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The NICA Heavy Ion Complex ‘s@

Planned parameters for
collider mode

* Energy
VS, = 4-11 GeV
(heavy ions)
VS, =12 -27 GeV
(polarized protons)
Luminosity
L =10%" cm=s?
(heavy ions)
L=10% cm3s?

(polarized protons)
Intensity
up to 10° Hz for **’Au
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BM@N — Barionic Matter at Nuclotron

* Fixed target experiment at NICA

* Energy:1-45AGeV
* Beams from d to Bi

* Beam intensity up to few 10° Hz
* There was carried & runs since 2015

* With physical results:
2017 (C + X)
2018 (Ar + X)
2022-2023 (Xe + Csl)
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Heavy ion collision experiments &
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BM@N competitors:
« HADES BES (SIS) Au+Au,VS, = 2.42 GeV, Ag+Ag, VS, , = 2.42 GeV, 2.55 GeV
. STAR BES (RHIC) Au+Au, VS, = 3 - 200 GeV
« Future CBM experiment Au+Au, VS = 2.7 — 4.9 GeV
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Ch. Fuchs and H.H. Wolter,  EQOS: relation between density, pressure, temperature,

EPJA 30 (2006) 5

100

energy, and isospin asymmetry

| —— DBHF (BonnA) /
| e - BHF AV18+3 BF
------------ var AV, +3-BF

Ea(p.0) = EA(P.0)+Eg,(P) 0% P = p? S(E/A)/5p

with 8= (p,—p,)/P V=A/p
Curvature defined by nuclear
incompressibility: K = 9p? 6*(E/A)/6p?

» Study of symmetric matter EOS at p=3-5p,

T=const

ST — elliptic flow of protons, mesons and hyperons

PPy

2 2.5
— sub-threshold production of strange mesons and

P Senger 2022 Phys Scr. 97 064003 hyperons

Hyperon vyield in 4A GeV Au+Au:
soft EOS (K=240 MeV) / hard EOS (K=350) MeV

— extract K from data to model predictions
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| — elliptic flow of neutrons vs protons
= — sub-threshold production of particles with opposite
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PHQMD calculations
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A. Andronic et al., Phys. Lett. B 697 (2011) 203 p Dependence of hyperon chemical potential
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on the three-body ANN interaction at high
densities

» Study of hypernuclei

— measuring lifetime

— discovery of new hypernuclei

» The role of hyperons in neutron stars
(“hyperon puzzle”)
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W. Weise, JPS Conf. Proc. 26, 011002 (2019)
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Experimental setup evolution Nev

RUN-6 (2017) RUN-7 (2018) RUN-8 (2022)

Vv .

* Beam: C Ar Xe

* Energy: 3.5,4.0,4.5AGeV 3.2 AGeV 3.0, 3.8 AGeV

e Target: C, Al Cu,Pb C, Al, Cu, Sn, Pb Csl

e Statistics: =29 - 10° =16 - 10° = 550 - 10° (Full)

The BM@N spectrometer at the NICA accelerator complex, Nucl. Instrum. Meth. A (2024)




BM@N set-up in C run

0 Analyzing magnet

1 [ Mwpc

ST (Silicon Tracker)
GEM
TOF1(mRPC)

DCH

TOF2(mRPC)

ZDC

Detectors used in the analysis: Silicon Tracker (2), Gas Electron Multiplier (3),
Trigger Detectors (not shown here).

March 2017
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Production of A hyperons in C+X interactions %

Yield to N, at 4.0 AGeV

Parametrization for proton-proton collisions 2051 BM@N Preliminary = men s
<n_ > scaled to the C + C system ahe g
0.012 4 & BM@N (stat + sys)
<nA>:<npp>'kiso'Npart “
E 0.008 4
Parametrization based on the L.und String > o]
Model is used, k,__ - isospin correction factor, oo
N ___ - number of the participating nucleons =
part 0.000 . : . . :
o 10 20 N::n 40 50 60
1 Yield to N, at 4.5 AGeV
N E S S
5‘ - BM@N Preliminary 020 BM@N Preliminary =3 g &
— 0.0175 et D
1_ Sy ! ;:fé’u (stat £ sys)
1071 ¢
= 2300125
E 3 oo
5
10_2 = 0.0075 E
§ 0.0050 &l Ji tli)
2 I Propan cham., C+C 005
10_3 = [] BM@N, C+C L 10 20 30 40 50 60
7 | BM@N Sys My
g — N (C+C
ot o ENEE | DCM-SMM, PHSD, and UrQMD models
26 28 3 32 34 36

VST? cevy Overestimate /\ yields
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Analyzing magnet

—
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Beam detectors

MWPC (Multi-Wire Chamber)

ST (Silicon Tracker)

GEM (Gas Electron Multiplier)
ECAL (Electromagnetic Calorimeter)
CSC (Cathode Strip Chamber)

TOF 400 (Time-Of-Flight detector)

DCH (Drift Chamber)

, TOF 700 (Time-Of-Flight detector)
Target
10 . ZDC (Zero-Degree Calorimeter)

Detectors used in the analysis: Beam detectors (1), Multiplicity Detectors, ST (3),
GEM (4), CSC (6), TOF 400 (7), DCH (8), TOF 700 (9).

March 2018




Multiplicities of m* and K*, normalized to the number

of nucleons participating in the interaction A___

https://arxiv.orglabs/2303.16243v3 Published in JHEP 07 (2023) 174

« ForN_JA ., models predicta con-

tinuous decrease with increasing
target atomic weight from C to Pb
* The same behavior is observed in
— PHSD the data for all targets except C
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ArE, =32 AGeV

n+

(N_/A ) - 107

AR RNRAAARRARRY
o
9!
=
195
=<
=

« ForN. /A .asimilartrend is also

observed in the data
* But the models reproduce the
decrease towards target C

(N, /A,y - 10°

e
Ln

=

« N_/N_, do not show dependence on
A in the data

part

* Models show slight growth
* PHSD show a fairly small increase
and, within experimental

=2

K+

(N /N_,)- 10
P

(]

- ArC ArAl ArCu ArSn ArPb . . . .
05325 E o uncertainties, are compatible with

Apan the measured ratios

Minimum bias




Multiplicities of m and K+ normalized to A

10
1=
« BM@N results are in } s
agreement with the general §;‘ i
increasing dependence of 101
multiplicities on the kinetic -
energy of the beam N
1 —2 "
010—1
10'=
= + +
P. Senger, H. Strobele, JPG 25 LF ’ ¥
1999, R59-R131 107 "
e
J. Adamczewski-Musch etal. <, ® = .3
(HADES Collaboration) EPJA56Z" 1¢4 - BM@N
(2020), 259 =
107 E
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1010—1 10 10°

N+N
“Mg+Mg
L a+La
197 Au+Au
P Ar+KCl
Si+ALS
*"Pb+Pb
BM@N Ar+C

: BM@N Ar+Al
24 BM@N Ar+Cu
£ BM@N Ar+Sn
44  BM®@N Ar+Pb
FOPI (Reisdorf) Au+Au
TAPS Au+Au
HADES Au+Au
E895 Au+Au

+oq¢m%

«

B0

—@— **Ni+Ni FOPI Best
—&— *Ni+Ni KaoS Barth
BM@N Ar+C
BM@N Ar+Al
~%% BM@N Ar+Cu
—2%— BM@N Ar+Sn
—%%— BM@N Ar+Pb
—¥— ""Au+Au E866 Ahle
—— Si+Au E859 Ahle
—4— *'Pb+Pb NA49 Afanasiev
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Blast-Wave model fit of p,d,t spectra &

New https:/larxiv.org/abs/2504.02759 ; ;2 R m,coshp(r)| [ p,sinhp(r)
Published in JHEP 08 (2025) 095 -~ 7 ~=C (y) ] meK, - 0 T rdr
T T 0

% 0? ¥ = 1.4, cent < 40%, Ar+C, BM@N - gn -
: o « I, and K, - modified Bessel functions, p(r) = tanh™f(r) -
s m_: transverse radial flow rapidity profile. The average radial
£ 100 flow velocity (B) and source temperature T at the kinetic
- — freeze-out extracted from fit
1(: E} 160 Ar+ Peripheral
11::2‘ E? ..__; 140 ﬂ!h ‘_g'.".+ Central
a2 )
w s = 120

| 100 ¥
107" ep
102 Aol EO BM@N, Ar+A, |, = 3.1 GeV, 0-40% L - — =sl

10 B0 ¥ EOS, AusAu, 5y, = 2.4 GeV, 0-5% Lﬁ

1 40 E A STAR, Au+Au, s, = 3 GeV (p.d), Mnb.

T M STAR, Au+Au, {5, = 3 GeV (m.K,p), Mnb.
20F = STAR, Au+Au, |s, = 7.7-39 GeV, Mnb.
E ¥ NA49, Pb+Pb, sy, = 6-17 GeV, 0-7%
0 | 1 1 1 1 | L L 1 1 | L L L L I L L L L I L 1 1 1 ] 1 L
0 0.1 0.2 0.3 0.4 0.5

<p>
* It seems that the Ar+C interactions did not produce a
fireball

]lllllllllll IIIII
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2 L Central collisions
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B, and B, are calculated as a

weighted average of Ar+Al,Cu,Sn,Pb
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NA49: PRC 94, 044906 (2016)
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The coalescence radii calculated from B

2
and B, for deuterons and tritons produced

in Ar+A interactions (centrality 0-40%) are
in agreement with the general trend
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Compound yield ratio N -N/N "

M@Y

BM@N: Centrality 0-40%, from dN/dy for p,d,t at -0.18 < y* < 0.22

< L Central collisions
2 1 © FOPIAu+Au O STARAu+Au ® BM®@N Ar+A (0-40%)
x b w O E864 AusPb © NA49 Pb+Pb
=z |
i | |}
l / T R § ¢
BM@N
0 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22

STAR: arXiv:2311.11020

Collision Energy \s,,, (GeV)
NA49: PRC 94, 044906 (2016)

* The result of the BM@N experiment follows the general trend
« No significant variation of the NpNtINd2 values is observed

with the various targets

Coalescence
models predict that
a non-monotonic
behaviour of the
ratio as a function
of the system size or
collision energy is a
signature of the
neutron density
fluctuations. So, this
ratio is a promising
observable to
search for the critical
point and/or a first-
order phase
fransition in heavy-
lon collisions
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Xe+Csl: full acceptance of detectors ner

Magnet SP-41 (0)
Vacuum Beam Pipe (1)
BC1, VC, BC2 (2-4)
SiBT, SiProf (5, 6)
Triggers: BD + SiMD (7)
FSD, GEM (8, 9)

CSC 1x1 m* (10)

TOF 400 (11)

DCH (12)

TOF 700 (13)

ScWall (14)

FD (15)

Small GEM (16)

(SC 2x15 m* (17)

Beam Profilometer (18)
FQH (19)

FHCal (20)

HGN (21)

E 00 O0O0O0sEBsEmO

* Full BM@N configuration

* 507M events collected at 3.8 AGeV,
48M events at 3.0 AGeV

January 2023
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Directed flow of d and p in Xe+CsI interactions %

Azimuthal angle distribution of particles: P = BUGN Preliminary
© s d p
dN 1 = g 12F . & A A FOPI Au+Au midcentral
d ¢ - 2T 1+2 Z‘i v,Cosn ( ¢_ II’RP) ; L. A ® ©®  STAR-FXT Au+Au 5-40%
= e A
" - A A v ®  BM@N Xe+Csl 10-30%
where v _is an anisotropic flow of n* = 3k ¥ EEElNcy
- i A 4 ®
harmonic Ut R .,
— 0.4 ° ®
v,=(cosn(¢p—W¥,,)) : /.'. iy
0.2 :— i
* v, - in-plane flow (directed) o BM@N
b Lo 0 o 1 | ]
2 2.5 3 35 4
|off plane squeeze-out| VS (GeV)

 Slope of v, was estimated for

protons and deuterons

* Scaling factor = 2 could be seen
from v, slope

* BM@N resultis in trend with the
STAR FXT Au+Au data

Woor o0 o
&b =3im

[off plane squeeze-out|
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Reconstruction of A, K°

x10° R (1
4 # © L5 0
% 4 A-op+m - Mass = 1.1158 > [ K-om+m Mass = 0.4997
=t Sigma=0.0023 | = | Sigma = 0.0060
2 S/B=42 2 I S/B=1.6
: f sifs+B=1248 | 3 [ S/VS+B=68.8
‘B - S =19330 = - $=7612.8
= - =1
= 2_— 53] :
1+ I
[}: A i IR O (O N N (| (B | [ | {)- T SN TR N S N SN 1A, SR (SN TSNS ST THNS [N ST TN TS SO T |
1.08 1.1 1.12 1.14 1.16 0.45 0.5 0.55 0.6
M, (GeV/c) M,,, (GeVic’)
MA=1.1157 GeV/c MKOS=O.4976 GeV/c
Expected in 500M events: 9M A, 3.5M K
. x10° x10°
e 85 X/ ndf 735417 | Ty is 2 / ndf 5776/ 4
= it PO 1.187e+07 % 3.107e+05 = P PO 1.096e+07 + 3.679e+05 —t
L= m e -
E 6 pl 0.266 + 0.005 % 6 pl 0.09368 + 0.00260 dN . N 0 0 .
© 5 " _—
4 4 = dt T
2= 2t
1- : X
Ob——A——— 1 b L 0_|||||“~T_—‘_"—
0.2 0.4 0.6 0.8 1 06 01 015 02 025 03 035
t (ns) t (ns)

* Estimates of lifetimes obtained from the experiment are consistent
with the tabulated values for A (0.2632 ns) and K° (0.0895 ns)




Study of neutron emission from target

fragmentation

g B —— 10° N 3
N2 ; / BM@N ) ” 2 .\'. S =
‘121-‘?:1n. ._”' detector setup e — “5 - .. = = DCM-QGSM-SMM .
h3 : L2 & . i % |
e 3 . BM@N Preliminary
5 e gl T g 3 We S, :
_Ei &~ Hf \\- TUTmms Beam spectatdr E - .\“;‘ )
100 T » neutrons \ " ;‘
o .\.\ \..\. I ] Nb g‘ - .";‘;“\ —
i - | - 10.__ ';\._“ -
: ® g LI
l\\ ¥, i ’ ‘\.\
Moving Source Model with three sources used to parametrized .| ] ' “H_
. 3
data: ;2 ; E+m—pfBcos 1 10 102
dEdQ:Z pA,exp|— —-m|/T, E.MeV
i=1 V11— [j’lz = —
A, T, and B, are amplitude, temperature and velocity of sources '} ™ BM@N Preliminary N
V. I. Yurevich at al., Phys. At. Nucl. 75, 192 (2012) 2 Kl I
n L. —— 121° MSM fit
> 10° = S2
s F
- o
« Sl describes the hard part of the spectra (7, =55+ 5 MeV) & |
* 52 reproduces the neutron emission in multifragmentation § °f S
decay (7, = 6.5+ 0.5 MeV) g F "
* S3 describes the fragmentation decay and evaporation EE By :
process (7, = 0.8 0.1 MeV) 5 ,
1 10 100 300




H, H*, ¢ decays

«Q 3000[— &Q i
E o eBERL g 1000 —
~ 2500 — ~ C
= - = 800
0 [
2 2000— .E* B
= [ = L
= s : e
w N W go0— i
1500 — Parameters: r Parameters:
E S =836 - S =286
o S/B=0.06 400 — S/B=0.10
1000 .
E S/YS+B=707 _ S/YS+B=520
= 2.9923 L i =3.9253
500 - o = 0.0025 e o = 0.0017
:I L1 | L L1 I R O | | Ll 1 1 I Ll L1 | Ll | I I | | | N T | I L L1 | L1 | 0 & | I 1 1 L ] 1 L 1 | L 1 1 i 1 1 L I 1
$95 2906 297 298 299 3 301 302 303 304 305 3.88 3.9 3.92 3.94 3.96
M, , ., GeV/c® M., , ., GeV/c?
— 2
M, , =3.9226 GeV/c

Ongoing improvements:
* Improve dE/dx in GEM detectors for “He,

Entries/(1.4 MeVic?)
3
(=]

3 ™ ‘He selection
S0 | * Use combined ToF-400 and ToF-700 data
00 for K and K  identification
00 * Using TMVA to separate fake tracks
f::g + S/B = 0.207 (mostly 71)
E. L Slnfeance-17084 | .

1.
Mass (GeV/ic?)

M¢=1.0195 GeV/c?




Baryon femtoscopy

Correlation function:

o A (k*) Using particles identified by TOF-400 and TOF-700
C (k ): B ( k*) detectors to determine the effective radii of proton and
deuteron sources

k*:l. —D, Mid rapidity range: 0.5 <y < 1.7 (Lab system)
2 ] pdr, = 3.0 fm (?/ndf = 22.22/17) pp r, = 3.3 fm (¢?/ndf = 31.55/17)
A - correlated pairs g % s
B - uncorrelated (mixing) 18 e O 1af =
16F BM@N preliminary 165 BM@N preliminary
145 141

125 1.2F
£

0.8F

065

—— calculated, r = 3 fm C
—e— simulated, r. = 3 fm 0.4
—e— pd data (10091 ent.) E

—— calculated, = 3.3fm
—e— simulated, r_ = 3.3 fm
—e— pp data (43331 ent)

0.2

bt 1 R [ (Y SR nI OO [ (I T S
9 R B 3 B e % 0.05 0.1 0.15 0.2 0.25
, GeVic k*, GeVic

* CFs tend to 1 with increasing * Measured CFs agree with
source radii, allowing one to theoretical expectations:
estimate R ~3fm in agreement pp CF peaked at k* = 20 MeVI/c
with the expected value

CFk}

r(pd) = 2.6 £ 0.3(stat.) + 0.3(syst.) fm  r (pp) = 3.3 £ 0.1(stat.) + 0.3(syst.) fm
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Magnet SP-41 (0)
Vacuum Beam Pipe (1)
BC1, VC, BC2 (2-4)
SiBT, SiProf (5, 6)

BD (7)

VSP, FSD, GEM (8, 9, 10)
FD (11)

L x CSC 1x1 m*(12)
TOF 400 (13)

2 x CSC 2x15 m’ (14)
TOF 700 (15)

ScWall (16)

Small GEM (17)

Beam Profilometer (18)
FQH (19)

FHCal (20)

HGN (21)

OO0 fDO0O0OENEOEBEO0OE=EE=ENR0O

Physics run in the Xe beam in 2025

* Beam energy scan: 2-3 AGeV * ToF-400 acceptance extended by factor 1.5
* Same central tracker configuration based °* New Large CSC added to reconstruct
on FSD and GEM detectors tracks behind the magnet

* Additional vertex plane of silicon micro-
strip detectors




2-coordinate Si-plane based on STS modules g@;

Si-plane installed behind the target Ru-106 source, positions are
and Barrel detector | below the Si-plane
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Correlations between hit amplitudes
at p-and n- sides
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Upgrade in neutron experimental program &

Highly Granular Neutron Detector

ScWall

Compact Neutron Detector
FHCal

new mechanics has been developed = $5idnn :
allows more precise installation of the : 1) LI
detectors beam — &l I EEIE T
allows to study of neutron energy spectra | < |
small angles to the beam direction

can be fast installed and dismounted

beam target

* HGN detector parameters: 2 sub-detectors
with 8 layers each

* 11x11 cells in one layer with SiFP IV read-out

* first layer works as VETO

* next 7 layers: 3cm Cu + 2.5cm scintillator

* time resolution of one scintillator cell is
=130 ps

* neutron detection efficiency more than
60% at 1 GeV




Summary

Topics of current physics analyses

* Production of /\, = hyperons, K.°, K+, 1", ¢ mesons, light nuclear
fragments

* Collective flow of protons, deuterons, and A

* Femtoscopy of pp, pd, p/A

* Production light hyper-nuclei ,H® and , H*

* Neutron emission with upgraded detector setup

Thank you for attention!







Actuality

Equation of state of nuclear matter at high densities
Particle formation at (sub)threshold energies through multiple successive collisions

Example: subthreshold K* production in GSI
Idea: K* yields ~ density ~ compressibility

] pp - K'Ap
= 1.6 GeV)

@—@® soft EOS, pot ChPT
B- 8 hard EOS, pot ChPT (E
— ) soft EQS, IQMD, pot RMF

[~ lhard EOS, IQMD, pot RMF
@9 Kaos

/\ soft EOS, IQMD, Giessen cs
/hard EQS, IQMD, Giessen cs

thres

(MK-;-/A)ALHAu / (MK+/A)C+C
=

0I.8 ' 110 | 112 | 1:4 ‘ 1i6 Ch. Fuchs and H.H. Wolter,
E,.., [GeV] EPJA 30 (2006) 5
BM@N
T B ELE
SISI8 w0 pos K Z0 Q A0RD = $1S100 a°




y spectra of m" and K* mesons MY

i f https:/larxiv.orglabs/2303.16243v3
%125 i Published in JHEP 07 (2023) 174
O M g J-_'
= g 3 S 0.4ARSIoK'X @ BMON | © For K7, the
&4 & 3 gatnsd2A%V ol agreement with
Z %p. to. = —DCMSMM | model predicti-
35 o g Vet '\ ons is worse
£ L s _\.\ . - -
; 1.50 = b p=016Gevic ° The difference in
p,=0.35GeV/c| o T some bins reach-
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« Models underestimate BM@N for low y and low p_ bins
« Models overestimate BM@N for low y and high p_ bins of heavy
targets
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Invariant p_ spectra and inverse slope parameter T _
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For 1t*, models describe the behavior of T

In the mid-rapidity region, models overestimate -
experimental data §
For K*, T, shows a weak dependence on y

PHSD and DCM-SMM reproduce this weak

of m" and K" mesons
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Ar+Pb <y(11)> = 0.82
dN/dy and <m_> from parameterization of the invariant transverse mass spectra
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* dN/dy spectrum indicates more stopping « Maximum <m_> at mid-rapidity y*
for heavier targets +  DCM-SMM and PHQMD models

e DCM-SMM and PHOQMD models in describe data shape
reasonable agreement with the New ]
experimental results in the forward https://arxiv.orgl/abs/2504.02759
rap|d|ty range except for Ar+C Published in JHEP 08 (2025) 095
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* d are produced mostly in the beam .

fragmentation region for Ar+C and Ar+Al .
interactions, whereas they are mostly
produced at central rapidities on heavier
targets

e DCM-SMM and PHOQMD models describe
data shape, but are lower in normalization
by factor 3 and 2

i s 3 Ar+C <y(m)> = 1.27

y

Ar+Pb <y(11)> = 0.82
Maximum <m > at mid-rapidity

PHOMD model better describes data
shape than DCM-SMM at mid-rapidity
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Blast-Wave model fit of p,d,t spectra &
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B, - coalescence parameter that B, depends on the nucleus mass number A,
characterizes the probability of nucleons to collision system, centrality, energy, and
form a nucleus A transverse momentum
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- Data averaged over the interval 0.9< vy, <1.7 (-0.18<y*<0.62)

* In the coalescence model, 1 mT(L_L
. . T T
B, increases with p_ B, e A
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Xe+Csl: identification and centrality

Total B vs rigidity
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