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Heavy-ion collisions and QCD phase diagram

INCREEEERGRRS Y = QCD phase diagram: rich structure and variety
of conditions. Theoretically probed by lattice

‘%\ Quark-Gluon Plasma QCD and effective models, experimentally by
-~ SHINE ~— % heavy-ion collisions. Location of CEP and 1st
N'CAMP U order PT is one among major goals
= NICA niche: moderate-temperature and high-
Critical 9 density domain. High pg region is poorly

explored, results from HIC have implications for

nuclear physics and astrophysics
Nuclear

Matter \
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» Several running and future experimental
programs worldwide (RHIC, SPS, FAIR, NICA,
HIAF)



Nuclear matter in the high-ug region

= Low energies: baryons and baryon resonances are dominant dof, in-medium effects play a role in hadroproduction
= Higher energies: transition from baryon-rich to meson-dominated matter and QGP droplets can be formed

STAR Collab., arXiv:2504.02531v1
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A gradual onset of NCQ scaling is observed,
emergence of partonic collectivity at 5 GeV

200
= LQCD results: pp/T =2 o g T=3
) < | R
)T <135MeV 150 PP b g,
2) HG_to_QGP transition __ ‘\::::\
. 2 . “e"3%e
IS a crossover at HB/T<4 = 100 - Lattice [1507.07510] Q'\.
i i — Freeze-out points [various]
" CEP location mlght be & DSE+Lattice [1906.11644]
in the region of T and 50| © FRG [1909.02991]
) DSE+FRG [2002.07500]
achievable at NICA DSE+FRG [2010.13705]
DSE+Lattice [2106.08356]
0 T T T T
0 150 300 450 600 750
Phys. Rev. D 110, 094006 (2024) g, [MeV]
Method e (MeV) T, (MeV)
Holography + Bayesian 560 - 625 101 - 108
FRG/DSE 495 - 654 108 - 119
Lee-Yang edge singularities 500 - 600 100 - 105
Lattice QCD PofTe >3 F. Karsch et al.
Summary 495 - 654 100 - 119

(e, Te) =

(495 - 654, 100 - 119) MeV mmmmmp 3.5 < Syy < 4.9 GeV

=  Multiplicities, <pT>, azimuthal anisotropies are sensitive to EOS. Cumulants of conserved quantities and particle
ratios are suggested to be sensitive to the QCD critical point. In-medium potentials: resonances and (hyper)nuclei.
= Experimental strategy: vary collision energy and system size to probe different trajectory across phase diagram



NICA - Nuclotron-based lon Collider fAcility (JINR, Dubna)
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= NICA is approaching full commissioning, all infrastructure elements are ready (cryo, electricity, water, etc.)

» Fixed target mode is fully functional, ion beams up to to ?*Xe (E/A=0.5-4.5 GeV) are provided by Nuclotron,
= The (fixed-targed) BM@N experiment has taking data (collisions with C, Ar and Xe beams are recorded)

= (Collider and MPD detector commissioning : 2025 onwards



Beam species at NICA and event rates

= Many beam combinations at NICA, a beam energy and system-size scan will be performed
= Ahigh event rate in the region of the max. baryonic density: up to 7 kHz for Au+Au collisions
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NICA : status of the accelerator complex

NICA HILINAC : operational, ions up to 24Xe, NICA Booster : operational, beams up to Xe
work for heavier specie ongoing E/A ~ 600 MeV

NUCLOTRON : operational, beams from p to Xe
E/A-0.5-4.5 GeV




NICA : status of infrastructure and engineering systems

Power stations (up to 100 MW)

Cryogenic system (100 kW, 2000 I/h He at 4.5K)




BM@N detector at NICA

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A
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pull Length Article NucLInstrum.Meth.A 1965 (2024) 169352

journal homepage: www.elsevier.com/locate/nima
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Magnet SP-41(0)
Vacuum Beam Pipe (1)
BCY, VC, BC2 (2-4)
SiBT, SiProf (S, 6)
Triggers: BD + SiMD (7)
FSD, GEM (8, 9)

€SC 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)
FaH (19)

FHCal (20)

The BM@N spectrometer at the NICA accelerator comp
S. Afanasiev?, G. Agakishiev?, E. Aleksandrov ?, I. Aleksandrov?®, P. A

Baryonic Matter at Nuclotron (BM@N) Collaboration:

5 Countries, 13 Institutions, 214 participants

S 0000 EE=EEN

O

FSD, GEM, CSC, DCH: charged particle tracking + momentum measurements
TOF400, TOF700: charged particle identification by m*/3
FQH, FHCAL: event geometry, event centrality
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data/fit

BM@N: data taking campaign and detector performance

Centrality by charged track multiplicity, “ Vs (GeV)

pileup rejection (residual pileups ~1%) 12C + C, Al, Cu, Pb 4,4.5 25M
Event plane by azimuthal distribution 40Ar + C, AL, Cu, Sn, Pb 31 20M
of spectators in FHCAL

Particle ID by Time Of Flight

Good phase-space coverage in the

124X e + Csl 3.3 500M

h1_m2_pq 2.600000
Entries 26326210407
an 1119

TOF-400

forward hemisphere for hadrons
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10* § e data o fit
single V pile-up
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BM@N: results on n* and K* production in Ar+A at 3.2A 3B

= (0-80% Ar+A(C,Al,Cu,Sn,Pb) collisions
= pl-spectra, yields and ratios of pions and kaons

BM@N Collab. JHEP 07 (2023) 174

I 106* + —

N - BM@N Ar+Al-m*+X F ~ SN

§ 103w 2120__ Ar+CU—THX 101§_ * .+ + —@— ®Ni+Ni FOPI Best

> T’\\.\‘\‘\ = E.. = 3.2 AGeV F —G— *Ni+Ni KaoS$ Barth

g 1\\ U 107 = BM@N Ar+C

- 80 §.oal "

%}—1 0_3:: i <n 10 3 = 8 BM@N Ar+Al

= - y=1.65 (x128) « y=2.50 (x8) 60 . BM@N 52 - ) BM@N ArtCu

> 106L v=1.90 (x64) - y=2.70 (x4) 40; UrQMD X < 10% —$¢— BM@N Ar+Sn

N = y=2.10 (x32) - y=2.90 (x2) - __PHSD - g ~9% BM@N Ar+Pb

o1 0% = 2:?0 (X16) e 3 10(X1) . 20 __ pCcM-SMM 10° = % —¥— ""Au+Au E866 Ahle

= 01 02 03 04 05 06 : .

p, [GeVic] s 2 25 3 10‘:0,1 YT T T e i ii:f“mgm |
Yy E.__[A GeV] Pb+Pb NA49 Afanasiev

2 b . ey
6k ~ PiD = Max. radial expansion at midrapidity

|t_ B —— DCM-SMM
Z 4L . . :
Sy 4 =  Fastrising trend for kaon multiplicity at BM@N energies
Z L
~ 2 . . c

- AIC ArAl ArCu ArSn ArPb =  K/m-ratio shows a weak system size dependence in Ar+A
Y2030 30 50 6 70 80 9
Apm
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BM@N: results on p, d, tin Ar+A at 3.2A 3B

2‘\.-* R ‘ . sinl .
d _ Norm(y) f ok, (mT cosh p(r )) I (pT sinh p(r )) o
/ 0

BM@N Collab., arXiv:2504.02759 mrdmrdy T r
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8 sk . protons & 1.2] ¥ STAR, AurAu, 40-80% central ¥ of: (NA4S, PDPD, sy =617 Gev.0-7%
A 0ssE- AL 0 0.1 0.2 0.3 0.4 0.5
o et o - <p>
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03f —— UMD, ArsCu,040% T - STAR: PRC 110 (2024) 54911 .
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<pT> rises with particle mass and has the maximum at midrapidity (max. compression)
Models reproduce qualitatively rapidity dependence - test pl-generation mechanism?
<pT>in Ar+Cu (0-40%) and Au+Au (40-80%) agree > <pT> is defined by the size of the overlapping region? 12



BM@N results: rapidity spectra and losses in Ar+A at 3.2A '3B

O Rapidity distributions of produced baryons are essential to quantify the momentum loss by the incoming
nucleons, to estimate the initial energy and baryon density in the produced matter, and to tune model predictions

BM@N Collab., arXiv:2504.02759

5 = AT+ CU, 0-40% prelim.
= = ®p
© 10°g r e
FPHQMD: PRC 105 (2022) 014908 |.-*.- PHQMD
= i ™S
I S . - P
1L . - e &
; - .,;'-"?ﬂﬂ%q- *h'-u
—h— I 5 -
107 = ke A T
= —l— e . - _,1* s
: -"w _’w:r‘ W u_,‘»’“""q#’: - MW e -}-_:"
102 . .\...|‘..\#. I A |.‘ﬁ:—..
-04 -02 0 0.2 04 06 0.8 1 1.2 1.«
yCM
___?:.Q FOPI Ni+Ni 0-4% <> E917 Au+Au 0-5%
A r A E802 Si+Al0-7% A E802 Au+Au 0-7%
y%' 08+ N NA35 S+8 0-3% O NA49 Pb+Pb 0-7%
Vi N # BM@N Ar+Al,Cu 0-40% %E STAR Au+Au 0-10%
B FAY
0.6/— 0o 0
I m ﬁ G§@+ 00 +
0.4 ):%
1 | 1 ‘ 1

10

10°
(S (GEV)

dng/dy

dnp . . dn, dny N o dny
=(1+a), " +6 " +y1+aly) ),
dy dy dy dy
455— B Ar:Cu, 0-40% central % 0 ;;_ ¥ STAR Au+Au (QM'22 prelim.)
40 O Ar+Cu, 40-80% central \ TE 5 :mg: ::f 0432{%
355_ -------- sym. pol# fit 085_ T —¥—
- Bl =N 0.7F ¥
30E e 0.6E el
20F- . = oot ﬁ ¥
- _ 3 0.4F
15 <().U> — UYp — <U> e 03E e
105_ = =
= iR 0.2E
5- N MR-t = 0.1
:I ||||\||||‘|II|III|III‘|||||\|‘1||| 0: I|III| Illllll\\\|IIII|IIII|III\‘\\Illllll
-04 -02 0 02 04 06 0.8 1 1.2 14 0 05 1 15 2 25 3 35 4 45 5§
CM rapldlty Ncgl/ Ngml

d,t. a large deficit near mifrapidity in models, coalescence produces
too few clusters (indication of feeddown from excited states?)

<oy> rises with the target mass and centrality due to increase in the
number of multiple interactions in the overlap region
<oy> scales with the beam rapidity in medium-size A+A over a broad
energy range
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BM@N results: particle ratios in Ar+A at 3.2A 'aB

4 Ry, is related to the baryon phase-space density and entropy-per-baryon in the source

BM@N Collab., arXiv:2504.02759
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L.P.Csernai and J. I. Kapusta, Phys. Rep. 131, 4 (1986) 223-318
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—In Ry, —

1.25 Ry,
1+ de

dxOE»

FOPI Au+Au
FOPI Ni+Ni
BMN Ar+A
E802 Au+Au
NA49 Pb+Pb

-

>y

from nuclear fragmentation or/and the baryochemical potential plays a role)
= Rypindicates a plateau in central Ar+A in addition to midrapidity R, saturation in central Ar+A
= S/A~8.0incentral Ar+A (midrapidity value) and increases steady with collision energy

10

(5o (GeV)

Ryp rises towards the beam rapidity, the rise is stronger in peripheral Ar+A (increase of the contribution
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BM@N results: particle ratios in Ar+A at 3.2A 'aB

= (Coalescence parameter B, is related to the homogeneity volume in the source
= Apeak structure in the excitation function of O, (~ relative neutron density fluctuations) as a probe of the
QCD phase diagram structure (phase transition and CEP) — K.J.Sun et al, Phys. Lett. B 781, 499 (2018)

BM@N Collab., arXiv:2504.02759
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v,/A

o Initial spatial asymmetry 1s transformed into particle momentum anisotropy

BM@N results on directed flow in Xe+Csl at E/A=3.8 GeV

o Fourier coefficients v, are sensitive to the matter compressibility providing access to medium

properties (dof, viscosity and EOS) BN
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BM@N Preliminary

FOPI Au+Au midcentral
STAR-FXT Au+Au 5-40%

BM@N Xe+Csl 10-30%

E895 Au+Au midcentral

v, increases with particle mass in mid-central Xe+Csl

)

v, follows the scaling with mass number (as expected in a coalescence
approach v, » (Apy) = Av,(p,))

dvi/dy close to linear scaling with mass, BM@N results follow the world data trend
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BM@N results on A production in Xe+Csl at E/A=3.8 GeV
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Momentum resolution
o ¢
o
w

Yoke ECal

Multi Purpose Detector (MPD) detector at NICA

MPD Collaboration: 12 Countries, >500 participants, 38 Institutes and JINR
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= Uniform acceptance (barrel |y| < 1.5), full azimuth
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77 = Fasttiming and triggering (FFD)
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AR S L
£ 44 ' L ERE MPD simulations, PHSD
= =t E o R
a o il : Bi+Bi, Sy = 9.2 GeV
8 15—.‘WM++‘TH *‘ H,. 4“““{4»4»2 M @ .
= = ey [ T l i E
(&) 09_ + 1 08*
ks 2 + i ‘ ¢
2 L 0.8:— + E
- 8 0
- MPD simulations 0.7 B H+ ! & r 4
Bi+Bi, |Syy=9.2GeV 06 +++++++H + +,, | 4 " o
-+ Electrons E_ T T J 3 0.6 "
1 pions 0.5¢ = TPC-TOF elD g .
SRS - Kaons 0.4 ¥ TPC-TOF-ECAL elD il - O reco e
0.3 i —+ Protons 03;_ —:_ r e true
F Eovotioolosalvwitbaiilasalonelyiilosqlyad 04 L L L
02040808 T 12 14 6 18 2 22 24 0 02040608 1 1214 1.6 1.8 0 2 e GO
Momentum (GeV/c) p, (GeV/c) Centrality (%)

18



MPD physics objectives

Experimental strateqy: energy and system size scan to measure a large variety of signals systematically changing

collision parameters (energy, centrality, system size). Uniform acceptance of the setup is an advantage.
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Abstract  The Nuclotron-based lon Collider fAcility (NICA)
is under construction at the Joint Institute for Nuclear
Research (JINR), with commissioning of the facility expected
in late 2022. The Multi-Purpose Detector (MPD) has been
designed to operate at NICA and its components are cur-
rently in production. The detector is expected to be ready for
data taking with the first beams from NICA. This document
provides an overview of the landscape of the investigation of
the QCD phase diagram in the region of maximum baryonic
density. where NICA and MPD will be able to provide signif-
icant and unigue input. It also provides a detailed description
of the MPD set-up, including its various subsystems as well
a8 its support and computing infrastructures. Selected perfor-
mance studies for particular physics measurements at MPD
are presented and discussed in the context of existing data
and theoretical expectations.
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1 Introduction

The Multi-Purpose Detector (MPD) is one of the two ded-
icated heavy-ion collision experiments of the Nuclotron-
based lon Collider fAcility (NICA), one of the flagship
projects, planned to come into operation at the Joint Insti-
tute for Nuclear Research (JINR) in 2022. Its main sci-
entific purpose is to search for novel phenomena in the
baryon-rich region of the QCD phase diagram by means

Entries / 1 MeV/c?

MPD Tasks and Observables:

Bulk properties, EOS, phase diagram mapping
particle yields & spectra, femtoscopy, flow
In-Medium modification of hadron properties
LM and IM dilepton production, resonances
Phase transition at high pg
(Multi)strangeness production
QCD Critical Point
event-by-event fluctuations and correlations

EOS @ NS densities, in-medium A-N potentials

hypernuclei
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MPD detector: status of subsystems

FHCAL.: test installation
Magnet: at 4.2 K, under magnetic |n the magnet pole

fielq measurements TPC: under assembling

TOF: MRPC modules are subject
A of cosmic ray tests

Fully assembled detector - by the end of 2025, commissioning with beams in 2026
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MPD : status of infrastructure and assembling tooling

=  Cryogenics, cabling, piping, cooling, electronics etc.
= Tooling for installation of MPD subsystems
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NICA/MPD tasks during the commissioning phase (2025-26)

NICA FirstDay parameters:

= 12%Xe E

beam

modes at MPD start-up s =7 (CLD) 3 (FXT) GeV

n==0

3.4A GeV, Luminosity up to 10%
= Collider (CLD) and Fixed target (FXT) operation

Cryostat

n=29

Estimated data set volume 50-100 MEvents

After MPD assembly, specific calibration and alignment runs (laser
and cosmic data for TPC, TOF, ECAL) start.
MPD in the RUN position — beam tuning and start of data taking

MPD tasks during the First Day data taking:
Estimation of the triggering efficiency, event centrality classes,
momentum resolution, reaction plane
Estimate of total charged particle multiplicity density and total
transverse energy
Measurement of basic observables robust against less precise
particle ID: elliptic and directed flow, particle/antiparticle ratios,
two-pion interferometry, spectra and yield of hyperons via
secondary vertex reconstruction w/o PID

After calibration of the PID response and TPC-TOF matching:

Continuation with the complete physics program of MPD with identified

hadrons: identified particle spectra, yields and ratios, reconstruction of
hyperons and resonances with final efficiency, correlation and

fluctuation measurements, etc.
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MPD feasibility study (CLD)

= Physics feasibility studies using large-scale Monte Carlo productions
= Develop physics program, analysis methods and algorithms
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Summary

NICA collider and MPD detector is close to the commissioning phase

Experimental data for C+A, Ar+A, Xe+Csl collisions are recorded by the BM@N experiment
at the Nuclotron accelerator (NICA complex, JINR). Production of charged hadrons, hyperons
and light nuclei is under study.

40Ar+A collisions: pT-spectra, rapidity distributions, ratios of hadrons are obtained in centrality
selected events over the forward rapidity range:
- K*/nt* ratio indicates a weak system-size dependence in Ar+A collisions
- <9y> for baryons grows with the system size and scales withy, ., within the NICA energy range
- d/p-ratio indicates a saturation near midrapidity, entropy per baryon S/A is estimated
- Coalescence parameters and source radii for deuterons and tritons are compared to world data
- O, —ratio in Art+A collisions at 3.1 GeV follows the overall excitation function trend
124Xe+Csl collisions (BM@N prelim.):
- v, increases with particle mass for p,d and follows the scaling with mass number (coalescence)
- dv./dy is close to a linear scaling with mass, BM@N results follow the world data trend
- <n,>increases stronger than linear with N,

Thank you for your attention!
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Nuclear matter in the high-ug region : (hyper)nuclei

Light (hyper)nuclei : weekly bound objects are copiously formed in hot and dense matter, max. production rates at 3 GeV
Yields and ratios allow testing reaction dynamics, momentum-space correlations, and dynamical fluctuations ( CEP)

YN and YY potential are crucial for the nuclear matter EOS at high density (nuclear physics and astrophysics)

Models reproduce the trend of the hypernuclei excitation function, but overestimate the yields

Hyperon dof makes EoS for neutron stars softer and the max NS radius smaller = in contradiction with observations

- Au+Au 0-40% collisions s74R Preliminary
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New data on (hyper)nuclei yields and ratios, binding energies, lifetimes, branching ratios are needed to

provide tighter constrains to EOS, to observe signals on critical phenomena and provide input for models
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BM@N: reconstruction of cascades and hypertritons in Xe+Csl
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vy

MPD feasibility study (FXT)

= MPD feasibility studies using large-scale Monte Carlo productions for Xe+W at 3 GeV
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MPD: particle yields ratio in the analysis of density fluctuations

= A peak structure in the excitation function of relative neutron density fluctuations as a probe
of the QCD phase diagram structure — K.J.Sun et al, Phys. Lett. B 781, 499 (2018)
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MPD: prospects for CEP search in net-proton and net-strangeness fluctuations

 Moments of event-by-event multiplicity distributions or cumulant ratios are directly

compared to susceptibilities, which diverge in the proximity of CEP

 MPD has a large uniform acceptance for hadrons and good per-event PID
capability - good prospects for the study strangeness and baryon number fluctuations
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