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Main topics of the grant:

1. Service work for the MPD collaboration in terms of supporting and further
improving existing methods for determining centrality based on Glauber Monte
Carlo and Inverse Bayes methods. Development of a common framework for
centrality determination (TPC+FHCAL).

1. Analysis of collective flow using fully reconstructed model data for the Bi+Bi
system at an energy of 9.2 GeV in the center of mass frame. Verification and
validation of the new versions of heavy-ion collision models.

1. Development, maintenance, support and documentation of the software for the
collective flow analysis in the MPD experiment, using both two- and many-
particle methods. Further development of the universal QnTools package.



Reports in the MPD Cross-PWG in 2023 related to the grant

e 17.01:D. Idrisov “Centrality determination sensitivity to multiplicity cuts”
e 14.02: V. Troshin “FFD and FHCal comparison for flow analysis in the MPD experiment”

e 14.02: 1. Segal “Centrality determination with Monte-Carlo sampling procedure for spectators
energy”’

e 28.03:D. Idrisov “Correlation between mean transverse momentum and anisotropic flow in
models at NICA energy range”

e 11.07: A. Demanov “Elliptic and triangular flow for identified hadrons from the
vVHLLE+UrQMD for BiBi@9.2 GeV (Request 32)”

e 05.09: M. Mamaeyv “Performance study of the anisotropic flow measurements with fixed-
target mode of the MPD experiment at NICA”

e 19.09: D. Idrisov “Centrality determination method in nuclear collisions by using hadron
calorimeter”

e 19.09 A. Taranenko JINR grant (#6, flow and global characteristics of collisions)
intermediate reportl



Reports on the conferences and other events/Publications in 2023

e INFINUM-2023 (23.02-03.03):
O  A. Taranenko “What we can learn from particle flow in HICs?”
O  P. Parfenov “The heavy-ion program at the upgraded Baryonic Matter@Nuclotron Experiment at NICA”
e |LomCon-2023 (24-30.08):
o |. Segal “Mehods for centrality determination in heavy-ion collisions with the BM@N experiment”
o P. Parfenov “Anisotropic flow and its scaling properties at Nuclotron-NICA energies”
o V. Troshin “Performance of FFD detector for anisotropic flow analysis with the MPD experiment”

o M. Mamaev “On the proton directed and elliptic flow in the few-GeV heavy ion collisions with BM@N”
e |ISHEPP-2023 (18-23.09):

o A. Taranenko “Anisotropic collective flow measurements from LHC to SIS”

o A. Demanov “Elliptic flow fluctuations at NICA energy range”

o P. Parfenov “Performance study of the anisotropic flow measurements of identified charged hadrons
with fixed-target mode of the MPD experiment at NICA *

o M. Mamaeyv “Directed and elliptic flow of protons in the heavy ion collisions at 2-4 GeV”

o |. Segal “Methods for centrality determination in heavy-ion collisions based on Monte-Carlo sampling
of spectator fragments “

* NICA Days 2023, XII MPD Collaboration meeting (2-7.10,2023)
A. Taranenko Collective Flow in Heavy-lon Collisions
P. Parfenov, PWG3 Summary

Publications: A special issue of Particles (ISSN 2571-712X). - 5 publications
https://www.mdpi.com/journal/particles/special issues/physics performance



https://www.mdpi.com/journal/particles/special_issues/physics_performance

Main topic 1: Centrality determination in the
MPD experiment using spectator energy for
MC-Glauber and inverse Bayes methods



Motivation for centrality determination

Evolution of matter produced in heavy-ion collisions depends on its initial geometry

Goal of centrality determination:
map (on average) the collision geometry parameters

to experimental observables (centrality estimators) (projectile)
participants spectators

Centrality class S;-S,: group of events corresponding to
a given fraction (in %) of the total cross section:

et JS1 S (target)
spectators



Centrality determination based on Monte-Carlo sampling

For multiplicity
of produced particles

used in HADES, CBM, BM@N,

For any spectators
based observable
used in CBM, BM@N

For spectators energy

from hadron calorimeters /

used in NA61/SHINE

MC-Glauber
distribution

Full Monte-Carlo (real
data) distribution

NAG61/SHINE
Get (Nparlcv-‘ Igfjot"))e:rom MC- Get (Ngpec: b) from MC-Glauber
Calculate
(At) - att==

Calculate N,=fNya+(1-
f)NcoII

Sample (Afrag!NAfrag)
for (A Nspec: b)

Sample multiplicity of
produced particles (S;)
N, times from NBD (p, k)

Sample (Efag:Yirag)
for (Ayag)

Sample Sy, for

(Efrag 1yfrag)

Sample hadron
calorimeter response (S))
Ngpec times from
Gauss(y, k)

Evaluate 2
between dN/dE;c/q4aia @Nd dN/dE,

Scan phase space of parameters
to find their values for minimum of x2

Result: total S,

Extract relation between geometry
parameters and centrality estimator
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e Simplified procedure for spectators energy is tested on NA61 data
e Gauss distribution can not reproduce energy distribution in the most central collisions
e Possible improvements are now under investigation




The Bayesian inversion method (I-fit): main assumptions

Relation between multiplicity N, and impact parameter b

is defined by the fluctuation kernel:

P(E|c,)= 1 prarig g P& (E)

[(k(c,)0" (B "0

2]
Cc, = J.P(b "db' — centrality based on impact parameter
0

<E>, D(E) - average value and variance of energy

(E)=u, (E'c,))+ 2. D(E)=umD(E'(c,) | Three fit parameters M s/

<E'(Cb)>>‘ D(E'(Cb)) —average value and variance of energy from the model

These quantities can be approximated by polynomials

(E'(Cb)> = Zajcg, D(E'(c,)) = ijc;

2 main steps of the method:

Fit experimental (model)
distribution with P(E)

Construct P(b|E) using
Bayes’ theorem:
P(b|E) = P(b)P(E|b)/P(E)
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Summary for main topic 1

e Software implementation of MC Glauber and I'-fit with multiplicity based fitting procedure is used for MPD
e Relation between impact parameter and centrality classes is extracted

e Centrality determination procedures based on MC sampling of spectators energy are developed
and tested based on NA61/SHINE data for both MC-Glauber and inverse Bayes approaches

e Results are tuned on the spectator production implemented in the DCM-QGSM-SMM model
Simplified procedure for hadron calorimeters based on Gauss distribution is also proposed for MC-Glauber
approach

Work in progress

e Investigate the effect on centrality determination due to the fragment loss
in beam hole of the MPD FHCal

e Introduce detailed parametrization for steps of centrality determination procedure
and improve current parametrization

e Apply this procedure for MPD FHCal simulations
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Main topic 2: Performance for anisotropic
flow measurements using UrQMD model (req.
25) for the second collaboration paper



Methods for v, measurements

e Sub-event 2-particle Q-cumulants v2{2}: An=0.1 is applied between 2 sub-events A, B to suppress

non-flow
Qn = iem‘ﬁ (2) = @G v2{2} = /(2
i=1 ol Mo My "
e 4-particle Q-cumulants v2{4}
‘QR‘Q — M 4
2= [l =2 v {4} = /2((2)° - (@)

gy = 1Qul” +1Qanl” — 2R(Q20 QnQs] — 4(M — 2) |Qul” — 2M (M - 3)
M(M —1)(M —2)(M — 3)

e Event plane method: An=0.1
_ EP
Qnsx - Z’L w Cf)S(’quﬁz) ‘IJEP — ltan—l (ﬁ) ,U’n — <COS[TL(¢—\I’H )]>
Qny = >_; wisin(ng;) " @n.e vV (cos [n( Ty =T p)])
Here: w; - pr;transverse momentum of the i-th track in the TPC

@, - azimuthal angle of the i-th track in the TPC
Y - event plane angles

13
Method’s details described in PRC 83 (2011), 044913 , EP method: Phys.Rev.C 77 (2008) 034904
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Performance of v,(pT) measurements
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Results using reconstructed tracks (reco) are consistent with results obtained from MC particles
(true) for both v,, v, and all used methods (EP, SP, Q-Cumulants)
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Main topic 2: Anisotropic flow measurements
using VHLLE+UrQMD hybrid model (req. 32)



Event plane Resolution

2 sub event: An=0.1

Res{\Ilf(W)} = \/<cos (n(TF — ‘IJ%V)D

Anisotropic flow is measured as follows:
(cos[n(¢—2;")])
v/ (cos [n(¥,0—Tnp)])
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e We do not measure the W, resolution after to 60% centrality

e Y, resolution are smaller than W,

e Good agreement between R,,c(¥,) and R,o..(‘¥,,)
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Summary for main topic 2

e Flow measurements for UrQMD model (req. 25):

O

O

Directed and elliptic flow measurements were done using several methods: event
plane, scalar product and Q-Cumulant.

Results are ready for the second collaboration paper

e Flow measurements for VHLLE+UrQMD model (req. 32):

O

O

Observed outlier events in the distribution Mult vs b - typical for this model

Centrality classes have been determined using the Inverse Bayes method. For this
model, flow measurements (without cut on Mult vs b) are possible up to 50-60%
There is a good agreement between v, ... and v, ... But there are differences at large
p+ region - contribution from non-flow.
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evPlane wagon for EP measurements in MPD

AnalysisManager

Wagon #1

Wagon #2

h 4

evCentrality

h 4

evPlane

event.fMpdEP.GetPhiEP_FHCal_F_all()
event. fMpdEP.GetPhiEP_FHCal_N_all()

» MpdAnalysisEvent event

-———» event.getCentrTPC()

» event. fMpdEP.GetPhiEP_FHCal_S_all()
event. fMpdEP.GetPhiEP_TPC_N_all()
event. fMpdEP.GetPhiEP_TPC_S_all()

EP Corrections are implemented for the future analyses with real data
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evPlane wagon is implemented into MPD Analysis Framework and is
already being used in the collaboration

Wagon for the flow measurements (Event Plane method) is on its way
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Main topic 3: Performance of the FFD
detector in anisotropic flow measurements



FHCal and FFD detectors

1.9°<10/<7.3

‘! FFDe 2.7< || < 4.1 FFDWIL

e — Al

1|F W

L=140cm
The FFD consists of two sets of Cherenkov counters
located at £140 cm from the nominal interaction point. Each
set has 20 physical detectors with 4 read-out channels
each. As a result, the total number of read-out channels is
2 sides 80 channels = 160 channels.

40cm

v

FHCal consists of two sets of hadron
calorimeters in pseudorapidity region 2<|n|<5
Each set has 44 modules form azimuthal
symmetry. Total number of modules 88.
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Directed flow of charged hadrons with FHCal and FFD
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FHCal and FFD have consistent results; both can be used for directed flow measurements.
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Elliptic flow of charged hadrons with FHCal and FFD
= O 0.2<p_<2 GeV = O = 0 0.2<p_<2 GeV
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Due to low Resolution FFD need more statistics than FHCal for elliptic flow measurements.
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Main topic 3: Performance study for the
anisotropic flow measurements in the MPD
experiment with the fixed-target mode (MPD
FXT)



Flow performance study for MPD in fixed-target mode
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10.1126/science.1078070
e The flow data from E895 experiment have ambiguous interpretation:
v, suggests soft EOS while v, corresponds to hard EOS
e Additional measurements are essential to clarify the previous measurements
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MPD in Fixed-Target Mode (FXT)

Yoke ECal

Target (z=-115 cm)

Model used: UrQMD mean-field
o  Bi+Bi, E,;,;=1.45 AGeV (/Syn=2.5 GeV)
o Bi+Bi, E,;;=2.92 AGeV (,/Syy=3.0 GeV)
o  Bi+Bi, E,;,=4.65 AGeV (,/Syy=3.5 GeV)

Point-like target

GEANT4 transport

Particle species selection via true-
PDG code of the associated MC
particle
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Flow vectors

From momentum of each measured particle
define a u,-vector in transverse plane:

U, = emn?
where @ is the azimuthal angle

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

N o kok
_ Dp—1 Wnln

N
D k-1 wy,

= |Qn] ein¥;"

Qn

W,E is the event plane angle
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Modules of FHCal - _—
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TT- P

I IR L
1.5 2
p, (GeVic)

15 2
B, (GeVic)

Additional subevents from tracks not
pointing at FHCal:

Tp: p; -1.0<y<-0.6;

Tr: m-; -1.5<y<-0.2; 30



MPD-FXT: v, for protons
> i MPD-FXT Bi+Bi; F1(Tp,F3)
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v, is consistent with model signal for y < 0.5
No efficiency corrections were applied yet




BI\/I@N vs MPD: v, vsy for protons 2023

0.6

04
0.2k
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See M.MamaeV’s talk at ISHEP-
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- 10-30%; 0.4<p T<0 .8 (GeV/c)

B @® all protons

B — Model signal

i 1 I 1 1 1 1 I 1 1 1 1 I 1 1
—1 0 1

MPD has better coverage in backward rapidities and close toy, .,


https://indico.jinr.ru/event/3694/contributions/22397/attachments/16782/28590/BALDIN_2023.pdf

MPD-FXT: v, for protons

o 025 o 0.1
_ MPD-FXT Bi+Bi; F1xF3 B MPD-FXT Bi+Bi; F1xF3
- 0.5<b'<1.0; 0.5<p _<1.5 (GeV/c) 0.5<b'<1.0; -0.5<y _ <-0.1
0.2
- ® 1.45AGeV ¢
_ 0.05
0.15 _—\' ® 292 AGeV
0.1L ® 4.65AGeV o
K) I
0.05F i
B -0.05
of I
—0.05 01k
_T | I | I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 i L1 1 I L1l I | I | I L1 1 I | I | I L1 1 I L1 1 I 1
5

0. —1 0.5 0 0.5 1 1.5 0 02 04 0.6 0.8 1 1.2 14
y P, (GeV/c)

cm

v, is consistent with model signal for y < 0.5
No efficiency corrections were applied yet
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MPD-FXT Bi+Bi@1.45A GeV
p; 0.5<b'<1.0; 0.5<p <1.5 (GeV/c)
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—RP

0.15

o FixF3
0.1

0.05

||/||

-0.05
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—0.1 — -0.5 0 0.5

1

BM@N vs MPD: v, vsy for pgczjstons

0.2

0.15

0.1

0.05

—0.05

—0.1

See M.MamaeV’s talk at ISHEP-
2023

BM@N Xe+C¥92A ERY-PWG 5.09.2023

10-30%; 0.4<p _<0.8 (GeV/c)

® all protons

—— Model signal

MPD has better coverage in backward rapidities and close toy, .,


https://indico.jinr.ru/event/3694/contributions/22397/attachments/16782/28590/BALDIN_2023.pdf

Summary for the main topic 3

e Performance study for v, measurements using FFD detector:

©)

O O O O

Event plane Resolution of FFD is much more smaller than FHCal
resolution;

Good agreement for 2 and 3 sub event methods

FFD has extremely small Resolution for 2-nd harmonic

FFD can be used for directed flow measurements

FFD needs more statistics than FHCal for elliptic flow measurements
due to low resolution

e Performance study for v, measurements in MPD-FXT:

O

(@)

For each particle species v, and v, are consistent with the model signal mostly
in backward rapidities

Official production for different beam energies (Vsy,=2.5, 3.0, 3.5 GeV 10-11
M min bias events each) has been requested for the further studies
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Thank you for your attention!



Backup



Main topic 2: Elliptic flow fluctuations at NICA
energies



Methods for v, measurements

e Sub-event 2-particle Q-cumulants v2{2}: An=0.1 is applied between 2 sub-events A, B to suppress

non-flow
Mo 0 .
— ing _ g ¥mn,
Qn ;6 (2>a|b M, My PR . Aor
02{2} = (@) ;
e 4-particle Q-cumulants v2{4}
_ |Qn|2 - M
2) = M(M 1) -
) = 1Qnlt + Qo = 2R[Q20 Q7 Q%] — 4(M — 2) |Qu|* — 2M (M - 3) a2 E
. M(M = 1)(M = 2)(M -3) ., 2

va{a} = {/2((2))° — (&)

Method’s details described in PRC 83 (2011), 044913 , EP method: Phys.Rev.C 77 (2008) 034904



Motivation of elliptic flow fluctuation study

~ " (a) STAR, Au+Au, Charged Hadrons -
\;” ik Data points: PRC 86, 054908 (2012) -
= o ]
hva l R R SR R S R A e LR R el R AR S e N ST A A S A & -
=~ - -
SO B R B :

08 &  o39Gev -

I n 27 GeV |

L v 19.6 GeV -

0.6 - e 11.5GeV —1

l L L L l

1 L 1 1 L L L |
0 20 40 60
@ Centrality, % @
v, fluctuations at /sy = 11.5 — 39 GeV

observed in STAR:
e \Weak dependence on collision energy

Indicate a dominated initial state
driven uctuations o,

Provide constraints for IS models and
shear viscosity n(T/s)

How about v2 fluctuations at NICA energies?



V,{4}/ v,{2, 2-sub}

Vv, fluctuations at 4/SNN=5-11.5 GeV

1.3 G LML B BRI B B AL o = I BN T AL ILELRLAL IR IR B = | | . | | =
1.2E UrQMD, Au+Au, h* M Fom 4 P0GV 080GV E b @ 3
E 0.2<p_<3.0 GeV/c 3 & 7.0GeV ® 11.5GeV ¥ 3
g T + + E
F o e = SN S S W c

1 o & 5 A E A % A s - T % - -

C s ] o = A I o i ]
0.9F R o L o + .+ + ® e -+ ° ° + -
- A ® ’ 3 1 [ ] o - }. .
08F o L % E3 T r
0.7F + + + =
0.6F - + E
el o by by by by by bbby by oy b by w1y g s el | | M | | 1

0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

Centrality, (%)

e v, fluctuations decrease with decreasing energy more strongly than at Vv SNN = 11.5-39 GeV

e The energy dependence of the v,{4}/v,{2} is stronger for protons than for pions
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v, {4t/ v,{2, 2-sub}
e e e
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o
o

Relative v, fluctuations of identified hadrons

—
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_ UrQMD, Au+Au |8,,=5.0 GeV, 807M (1) __ |Sy=6 GeV ~ 469M (2) __ VSu=7 GeV ~ 228M 3) __ IS=11.5 GeV ~ 104M (4) _

- 0.2<p,<3.0 GeV/c I 1 ]

e g ‘ ......... A ................ o S P i 3
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o I il | ]
| F 4 ht op @ gt T T
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Centrality, (%)
e Weak dependence between v.{4}/v,{2} of protons and pions at 11.5 GeV

e The difference between v.{4}/v,{2} of protons and pions increases with decreasing energy



Main topic 3: Study of the corrections for the
non-uniform acceptance in the flow
measurements and their application for the
MPD experiment



Non-uniform acceptance corrections

TPC

Acceptance

filter
TPC

~165° < ¢ < 165°

FHCal

FHCal

-40 -20 0 20 40

Modules 23, 24, 25 (L)
and 19, 20, 21 (R) are off

Correction for non-uniform azimuthal
acceptance

-

1. Recentering CQCL- L‘{V &,
Q 1Qy

1. Twist CD\ e = [ 9 o
Qy Qy

1. Rescaling ) o

Corrections are based on method
in:

I. Selyuzhenkov and S. Voloshin PRC77, 034904
(2008)



Effects of non-uniformity corrections; v, protons

H
4 ¥
[ (a) BiBi@9.2GeV 10-40%  p,XX ] (b) p, YY 1 (c) p, XX+YY
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Effects of non-uniformity corrections; v, protons
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Correlation between global polarization and
directed flow of A-hyperon



Global hyperon F{)olarlzatlon
* W.I.L. reactlon plane(

« Emerges in HIC due to the system angular
momentum
« Measured through the weak decay (1)

dN 1 .
d cos 6* 2(1+&H|PH|COSQ ) (1)

« " — denotes Lambda rest frame

« 8 — angle between the decay particle and
polarization direction

can ~ —ax ~0.732 (Value updated in 2019)

_______
2=




Global Polarization at Nuclotron-NICA energg!;evs

e Predicted and observed global polarization signals rlse SRR . ————e
HADES, 20-40%
as the collision energy is reduced:

vA

2 STAR, 20-50%

] e A oA
STAR prel, 20-50%
* A _ A

m A+A

ALICE, 15-90%
A oA

NICA energy range will provide new insight

Hyperon polarization P

* A(A)- splitting of global polarization

----UrQMD+vHLLE
« Comparison of models, detailed study of energy and 5D Gross-Over
. . . . . - —-3FD 1-PT
kinematical dependences, improving precision
 Probing the vortical structure using various T wep lﬁﬁ,
Observables 1 1 " Collision energym (GeV)

S. Singha, EPJ Web Conf. 276 (2023)
06012



Py,%

Ve YW [ R PR R o _—al ..

Pearson correlation coefficient represent
linear correlation between two sets of

8 Boidrization va v,of MC primary A data from -1 to 1
7t tull circle - p >0 =
- open circle-p <0 ° - 0-10% 1
5E ly|<1 « 20-50% E Var(X )VGT(Y)
E 0.5<p,<3 GeVi/c * 90-100%: Cov(X,Y) = (XY) — (X)(Y)
oo 1 Var(X) =/(X?) - (X)?
3t :
2¢ . ® w N
1:_ —: 1 1 1 1 1 1
of — S i T
| S P PN P D PO FURT S N %
-0.80.604020 0.2040.60.8 ¥ % o Sl mw

cos(q)-‘PRP)-



P, vs prand P, vs y In centrality classes

Py, %

2.5

1.5

0.5

BiBir9:2GeV PHSD 2 3r L 1 e B B B B B B
- Py vsrapidity of MC primary A 10-50% n_; 25 - Pyvs P, of MC primary A 10-50% N
- +1<p.<3 GeV/c . "F «0.5<y<1.5 ]
- : 21 | -
[ — 1.5 :—. . . . . L + + ® _:
- . 1 =
- . 0.5 —
1 L1 1 | I 111 | { 11 11 | L1 1 1 ‘ 1111 ‘ L1 1 1 | I7 0 : 1 I 1 I 1 I 1 1 ] 1 1 1 [ 1 1 1 1 I I:
15 1 05 0 05 1 15 0 0.5 1 1.5 2 2.5 3

y P GeV/c

e \Weak dependence on p;

e Highest signal in mid-rapidity



Vv, VS pr and v, vs y In centrality classes

Ry 0.08 —Bi-Bir9:2GeV PHSD 1]
0.06— Vv, Vs rapidity of MC primary A, 10-30%
0.04 *1<p.<3GeVic E
0.02 B

o- - e 1
-0.02 3
-0.04- -
—0.06?— ) 3
008505 0 05 1 15

y

01 | L | ']
0.08 - ViVS p_ of MC primary A, 10-50% =
006 ° 0.5<y<1.5 + =
0.04 - ‘ |-
0.02 ) -

-0.02 °* o ° —

_004 :_ | | ] | | _:
0 0.5 1 1.5 2.5 3

P GeV/c

e Small signal of directed flow

e Better to investigate p>1.2 GeV/c



Dnaarenn ~Aarvralatinn ~rAanffirinnt hathhninnn D v/ and NI

o= 0.4 — S — —
z:" 0.35 §_ p(v1,P) and rho(v1,P"N) vs centrality of MC primary A . rho(v Pl _E
< 0.3 z— 1<p <1.5 GeVIc, 0.5<y<1 o thIV1’F’ N) _
025 E— + =
0.2 ;— . " ¥ —=
0.15 E— —
0.1 E—- —=
0.05 E— —=
o5 B T T T R | R ) B [ H _‘sb_
(P,vy) = ——(Po (P}
? 1 - 2 2 2 2
(/D= (on) ) (VTP = (P?) N - multiplicity of Primary A
Pv)—p(P,N)p(vi,N
p(P,’Ul*N): P( al) ( )(h )

(\/1*,0( \/1 UlvN)

e Weak centrality dependence of Pearson correlation coefficient



Pearson correlation coefficient between P, and v,

a 0.Bi=Bi92GeV-PHSD————T 111 N 0.3
- = p(v,P) vs rapidity of MC primary A 10-50% i - p(v,P) vs p_ of MC primary A 10-50% -
Z o2f p(v,,P) vs rapidity primary A 10-50% E % 0255 p(v,P)vsp, primary ° ]
C [ ] 1<pT<3 GEV/C [ ] L 7] C ‘0-5<y<1.5 ]
0.1F . - 0.2 voe
0 & . 0.15- .
04 o — 0.1 E
- ° o ] C . .
-0.2— o o O — 0.05— ]

_03 : ] | | PR | ] | : § 07| ol b b b b b b b i ba gy
- 15 -1 -0.5 0 0.5 1 1.5 02040608 1 121416 18 2
y p,, GeVic

Puv)— (P i
p(P,v1) = (Po1) —(P)(v1) e moderate linear dependence between P,and v,

(1/ (v1) = (v1)?) (v {P?)—(P)?) e increasing with p
e highest for 0.5<y<1



Summary

Small v, in mid-rapidity and for O<p;<1 GeV/c
Weak pr dependence for P,, highest signal in mid-rapidity
Moderate linear dependence between P, and v,
Effect of multiplicity of Primary A is negligible

Outlook

e Further investigation of different effects in correlation between P, and v,
e Search another correlation parameter



b, fm

Simplified MC sampling for hadron calorimeters

olg
L O |w— L )
- DCM-QGSM-SMM x Geant4 S| - MC sampling of energy =
15— PbPb, @ 13A GeV[c “I' ¥ pppb @ 13A GeVic 2
10l o 10}
5 5}
0_ L | L L L L | L L L L 0* L ! L | ! L
0 1000 2000 3000 0 1000 2000 3000
Epgp GEV pspy GEV

Slunod

10

e Shapes of energy and impact parameter distributions are similar
e Width of distribution for energy is larger than for multiplicity

e Possible decrease of width will be study



NA61/SHINE experimental setup

Data samples: ~13m

e Pb-Pb @ p.,, = 13A GeV/c

Vertex magnets

)L/
i

ITOF-L

e data from 2016 physics run

VTPC-2

Target

e DCM-QGSM-SMM x Geant4 e |

M.Baznat et al. PPNL 17 (2020) 3, 303

Subsystems

e Multiplicity: TPCs
e Spectators energy: PSD

projectile
P
‘) spectators



General distributions: Event

x1|03| .

20
- 10t 500 F

10° £

Charged only

15 . 400 i 7] 10*
300 | T
10 102 g
| 200 | 4 10
5 - -
55 10 L
!E ' 100 [ 1 0F
t C C
0 e 1 ok L TE i e
0 50 100 150 200 250 300 2 0 50 100 150 200 250 300
Mult b Mult

Observed a non-physical tail in the distribution Mult vs b
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Centrality determination

5 E 8
pd Lo - L
g 108 Bi+Bi, 'Ufs_m‘:Q.z GeV O Model _é 16 — Bi+BI, \IS_NN=92 GeV
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10 Bt 4=
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Centrality, %

The reasonable fit quality and good agreement of the impact parameter distribution with the model
data for 0-60% centrality classes.



MC/Reco

MC/Reco
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°

Charged particles only
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PID: PDG code

good agreement of the
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The difference at large p+
betwin v, ... and V, ..,
(non-flow ?)



MC/Reco

MC/Reco

Comparison of Reco and MC: v.{4}

UL T T

orof T e 1 v sl i i 1 e
e i e i [ ] :
. T : T + 7 o Charged particles only
r @ T . T+ r . T - & A . 4 .
0.04; . & @ z * —:— . a ® g é 7; PO & Q T ” . L —: Y Prlmary
0.02;— . i -- . - __ < ]{ T . 1 I e [|nl<1.5
S S ———— O ————— B e An=0,1
y 5 e p;>0.2GeV/c
B b
L l R S T 3 e |DCA|<30
R i - i e nTPC hits > 16
°

PID: PDG code

0 10 20 30 40 50 60 70 0 10 20 340 4b 5‘0 66 700 1b 2ID 3I0 4‘0 5‘0 66 7‘0"(‘) 1b 2IO 36 4b 5'0 Sb 7‘0

Centrality, (%)

D.Z:—vHLLE+UrQMD.B‘HBi [50=92GeV, 28M (1) - Method: v,(4} @ H et A Reco " rl__ 3 ) T—

" comay 0 c E oo PP “1 0O good agreement of the
015 Kt T 4+ 1 - - ] .

: " . i _ ‘ijr ) 1 | . 3ot Vo me with V3 reco data
011 q(‘)e Tt ;;; n g - + f, a

r WN@‘ g T w@mb'é' l ’: s8¢ ‘ T @Q; ] ]
005F 4% + . [ £ .e® ISR 1 [ The difference at large p+

Fa T a T r & 2 T & 1 . .

0}“1 S II@Q...I ........ R — I:m"f ....... - , I :naf oo betwin V2.me and V2 reco IS
w2k N L i I i Y less than for other

S et s 3 & 3 3 3 48 % e e aaa LA e methods -> Not affected
o8t #H NN N ) by the non-flow effects




Uy, @, vectors formalism for flow measurements

e Unit vector of a particle u,, (centrality, pid, pr, y): NICA

Up x = Xp = COSNY

— ping _—
u — e — — — -

* Event flow vector Q,, (centrality):

M _ v
Q = Z wkuk = |Q |einlpn — Qn,x - Xn — |Qn| Cosnlpn
" k=1 " Qn,y =Y, = |Qn|sinn¥,

* @ —azimuthal angle of the produced particle

* w —weight of the Q,, vector (for example, w = 1 for participant plane and w = E for
spectator plane)

* Y, —event plane angle
More information:

https://inspirehep.net/literature/757158



https://inspirehep.net/literature/757158

FI—!C1aI & FFD event plane Resolution for v, NICA
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s FHCal & FFD event plane Resolution for v, (NJCA
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The BM@N experiment (GEANT4 simulation for RUNS)

FHCal

Silicon + GEM

TOF-700

Square-like tracking system within the magnetic field
deflecting particles along X-axis
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BM@N vs MPD: n-¢ acceptance
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e MPD has more uniform acceptance along ¢-axis
e BM@N has non-uniform acceptance due to square-like shape of the tracking
system



Flow methods for v,, calculation

M Mamaev et al 2020 PPNuclei 53, 277-281 0.45F
M Mamaev et al 2020 J. Phys.: Conf. Ser. 1690 012122 F2

Tested in HADES:

Scalar product (SP) method:
_ o) _ (mQe”)
1 - R{T‘l 2 - R{'—'IR{T?)

Where R; is the resolution correction factor

R = (cos(¥]! — WFP))

Symbol “F2(F1,F3)” means R, calculated via
(3S resolution):
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SP: R, for FHCal spectator plane
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BM@N vs MPD: v, vs y for orotons
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BMQN vs MPD: v,
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MPD FXT: v, for m+
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v, is consistent with model signal for y < 1, We need more statistics



ME’)%—FXT: v, for mm+
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ME’)%—FXT: v, for -
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Anisotropic transverse flow

Spatial asymmetry of energy distribution at the initial state is transformed, through the
strong interaction, into momentum anisotropy of the produced particles.

3
E(zj;j - 2171' ppoTdy( + Z 2”’”’ COS(TL(QS o lI,RP)))

vy, = (cos(n(¢ — Ygp)))

In the experiment reaction plane angle W, can be approximated by
participant W, or spectator W, symmetry planes.

reaction plane
X transverse plane
1%
target (n<0) " ) projectile (n>0)
N.u' z
(i _—— 0/
‘ //—/"’_ @ Dparticipant zone
| QO | projectile spectators

QO | target spectators

target projectile



Anisotropic transverse flow in heavy-ion collisions at
Nuclotron-NICA energies NICA

[ Strong energy dependence of dv,/dy and v, at v/Sxy =4-11 GeV.
o 041 o Au+Au Collisions at RHIC |
;>‘ 03} — ¢ STAR o A {  Anisotropic flow at FAIR/NICA energies is a delicate balance
© T 10-40% . K @ between:
= 021 a9 | e The ability of pressure developed early in the reaction zone
% 0.1 — } o . and
e ' e Long passage time (strong shadowing by spectators).

BM@N-CBM—MPD - Differential flow measurements v (vSnn , centrality, pid, py, y) will

0.041 e &% & ®1 helptostudy:

ol ¢¢$¢- (b) T o effects of collective (radial) expansion on anisotropic flow
5 O ————— P e interaction between collision spectators and produced matter

i e OE E:; | e baryon number transport

_0.04 _ i? V' Z=1hadrons FOPI _
e o _uawo o Several experiments (MPD, BM@N, STAR FXT, CBM, HADES,
f sayoneantoa s | NABL/SHINE) aim to study properties of the strongly-interacted
> 3 5 10 20 30  Mmatterin this energy region.
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M. Abdallah et al. [STAR Collaboration] 2108.00908 [nucl-ex]
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