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Theoretical predictions
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Temperature

STAR BES program

Needed
Events
(10°)
I 7.7 420 100
H 9.1 370 160
115 315 230
14.5 260 300
19.6 205 400

‘ System and Energy Physics/Observables
Quark-Gluon 2017 - p+p @500 GeV * Spin sign change FMS post-shower,
diffractive EPD (1/8%), eTOF
Plasma - AutAu @ 624 GeV « Jets prototype
2018 * Zr+Zr, Ru+Ru @ 200 GeV  * CME, di-leptons Full EPD?
« AutAu @ 27 GeV « CVE eTOF prototype
2019 Au+Au @14.5-20 GeV + * QCD critical point Full iTPC, eTOF, and
fixed target = Phase transition EPD
*CME, CVE,...

2020 Au+Au @7-11 GeV + fixed + QCD critical point

target * Phase transition
« CME, CVE,...
2020+ - Aut+Au @ 200 GeV « Unbiased jets, open beauty < HFT+
* p+A/p+p @ 200 GeV « PID FF, Drell-Yan, * FCS, FTS
longitudinal correlations

Baryon Chemical Potential i,
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Normalized Number of Events

STAR BES: net protons

Variation of net-proton cumulants
(C, ) as a function of Vs, for cen-

e N | T T L B A L = . o
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E ; g o------L00Do-B&m-------B-— o}------L.oopop oA o]
04_I I ___- _ ‘ e a -__ ..____ rososil I_ O O....:::I —+—— -+ —t _:::::::} - } ._
-0 0 10 20 30 40 s T (3 Cs 7 oo (4)Ce
Net-Proton (AN, = N, - Ny) S} 1 e st oy
. . . . % i *e 1 wof + ]
EbyE net-proton number distributions normalized to 101 srampxr ‘e 1 b l od ¢
the total number of events for 0-5% central Au+Au o lpoososmad of-odlifbom o]
at each “I SNN =020 55100 200 e R R [ R

Collision Energy \s,, (GeV)

C,=M,C,=0*,C,=S0%and C, = Ko*
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STAR BES: net protons high moments

Ratios of cumulants are related to the ratio of baryon-number susceptibilities:

_. d*P

(XE = di where n is the order and P is the pressure of the system at a given T and p, .

QCD models :

Net-proton High Moments

1.0

0.8

0.6

0.4

C3/C =86 = (x3/T)/ (%3 /T*) and C4/Cy = x0* = (%) / (X3 /T?)-

5T

| mmHRG 0-5%
UrQMD 0-5%

— Au+Au Collisions at RHIC

| Net-proton

Iy1< 0.5, 04 <p <20 (GeVre)

5 10 20

50 100 200

Collision Energy ys,y (GeV)

QCD-based calculations predict the net-baryon number distributions to be non-Gaussian and
susceptibilities to diverge, causing moments, especially higher-order quantities like k0?2, to have
non-monotonic variation as a function of v S\N

4.0

3.0

2.0

1.0

0.0

STAR Data

@ 0-5%

O 70-80%

M Stat. uncertainty
Syst. uncertainty

Projected BES-II
Stat. uncertainty
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STAR BES: direct flows

i Centrality: 10-40% ep Op
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0.06
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Slope change of baryons (proton and A) from positive to
negative with increase in energy around Vs, = 14.5 GeV,

which might be an indication of softening of EoS around the
same energy as predicted by various hydrodynamics and a
transport models. In some hydrodynamic calculation, a
minimum in directed flow has been proposed as a signature
of a first order phase transition between hadronic matter and
Quark-Gluon Plasma phases.

nuclei formation mechanism

i = STARPreliminary  Au+Au 10-40%
{ proton
oA

® deuteron

' [

L HH ]
T ——a
e b
.
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STAR BES: N, scaling

0.2;-'?.? GeV  Au+Au, '0-80%'-;-' 115 GeV T 27 GeV o8 -;;-'39 GeV g o '-;
ropP T 1 s 1 - ]
“°reD 1 cfi@+$ " & I W ]
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ob-che-d R = I Y~ I.e® .
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oy Difference increases substantiall
0.1~ 7.7 GeVv @ *r* + 11.5GeV + 19.6 GeV . i . y

" Au+Au, 0-80% AA OK® | I | with decreasing beam energy.

- n-sub EP AT &K ] ] ]

oQve T
Phys. Rev. C 93 (2016) 014907

The NCQ scaled elliptic flow v, /nq vs
(m,-m0)/nq for 0-80% central Au+Au
collisions selected particles.

different behavior of v, at 7.7 GeV and
11.5 GeV for ¢

0 05 1 15 20 05 1 15 20 05 1 35 2
(m,-mg)/n_(GeVic?) 9/29




Elliptic flow fluctuations

Beam energy dependence of Relative elliptic flow fluctuations

Star data: L. Adamczyk et al. (STAR Collaboration). Phys. Rev. C 86, 054908 (2012)
Analysis of the model data: Vinh Ba Luong, Dim Idrisov (MEPhI)

§1zh(_a)' STAR AutAu  {(b) AutAual "1(c) Ch.hadrons 100) 02¢p <30GeVIE |
N4 E B T S E T
é ; [ (a=115Gev | fEweT7 Gev [ (5745 Gev !
- ’ i [ (
>N 1|- ------------------ e T e T db"---‘ ------ * --------- T L 8--a--g-- cede=o
| * LA S g o0 $ ! é |
08 & 300y 1 1 1 1
: ﬁ;eegv j 4 AMPT, =1 5mb * STAR dala 1 j
0.6 #115GeV T ¢ AMPT,  =08mb T 0 UrQMD T 0 SMASH y
P| APRRTTR U . PN TSI N SR T T N N AT VTR NS [ | ? PRV (U WY WO NN T N U ‘
0 20 40 600 20 40 600 00 20 40 60

20 40
Centrality (%)

+ Relative v, fluctuations (v,{4}/v.{2}) observed by STAR experiment can be reproduced both in the
string/cascade models (UrQMD, SMASH) and hybrid model (AMPT with string melting)

+ Dominant source of v, fluctuations: participant eccentricity fluctuations in the initial geometry 6



STAR BES: femtoscopy

HADES, E895, STAR, E866

mnt pairs created from tracks with transverse momentum 0.1 < p, < 0.3 GeV/c

events centrality 0-10%
transverse momentum of the pairs  0.15 <k, < 0.6 GeV/c

R (fm)

= HADES ¥ STAR Excitation function of R_, R, and Rlong
+ + 4 E895 ¥ E866
2 i | STAR - systematic (red boxes)
i * g * + and statistical errors (black lines)
¥ 'q_ - + errors for E895 and E866 are statistical only.
vy L
1
E * R
. ™ =50 % out
out side long ? o * Roige
L L 45— * I:{Ionq
* * *
73 4 5 2z 3 4 5 2 3 4 5 a0 " * ;
*
VS (GeV) a5l £ : +
The centrality dependence of R ,R_, ,and R __ . 30~ # %
i ng
Errors are statistical only. 25
mttnt and T pairs in the 20l
momentum range 0.15 <p;< 0.8 GeV/e - T R A - [

Centrality (%)
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V(0)V, (%)

STAR BES results

net particles flows

099", STARPreliminary o
vK*-K
L 4 p-ﬁ_
0.04 o AA
L e LEE
T Q-Q
0.02— # + $
- @
L v ? @
YV vy 3 %
L1 1 1 | L1 1 1 | | I | | | | | | | | I I | | L1
0 10 20 30 40 50 60
('S (GeV)

v, difference between the particle

and anti-particle as a function of
beam energy for minimum bias
Au+Au collision

high p,suppression

L Au+Au _
[ VS_NN =7.7 GeV
11.5 GeV

14.5 GeV

19.6 GeV

* 27 GeV

39 GeV

« 62.4 GeV

IIIIIT
f—_—
1 IIF 1 1 IIIIII|

fii: scaling $¢|

0 1 2 3 4pT(GseWc)6 7 8 9 10

Disappearance of the standard QGP signature
is the strong suppression of high p, charge

particles (~ jet quenching), as indicated by
binary scaled yields, which is no longer present
in the collisions of the BES lower energies for
any centrality.
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Nuclotron based Ion Collider

Beams — p,d(h)..1%’Au’®*
Collision energy Vs= 4-11 GeV/u (Au), 12-27 (p)

Beam energy (fixed target) - 1-6 GeV/u
Luminosity: 10%” cm-2s*(Au), 1032 (p)

Experiments:
2 Interaction points — MPD and SPD
Fixed target experiment BM@N

Fixed target experiments area (b.205) e

Extracted beams from Nuclotron
BM@N

\

. %

HV
e-cooler

KRION-6T and HiLac \
(3.5 MeV/u) P~

o %

Nuclotron 0.6-4.5 GeV/u

Multi-Purpose Detector (MPD)

Booster (3-660 MeV/u)
Inside Synchrophasotron Yoke
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FEASIBILITY STUDY OF HEAVY ION PHYSICS
PROGRAM AT NICA

The European Physical Journal volume 52 - number 8 - august - 2016 P. N. Batyuk % V. D. Kekelidze *, V. I. Kolesnikov *,
0. V. Rogachevsky*, A. 8. Sarin 2, V. V. Voronvuk *
on behalf of the BM@N and MPD collaborations

E Joint Institute for Muckear Research, Dubna
2 National Research Muclear University
@ Recognized by European Physical Society "Mascow Engineering Physics Institute” (MEPHI), Moscow

y There is strong experimental and theoretical evidence that in collisions of heavy ions
H ad rons aﬂd N uc |e| at relativistic energies the nuclesr matier undergoes a phase tansition (o the deconfined
state — Quark—Gloen Plasma. The caused energy reégion of such a ransilion was not
found at high energy at SPS and RHIC, and search for this energy is shifted o lower
energies. which will be covered by the future NICA (Dubna), FAIR (Darmstadt) facilities
and BES 1T at RHIC. Fixed target and collider experiments at the NICA facility will work
in the energy range from a few AGeV up o vﬁ = 11 GeV and will study the most
mteresting area on the nouclear matter phase diagram.
I The most remarkable results were observed in the study of collective phenomena
occurring 10 the early stage of auclear collisions. Investigauon of the collective flow will
provide information on Equation of State (Eo8) for nuclear matter. Study of the event-hy-
event fuctuations and cormelations can pive us signals of critical behavior of the system.
Femtoscopy analysis provides the space-time history of the collisions. Also, it was found
that baryon stopping power revealing itself as a “wiggle™ in the excitation function of
curvature of the (set) proton rapidity spectrum relates © the order of the phase transition.
The available ohservations of an enhancement of dilepton rates ai low invariant masses
may serve as a signal of the chiral symmetry restoration in hot and dense matter. Due
o this Tact. measurements of the dilepton spectra are considered to be an important part
of the NICA physics program. The study of strange particles and hypernuclei production
gives additional information on the EoS and "strange” axis of the QCD phase diagram.
In this paper a feasibility of the considéred investigations is shown by the detailed
Monte Carlo simulations applied to the planned experiments (BM@N, MPD) at NICA.

Topical Issue on Exploring Strongly Interacting Me

s

INTRODUCTION 1005
PHYSICS STUDIES FOR THE MPD 1011
PHYSICS STUDIES AT THE NUCLOTORON ENERGIES 1041
THE NICA WHITE PAPER PROPOSALS 1044
SUMMARY 1046
REFEREMCES 1046
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MPD PWGs

Global observables Spectra of light flavor Correlatiofas and
and hypernuclei fluctuations

* Total event multiplicity * Collective flow for hadrons

' Total event energy e nght ﬂaVOI’ SpECtl’a . . . . .
» Centrality determination * Hyperons and hypernuclei . \E/?t:t I-CIIEt\;I’u/étESIt?(;E?)tflon
» Total cross-section * Total particle yields and Y= T
measurement vield ratios multiplicity, momgntum and
» Event plane measurement * Kinematic and Chemical conserved quantltles
at all rapidities properties of the event © Femtoscopy
» Spectator measurement e Mappi D Ph i * Forward-Backward corr.
apping Q ase Diag. « Jet-like correlations
Electromagnetic probes Heavy flavor
« Electromagnetic calorimeter meas. * Study of open charm production

* Charmonium with ECAL and central barrel

» Charmed meson through secondary
vertices in ITS and HF electrons

* Explore production at charm threshold

* Photons in ECAL and central barrel

* Low mass dilepton spectra in-medium
modification of resonances and
intermediate mass region



Global observables

dN/dN_,

Edep [GeV]

Events centrality classes

10

10*

10°

10°

10

UrQMD 3.4 AuAu 500k events v s =5,7.7,11.5GeV | 7| <0.5 p.>0.15 GeV/c

10-20%

dN/dN_,

10

10" |

10°

10°

10

10

dN/dN,,

10

é‘ oo PR 10°
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E AL | O
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LLJOIEN |«
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N“_“"""\M
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O Ool0O | O
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o lelf v E=
50 100 150 200 250 300 350

Ny

Centrality: 2D-fit of energy distributions (linear approach)

_WII[IIII[II!I[IIIF[IIiI

s

Emax [GeV)

After linear fit we have:
* Eg isreconstructed energy (volume of cone);
* E,..—maximum energy in central bin (in FHCal hole);
Radius is defined by the scattering angle of spectators.

In this method the space energy distribution in FHCal modules is used.
The histogram is fitted by a symmetrical cone (linear approximation).
Weight of each bin is proportional of the energy deposited in corresponding FHCal module.



Strange and multi-strange baryons

Stage’l (TPC+TOF): Au+Au @ 11 GeV, PHSD + MPDRoot reco

Entries / 1 MeV/¢?
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Femtoscopy at MPD

VHLLE model
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Flows

study of v, of pions and protons in MPD

Au+Au 10- 40%, UrQMD reconstructed (GEANT4)

| Reconstructed and
] generated v, of pions

and protons have a

1 good agreement

for all methods
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Electromagnetic probes

SE/E

Realistic ECAL reconstruction & analysis — large acceptance ECAL with good energy resolution:

ideal tool for measurement of neutral mesons in a wide momentum range
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Heavy flavor

Charmed particle reconstruction in central Au+Au collisionsat VS~n =9 GeV

Mass

Mean path

Particle [MeV/c?] ¢t [mm] Decay channel BR
D* 1869.62+0.20 0.312 T+t + K 9.13%
Do 1864.84+0.17 0.123 T+ K 3.89%
DO— K +=n+ Dt— K +na*+n*
M(m+,K-): signal+background(100M) M(ntK): signal+background(100M)
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v, at NICA : vHLLE

Elliptic flow at NICA energies: Models vs Data comparison

Au+Au |/sy,=7.7 GeV,charged hadrons ', 20-30 % Protons, Au+Au 5, =7.7 GeV, 10-40 %

0.3 >N0.25 L N LA A B B
: S [ —®— STAR Data, Phys. Rev. C 93 (2016) ]
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3D hydro model vHHLE + UrQMD ( XPT EOS), n/s= 0.2 + param from T

lu.A. Karpenko, P. Huovinen, H. Petersen, M. Bleicher , Phys.Rev. C91 (2015) no.6, 064901



v, at NICA: STAR, UrQMD, SMASH

Elliptic flow at NICA energies: Models vs Data comparison

STAR Data, https://arxiv.org/abs/2007.14005
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Pure String/Hadronic Cascade models give similar v, signal
compared to STAR data for Au+Au Vs, =4.5 GeV
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The Nuclotron-based Ton Collider fAcility (NICA) is in construction at the Joint Institute for
Nuclear Research (JINR). The accelerator complex will consists of several components, specifically

the

clotron accelerator, the Booster support accelerator, two ion sources, as well as the NICA

collider ring with the corresponding transfer lines from Nuclotron. The expected date of putting the
NIC

collider ring for commissionning is September of 20:

At the same time the Multi-Purpose

Detector (MPD) has been designed to operate at NICA. Components of MPD are currently in

production. The assembly of the detector on

te has started on July of 2020, while on November of

2021 the detector setup will start the commisioning, to be ready for datataking on first beam from

NICA.

This documents details the preparation schedule for the construction and commisionning of MPD

It presents the plans for the first ph
ng and planned physics experiment;
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1. THE NICA COMPLEX CONSTRUCTION
SCHEDULE AND EXPECTED INITIAL
PERFORMANCE

The NICA Accelerator complex progress is described in
detail in XYZ. The expected date of the start of commis-
sioning of NICA accelerator ring is September 2022. The
initial luminosity is planned to be at least 102! ¢m
with relatively quick increase to at least 1025 em=2s~1.
Symmetric collisions of heavy ions will be performed in
the initial stages of NICA operation. Several types of
ions are under consideration for the initial NICA opera-
tion, including '*7Au ions, which were used in previous
and ongoing experiments at RHIC in the Beam Energy
Scan program, 2*Pb ions which were used for extensive
data runs at SPS as well as 2°“Bi ions, which are very
similar to Pb ions, but provide more reliable operation
of the NICA injection and acceleration complex at the
commissioning and first running phase. The expected
beam momentum provided by the Nuclotron will be in
the range of 2.5 to 3.8 GeV/c?. At the initial stage addi-
tional acceleration of the beams in NICA Collider is not
foreseen. Therefore the initial collision energy
vary from 7 up to 9.46 GeV, with the maximum pos
collision energy of 9.46 GeV being preferable.

II. READINESS OF THE MPD EXPERIMENT

The overall structure of the MPD detector in the first
stage of data-taking (Stage 1) is shown in Fig. 1.

IPC \Cryostat

FIG. 1. The overall schematic of the MPD subsystems in the
first stage of operation (Stage

A. Technical infrastructure and support systems

1. MPD Hall and facilities

The MPD experiment will be housed in the MPD Hall,
which is an integral part of the NICA Accelerator com-



Computing for MPD

Generator PWG  coll. Vs # of events (10°) reco

UrQMD [5] PWG4 AuAu 11 15 +
BiBi 9 10 +

BiBi 9.46 10 +

PWG2 AuAu 11 10 +

PWG3 AuAu 7.7 10 +

BiBi 9 10 +

(i 10 +

SMASH [6] PWG1 AuAu 4/7/9/11 20/20/20/20
ArAr 4/7/9/11 20/20/20/20 -
XeXe 4/7/9/11 20/20/20/20 -
CC 4/7/9/11 20/20/20/20 -

pp 4/7/9/11 50/50/50/50 - Supercomputer
PHQMD [7] PWG2 BiBi 8.8 15 + “GOVORUN”




Fractal analysis of events

pT, GeV/c

lg N
Dbc — lim 5 (8)
e—0 lg 1/5

N(e) is the number of boxes of side length &
required to cover the set.
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Fractal dimensions in yP._space
of STAR events for AuAu @ s=200 GeV
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Jet quenching

(”Ntrigger} dN,.’d[mp)

0.2

Phys. Rev. Lett. 91, 072304 (2003).

e d+Au FTPC-Au 0-20% (a) _
R y A d+Au min. bias -

— p+p min. bias
*  Au+Au central .

1 1 1 I 1 1 1 I 1 1 1 I 'l 1 1 I

In| < 0.7
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2 GeV/c < pTassociated < thrig
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all particles P (GeV/c)
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Thanks for
attention
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