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Anisotropic flow & spectators

The azimuthal angle distribution is decomposed
in a Fourier series relative to reaction plane angle:

|off plane squeeze-out|

ple — Trp) = 5-(1+ 2357, vy cosn(p — Trp))

Anisotropic flow:

vy, = (cos [n(¢ — Ygrp)))

bounce off

Anisotropic flow is sensitive to:

|off plane squeeze-out e Time of the interaction between overlap region and spectators
e Compressibility of the created matter



v_as a function of collision energy

v, suggests softer EOS

P. DANIELEWICZ, R. LACEY, W. LYNCH
10.1126/science. 1078070

v, suggests harder EOS
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Density n
Describing the high-

using the mean field

[n

éensity matter

Flow measurements constrain the

mean field

Discrepancy is probably due to non-flow correlations
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HADES: dv./dy scaling witlh collision energy and system size

[ 1.0<b/A™<1.5 (fmxA™'")
1 .0<pT<1 .5 (GeV/c)

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

M.Mamaev Particles 2023, 6(2), 622-637



The BM@N experiment
TOF-700
’/\ |

TOF-400

TOF-400

Silicon + GEM

High momentum and
time resolution allow to
identify particles
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Flow vectors

F1 e F3

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

U, = e

10°

(GeVic)

d 25 10°

where @ is the azimuthal angle

= 104

Sum over a group of u_-vectors in
one event forms Q -vector:
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Flow methods for A calculation

M M t al 2020 PPNuclei 53, 277-281 - 0.45F ® FapELRo)
. amaeyv et a uclel , - A __
Tested in HADES: i Mamaev et al 2020 J. Phys.: Conf. Ser. 1690 012122 b F2 " Fo(TR(F1F9)
O v F2(T-(F1,F3)}
Scalar product (SP) method: s é? O Fe(F1FY)
0.3f
F1 HF3 C O
v <U1Qfl> vy = (U@ Q1) 0.25E I o
1= F1 o F1 pF3 ok
Ry Ry Ry 0.2F .
: : : 055 “ v o
Where R, is the resolution correction factor N
F1 __ F1 _ \wyRP 0.05F
Rl _<COS(\Ijl \Ijl )> TR PR N N R

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

RF2FLES) V@M@ Q)

| —
Q" Qr”)

Method helps to eliminate non-flow

e

Using 2-subevents doesn’t

centrality (%)

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

QT'Q)

Rf?{Tp}(Fl,F?») — (QF Q’{p>

V(@M@ el
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Centrality determination methods

Physics of Atomic Nuclei, 2024, Vol. 87, No. 1, pp. 389-394
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Two methods for centrality
determination: MC-Glauber and I'-fit
method are in a good agreement
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Particle identification

TOF-400
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TOF-400

p_ (GeV/c)

T

TOF-700

P, (GeV/ic)

Yem

Data is corrected for p.-y acceptance

10



DATA: R,

in Xe+Cs(l) collisions
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All the estimations for symmetry plane resolutions are in a good agreement 1



v, as a function of pT and y
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JAM model describes v, (y) well



vy

dv,/dy|, _, vs collision energy
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dv./dy is in a good agreement with the world data
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Summary

Directed flow of protons is measured multidifferentially as a
function of p_, y and centrality

The JAM model describes the v, (y) reasonably well in high
transverse momentum region

The directed flow slope at midrapidity dv1/dy|y=0 was extracted
The results for directed flow slope dv./dy of protons are in a good
agreement with the world data
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O tl k 0.5<p_<1.0 GeV/c; 0.5<y<1.0
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e 2025-2026 we expect the o000,
Beam-Energy scan program (2A, 6000}
3A, 4A GeV)
e The results for higher-harmonics 2000, ;
flow is in the process of analysis P05~ 1747 11242&1\/;:;;5
e The analysis for Av. is - o4
undergoing
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Performance Analysis



Azimuthal asymmetry of the BM@N acceptance

FTERTER N N TRTRNT N AR NI B

@-n yield of protons

I R

Required corrections to reduce effects
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of non-uniform azimuthal acceptance
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Corrections are based on method in:
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F3

Performance study: R1 &

F1

DCMQGSM-SMM
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Resolution is lower for higher energies due to lower v,
18



Perfromance study: v, and v, in Xe+Cs (JAM)
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three energies



Data Analysis



Comparison of the TOF performances

TOF-400
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The results from
TOF-400 and

TOF-700 are in a
good agreement
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Systematics due to symmetry plane estimation (non-flow)
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Backup
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Quality assurance for the recent data

dN/N
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I-fit/Model

<b>, fm
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Centrality determination: <b> vs Centrality
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Cuts on tracks:
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Multiplicity-based centrality determination using inverse Bayes was used
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Results: v, (p;)

[ MPD-FXT Bi+Bi ® 1.45A GeV
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Results: v,(y)
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The Bayesian inversion method (I -fit)
Relation between multiplicity N, and impact parameter b is defined by

the fluctuation kernel: 2 main steps of the method:

N

- 2
P(N.ylc,) = —Nk(cb)—1e " (o) — 0= F < ch>
cb F(k(cb))B" ch <NC},> const, f = —+

Fit experimental (model)

¢, = | P(b")db' — centrality based on impact parameter ARSI )
'([ distribution with P(N)

Mean multiplicity as a function of ¢, can be defined as follows:

3
N.,)=N, ex ac| N O, a. - 5 parameters Construct P(b|E) using
< Ch> fnce XP ; 77 mee> =27 Bayes’ theorem:
. . o o . P(b|N) = P(b)P(N|b)/P(N)
Fit function for N, distribution: b-distribution for a given N , range:
1 fnzp (Nchlb)chh

n,

P(Ncp) = | P(Nenlep)de, Pblng < Nep <mp) = P(b) =5
( Ch) j;) ( Chlcb) Cp ( |n1 h nZ) ®) fnlzp(Nch)chh
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I'-fit/Model

Centrality determination: multiplicity fit
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Good agreement between fit and data

Multiplicity-based centrality determination (I'-fit) was used
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dEdx, a.u.

W. Blum, W. Riegler, L. Rolandi, Particle Detection with Drift
Chambers (2nd ed.), Springer, Verlag (2008)

PID procedure

1800 .:.
)

1600 |41
1400 8\
1200 -4
1000 4
800 4
|_.
600 Fi
400 =%

200 %

4.5

NS

Fit dE/dx distributions with Bethe-Bloch
parametrization:

100 = (pz—ﬁ“ (p3+w>>

2 _ p* _ P .
5 ——m2+p2,57 —  p,-fit parameters

— Fit (dE/dx - f(By))/f(By) with gaus in the
3 slices of p/q and get op(dE/dx)

p/q, GeV/c

5 5
p/q, GeV/c

Fit m? with gaus in the slices of p/q and get op(mz)
(dE/dx,m)—(x,y) coordinates for PID:

o (dE/d:lf)mms—(dE/d:c)}f,it Uy = 772.2—7712ZZ
B (dE/dz)fitaiE/ M7 P g
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dedx, a.u.

PID procedure: Results

f:z_ % ; N ((lE/d.:l?)"”“’S—((lE/(l'l?)f;it
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i 7
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i - VAR yE <2\ Jai4yi>3
o ; Pions (r"):
ZOZ;_H P I P I b b b ey 0?.\\J|wu|||u|||||||| Charge<0

4 5
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4 5
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p. (GeVic)
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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:

Q, = Sy whuk _ ‘Qn|ez’n\1';’fp
S, wh

W & is the event plane angle

F3
F2 Q{F2}

F1
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Additional subevents from tracks not
pointing at FHCal:
Tp: p; -1.0<y<-0.6; 33



The BM@N experiment (GEANT4 simulation for RUNS)
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Comparison with BM@N performance
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BM@N TOF system (TOF-400 and TOF-700)
has poor midrapidity coverage at \/s = 2.5 GeV
e One needs to check higher energles (\/s =3,
3.5 GeV)
e More statistics are required due to the effects
of magnetic field in BM@N:
o Only “yy” component of <uQ> and <QQ>
correlation can be used

Despite the challenges, both MPD-FXT and
BM@N can be used in v_. measurements:

e To widen rapidity coverage

e o perform a cross-check in the future
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Anisotropic flow & spectators

The azimuthal angle distribution is decomposed
in a Fourier series relative to reaction plane angle:

|off plane squeeze-out|

_ bounco of p(e —Vrp) = %(1 +2>>° v, cosn(p — Ugp))

Yooz a 2P od

Anisotropic flow:

vn = {cos [n(p — Wrp)])

[off plane squeezo-oul] v, - directed flow, v, - elliptic flow
Bounce-off Squeeze-out
Anisotropic flow is sensitive to: Sopneterat® \;
> Compressibility of the created matter = ) "e;?éfl”

(tezvp = R/cs, cs = C\/dp/ds) —
> Time of the interaction between overlap jfj::f:-lo h f;g:;e;se
region and spectators 4

(tpass = 2R/venBonr) 36




MPD in Fixed-Target Mode (FXT)

MPD-FXT e Model used: UrQMD mean-field
o Bi+Bi, E, =1.45AGeV (Vs =2.5 GeV)
o Bi+Bi, E =2.92 AGeV (\/SNN =3.0 GeV)
o Bi+Bi, E, =4.65AGeV (Vs ,=3.5 GeV)
Point-like target at z = -115 cm
GEANT4 transport
Multiplicity-based centrality determination
PID using information from TPC and TOF
Primary track selection: DCA<1 cm

Track selection:
o N >27 (protons), N, >22 (pions)
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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:

Q, = Sy whuk _ ‘Qn|ez’n\1';’fp
S, wh

W & is the event plane angle
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Additional subevents from tracks not
pointing at FHCal:
Tp: p; -1.0<y<-0.6; 38



Results: V1(y) Systematics: xx, yy, F1, F2, F3
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Good agreement with MC data
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Results: v, (p-) Systematics: xxx, xyy
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Good agreement with MC data
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dv1/dy|y=O vs collision energy
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MC-Gl/Model

TOF-400 TOF-700

x2/Indf=3.83 Xe+Csl, E_=4 GeV

f=0.91, n=0.75, k=1

P u.kx[pran"'( 1 -')Ncoal] BM@N rung

O Model 10°
A MCG
| |0-10%

8
)

6 7 8
p/q (GeV/c)

6 7
p/q (GeV/c,

8

5 6 7 8 5 6 7
p/q (GeV/c) p/q (GeV/c)

° Half of the recent VF production was analysed

° Event selection criteria (~100M events selected)
o CCT2 trigger
o Pile-up cut

o Number tracks for vertex > 1
° Track selection criteria : x2 < 5; Mp2 -306<m? <Mp2 + 30; Nhits > 52
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Proton N-sigma distributions
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Systematics due to identification and tracking

o TOF-400
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The systematics is below 2%



