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Azimuthal anisotropic flow 1989-2000

Diogene, M. Demoulins et al., Phys. Lett. B241, 476 (1990)
Plastic Ball, H.H. Gutbrod et al., Phys. Lett. B216, 267 (1989)
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The anisotropy is quantified by decomposing the azimuthal distribution in a Fourier series

v, = (cosn(¢ — Wrp))
v, is directed flow, v, — elliptics and v, — triangular



Compressed baryonic matter at the laboratory and in
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Equation of state (EoS) of compressed baryonic matter
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Vn at the energy Of NUCLOTRON'NICAP DANIELEWICZ, R. LACEY, W. LYNCH
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Ambiguity of comparing experimental v _with theoretical predictions:
v, suggests Knm~210 MeV and v, suggests Knm'“ 300 MeV
Additional measurements are needed to address the discrepancy of K __
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Need for a new measurements for V.
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The new results are
needed to address the
discrepancy of dv./dy
measured by E895 and
STAR

FOPI: Nucl.Phys.A 876 (2012)
STAR: Phys.Lett.B 827 (2022)
E895: Phys.Rev.Lett. 84 (2000)



The BM@N experiment (“Baryonic matter at Nuclotron”)

500M of Xe+Csl at Ekin=3.8A GeV were collected in the
early 2023
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magnet The symmetry plane is estimated using the azimuthal asymmetry

of the spectator fragment energy deposition in FHCal 7



Performance study of the BM@N experiment for measuring v, and v, in Xe+Csl|
collisions at the energies 2A, 3A and 4A GeV
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A good agreement between reconstructed and model v_is observed
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Symmetry plane resolution in Xe+Csl at E . =3.8A GeV
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All the R, estimations are in a good agreement which suggests low non-flow contribution
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Proton v, vs rapidity and transverse momentum

Mamaev M. Int. J. Mod. Phys. E. — 2024. — T. 33, Ne11. — C. 24410009.
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JAM agrees with experimental data within 8% at rapidities y__<1
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FOPI: Nucl.Phys.A 876 (2012)
STAR: Phys.Lett.B 827 (2022)
E895: Phys.Rev.Lett. 84 (2000)
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agree with STAR
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Higher directed flow of
proton in BM@N and
STAR data suggests more
hard equation of state
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BES program in the BM@N experlment
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Flow vectors

From momentum of each measured particle

define a u_-vector in transverse plane:
U, = e
where @ is the azimuthal angle

Sum over a group of u_-vectors in
one event forms Q -vector:

Qn _ Z;’cvzl wiy _ |Qn|€m

chvzl wy;

W & is the event plane angle
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T-: all negatively charged particles with: a
- 1.5<n<4
- p;>0.2GeV/c
T+: all positively charged particles with:
- 20<n<3
- p;>0.2GeV/c
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Flow methods for v_ calculation Using 2-subevents doesn’t
M M t al 2020 PDN lei 53, 277281 DEFo45§ ® F2ATp(F1,F3)
. amaeyv et a uclel , - : —
Tested in HADES: i Mamaev et al 2020 J. Phys.: Conf. Ser. 1690 012122 b F2 " Fo(TR(F1F9)
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Symbol “F2(F1,F3)” means R, calculated via
(3S resolution):
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: _
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Method helps to eliminate non-flow

centrality (%)

Symbol “F2{Tp}(F1,F3)" means R,
calculated via (4S resolution):

@i'er’)
V(@M@ el

15

Rf?{Tp}(Fl,F?») — (QF Q’{p>



Non-uniform acceptance corrections in BM@N
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QnTools framework
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e All the methods used for performance study were carried out using QnTools framework:
hitps://github.com/HeavylonAnalysis/QnTools (well documented and well-tested)

e Methods for flow measurements in fixed-target experiments were tested on experimental
data from NA61/SHINE, HADES and ALICE
e Tested and implemented in MPD root
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Scaling with collision energy is
observed in model and
experimental data

Scaling with system size is
observed in model and
experimental data

We can compare the results with
HIC-data from other
experiments(e.g. STAR-FXT
Au+Au
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Flow vectors " = Q(F2) Q{F3)

F1
From momentum of each measured particle Q{F 1}

define a u_-vector in transverse plane:

—_ ,in
U, = € ¢
10°
where @ is the azimuthal angle
10°
Sum over a group of u_-vectors in
one event forms Q -vector:
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Additional subevents from tracks not pointing at FHCal:

Tp: p; 0.4<y<0.6; 0.2 < p; < 2 GeV/c; w=1/eff

Tr: 1m-; 0.2<y<0.8; 0.1 < p; < 0.5 GeV/c; w=1/eff

T-: all negative; 1.0<n<2.0; 0.1 < p; < 0.5 GeV/c; w=1/eff 20

W & is the event plane angle



Flow methods for v_ calculation Using 2-subevents doesn’t
M M t al 2020 PDN lei 53, 277281 DEFo45§ ® F2ATp(F1,F3)
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Tested in HADES: i Mamaev et al 2020 J. Phys.: Conf. Ser. 1690 012122 b F2 " Fo(TR(F1F)
' F U v F2{T-(F1,F3)}
Scalar product (SP) method: R TE é? O Fe(F1FY)
F1 F1 AF3 03F -
v <U1Q1 > vy = <U2Q1 1 > e = -
1 = — F1 pF3 E
Ry B R 0.2F
. . . 015 I s I
Where R1 is the resolution correction factor . 1;_
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Symbol “F2(F1,F3)” means R, calculated via
(3S resolution):
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Method helps to eliminate non-flow

centrality (%)

Symbol “F2{Tp}(F1,F3)" means R,
calculated via (4S resolution):
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Azimuthal asymmetry of the BM@N acceptance

=

@-n yield of protons
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Required corrections to reduce effects °
of non-uniform azimuthal acceptance
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Corrections are based on method in:

I. Selyuzhenkov and S. Voloshin PRC77, 034904 (2008)
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e Better agreement after rescaling for YY

e XX component has a large bias (due to

magnetic field)
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SP R1: DCMQGCM-SMM Xe+Cs@4A GeV "

SP gives unbiased estimation of v_(root-mean-square)
EP gives biased estimation (somewhere between mean and RMS)
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Using the additional sub-events from tracking provides a robust combination to calculate resolution 23
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Cascade mode fail to reproduce flow signal

Mean-Field models reproduce flow signal up to 4th harmonic
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https://inspirehep.net/literature/2621087

Simulation datasample

Xe+Cs nuclei collisions
DCMQGSM-SMM model (realistic yields of spectator fragments), describes flow poorly
JAM model (realistic flow signal)

Geant4 transport code (important for simulation of hadronic showers in the forward
calorimeter)

e Realistic reconstruction

2A GeV 3A GeV 4A GeV

DCMQGSM-SMM 6M 6M 2M

JAM MD2 3M 3M 5SM




Flow vectors " = Q(F2) Q{F3)

F1
From momentum of each measured particle Q{F 1}

define a u_-vector in transverse plane:

—_ ,in
U, = € ¢
10°
where @ is the azimuthal angle
10°
Sum over a group of u_-vectors in
one event forms Q -vector:

s 104

103

102

Q . Z;’cvzl wiy _ |Q |ein‘IlfP ‘
" ch\r:lw"l?l " —1 T R T R , 2

Additional subevents from tracks not pointing at FHCal:

Tp: p; 0.4<y<0.6; 0.2 < p; < 2 GeV/c; w=1/eff

Tr: 1m-; 0.2<y<0.8; 0.1 < p; < 0.5 GeV/c; w=1/eff

T-: all negative; 1.0<n<2.0; 0.1 < p; < 0.5 GeV/c; w=1/eff 26

W & is the event plane angle



Flow methods for v_ calculation Using 2-subevents doesn’t
M M t al 2020 PDN lei 53, 277281 DEFo45§ ® F2ATp(F1,F3)
. amaeyv et a uclel , - : —
Tested in HADES: i Mamaev et al 2020 J. Phys.: Conf. Ser. 1690 012122 b F2 " Fo(TR(F1F)
' F U v F2{T-(F1,F3)}
Scalar product (SP) method: R TE é? O Fe(F1FY)
F1 F1 AF3 03F -
v <U1Q1 > vy = <U2Q1 1 > e = -
1 = — F1 pF3 E
Ry B R 0.2F
. . . 015 I s I
Where R1 is the resolution correction factor . 1;_
F1 _ F1 RP 0.05F
Rl _<COS(\Ijl _\Ijl )> O:----I-...I....I....I....I....

Symbol “F2(F1,F3)” means R, calculated via
(3S resolution):

RFAFLES) _ J@rPeM Qo)
: _

F1F
Q1" Q1)

Method helps to eliminate non-flow

centrality (%)

Symbol “F2{Tp}(F1,F3)" means R,
calculated via (4S resolution):

@i'er’)
V(@M@ el

27

Rf?{Tp}(Fl,F?») — (QF Q’{p>



Rec R1: DCMQGCM-SMM Xe+Cs

o 0.35¢ h [
- ® 2A GeV X -
0_3'_ - -
- F1 u 3A GoV - F2 - F3
0.25F - o PY e o
: : o | E4 "y
0.2F L i = o
; ] ; - ;
; 8 ® ; Y ;
0.15_—. b v — Y Y —
0.1F = =
0.05F - -
0: sada s aada s s sl s s adlaaaal s :...I....I....I....I....I.... :...I....l....l....l....l..l.
5 10 15 20 25 30 355 10 15 20 25 30 355 10 15 20 25 30 35

F3

F2

F1

centrality (%)

Resolution is lower for higher energies due to lower v,

centrality (%)

centrality (%)
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Directed and elliptic flow in Xe+Cs (JAM)

- 0.5 ~

> [ 10-30 (%); 0.4<p _<0.8 (GeV/c) > C10-30 (%); 0.0y _<0.6
0.4} 004F ¢ 2acev Model
I - B 3A GeV
03 :_ 0.02 :_ v 4AGey @ Reconstructed
E 0— k—'—y\‘__,!_—y
0.2~ -
C -0.02[-
0.1f [
[ -0.04 -
. % 0.06F
— -Illllllllllllllllllllll 1 -lllllllllllll||II||I||III||III|
0'—1).2 0 02 04 06 0.8 1 0'080 0.2 04 06 08 1 1.2 14 1.
Yem p, (GeVic)

e (Good agreement between reconstructed and pure model data for all
three energies



R1: BM@N Run8 DATA: Xe+Cs@3.8A GeV

o 0-35
0.3
0.25
0.2
0.15
0.1

0.05

BM@N RUNS8
Work in progress
@ @
. ®
® & ° o
[
@ & & 8
O
® ® F1(T+ F3)
® F2{T+}(F1,F3)
® F3(T+F1)
O F1(T-, F3)
O F2{T-}(F1,F3)
O F3(T-,F1)
1 1 1 1 I | 1 1 1 I 1 1 1 1 l | | 1 1 | I 1 1 1 1

10 15 20 25 30
centrality (%)

F3
i Q{F2} Q{F3}
F1
Q{F 1}

T-: all negatively charged particles with:
- 1.5<n<4
- p;>0.2GeV/c

T+: all positively charged particles with:
- 20<n<3
- p;>0.2GeV/c

Results for v, and v, are in progress
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Corrections due to non-uniform acceptance

ADES Ag+Ag@1.58A GeV

ADES Au+Au@1.23A GeV H
» preliminary

H e ADES Ag+Ag@1.23A GeV
preliminary |

i 0.018 -
> reliminary
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0.004
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e IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Sl i
—
-
{ il
=
L
-
|
—
-
-
o
m
|
|
=
-
a
u
n
n
|
)
ok

| IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

1.04
1.02F
1E : e : =
0.98F e S : ) o | Y &
0.96F- | o £ o
0 &5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

centrality (%) centrality (%) centrality (%)
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|
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Residual effect due to non-uniform acceptance is 2%
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The HADES at S1S-18 accelerator (GSI, Germany)

Produced particle

2012: Au+Au @ E, =1.23A GeV (Vs =2.4 GeV)
2019: Ag+Ag @ E, =1.23A GeV (Vs =2.4 GeV)
@ E,,=1.58A GeV (Vs =2.6 GeV)

Reaction plane estimation using the deflection of

projectile spectors
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Systematic error table

Au+Au npwu
E,.=123AT3B

Ag+Ag npwu
Ekin=1 .23A 2B

Ag+Ag npwu
Ekin=1 .58A 3B

HeonoHopogHoOCTb
akcenTaHca

2%

2%

2%

HenoTtokoBble
Koppensunu

2%

5%

5%

Ob6uwas

3%

5%

5%
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KonnekTtnBHbIe NOTOKU B CTONKHOBEeHnA Au+Au Ekin=1 23A 3B

HADES
Au+Au |5y =2.4 GeV Adamczewski-Musch, ... , Mamaey, et. al.
Protons
Centrality 20-30% Phys.Rev.Lett. 125 (2020) 262301
1.0< p,< 1.5 GeVic
ycm >F08:"|"'|'"["'I"'I"'I"'I"'I"'I"'I:"_l LI SR RN N N BN TR [ TR LT PR TR I_'
— Gl £ [-JProtons  Gentrality 20-30% F HADES Au+Au {Sy, = 2.4 GeV |
0.2 0.6[- [-]Deuterons I S fme
— 04 - [-]Tritons T o
0.6 0.4 -+ [==] .
—— 038 B
. 0.2
2" of
P 02f
10 r
0.4
1 B
-0.6| + —e ]
r -025<y <-0.15 ik 1.00<p <1.50 GeV/c 1
sl cm £ t .
L2 SO NP (PO EPEPUPS (PUPUPN YUPUI CPUPUPRL PUPUPGH PUPUPAN IPUPUPRN I S NSNS WA SN AN ST SO SN SN T SN VAR YO SN SN VO W O I
0 02040608 1 12141618 2 - -0.5 0 0.5 1
Sn P, (GeV/c) 3o

KonnekTtueHble NoTokn B Au+tAu@1.23A 3B namepeHsbl o 6 rapMOHUKK
e BoccraHoBneHa TpexMepHas KapTUHa BblfieTa YacTuL
e OnepegeHa cucrtematmyeckas NnorpeLHoOCTb, CBA3aHHasi C METOAMKOM OLIEHKM MNIOCKOCTU peakumm



Table for the systematic uncertainties

HeooHopoaHOCTb HenoTtokoBble

akcenTaHca Koppensauum
Xe+Cs npu E,. =2ATaB | 3% 4%
Xe+Csnpu E . =3ATaB | 3% 4%

Xe+CsnpuE . =4ATaB | 3% 4%

Obuwas

5%

5%

5%
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Rec R1: DCMQGCM-SMM Xe+Cs

= 0.35¢ - [

; ® 2A GeV E -

0.3F - -
- F1 ) 3k GV - F2 - F3

0.25F v 4A GeV = - - * o 2 % .
- - e - g B vy *¢

0.2F - i m '—= Y
; - ; - ;
; 8 ® ; Y ;

0.15_—. b v — Y Y —

0_1:_ EPR1~30% _ _

0.05F - -
0: sada s aada s s sl s s adlaaaal s :...I....I....I....I....I.... :...I....l....l....l....l....
5 10 15 20 25 30 355 10 15 20 25 30 355 10 15 20 25 30 35

F3

F2

F1

centrality (%)
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[1na Gonee BbICOKUX aHeprvu7| R1 HWXXE, NMOCKOJTbKY HMXE V1

centrality (%)
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HeoaoHopocaHOCTb a3umMmyTarnbHoro akcentaHca HADES

ey |eId of protons Corrections are based on method in:

|. Selvuzhenkov and S. Voloshin PRC77. 034904 (2008)

200

9, [rad]

180

" " o.01sF.HADES Au+Au@1.23A GeV
1_ s 140 > o ' =
[ s : 3 -'.f:'“ 120 0016 :'._
0 — 100 0.014
Py 0.012
i 0.01F
-2 =
r 0.008
A To2 0 02 O.Aﬁ o.s;y‘ 0.006 -
Required corrections to reduce effects”’ e E
of non-uniform azimuthal acceptance . 0.004 - 2 Y
Q Q 0.002 - ® XX+YY
1. Recentering ‘CQ—& = —69—& > 104 prosstassactaaabusa s L L
- F
, . =< 1.02F +
% = x - " B i
. ‘\ 9 1 - rl * & ; % : & &
2. Twist %9—»@ ] i g 0.98 > ]
© 0.96F . . . ) ) . )
Qy aQy 0 5 10 15 20 25 30 35 40
3. Rescaling <___,< >=, { } centrality (%)
= e M Mamaev et al 2020 PPNuclei 53, 277281 37




vy

CpaBHeHne MeTof0B U3MepeHust v, B akcnepumeHte HADES

— HADES Preliminary Au+Au@1.23AGeV
-008 protons, y_[-0.25,-0.15], p_[0.0,2.0]
-0.09—
u e Eventplane
-0.1F
011 Scalar product
0.2 Tr
- {
70A13_— r * r’
—0.14 $ L
:u | I | AN R R | |
1155
1.1;—
1.05E
E I 1. i ¥ f I - ?
0.95F- T ¥
0.9
0.85F-
0 TETTi0 15 20 25 30 35 40

centrality (%)

ratio to 3-sub
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e © - =
© © . Lo

[~ HADES Au+Au@1.23A GeV
- P 0<pT<2.0; -0.25<ym<0.25
[~ w/o eff; Qn:RTR; Err:bstrap
[ SP:W1,3[Mb;W3,1]
- R — M.Mamaev et al. Physics of Particles and
- Nuclei, 2022, 53(2), pp. 277-281
: RND-sub
N M.Mamaeyv et al. Journal of Physics:
i Conference Series, 2020, 1690(1), 012122
MRS BPE | P 1 1 o1 1 P
0 5 10 15 20 25 30 35 40
Centrality

CuctemaTtunyeckas owmbka ns-3a metoga U3MEPEeHNAX v, MeHee 5% B
cpeagHeueHTpalribHbIX CTONTIKHOBEHUAX Au+Au
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Ponb aHM30TPOMNHbLIX NOTOKOB B OTKPbITUM KI'M

reaction plane I T T
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BrnnaHmne cnekraTtopoB Ha dHU3O0TPOMNHbIE NMOTOKU

dv,/dy |,

o 041" o Au+Au Coliisions at RHIC | 0.061 ¢ EB895/E877 -
03[ — @ STAR o A - Aﬁ?—'ﬁ%—_g-—g: R G S S
= 4 e, § O @ 0.04r & = A =g
0.2 ° A ¢ N
I jL v o= 1 0.02F
01f = 7| o .
| | N lesssssannp/onalfesansnsssnsssssnssnsa s s s s RN R SRR RN RN EEREEERREEEEREEERRERERRERREEE
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M _mPoRT e 2 8 8 87 --4-- JAM/MF nospec.
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—_ g Baryon—M%d % R — SNN (GeV)
> 3 5 10 20 30 Mpu sHeprusix Vs, =2-10 GeV tass=22-5 M/C:

Collision Energy \'s,, (GeV) CUIbHOE BIUSIHWE CNEKTATOPOB Ha aHWU30TPOTHbIE MOTOKW 4



V_MPOTOHOB B CTONIKHOBEHMAX AU+AU Npun 3Heprusix 2-8 Al'aB 1 ypaBHeHune

coctosaHma (EOS) cummeTpuyHon sgepHon matepum

pmax/po: =2 =3 =9 =5/

_l T ll T T T | e 2 B ] T T T l % Il T T ]

04 DATA more pressure —

[ O Plastic Ball ]

[ O EOS S K=380 MeV

03 [~ e E895 R ‘\\ ]

o I ]
% - -
g 02 [ 300 ]
L L 4
i S 0o ]

01 - .. < 1

[ 167 ]

oo~ T ]

L less pressure -

-I 11 | 1 1 1 I 1111 I 1 1 1 | ' XiE R ¢ II 1 1 ]

0.1 0.5

1.0 50 10.0
E,... /A (GeV)
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Pmax/PO- ~Z ~3 =5 ~T
LI} I L] L] T I LELILEL I ] T ] I I I ] ]
RS B less pressure ) ]
- cascade,// .
0.00 |- N
A - ]
S i DATA 1
8 05 o Plastic Ball ]
v 5 .
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L 210 K e
! / Hard EOS ]
010} 300 <. n
- K=380MeV  more pressure ]
l-I L1 I 1 1 1 I L1l I 1 L 1 l LALL I 1 1
0.1 05 1.0 5.0 10.0
Eiean/A (GeV)

v, Npegnonaraet K,,,,,=300 MaB

P. Danielewicz, R. Lacey, W.G. Lynch, Science 298 (2002) 1592

0.5

0.4 E_ : :::E:ZZE?;; protons: 0.4 <p. <2.0 GeVic

03 o EefRande ey

0.25—

0.4E-

oF

—0.15—
_0_22_ slope: 0.131:0.002
—0.3;— e: 0.125+0.002
_0_45_ slope: 0.066+0.002
-7 g o 05"

PasHuLa B 3HAaYEHMSX HEC)KUMAEMOCTU SaepHON MaTepun K,,,,, MOXeT OblTb 06bsiCHEHA BKI1aZ oM
HEemnoTOKOBbIX KOppensaunn B naMepeHus v, akcnepumeHta E895 (AGS)
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BnunaHue asnmyTtanbHOro akcenTtaHca
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YpaBHEeHNe COCTOAHUA CUNbHOB3aUMMOOEUCTBYIOLLEN

MaTepum
D,aBJ'IeHI/Ie anA NOCTOAHHOWM TeMneparypbl.
O(E/A)
P=n%3——""
"B 8nB

roe E/A — aHeprus Ha HyKmMoH, ng — 4mcno ©apuoHoB.

OHeprus cesa3n E/A onpegensieTcs Kak:
2
N, — N
E/A = EA('n,B) + Esym(nB)( P 5 n)
np
roe EA — 3HEPrna CUMMETPUYHON MaTepuUn, ESy — 3Heprma
CUMMETPUMN.
YpaBHEHME COCTOSIHUA SAEPHON MaTEPUN MOXKET ObITb
oxapakTtepusoBaH KO3PUUMEHTOM HECKMMAEMOCTMN:

0*(E/A)

m

00

| ——— DBHF (BonnA)

2.5
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Cucrtemartumyeckme ownbkm ana aaHHbix Au+Au 1.23A 3B

Eur.Phys.J.A 59 (2023) 4, 80

Proton, deuteron and triton flow measurements in Au+Au

collisions at ,/s__ =24 GeV

HADES collaboration

J. Adamczewski-Musch®, O. Arnold!*?, C. Behnke®, A. Belounnas'?,
J.C. Berger-Chen'®?, A. Blanco?, C. Blume®, M. B6hmer!?, P. Bordalo?,
L. Chlad', I. Ciepal®, C. Deveaux'!, J. Dreyer’, E. Epple!??,

L. Fabbietti'®?, P. Filip', P. Fonte??, C. Franco?, J. Friese!?, I. Fréhlich®,
T. Galatyuk®?, J.A. Garzén'®, R. Gernhiuser!?, R. Greifenhagen”" 1,

M. Gumberidze®®, S. Harabasz®*, T. Heinz’, T. Hennino'?, S. Hlavac',
C. Hohne''?, R. Holzmann®, B. Kiampfer”?, B. Kardan®, I. Koenig®,

W. Koenig®, M. Kohls®, B.W. Kolb’, G. Korcyl?, G. Kornakov®,

F. Kornas®, R. Kotte”, A. Kugler'?, T. Kunz'?, R. Lalik?, K. Lapidus'®?,
L. Lopes?, M. Lorenz®, T. Mahmoud'!, L. Maier'?, A. Malige*,

A. Mangiarotti?, J. Markert®, T. Matulewicz'®, S. Maurus'?, V. Metag!!,
J. Michel®, D.M. Mihaylov'®®, C. Miintz®, R. Miinzer'’?, L. Naumann’,
. Nowakowski?, Y. Parpottas'®, V. Pechenov®, O. Pechenova’,

. Piasecki'®, J. Pietraszko®, W. Przygoda?, K. Pysz®, S. Ramos?,

. Ramstein'?, N. Rathod*, P. Rodriguez-Ramos'4, P. Rosier!?, A. Rost",
. Rustamov®, P. Salabura?, T. Scheib®, H. Schuldes®, E. Schwab®,
Scozzi®!3, F. Seck®, P. Sellheim®, I. Selyuzhenkov®, J. Siebenson'’,
Silva?, U. Singh?, J. Smyrski?, Yu.G. Sobolev'4, S. Spataro'”, S. Spies®,
. Strébele®, J. Stroth®°, C. Sturm®, O. Svoboda'*, M. Szala®, P. Tlusty'4,
M. Traxler®, H. Tsertos'?, V. Wagner'4, C. Wendisch®, M.G. Wiebusch?’,
J. Wirth!%? D. Wéjcik'®, P. Zumbruch®

36
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The main contribution to the global systematic un-
certainty arises from the event-plane resolution. This
is mainly caused by so-called “non-flow” correlations
which can distort the event-plane determination. The
magnitude of these systematic effects is evaluated us-
ing the three-sub-event method, i.e. by determining the
event-plane resolution for combinations of different sub-
events separated in rapidity. It is found to be below 5 %
for the centralities 10 — 40 % [36].

(HADES), Phys. Part. Nucl. 53, 277 (2022).

. M. Mamaev, O. Golosov, and I. Selyuzhenkov
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Directed flow of protons and EOS of symmetric matter

LELAL LA BLALALAL S BLALAL AL AN BLAL AL ALA BLALAL LA BLALALALA BLALEL LS SLELAL A

[ P. Senger, PoS CPOD2021 (2022) 033
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Nuclear incompressibility from collective proton flow
P. Danielewicz, R. Lacey, W.G. Lynch, Science 298 (2002) 1592
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Both STAR and BM@N results for directed flow prefer stiff EOS



MPD in Fixed-Target Mode (FXT) vs BM@N
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Please see Pater Parfenov talk at Nucleus-2024 — 02/07//2024
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iccneooBaHune gpasoson gnarpammbl KX matepumn

Z 200f g bt - 6
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K CTOSIKHOBEHMS

HENTPOHHbIX 3BE3[,

Bbicokas Temnepartypa: 100
3BOMNIOUMSA paHHeN
BceneHHon

Nuclei

Q
o°/° L

Net baryon density n/ n,
No=0.16 fm—3

2005 — Otkpuitue KBapk-I moonnoit Marepun (KI'M) B cTonkHOBeHISIX AutAu mpu sHeprun /Syy = 200 [5B B

skcriepumenTax Ha komnaiinepe RHIC (BHJI). KI'M - cumbHO B3anMOAEHCTBYIOMIYIO JKUIKOCTE ¢ OU€HBb MANOif
BSI3KOCTBIO

Compact Stars

2010 - ..... Ilouck curHanoB aekoHdpaifHMeHTa, (pa30Boro mepexoja mepBoro poja u kpurudeckoii Toukn KXJ[ marepun -
- OCHOBA I IPOTpaMM CKAHHIPOBAHMS 110 SHEPTUH CTOIKHOBEHIS s/Iep B COBPEMEHHBIX SKCIIEpPIMEHTax Ha
yexopurenax: RHIC, SPS, Nuclotron, SIS18 47



HenoToKoBbLIe Koppensaunm

Koppenﬂumm HE OTHOCALLNECH K N3Ha4yaribHOMY
KONMNEeKTnBHOMY OBUMXEHUIO YaCTUl, Ha3blBatkoT
HEMNOTOKOBbIMW:

demTOCKOMMYECKNE KOppENALnn

3aKOH CoXpaHeHus nMmnysbca
Koppensauns npogykTtoB pacnaga
Koppensauum Bo3HuKalowme B matepuane
AeTekTopa (aApOHHbIN NMBEHb, MarHUTHOE
none)

OcHoBHOW cnocob NoaaBUTb HEMOTOKOBbLIE
KoppensiuMm — BHECTU pasgeneHune no
(NceBpo-) BbicTpoTe Mexay Q -BekTopamu
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HeogHopocaHOCTb asumyTtanbHoro akcentaHca HADES

-y yield of protons

200 Corrections are based on method in:
< I. Selvuzhenkov and S. Voloshin PRC77. 034904 (2008)
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- HADES Au+Au@1.23A GeV
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Vuncorr
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u,-BEKTOpa, farLue B cymme Q,-BeKTop

Bektopbl notoka u_ 1 Q_

1.0 A

3 nmnynbca Ka)xgon YacTumubl 021

onpepnendeTcd €OVHNYHbIN BEKTOP UnZ

U, = (cosny, sin ny)
rae @ — asuMyTanbHbIN Yron UMMynsca o051

Cymma no rpynne Yactuy, B O4HOM CObbITuUM OaeT
OLIEHKY Yyrfia NoCKOCTN peakunn B COBbITUN:

-1.0 -0.5 0.0 0.5 1.0

M k
Q, = Zkzlcwku” = ‘g‘ (cos n\IJfP sin n\IJfP)

W EP — yron nnockoctn cuMmeTpun
(OLl'eHKa yrna I-”-IOCKOCTM peaKL"MM) Projectile Spectators Iy

Participants

Forward Wall

Target Spec llrs
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Pa3pelueHne NNocKOCTU CUMMETPUN

_ (mQth) (w1 Qr)
U1 = RF1 V2 = RFIRF3
[ne R, — pa3peLueHune nrnockocT! CUMMETPUN

R = (cos(PI1 — WwEP))

MeTtopn Tpex noacobbITui:

3 OUEeHKN Anga v
F2 AF1 F2 AF3 n
RF2(F1,F3) \/< 17 Q1 ) (@17 >//» Mo>KHO oUeHUTb BKNaa,

1 o (QFL QP HEMOTOKOBbIX KOppensaLmii

MeTopq crydanHbix NogcoobITUR:

1 oueHka ansa v

. aM)b
Rl — \/<Q1 Q1>  HeBO3MOXHO OUEHUTb BKNag,

HEMOTOKOBbIX KOPPENSLMIA
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T . -
> 06— (a) Au+Au, \s,,=2.4 GeV —
- 1.0<p_<1.5GeVic x¥ .
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2 X ]
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C e ]
02 ) ¥ o
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C X ]
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06 . J
*~ N e J [ S S S R S S v =
> 06— (a) Au+Au, \s,=2.4 GeV -
C 1.0<p_<1.5GeV/c ]
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MeToanka nsmepeHumns asmmyTarbHbIX NOTOKOB

HanpaBreHHbIN NOTOK
OOCTUraeT Makcumyma B
KMHEMAaTNYEeCKoN obnactu
CneKkTaTopoB

[1nsa BoccTaHOBNEHUS
NSIOCKOCTN CUMMETPUN
NCMOSb3YKTCS CreKkTaTophbl,
YTOObI NOAABUTL BKNan,
HENMOTOKOBLIX KOPPEnaumn
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HenoToKoBbLIe Koppensaunm

CyLlecTBYIOT KOPpPensaunn Mexay Yactuuamu, He
CBsi3aHHbI€ C MIIOCKOCTbIO peakumm. ATn koppensuum
Ha3blBaKTCA «HEMOTOKOBLIMU»

Cpean UCTOYHMKOB KOPPEensLui, He CBA3aHHbIX C
MOTOKOM:
®  COXpaHeHWe NorHoro (NonepeYHoro) MMnynbca
NPV CTONKHOBEHWMU;
e pacnagbl pe3oHaHCOB B pe3yrnbraTe cnaboro
B3aNMOAENCTBUS
e  Koppensauum GnmxkHero aencteuns (doemTockonus,
pacnag oparMeHToB saep)

O heKkTbl AeTekTOopa Takke MOryT BHOCUTb
KOPPENMPOBaHHY0 OLWNOKY B M3MEPEHMS NOTOKA:
e PasgeneHune TpaekTopuu OQHOM YacTulbl B
pesyrnbrate PeKOHCTPYKLNK
e CrnnsiHMe TpaekTopumr ABYX YacTul, B pesynsrate
PEKOHCTPYKL MK
e CwurHanbl OT NponéTta O4HOM N TOM Xe YacTuubl B
COCEAHUX MOLYNAX CErMEeHTUPOBAHHbIX
0EeTEeKTOpPOB

0.05

0

0

ALICE Preliminary, Pb-Pb events at \'s,,, = 2.76 TeV
§sgo
[ gggggggg .EEE:DDD
L. BB .. Ooppg._0O
w ...llillll. '..
..l ll "
.ll. -.
v, (charged hadrons) 1
o Vo{2} (|An| > 0)
= v,{2} (| An] > 1)
= vp{4}
(= v,{6}
= v,{8}
lllllllllllllllllllllllllllllllljllllll
10 20 30 40 50 60 70 80
centrality

Kak npaBuno “HenoToKoBble” KOPPENSALUN OKa3biBalOT
CYLECTBEHHOE BNSHME TOMNbKO HA YacTULbl C
BrM3KNMM NMMyNbcaMn, X MOXHO TaKke NoaaBUTb,
yBENUYNB MHTEPBan ObICTPOTbI MEXAQY YacTuuamMu.

53



BekTopbl notoka u_ 1 Q_

N3 umnynbca Kaxgon yactumubl
onpeaensieTcs eANHUYHbIA BEKTOP U !

U, = (cosny, sin ny)

rae ¢ — asmmyTaanbM yromn nMnynbca

Cymma no rpynne Yactuy, B O4HOM CObbITuUM OaeT
OLIEHKY Yyrfia NoCKOCTN peakunn B COBbITUN:

M k
Q, = 2 k=1 Wil = © (cos n\IJfP sin n\IlfP)

C C

W EP — yron nnockoctn cuMmeTpun
(oLEeHKa yrna nnockoCT! peakLmn)

% *_)O&

Projectile Spectators

Participants

Target Spectators

N
’
7 7/
;
P ’
P ’
p ,
’ ,
P 7/
/ /
p 7 ,
/ /
£ 7
‘ N 7
& Reaction Plane,
/ e
. .

e [InockocTb CMMMETPUN ONpeaensaTcs npu
MOMOLLIM CNEKTATOPOB, KOTOPbIE
OTKIMOHSATCA B NITOCKOCTb pPeaKLmm
e bonbwoe pasgeneHne no boicTpoTte
NO3BONAT MUHUMM3MPOBATb HEMOTOKOBbLIE

Koppensunm
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BrnusHue asnmyTanbHOro akcentaHca Ha v

OpgHopoaHbIN asnMyTanbHbIN

51 akcenTaHec

-
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2~

£

o
_1m

-3 -2 -1 0 1 2 3
¢ (rad)
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fI‘IIII| | IIIIIII|

|

=

HeogHopoaHbIM asuMyTanbHbIN akCcenTaHc
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Rz 7 Ry,
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Koppekuuna asnmyTtarnbHON HeOOAHOPOAHOCTU akcenTaHca

Koppekuumn Ha asumyTanbHy0 HEOAHOPOAHOCTb akcenTtaHca (Selyuzhenkov |.,
Voloshin S. Phys. Rev. C. — 2008. — T. 77. — C. 034904)

/

g

):

/A

r

vy

ke

ITeHTpHpOBaHHE

3
o

JlHaroHaH3aIHg

\

J

x>-

MacmTtaGHpOBaHHE

OpurMHanbHbI NPorpaMMHbI Ko pa3paboTaHHbI ANns KonnanaepHbiX
9KCNEepuMeHTOB Obin aaanTUpPoBaH A1 9KCNEPUMEHTOB C (PUKCUPOBAHHOM

MUNLLEHbLIO.

https://github.com/mam-mih-val/qntools _macros

)
)

X
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MeToa nnocKoCTU codbITUSA

Y o \IJEP>
\Iffp = arctan% v, = (cos (¢ n
Qr " R, R, = +/{cosn(VA — UB))
2
(V) <0 <A/ {U7) @ Ay B— oueHka no aym
rpynnam 4actuy, (4acTto Yactuupbl
Phys. Rev. C. — 2001. — T. 64. — C. 054901 pa3ﬂlen;”.o-rc;| B rpynnb| Cnyqa[}]Hb”\A
obpasom)
y Q
n MeToa nogBepXkeH BKagy
0 HEMNOTOKOBbLIX KOoppenauum
T
¢/ v
E >
P X
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MeToa ckanapHOro npon3BeaeHuns

MeTopq CKarn4apHOro npomn3seaeHunA:

NS
R,
Up =/ (V2)

Phys. Rev. C. —2001. — T. 64. — C. 054901

MeTtopg Tpex noacobbITUi:

RPRFLES) _ V@M QI Q)
; _

F1 ~F3
(@1 Q1)

MeTon faeT 3 oueHku v, 4TO No3BONsAET
OLUEHMBATb BK1ag HEMNOTOKOBbIX
Koppenaunm
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IkcnepumeHT HADES Ha yckoputene SIS- 18 (FCI/I ,El,apMUJTa,u,T)

10*

2012: Au+Au E, =1.23A GeV (Vs,=2.4 GeV)
2019: Ag+Ag Ekin—1.23A GeV (Vs,,,=2.4 GeV)
E,.=1.58A GeV (Vs ,=2.6 GeV)

10°

10?

ECAL

MpOTOHBI

4 5
p/z [GeV/c]

—> Eur.Phys.J.A41:243-277,2009

LTI 1

g “ b 33
Target } "

Veto

1 meter

Forward Wall (FW) — onpegeneHue nnockocTn cobbiTusa ong
N3MEPEHUS V_
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BekTopbl NoTOKA (upQs) _ (us Q)

B M k Rx R%
Qn = Zk‘éwku |Q| (cos n\I/EP sin n\IfEP) . - "
%‘02'57 ﬁ 0,018 - HADES Au+Au@1.23A GeV
% 0 B > """F preliminary
5 | § 0.016 -
2,' 0.014
i Mt N . 0012
IS BN E 0.01F-
i | 0.008 -
: " 0006 - m XA
05— o.oo4;— oYY
A E 0.002 - o XX+YY
o Bt 51.045— ' ' ' ' ' ' '
n + =
Mf —p;y_ [0.35, 0.55] X 1.025—+ P B W oy v
Mb — p; -0.55, -0.35 o E T r
3 Yom [ ] o 0.98;—: v
3apsikeHHble pparMeHThbI: © 096F

0 5 10 15 20 25 30 35 40
W1:3.77 <n<5.38 centrality (%)
W2:3.28 <n<3.88

W3 2.68 <1 < 3.35 OwwnbKa n3-3a a3anmyTanbHOro

HeoaHOPOAHOCTM akueTaHca < 2%
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MeToab! BblYMUCIIEHUS Vn

MeTop ckanspHoro npousseaeHust (SP)

R )
71 2 = T pFipFs
Rj 1 1y

V1 =
[ne R, — paspeLueHne nnockocT! cUMMeTpum

R = (cos(¥F! — WHP))

O6o3HayeHune “F2(F1,F3)” packpbiBaeTca Kak
R1 BbIYMCIIEHHbIN creayrowmm obpasom:

RFAFLES) _ J@rPeM Qo)
: _

F1F
Q1" Q1)

M Mamaev et al 2020 PPNuclei 53, 277-281
M Mamaev et al 2020 J. Phys.: Conf. Ser. 1690 012122

ratio to average

‘0-02;_ Au+Au@1.23AGeV
-0.04 = W1(Mf,W3)
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-0.06]—
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—0.08:— —— Average Mf+Mb
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Owunbka n3-3a HeNOTOKOBbIX
koppensuun < 5% 61



ratio to 3-sub

CpaBHeHne MeTof0B U3MepeHust v, B akcnepumeHte HADES
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o ©
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CuctemaTtunyeckas owmbka ns-3a metoga U3MEPEeHNAX v, MeHee 5% B
cpeagHeueHTparibHbiX CTONMIKHOBEHUAX Au+Au
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centrality (%)
M.Mamaeyv et al. Physics of Particles and
Nuclei, 2022, 53(2), pp. 277-281

M.Mamaeyv et al. Journal of Physics: CS, 2020,
1690(1), 012122 62




KonnekTuBHble NOTOKK B CTONKHOBEHUSX Au+Au npu E . =1.23A [3B

>H 0 8 :l '7' Tir l TN l Tr ‘ T T l Trr I \ B 751§ ' L 5L L ' L l 1 3L Bt ) "_—“—_l Ll Al L) Ll ] L) Ll Al L) I Al L] T A ' T L} L T l_—'
(=] Frotons Centrality 20-30% F HADES Au+Au \Sy, = 2.4 GeV ]
0.6 L=/ Dguterons = mi____J g Adamczewski-Musch, ...,
- [+ ]Tritons I . :; zl Mamaey, et. al. Phys.Rev.Lett.
Ca Ty ¥ Bz E 125 (2020) 262301
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MepBble geTarnbHble N3MEPEHNA KOSMEKTUBHBIX NMOTOKOB V, (40 6 rapMOHUKKM) B CTOSNTIKHOBEHMAX Au+Au npu
aHeprum 1.23 Al'aB ({/Syy = 2.4 aB)
Bknag aBTopa B paboTy: cpaBHEHME METOAOB U3MEPEHUS V, M OL|eHKa BKnada HEMOTOKOBbLIX KOppenauun o



Eur. Phys. J. A (2023) 59:80 THE EUROPEAN ®)
https://doi.org/10.1140/epja/s 10050-023-00936-6 PHYSICAL JOURNAL A S

Regular Article - Experimental Physics

Proton, deuteron and triton flow measurements in Au+Au
collisions at ,/s_ = 2.4 GeV

HADES collaboration

J. Adamczewski-Musch®, 0. Arnold*!’, C. Behnke®, A. Belounnas'3, J. C. Berger-Chen’"!", A. Blanco?, C. Blume?®,
M. Bohmer!, P. Bordalo?, L. Chlad', . Ciepal®, C. Deveaux'!, J. Dreyer”, E. Epple®!, L. Fabbietti®'°, P. Filip!,
P. F ontez‘b, C. Francoz, J. Friesew, L Fi riihlichs, T. Galatyuks'ﬁ, J. A. Garzén®® ,R. Gemhﬁuser“',

R. Greifenhagen’*f, M. Gumberidze>®, S. Harabasz*®, T. Heinz®, T. Hennino3, S. Hlavac!, C. Hohne!!,

R. Holzmann®, B. Kéimpfer’+, B. Kardan®, I. Koenig®, W. Koenig’, M. Kohls®, B. W. Kolb®, G. Korcyl*,

G. Kornakov®, F. Kornas, R. Kotte’, A. Kugler'¥, T. Kunz'®, R. Lalik*, K. Lapidus®!, L. Lopes?, M. Lorenz®,

T. Mahmoud!!, L. Maier'?, A. Malige?, A. MangiarottiZ, J. Markert’, T. Matulewicz'®, S. Maurus!?, V. Metag!!,

J. Michel®, D. M. Mihaylov®"!", C. Miintz®, R. Miinzer®!’, L. Naumann’, K. Nowakowski*, Y. Parpottas'$,

V. Pechenov’, 0. Pechenova®, K. Piasecki'®, J. Pietraszko®, W. Przygoda“, K. Pysza, S. Ramos?, B. Ramstein3,

N. Rathod*, P. Rodriguez-Ramos', P. Rosier'3, A. Rost®, A. Rustamov® , P. Salabura®, T. Scheib®, H. Schuldes®,

E. Schwab?, F. Scozzi®13, F. Seck®, P. Sellheim®, I. Selyuzhenkov®, J. Siebenson'’, L. SilvaZ, U. Singh*, J. Smyrski*,
Yu. G. Sobolev', S. Spataro”, S. Spies®, H. Strobele®, J. Stroth®3, C. Sturm®, 0. Svoboda®, M. Szala®, P. Tlusty”,
M. Traxler’, H. Tsertos'2, V. Wagner“, C. Wendisch®, M. G. Wiebusch®, J. Wirth®!®, D. Wéjcik!®, P. Zumbruch®

The main contribution to the global systematic un-
certainty arises from the event plane resolution. This
is mainly caused by so-called “non-flow” correlations
which can distort the event plane determination. The
magnitude of these systematic effects is evaluated us-
ing the three-sub-event method, i.e. by determining the
event plane resolution for combinations of different sub-
events separated in rapidity. It is found to be below 5 %
for the centralities 10 — 40 % [36].

35. R. Brun, F. Bruyant, F. Carminati, S. Giani,
M. Maire, A. McPherson, G. Patrick, and L. Ur-
ban, GEANT Detector Description and Simulation
Tool (1994).

36. M. Mamaev, O. Golosov, and I. Selyuzhenkov
(HADES), Phys. Part. Nucl. 53, 277 (2022).

37. A. Andronic et al. (FOPI), Phys. Rev. C64, 041604
(2001).
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Vv, MPOTOHOB B CTONKHOBEHMSAX Au+Au 1 Ag+Ag
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-0.1f
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-0.3f
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é HADES preliminary
I~ 15-20%; 0.6<p T<0.8 (GeVic)

Mamaev M. Physics of Particles and Nuclei Letters. — 2024. — T. 21, Ne 4. — C. 661—663.
Mamaev M. Physics of Particles and Nuclei. — 2024. — T. 55, Ne 4. — C. 832—835.
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Systematic errors are
due to non-flow correlations

Fit range: -0.45 <y <0.15
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TOF+RPC hits centrality (%)

e Habnwopaetcsa noxoxas 3aBucMMocTb V4 (dv,4/dy) npoToHOB OT ObICTPOTHI (V,,,), NOMEPEYHOro
nmnynbeca (py) M UeHTpanbHocTu Ans ctonkHoseHnn Ag+Ag un Au+Au npu E,;,=1.23A MaB
e Mogenb JAM-MF (¢ uMnynbCHO 3aBUCUMbIM CpedHeM MosfieM) AO0BOJSIbHO XOPOLUO OnucbiBaeT

3aBNCUMOCTb V4 OT 6bICTp0TbI
Mamaev, M., Taranenko, A. Particles, 2023, 6(2), pp. 622—637
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CpaBHeHme pes3yribratoB C CyuwecTByroLimMmn MMpPoOBbIMA aHHbIMA

. 1E
—2= 09F 4 A HADES u,>0.4 Au+Au E,, =1.23A GeV
O - @ HADES u,>0.4 Ag+Ag E_ =1.23A GeV
2 08 A B HADES u,>0.4 Ag+Ag E, =1.58A GeV
> =
— i A FOPI 0.4, Au+Au
© 0.7 A b N Mamaev M. Physics of Particles and Nuclei
= ) . STAR p_>0.4 GeV/c
— A T T . Letters. — 2024. — T.21, Ne 4. — C.
0.6 — ﬁ * STAR-FXT Preliminary 10-40% 661—663.
0.5F L
0.4 :_ x
0.3 *
= x
0.2
— >
0.1 "
o0 ! 1 1
2 3 4 5

\'sun [GeV]

MN3amepeHHble 3HaueHns dv,/dy NpOTOHOB XOPOLLIO COMMACYHOTCA C AaHHLIMU OPYrnX
9KCMNEPUMEHTOB -



MacwtabupoBaHue dv./dy ¢ aHepruen n paamepom cUcCTeMbl

MeHbLlas aHeprug Bonbwas aHeprug

bonee anuHHoe BpemMA nponeta Bonee KOPOTKOE BpeMs4a nponeta

Bo Bpems nponeta ABYX AAEP Lyqss:

e [IpoTOHbI B 0611acTu NepekpbITUA CMELLNBAKOTCS C
XOJI0HOW CreKTaToOpHON MaTepuen

e PaclwupeHve matepum B 0bnact NepekpbiTUS OTKIOHAET
MNPOTOHbI B MNTIOCKOCTU peakUmn = NONOXUTENbHbIA V4 NPOTOHOB

dv,/dy|,-o MponopunoHaneH BpemeHun nponeta t;,.=2R/sinh(Ypeam) = 0XKMAAETCHA MACLITAOUPOBAHNE C Ypeam



MacwtabupoBaHue dv./dy ¢ aHepruen n paamepom cUcCTeMbl

MeHbLuas aHeprna Bonbwas aHeprug Bonbwue sgpa Manble agpa

i CEHes

Bonee anuHHoe BpeMsi nponeta Bonee kopoTkoe BpeMsi nponeta VvV, OTpaXkaeT U3Ha4alibHyt0 aCUMMETPUIO obnacTu
NEPEKPbLITUS 2 OKUOAETCS NOXOKWIA V, 4TSt OHOTO
Bo Bpemsi nponeTa AByX siAep: OTHOCUTESNBLHOro NpUUEenbHOro napamerpa b/R

b /R =b /R,

e [IpOTOHbI B 06racTv NepekpbITUS CMEeLLNBaKOTCA C
XO0S10QHOW CNeKTaToOpHOM MaTepuen

e PacwumpeHune matepum B 06n1acTu nepekpbITUS OTKIOHSET
MPOTOHbI B NITOCKOCTW PEAKLMU = MONOXUTENBHBIN V, NPOTOHOB

dv,/dy|, _, nponopLoHaneH BpemeHu nponeta t  =2R/sinh(y,..)  OXxunaetcs macltabuposanue ¢y, . -

s
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JAM-MF: macwtabupoBaHue v,

0.4

C SHeprnen n pasmepom CUCTEMbI

Mamaev, M., Taranenko, A._Particles, 2023, 6(2), pp. 622—-637
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MacwtabvpoBaHwve v, ¢ 3Heprnen 1 reomeTpuen CToNIKHOBEHNS

tAu+Au@1 23AGeV
Ag+Ag@1.23A GeV

Ag+Ag@1.58A GeV

0.4

18 fm/c
15 fm/c
13 fm/c

Mamaev M. Physics of Particles and Nuclei Letters. — 2024. — T. 21, Ne 4. — C. 661—663.

Mamaev M. Physics of Particles and Nuclei. — 2024. — T. 55, Ne 4. — C. 832—835.
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MaclitabrpoBaHHbIN V, HE 3aBUCUT OT SHEPTUK CTONKHOBEHMA 1 pasMepa CUCTEMbI

dopma 3aBUCUMOCTM V, OT P HE MEHAETCA C 9Heprmen 1 pasmepom CUCTEMbI
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MacwtabupoBaHue dv./dy ¢ aHepruen n paamepom cUcCTeMbl

Mamaev M. Physics of Particles and Nuclei Letters. — 2024. — T. 21, Ne 4. — C. 661—663.
Mamaev M. Physics of Particles and Nuclei. — 2024. — T. 55, Ne 4. — C. 832—835.
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Q-BekTtopa 13 FHCal n TpekoB 3apsXeHHbIX YacTuL

Mamaeyv, M., Taranenko, A. Particles, 2023, 6(2), pp. 622—-637

F3
Q{F2} Q{F3}
F2

F1

F1}

dononHuTenbHble NOACOOLITUA U3 POXAEHHbIX
yacTuu:

F2:3.9<n<44;w=E,_ Tp: p; 0.4<y<0.6; 0.2 < p; < 2 GeV/c; w=1/eff

3 BekTopa u3 FHCal:
F1:4.4 <n<5.5 w=E_

Tr: 1m-; 0.2<y<0.8; 0.1 < p; < 0.5 GeV/c; w=1/eff

F3:3.1<n<3.9 w=E, T-: all negative; 1.0<n<2.0; 0.1 < p, < 0.5 GeV/c;



Koppekunn Ha HeogHopoaHbiv akcentaHc BM@N
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CkanspHoe npovssefeHne: 3aBMCUMOCTb pa3peLLeHns MNI0CKOCTU COBbITUN
R; OT ueHTpanbHoCTU (MoaernbHble AaHHble Xe+Cs(l) Ey;,, = 3.8 Al'aB)

Mamaev M. Phys. Part. Nucl. Lett. — 2023. — T. 20, Ne 5. — C. 1205—1208.
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Mcnonb3oBaHne AONONHUTENbHBIX NOACOOLITUIA U3 TPEKOB 3apAXEeHHbIX YaCTuL Oa€ET cornacoBaHHble
3Ha4YeHUA an4d paspeleHna ninockoctn CMMMETPUN R1
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OueHka adhpekTnBHOCTM akcnepnmeHTa BM@N ans namepeHma HanpasneHHOoro u
SMNUNTUYECKOro NOTOKOB B CTONKHOBEHUSIX Xe+Csl
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HADRON QGP

Bewvalac —_— : RHIC LHC
1. GeWw > v ~100 GeV ~5000 GeV

Critical Temperature be produced = QGP is produced in high energy collisions
T, =156 +/- 9 MeV  [PRD 90 094503 (2014)]

2 500l Heavy ion collisions

—

L

2

o

a In 2005 4 experiments (STAR, PHENIX, BRAHMS,
E PHOBOS) at RHIC announced discovery of

quark-gluon matter (QGM) with properties of ideal
fluid in Au+Au at the energy of Vs, =200 GeV

In 2010 experiments (ALICE, ATLAS, CMS) at
LHC confirmed the observing of QGM in Pb+Pb at
Vs =2.76 TeV

100

<\°/<\Q

No=0.16 fm—3

Smooth transition (crossover) to partonic degrees of freedom at zero baryon densities -6



Gale, Jeon, et al., Phys. Rev. Lett. 110, 012302

Anisotropic flow at RHIC and LHC

€n

_ \/(r"cosn¢)+(r"sinn¢) ‘

2N N =
— = —(1+2 v, cosn(p — W
— dpd U 27r< nzz:l (¢ rP))

2\1/2
vy

e The overlap region eccentricity € (and

ATLAS 20.30%, EP ] corresponding fluctuations) causes azimuthal
0.2 fm/c e anisotropy in momentum space v_with viscous
modulations n/s
® Forv,andv,v~kE€
. n n
® Anisotropic flow at RHIC and LHC are

Tswitch =

Vs == - | RHIC 200GeV, 30-40%
Vo —— | filled: STAR prelim.
open: PHENIX

well-described by viscous hydrodynamics with
N/s close to the predicted minimum n/s>1/41r




HIC-experiments at the high-baryon density region

R10E | HIC experiments where high-baryon
T ok - gcf",f‘;m;@;";?':“ density can be achieved:
@ 10°EE | RN Existing:
S 10508 wrcsegtan, | 2100 BM@N/NICA — 2.4-3.3 GeV
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S0 woise garsen - NoAWD,, s STAR/RHIC — 3-200 GeV
E ‘ M/SHINE o) 7 2 v Ar
- 3 | STAR FXT X! - gl ‘;.TAR o
10 i \ ;{“ 0_7’0}& Future:
107k p _/ MPD/NICA — 4-11 GeV (2025)
Jl, CEE/HIAF — 2.1-4.4 GeV (2026)
1 - Enérgy region of n:iximum CBM/FAIR 24'49 GeV (2029)
i .|  baryon density
11 2 3 4567 10 20 30 100 200

Collision Energy sy, (GeV)
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Anisotropic flow in HIC at high-baryon density

M. Abdallah et al. STAR, Phys. Lett. B 827, 137003 (2022)
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At the energies of BM@N anisotropic flow is heavily influenced by:

tewp = R/cs,cs = +/dp/de

1.
2.

Time of expansion of the overlap region:

Passing time of colliding nuclei:

p - &

mw//

—$— JAM/MF w/o spectator 1

n—+
6\6.——9———0*0—'—”9_‘0‘
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Phys. Rev. C 97, 064913 (2018)
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Q-vectors from FHCal charged particle trajectories

Mamaeyv, M., Taranenko, A. Particles, 2023, 6(2), pp. 622—-637

F3
Q{F2} Q{F3}
F2

F1

F1}

Additional subevents from charged particles tracks:
Tp: p; 0.4<y<0.6; 0.2 < p; < 2 GeV/c; w=1/eff

Tr: 1m-; 0.2<y<0.8; 0.1 < p; < 0.5 GeV/c; w=1/eff
T-: all negative; 1.0<n<2.0; 0.1 < p; < 0.5 GeV/c;

3 vectors from FHCal:
F1:4.4 <n<5.5 w=E_
F2:3.9<n<44;w=E_

F3:3.1<n<3.9; w=Ekin 80



R, vs centrality for Xe+Cs(l) at E . =4A GeV:
MC-simulation

Mamaev M. Phys. Part. Nucl. Lett. — 2023. — T. 20, Ne 5. — C. 1205—1208.
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Mcnonb3oBaHne AONONHUTENbHBIX NOACOOLITUIA U3 TPEKOB 3apAXXEeHHbIX YaCTuL Oa€ET cornacoBaHHble
3Ha4YeHUA an4a paspeweHna ninockoctn CUMMMETPUN R1
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