam energies
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Beam energy dependence of Relative elliptic flow fluctuations

Star data: L. Adamczyk et al. (STAR Collaboration). Phys. Rev. C 86, 054908 (2012)
Analysis of the model data: Vinh Ba Luong, Dim Idrisov (MEPhI)
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Relative v, fluctuations (v.{4}/v,{2}) observed by STAR experiment can be reproduced both in the

string/cascade models (UrQMD, SMASH) and hybrid model (AMPT with string melting)

Dominant source of v, fluctuations: participant eccentricity fluctuations in the initial geometry



Elliptic flow at NICA energies: Models vs Data comparison

Au+Au s, =7.7 GeV,charged hadrons h, 20-30 %
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Elliptic flow at NICA energies: Models vs Data comparison

Au+Au at {s, = 7.7 GeV, 20-30%, ch. hadrons Au+Au sy, =7.7 GeV, 10-40%, protons
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Pure String/Hadronic Cascade models give smaller v, signal compared to STAR data for
Au+Au Vs =7.7 GeV and above



0.1
> 0.08

0.06

0.04 |

0.02

Elliptic flow at NICA energies: Models vs Data comparison

STAR Data, https://arxiv.org/abs/2007.14005
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Beam-energy dependence of v, and v, particle-antiparticle difference
Petr Parfenov for STAR Collaboration ( ICPPA2020)

* Several theoretical scenarios of
New results possible sources of the observed
STAR Collaboration, Phys. Rev. C 88 (2013) 14902 difference in V5.
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Elliptic flow: protons vs. antiprotons
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* Both VHLLE+UrQMD and UrQMD predict v, (p) < v, (p) but
experimental data shows v, (p) > v,(p)
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Elliptic flow: protons vs. antiprotons

N _\ | L | T T 17 | T T 17 | T 1T ‘ T 1T ‘ T 1T ]
0.25 [ _¢protons A 11566V, f040te
i STAR Data, Phys. Rev. G 93 (2016) |

5 antiprotons |

02| i
: ROLE
015 ¢ % .
i . :

L 4 i
011 . 3 -
I " 0 ]

L . -

0.05 - e U |
L D _

L . D -

0 _\ L1 | | L1 1 | | L1 1 | | L L1 | ‘ L1 1 1 ‘ L1 1 1 ‘_

0 05 1 15 2 25 3
P, GeVic

0

02F
0.15F
0.1}

0.05

> 025 |

‘II\\ o Ill\llll\

] i m [ T [ ]
o ortons Aushu (oo 115GeV, 10406 > 0.95 [+ protons AU+AU Se=11.5 GeV,1{}-4i% #
i AMPT SM,c__ =3 mb i SMASH )
= antiprotons _ - antiprotons
i - 0.2 .
- 5 e - 0.15 - + .
! t 5
B 9 ] 01 B ]
o) - - +
o * ] i
-0 7 0.05 - . ZS $ 7
[ O ] i + 4 [} _
_I | I.I ‘ - | L 111 ‘ L1 1| | L 111 ‘ L1 1| |_ 0 _I | +\ E IAI L1 | I | L1 1 | | I | 1L 111 |_
0o 05 1 15 2 25 3 o 05 1t 15 2 25 3
p., GeVic p., GeVic

* The same trend is apparent in both UrQMD and AMPT
 SMASH gives a different trend — close to the data



Model vs. data comparison for v,(y)
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* Slope dv,/dy changes dramatically with centrality for protons
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Prab AGEV/C VSNN, GeV

v,(p7) at NICA energy range E
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* What kind of additional information can we extract from (p;, centrality)-
dependence of v, from comparison with DCM-QGSM-SMM and JAM (XPT
& 1PT EoS) models?
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MPD Experiment at NICA
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Setup, event and track selection

A 4

Flow analysis
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MPDRoot, August 2020

vl,v2 and v3 measurements for the
hybrid models (production of 60 M
events for vHLLE+UrQMD at 11 GeV is
ongoing
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Elliptic flow measurements using v, of produced particles in TPC

U, = cos2¢ + isin2¢ = e?? (1) -5<n<-2

-1.5<n<1.5 2<n<5
N 1 Q2 TPC
— — _ -1 24
Q2 = ;wjuz,j;lpz,TPc = 5 tan (Qz,x) (2) ‘ FHCal ‘ 0.2<p.<3 GeVic ‘ FHCal ‘
(TP S _ - 0 "7
Scalar Product: V3" {Qz1ec} = ( 20 2,n+> (3) L n N+
(@200
(cos|2(¢ns — Wa7)])
EP _ nt M
Event Plane:  REP{W, 1pc} = \/ (cos|[2(Wops — War-)]) V2 {Worpc) = REP(w, o 1 (4)

Q-cumulants:

2—M 2l + 102012 = 21Q2,05,Q5 ] — AM(M — 2)|Q,|? + 2M(M — 3
(2)2=!\(5(1\|/1—1):‘”’%J”S (, = e J\ffMQ_%l(M_zg(M_;l)Q | s vt 4 avgo 4 207
v {2} = [((2)) v, {4} = Jz((2>)2—((4>) (5)
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Event plane method using v, of particles in FHCal

Using v, of particles in FHCal to determine Q,

Y E;el®i Q1 Rn{¥1,rrcal} = (cos[n(¥rp — W1 pncal)])  (2)
Q1 =" Wiruca = tan™' | == (1)
Z Ei Ql,x
_ (cos[n(@ — W1 ruca))
v {W1 pHcal} = R, (¥ ] (3)
E — energy deposition in FHCal modules (2<|n|<5) n{ “1,FHCal
1
~~ I T T 7T 7 T -~ 1T g
S [ Au*Au, UrQMD reconstructed (GEANT4)] 8 [ AusAu, UrGMD reconstructed (GEANTS) ] >
I L A O = & T i
“osf = . . & o.8F .
= L . 4 = | .
X 0.6 : - m“ 0.6+ ., u T E - 1(
[ [ . .
- 3 ] -
L ® : -
0.4 * 4.5GeV 04T, 1
I [ . * 4.5GeV e |
0.2} " 7.7GeV 5 i = 7.7 GeV "
h 4+ 11.5 GeV 0. -_. 4 115 GeV : -40 20 0 20 40
[ i [ " X, cm
0 PR N T N T TRNN TR N TN TR SN NN TR T y 9 3 b g g a9 1l g g a0 1l g a0 . . . .
0 20 40 60 80 % 20 40 60 80 Energy distribution in FHCal
Centrality (%) Centrality (%)
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v, of VO particles: invariant mass fit method (Nikolay Geraksiev)

x10° x10°
% 0||||| %ZOOO_A_')pn"l"'I"_L
52000 K >m*r > -
Data set: % [ 10.0-40.0% % I 2)02“420/24 ° ]
I . . [ 02<p <24 ] Lo - )‘{7 i
« 25 million events, UrQMD 3.4 non-hydro, 11.0 GeV, minbias 1500 Eni - tosao? 1 15000 Sisis - resmio ]
Geant4 simulation, full reconstruction with: 1000f 1000
. TPCv7, TOFV7, FHCal st0f- 1 s

Centrality by TPC multiplicity, Event-plane method with FHCal v o|52 (°G54w°)56 ) S
. . . _ ev/c? M, ( GeV/c?
Particle decays reconstructed with MpdParticle realistic cuts bel GOVIED
Differential flow signal extraction by bins in transverse momentum 0.070F 10<p<12 S T

(or rapidity) with a simultaneous fit ﬁ - 0035344 + 0.001884 ] | v = 00ssgoa < 0onaze
0.065 + H 4 0055 ]
o.oeo_ + + H ﬁ 1 o.050f H"“ - ' H; + %
o . [ 2l 7 _ { I,
N*(m, .p ) N'(m,.p) _— + J( W : JH + :
VSB(m P )= V"(p B(m + SB 0.055 1 ooasf ]
TN P N"(m_p ) : ] : ]
0.050 . 0.040:_ _
7 Ry —y TR TR I R X P
M.... (GeV/c?) M, (GeV/c?)
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dN/dg

1000
900
800
700
600
500
400
300
200
100

Non-uniform acceptance

x10°

:I L] L] L] L] I L] L] L] L] I L] L] L] L] I L] L] I L] I I:
WWW
5_ —— Good Acceptance _E
= | — Bad Acceptance 3
:I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 L I 1 L 1 1 I 1 1 1 1 I:
-3 -2 -1 0 1 2 3

Y, cm

o, rad

Area 15°< ¢ <45° is off

FHCal L, R FHCal L

cm

-40 -20 0 20 40
X, cm

FHCal R

X, cm

X, cm

How robust the future measurements against non-uniform acceptance?

20



Acceptance correction

Au+Au at \s=7.7 GeV 10-40%, UrQMD, reconstructed (GEANT4), 20M events, Ch. hadrons

od T T T T T T
= [ (a) T (b) T (¢) T (d) ]
0.1 : -1 -1 - -
| [ N A v v g

i = 1 - ® 1 R A 1 v
| = €1 4 A v _
0.05 I T Lo " T LAt T LT _
- T T 4 I v

[ open - uniform acceptance T filled - non-uniform acceptance T

- 1 (e) T ® T (@ T (h) ]
'"‘; L ++++ ----------------------------------------- N ..C§é ------ .. é --------------- + T F S N F Y Ao A + --------------- + A A 2 2 AN N 2NN L ?_
8>c\|
0.9+ m Vo{4} R e Vo{2} 1 A VEP{TZTPC} 1 v VEP{T1,FHC3|}_-
S - - Y Sy ) R R S

0 1
P, (GeV/c)

The applied acceptance corrections eliminated the influence of non-uniform acceptance
Plans: QnTools Framework from CBM experiment
https://github.com/HeavylonAnalysis/QnTools
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Sensitivity of different methods to flow fluctuations

T LILEL I LI LI | I LI | LI I LILEL L] I LILEL T I L] LI | T I T LILEL I T LILEL
c — ALICE Pb-Pb Hydrodynamics —

> 0.15}-5.02 Tev 2.76 T?V - 5.02 T{%\f Ret. 27
1 1 1 . . mv, {2, |An|=1 o v,{2, [An]>1 —/v n|>
Elliptic flow fluctuations: F ARl OB = b
| ev, 2 jan>1} O V{2 [An|>1}
2 /2 2 i +v2{g} bV, {4}
O-VZ B <V2 > - <V2 > 0.1 52 ESi ,.A;f-:‘.‘:::::i"l':tl— — _tgf._'.'.llliijjj"'-

The difference between v.{2} and v_{4}:

2 2 i >|’Z | o
0.05—
2

S

)

%
1 G |

*

G,

%

——£1

Ya
IIII|IIII|IIII

1 oy, 1 0'5 K e
v,{2} = (vz)+2< Y’ ~ (V) — 2w 22> gﬂ‘;:\, f;q; ' #
. cp o 1 e e R [
The difference between v, {¥, .} and 5 1 S e =020 t —5
v, W, ek 1_* , W
(%) {LPLFHCal}”(Vz)’Vz {Lpz,TPc}”Wz)"'E(vz) 1E4 3 e .............(??.";

0 10 20 30 40 50 60 70 80
Centrality percentile

J. Adam et al. The ALICE Collaboration Phys. Rev. Lett. 116 (2016) 132302
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w7 — — -
> 0 5:(a)Auwﬂ\u at \sy=7.7 GeV, 10-40% T (b) UrQMD T (C) .
N Ch. hadrons T Tt ] P
0.1 § 1 T g
- T T I ]
- ¥ X T g % g X T i
0.051- g 5 - : T .
- # . & V5 Frcall i * Vy{4} ‘. - vSPQ.__}
ok + VP 1ec) w2l e ® we
AC) 1(e) T
& 1 . T .
>N [ : T + :
o bt segogogo gl BB a % ................... % ..... Polirsge SIS ;
L A -+ A + s +* i
O [ e o ¢ I ¢ & 4 ¢ 1 ? :
g 09_ g 2 Fay i i _:_ g A é # Fa) 4 _':_ . % + VAN i A i _:
0 i > 5 o0 % >
P, (GeV/c)

Comparison of v2 measurements using different method

v, {2}, v5P {¥, tpc} and v {Q, tpc} are in a good agreement

v,{4} and v5F {W1ruca} are smallerthan v,{2} due to fluctuation and nonflow
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Performance study of v, of pions and protons in MPD

Au+Au, 10-40%, UrQMD, reconstructed (GEANT4)

* @) vo{4} 1 (b) va{2} 1 (c) VEP(®, 1pc} 1 (0) vSQ, 1T(e)  VEPE, po)
0.1 Sy=7-7GeV 2‘._‘ 20M events . ol 2 ¥ . T x‘.
[ 8 1 a2 2 I FO e :
[ d
0.05F AAAQa T AAi‘! T AAi‘ T ‘:‘! T AA“’ -
5 ® -+
- 4 @ oOpen-recoy 4 e AT A e A e il e
OI'_ o’ filled -true 7| o ¢ 0 I e 1 e 1 o° A
(f) [(9) iy O o |
O Vs\n=11.5GeV T 10Mevents o] o] e ]
gi 2: Aégg o “gg . “gg 21 ., ! . ]
0.05 a3t T ' Pooatet Pt booLass
A g L e o [ 4 ®
o ¢° 1 o I e° 1 e I e
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2
p. (GeV/c)

Reconstructed and generated v, of pions and protons have a good agreement for all methods
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Au+Au vs. Bi+Bi collisions for reconstructed data in MPD

TPC event plane

'E_) | UrQMD, |s, =7.7GeV | >Ng_14"""""""""'
~ 0.6} (2) open - Au+Au - (b) 10-40%
> p filled - Bi+Bi ] 0.12
T ok P ™
- |
0.08
LI : R
X 0.06 A :
* ) A
0.2}* A 0.04 . °
! | : .
0.02 .
0....1...I...l.||, 0"!'l"""""""
0 20 40 60 80 0.5 1 1.5 2
Centrality (%) P, (GeV/c)

The results show a little difference for resolution and elliptic flow between

two colliding systems ’e



Au+Au vs. Bi+Bi collisions for reconstructed data in MPD

FHCal event plane

,.a:_cg 1F g— -UIrinD-, v-s_N|:=-7-7-G-eVI —— 5 >N0.14 e . LN R
Eﬂ 3 (a) open - Au+Au s (b) 10'40°A3
S filled - Bi+Bi , 0.12
,_vc_\,‘ lp ATC"‘
I $ $ " 0-1
% 4"}: | 8
. 0.08 0
0.5 : & - . 8 & %
. 0.06 , a2 d
] A ©
[ & 7 0.04 A ®
. - A Q
0.02
@
0...I...I...l.||, 0..9.[....I....I....
0 20 40 60 80 0.5 1 1.5 2
Centrality (%) p. (GeV/c)

Expected small difference between colliding systems
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V. (Y): B|+B| vs Au+Au

0.2 - UrhMD, UT_??(I:‘.E‘H' 0-10% - > 0.2 - UrhMD, 5;5—_??&&%1 10-40% = -
*p *p
0.1F m K +— 0.1 s K A
" - " o
& L N i T o ¢ : - F i TC N :
P e ada I i ey 4 o0 v
L S e A O e RPN B B R
® L oa A - = o F
] A= A
- i A
—0.1H - 0.1} ‘o
open - Au+Au - - open - Au+Au
filled - Bi+Bi i I filled - Bi+Bi
-02F T -02F T
—1 0 1 -1 0 1
y y

Expected small difference for vl (y) for particles produced in Au+Au and
Bi+Bi collisions.
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Performance study for v, of VO particles (Nikolay Geraksiev)

012

[ K°>m*m  UrQMD AuAu {5,,,=11 GeV 10-40%
0.10® V5 from fit -
[ . v, true i
0.08 - .
0.06 - l’ —:
: L1

s ¢ T 7

0.04 . . -
[ © °° i
0.02- O —:
0.00 _.,.,|,, .......... e - ,, ....... e | —

00 0.5

>N 0'12 D R

A—pT  UrQMD AuAu is =11 GeV 10-40%

0.10® v$from fit -

L v, true i

0.08 - .

I PO

0.06 P Te ]

I ¢ ¢ i

0.04 _ _

- ® i

5 ﬂ -

0.02 B e ]

[ | e ]

0.00 _,.T.|.,.,| ................. e e | —
0.0 0.5

Reasonable agreement between reconstructed and generated v,, signals for both K° and A
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Performance study for v, of VO particles (Nikolay Geraksiev)

;010_-|----|----|----|----|_

[ K>t :

[ ® v from fit i

0.05[- O v,true 7

R~ :

0.00 _g. .................... Q ..... - g — _

i ﬁ g_

:

_0.05F .

010, .|...|_-
-1.0 -0.5 0.0 0.5 1.0

Reasonable agreement between reconstructed and generated v, signals for both K° and A

<

:," 006 i L L L L L |

L A _>p,m' UrQMD AuAu ﬁ:ﬁ GeV 10-40% =

0.04- @ v§from fit ]

- [ v,true ]

0.02 -

_ uli

! -

0.00 R Diﬁ. .............................. -

[ s ® e :

-0.02f, * -

-0.04 -

_0 06 i ' I I ' ' ' i
] -1.0 -05 0.0 0.5 1.0

y

29



- T T T T T T T T T T T T T T
- UrQMD Reco (GEANT4), Au+Au 1
0.06 =
I (a) ot 1Kg ]
0.04 N -
i e ® ® o o
0.02 n . e +-
L qr
L * " O T it
0 -_.....1..... ..........:....I....i....x .......... —
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- |
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o _ oo - :
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I Ll Ly .
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Performance study for v, and v,

L L L L L L L L L
s =11.5 GeV, 10-40%
0.08F (b) -
- 0P oA , ¥
0.06 | ;] $-'
o 0 ® 2 % {:
L 0 Zh o
0.04 e *ii i
: s 20 F '
B O
0.02 N s 2 -
: 2
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P " 1
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Outlook: triangular flow with MPD at NICA

lu.A. Karpenko, P. Huovinen, H. Petersen, M.
Bleicher , Phys.Rev. C91 (2015) no.6, 064901

0.1
- V{EP}, 20-30% central O
i A STARV,{EP]
i --- ideal
0.08— — s=02
S pure UrQMD
__r T e 72?
0.061 /W
) w
< % - -
= A, Vz
0.04~ e
0.02 2
— | | |

10
Vs [GeV]

n/s

0.25[

0.15F

0.05

0.2"

0.1

O_I\

effective n/s vs collision energy

10 10
\/SNN [GeV]

Models show that higher harmonic nppies aie mouie sensiuve w
the existence of a QGP phase

In models, v; goes away when the QGP phase disappears????
30 M of reconstructed VHLLE+UrQMD events



Summary and outlook

. Vv, at NICA energies shows strong energy dependence:
- At \/SNN:4.5 GeV v, from UrQMD, SMASH are in a good agreement with the experimental data
. Ats,27.7 GeV UrQMD, SMASH underestimate v, — need hybrid models with QGP phase
- Lack of existing differential measurements of v, (p+, centrality, PID, ...)

« Comparison of methods for elliptic flow measurements using UrQMD model:

> The differences between methods are well understood and could be attributed to non-flow and fluctuations
. Feasibility study for directed and elliptic flow in MPD:

- v, of identified charged hadrons: results from reconstructed and generated data are in a good agreement for all
methods

- v, of KCand A particles: results from reconstructed (using invariant mass fits) and generated data are in a good
agreement

. Small differences in v, for 2 colliding systems (Au+Au, Bi+Bi) were observed as expected

Outlook:

~ V4,V, and v; measurements for the hybrid models (production of 60 M events for vHLLE+UrQMD at
Vs, = 11 GeV is ongoing)

Workshop on analysis techniques for centrality determination and flow measurements at FAIR
and NICA, http://indico.oris.mephi.ru/event/181/ (24-28 August 2020)
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Thank you for you attention
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Setup, event and track selection

A 4

Flow analysis

UrQMD . GEANT4 .
| \—‘
<AU+AU:
= = « TPC
Nevents_ 10 M at \/SNN =45, 11.5 GeV " EHcal
: I\_Ievents_ 20 M at \/SNN =7.7 GeV . TOE
BiI+Bi: .
|\Ievents: 7 M at \/SNN =7.7 GeV
90000 o
%80000_ lm‘* 1.22
870000E T
Q60000F |+ 0 0.8
:50000_ ] % 0.6f
840000 . Go4f :
5 - ~0.2
830000 o ;
S0000F .
810000— -0.2
B —0.4F N N \

Momentum, GeV/c

Lo Lo Ll A
0 05 115 2 25 3

3.5 4
Momentum, GeV/c

Reconstruction L‘

10°

410

110°

102

Event classification:
« Track multiplicity
. FHCal energy

Track selection:

« Primary tracks (20 DCA cut)

¢ NTPC hits = 16

« 0.2<p<3GeVic

e In|<1.5

« PID based on TPC+TOF (MpdPid)

MPDRoot, August 2020
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Results for v, from UrQMD model of Au+Au collisions
at Vsyy = 7.7 GeV

o OJ_ T T T T T T T

L UrQMD, Au+Au at s =7.7GeV
[ O [1]v,{2} Ch. hadrons, ﬂ.2-=:pT-=:H§.ﬂ GeV/c

0.08f o [21via)
L & [B1v,{¥51pc)

0.06

IIIIIIIIIIIIII
L2
oM

10 20 30 40 50
centrality (%)

0

v,{4} is smaller than v,{2} due to fluctuations and nonflow



Description of event plane method

N

Q'H — Z uly, (}J {-'f'r-m’;)-"' — Q.” E'EF..”{T}”' (1)

j=1

('2?1 OIS (Iil 1 ]-.]:.-l ?1) — ‘X-?l o Z r“'-? ( {}h( ”{)g ) ..
7

Qpsin(nv,) =Y, = Z w; sin(nao; ).

1

Swesin(nao: )\
|— (mu_l 2i Wi SR ) /n (2)

0, cOS(naoy;)

1

n-sub EP method: resolution of the reaction

plane ¥, obtained from 2 sub-events

STAR Collaboration: B.l. Abeley,

Left Right

-15<n<-0.05 0.05<n<15

Left half (N<-0.05) — n.
Right half (1>0.05) — n,

(cos[n(¢ps = ¥2.7)])
\/ (cos [n(%,,?... - l‘UE.?:r—)D

V,{n-sub,EP} = (3)

et al., Phys.Rev.C77:054901,2008 37



Description of scalar product method

u, =cosng+isinng=e" (1) Left Right
M M i
ing;
Q. =2U,; =" (3
=1 =1
-1.5<n<-0.05 0.05<n<15

U, — particle unit vector

Left half (n<-0.05) — n.
Right half (n>0.05) — n.

. Q, — event flow vector(Q-vector)

 Elliptic flow measured using

. u .
correlation between u.and Q, V5 {Q, 1o} = < Z’WiQZ”?+> (3)

Q.2 )
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Results for v, for reconstructed events of MPD

NO.Z_ --------- Illd Ky 0.1_ -------------- Illd

UrQMD, GEANT4, Au+Au@\s , =7.7 Ge UrQMD, GEANT4, Au+Au@s , =7.7 Ge
[ O vo{2,)anl>0.1} Charged hadrons, cenlrallty 10 40% = [ O v,{2,)anl>0.1} Charged hadrons -

® v.44.QC) i 0.08f ® v,a.0c) .

0-15: A V,{EP,JAn[>0.1} . C A V,{EP,An>0.1} .

5 | ouf :

0.1 7 [ i

: & @ . 0.04 n [ w E -

0.05 | s ¢ - ; ¢ -

' ._ W W _. 0.02 -_ _-

S . - § .

oF E oF E
© _ _ ©
I T T 1

1
----- S R E |

D-Ed 1 1 [ | I 1 1 [ | [ | I 1 [ | [ | 1 I 1 [ | [ | 1 I 1 [ | [ | h_ 1 1 11 I | . | I 1 1 061 I 1 1 b 1 I 1. 1 b 10 I [ N l-

0 0.5 15 2 2.5 0 10 20 30 20 50 50

P, [GeV/c] cent, %

V,{2} and v,{4} are in good agreement with v,{n-sub,EP} at 10-40%
centrality 39



Eccintricity: Bi+Bi vs Au+Au

UrQMD, |s,=7.7 GeV

A
c\,\,;“ 1 UrQMD, {/5,,=7.7 GeV

<€,>

M Au+Au 6 A Au+Au

0.8 0.8

o

® Bi+Bi ® Bi+Bi

0.6 0.6

0.4

0.2 0.2

0.4 A
n 5
N é
[ e « o0 ¢ * ¢

Ilr-llllllllllllllIII?III-

IL I I..I I I 1 | L I i I 1 I|
L

+ . .

Ilr I IIIIDI.I I|IIIII IIIIII |

| LAY
....... A &ﬁ&‘&&.ﬁé

Au+Au/Bi+Bi
Au+Au/Bi+Bi

UrQMD model predicts small difference between € of Au+Au and Bi+Bi



Sensitivity of different orders cumulants to elliptic flow fluctuations

* How fluctuations affect the
measured values of V. The effect of
the fluctuations on V_ estimates can
be obtained from

2\ _ g2 2 4\ _ o4 2 o2
<vn>_vn+avn, <vn>—vn+6avv

n N

v {2}= \/<v7§> v {4}= Q/2<vﬁ >2 - <v;‘>

* The difference between v {2} and

v {4} is sensitive to not only nonflow
but also to the event-by-event V
fluctuations.

1o 107
v{2}=v +——, v {4}=V ———
2V, 2V,

ALICE Preliminary, Pb-Pb events at \[s,,, =2.76 TeV

01l

0.05 . -
L " . v, (charged hadrons) [

i o V,{2} (|An] > 0)

I (I1Aan]>1)

0 1 1 L1 | 11 L1 | 11 Ll | 11 L1 | 11 L1 | L1 1 1 | L1 ) 1 | L1 1 1
0 10 20 30 40 50 60 70 80

centrality percentile

The difference between v,{2} with and without An gap
is driven by the contribution from nonflow

llya Selyuzhenkov for the ALICE collaboration,
Prog.Theor.Phys.Suppl. 193 (2012) 153-158
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Vz{k}

Cumulant results from Beam Energy Scans

L. Adamczyk et al. (STAR Collaboration). Phys. Rev.

Niseem Magdy, Nucl.Phys.A 982 (2019) 255-258 C 86, 054908 (2012)

@ k=2 200 Gev mt® k=4 03 [

0.081 54 GeV w- | STAR Preliminary | Fo® Vairn-5U .
_ 27 GeV & | AutAU . Do vof2) 1 ]
_ 7.7 GeV - | = 9 val4} | [ ]
I 0.2 l

&

0.04—ﬁq 7] 7 * .' I
| . sl o
L Y e | . ] E T ‘ ]
I 0.1} T

OT T B B I B B | e
0 200 400 0 200 400 I - L T
< NCh ) ( Nch ) . | ]
0 | . 'u?llrrm_.lh].,l'l:l'!{zi " Aus+Au at slm‘.é 1.5 GeV |
ﬁ | = wfd}iv,{2] |
S 12 |
RS B '
z 3 .
% e qbogot i8R ad gt T
= g ¢t R
e =" r¢ . ]
i (200 GeV) [Hydro] == 0.6 0.8 - & ‘ _
i (200 GeV) ,{4}/e,{2} mm ] 1y d 1
L. . A R i _
6 2(|)0 400 .
0.6 —————
{(Nen? 1 2 3
P (GeVic)

The magnitude and trend of the fluctuations, have weak beam energy dependence

Methods of flow measurements have different sensitivity to flow fluctuations 49



Vz{k}

Comprasssion of (a) v,{2} vs. <N, (b) v,{4} vs. (N>

0.08

0.04

Energy Scans

Cumulant results from Beam
‘(aj k=2 ‘20(‘) Glev‘ -E-' ‘(b) k=4 >N0.02
L 54 GeV v | STAR Preliminary
| n ey i |
e
I | \ ] 0.02}
N o ° N e © ' [
n | [ [ R R _ -004-
0 200 400 0 200 400 [
(Nep? (Nep? 0.06 |
:I (©)  STAR Preliminary [
~ -0.08
% [
E 01
B >r\] L
i (200 GeV) [Hydro] =] 0.6 012
I (200 GeV) e,{4}/e,{2} mm |
0200 400 0.4
(Nch >

and (c) thir ratio for Au+Au collisions

Niseem Magdy, Nucl.Phys.A 982 (2019) 255-258

| Protons

| < bgeo> =2.9fm

-0.2 < y(o) < 0.

ﬂzﬂg
E=

O Lee-Yang zeroes

L o Event-plane
+ % 3rd order cumulant

: i+ 5th order cumulant

............

Ru+Ru, 1.69A GeV

...........

V, Versus transverse momentum for protons measured

in semi-central events and around mid-rapidity.

N. Bastid, et al., Phys.Rev. C72 (2005) 011901
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Results for v, from UrQMD model of Au+Au collisions
at Vsyy = 7.7 GeV

Total number of generated minimum bias

events - 88 M Left Right

Particle selection: charged hadrons,

0.2<p;<3 GeV/c
-1.5<n<-0.05 0.05<n<15

Configuration of cumulant method:
Left half (n<-0.05) — n.
1. RFP and POI: charged hadrons; Right half (n>0.05) — n
2. calculations were performed taking into account

the effect of autocorrelation

All 3 methods have the same kinematical cuts
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Results for v, for reconstructed events of MPD
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V,{2} and v,{4} are in good agreement with v,{n-sub,EP} at 10-40%
centrality 45
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