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NICA Project

i

o — : Linac HILac <! KRION :

SPD -~ o mmmmmme e mmn] e ————

> ’,/ \\\ 1.5 ,---.LT---L.U.EO.---.: : Ton :
T Booster (25 Tm) ina 7

.| - / N L S i e mmm———— 1"} sources |

FLLLLELLEEL LR LT l.--ll.---n--arl.:-':l-_-.l?-':-fl

\. . MPD - ! storage of E : Fixed Target
by S

\ BM@N (Detector) 43 (Detector) / = 10F ions, : H
Extracted beam Col = \ acceleration Y E,AI_QE _ o _ :
- . 2 A - - i -
Ve 3 < v upto 600 MeV/u ¢ : - :
{2\3 ‘Y = s 7 \\s r',' /Vd’- T i
: 2 3 . Smmae- - i BM@N put in operation in 2018 &
~ -/‘ - & P % Stripping {so%i 19T A3+ =5 19T Ay 79+ L e L T L L e L L L LT LT R LR LT LT -*
p ’.-" - S. Two SC collider rings
ks ' 1P-2
, Nuclotron (45 Tm) \ _~———— = i — — — ——
i \ 'l
injection bunch H / VS = 4 — 11 GeV (Au+Au) \’;\
olions ) . L =1x10% cm?s 1
. ac?_ia; ﬁ;;im :\ ~ 2 x 22 injection cycles 1/
~ ' e 22 bunches. per 1ir s’
S - e i G I«%L LVl e e
~ . - -

______ IP-1

¢ The first megascience project in Russia, which is approaching its full commissioning:
v’ already running in the fixed-target mode - BM@N
v’ start of operation in collider mode in 2025 — MPD and later SPD

¢ Expected beam configuration in Stage-I:

v Xe+Xe, Bi+Bi at Vsyy = 4-11 GeV
v heavy-ion beam luminosity up to ~10>’ — collision rate ~ 5 kHz
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System evolution in heavy-ion collisions

Fireball is ~10-1° meters across and lives for 5x10-23 seconds

e e . . . final detected
Relativistic Heavy-TIon Collisions particle dfstributions

Kinetic
freeze-out
Hadronization

|

Initial energy
density

free streaming

collision evolution
t~0fm/c tT~1fm/c t ~ 10 fm/c t ~ 1019 fm/c

¢ The measurements are used to infer properties of the early state of relativistic heavy-ion collisions
¢ Only final state particles are measured in the detector: v, e*, u*, n°, %, KO, K&, n, o, p, p, ¢, A, Z, E, etc.

¢ The measurements are used to infer properties of the early state of relativistic heavy-ion collisions



Particle detection

L)

* Only particles that interact with the detector materials or decay in particles that interact can be detected

L)

*¢ Four known fundamental forces: Gravity, Weak, Electromagnetic and Strong interactions:

v/ pions, protons: strong, electromagnetic

v' photons, electrons, muons: electromagnetic

*» Particle decays:

v' strong and electromagnetic decays = very small lifetimes, ~ 1023 s = decay daughters are undistinguishable from primaries:
() = vy, o) = 7% (" w* 7)), p > 7w, K = 7K, ¢ —> KK, etc.

v' weak decays > long lifetimes, ~ 10-10 s = secondary decay vertices can be separated:

K\ - 1079 K* - pv, A > pr, Z>Nn, Q—>AK, etc.

¢ Detection of particles relies on the way particles (or daughters) interact with the materials:
v track reconstruction in magnetic spectrometers = nondestructive method (particle remains): coordinates, momentum

v' calorimetric measurement of particle energy = destructive method (particle disappears): energy, coordinates

L)

*

Particle identification is an important ingredient of particle detection:
v species dependent ionization losses: dE/dx vs. momentum
species dependent time of flight: Tof vs. momentum
species dependent shape of electromagnetic showers in the calorimeter: showers started by v, e* and hadrons differ

species dependent penetration depth: pu* can traverse a much larger width of material compared to other charged particles

B N\ K

species dependent threshold for Cherenkov/Transition radiation
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Charged particle tracking
and momentum measurements



Magnetic field analysis

¢ Charged particles are bended in the external magnetic field

S N5
e
Q<0

The bending angle is related to particle momentum as p = q-B-R = for a fixed field B and particle
charge g, the momentum p is proportional to the radius of curvature R

Magnetic analysis is possible only for relatively long-lived particles to travel a measurable distance

In nuclear physics, the relation becomes p [GeV/c] = 0.3 - B [T] - R [m] = a track with p = 1 GeV/c has
a bending radius of R =1 m at B = 3T (magnetic field at the earth’s surface is ~ 6-10-> T)

Strong magnetic field and precise particle tracking can provide high resolution momentum
measurements for long-lived charged particles

Typical momentum resolution: ‘Sp/p = /2 + (c,p)? > less material and more precise tracking

e T

%P/ = ¢, for multiple scattering %/, = ¢,p for position resolution

Gaseous and semiconductor (not covered) detectors are most often used to reconstruct charged particle
tracks in large active areas/volumes = non-destructive measurements



% Charged particles produce ionization:

AR e

Ionization and drift in gases

W, - average energy for creation of ion pair
N7 - total number of electron-ion pairs per cm

External electric field = force movement of electrons and ions in the opposite directions:

Electron drift velocity v, = f(P, T, E, mixture) = by measuring drift time one can reconstruct a drift length = coordinates of ionization area
Electron cloud diffuses as it drifts, diffusion ~ VL > dominates position resolution ~ VL DT/\/N
Ion drift velocity v; << v,, linearly proportional to the electric field = can distort electric field configuration at high multiplicities/rates
Gas mixtures are optimized for ionization density, drift velocity and spatial resolution (noble gases + quenchers)
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NICA Gas amplification

s If E >> 1 then electrons gain enough energy in a mean free path (1) to ionize the gas

J

¢ o = 1/\ is the first Townsend coefficient

% Gas amplification (avalanche): N = N, - e** in uniform electric field
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¢ Effective gas amplification starts at E > 20 kV/cm
% Large difference in threshold fields for entering the amplification regime for different gases

«» Typical gas amplification in gaseous detectors ~ 10 to produce measurable signals
yp g p g p g

B.I'. Ps6oB (@ Ocennss mkona o ¢pusuke KI'TI



Gaseous trackers — Time Projection Chamber

% A typical Time Projection Chamber:

Item Dimension
Length of the TPC 340 cm
Outer radius of vessel 140 cm
Inner radius of vessel 27 cm

Outer radius of the drift volume | 133 cm
Inner radius of the drift volume | 34 cm

Flange L(.‘l}gth of the drift volume 163 cm (of each half)

(Aluminam) HV electrode Mcmhra_ne at the center of the TPC
Electric field strength ~ 140 V/cm
Magnetic field strength (1.5 Tesla
Drift gas 90% Ar+10% Methane, Atmospheric pres. + 2 mbar
Gas amplification factor ~ 101
Drift velocity 5.45 em/ps
Drift time < 30 s

C4 Support tubes for
Central HV electrode fi€ld cage

SN

A large volume detector: |A@| < 2w, L ~ 350 m, R, ~ 30/150 cm

Uniform electric field is formed by the central membrane
(~ 30 kV) and voltage dividers on the vessel walls / rods

<\

<\

Charged particle produces electron-ion pairs along the path

<

Electrons drift towards the side planes equipped with MWPC,
V. ~ 50 um/ns = 150 cm drift in ~ 30 ps

Reconstructed points in the MWPC produce 2D projection of track

AN

The measured drift time is converted to drift distance to add the third
coordinate = 3D points along the tracks

v Up to 53 points are measured along the path = track reconstruction =
magnetic field analysis = %7/, = \/(1%)2+(1%-p)?

v" Double track resolution ~ 1 cm
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% Gaseous detectors are well suited to track charged particles in large active volumes (~ m?)

low material budget = minimize multiple scattering and photon conversion

sample many points along the track (10-200) - 5”/ p~1—2%

Application area of gaseous trackers

v" high spatial resolution (~ 100 pm)

v

v

v’ track hundreds and thousands of particles in a single event
v" small number of read-out channels (~ 10,000 - 100,000)
v relatively cheap

v
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PID by sampling particle dE/dx losses in the gas mixture

N A

Bethe equation:

10} dE 2 Z 1 |1 2m.c®3*v* Whax .o 6(87)
<. _> =K~ — |-In e = g )
dx Ags |2 I- 2
] valid at 0.1 < B < 1000 within a few percent

z, B - charge and velocity of incident particle

Z, A — atomic number and atomic mass of absorber
W .ax — Maximum passible energy transfer

I — mean excitation energy

S(By) - density effect correction

BN | <

2

5

+¢ Limitations:

Ut
lplq (GeVic)

Stopping power in a given material is a function of beta alone

v’ relatively low event rate ~ 10-100 kHz

v" double track resolution of ~ 1 cm prevents effective tracking close to the event vertex

v’ subject to ageing at high radiation loads
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Calorimeters

% Measure particle full energy = particle is absorbed = destructive method

% Vary by purpose = hadronic (not covered) and electromagnetic calorimeters

+¢* Construction details:

v Absorb full particle energy and be compact = materials with small radiation length (X,), E = E-e /X0

Fe
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H,0

36.10

10.9

70

Electromagnetic calorimeter depth: 15-30 X,
Hadronic calorimeter depth: 5-8 nuclear integration lengths

v Not all absorbing material can provide signals = possible solutions:

* crystal calorimeters (Csl, PbGl, PbWO,) = best precision, very expensive

» sampling calorimeters > bricks of absorber (Pb) and read-out materials (Sc) via WLS fibers

Passive absorber

Incoming particle

Detectors

—

Shower of secondary particles

_ WLS fibers
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Calorimeter energy/spatial resolution

¢ The energy resolution of a calorimeter can be parameterized using:
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¢ Total signal is a sum of energies measured in several cells (towers) of the calorimeter = signal
coordinates are weighted average of the tower coordinates
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% Both energy and spatial resolutions degrade at large incident angles = projective geometry is preferable
13
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Shower shapes

% Shape and size of the energy deposition region depends on the particle species and type of interaction

elektromagnetischer Schauer — Electromagnetic shower (,Y, e:t)
100 GeV e- A
e ——————— 40 cm
Fe
rorm——— - Producfuon of mesons (w, K, ...) and baryons (n, p, ...)
100GeV = o Gt - Spalhlatlﬁon -
e ST e« | [0em  — Excitation of nuclei
Fe — Nuclear fission

— Photons from n° decays initiate new electromagnetic showers

150 cm

¢ Shape of the electromagnetic shower can be measured (e* or photon beams) or simulated

¢ By comparing the measured and expected shower shapes one can discriminate between hadronic and
electromagnetic showers = particle identification / hadron suppression:

measured _ Efaxpected)z
i

Chi2 = Zi( - =

o7 is expected fluctuation of the energy distribution (empirical tuning), NDF — number of towers in the shower

ted .
l.expec @ is calculated for each tower based on the known shower shape,

, Where: E

3
Chi2/NDF

v" shower shapes are different for (y, e*) and hadrons

v" shower shape analysis is possible for showers with
number of towers > 1

©

~

v provides capabilities for rejection of hadronic signals in
the measurements for y and e* = particle identification

Chi2/NDF

n~ =
L L L
[P = m S R T

%
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Particle identification by velocity
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Particle identification by time-of-flight (tof)

% Charged particle track is reconstructed in the tracking detector = magnetic analysis = momentum p
% Reconstructed track can be extrapolated to outer detector walls and matched to the measured hits

¢ Time of flight measurements are possible with fast detectors (MRPC, Micro channel plate detectors ...)
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¢ Square of particle mass and the resolution are defined as:

2 2
2 2 t’c’ 2 4 (Sp) . tc (6'[) - depends both on momentum and tof resolution
m =p —1 0 2 = 4m 2 + 4p T - second term is inversely proportional to flight path L
" p L t

¢ With momentum resolution of %p ~ 1% and 6t ~ 100 ps charged hadrons are separated up to a few GeV/c
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NICA Complementary measurements

¢ Combined measurements of dE/dx and tof provide hadron separation in a wide momentum range:
v’ tracker provides PID signals for all reconstructed tracks, including those with momentum — 0

v" TOF walls located at larger radii do not detect low-momentum particles (bend in the magnetic field)
¢ Both measurements are based on particle separation by velocity

¢ Particle separation from ~zero up to ~ 3 GeV/c

E 10 2_
§ - "f TOF g 500 ¢ L
3 9 @ 48 AL 1.2<p;<1.4 GeV/c
5 g -~ i . O 300F
° = 16F- ! 200}
7 e N 100 K ja\f;
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2 = U
= 1.2~
B 2 N
5 - = ] __ ‘ﬁ“l - ‘fl"lmr.‘.'lmi |
2 B
. 0.8
1B I
01111111111111111'11V1111111111111111;11‘ 05— l“.;"r""(""l""l""l"""'|'|
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lpl/q (GeVrc) p (GeV/c)
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Heavy ion collisions at NICA
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Operation details

¢ Relatively low collision energies (4-11 GeV):

v" modest multiplicity (~ 1000 particles per event)

- modest track density even close to event vertex
v bulk of particles is produced at low momentum (<p> ~ 100-300 MeV/c for light-flavor hadrons)

- no need for a very strong magnetic field and high-momentum PID, minimization of multiple scattering
v

heavy flavor production cross section is small
—> topic needs special attention

% Top NICA luminosity for heavy-ion beams is 10?’ cm's"!:

v' maximum event rate ~ 7 kHz
- no need for very fast detectors
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Multi-Purpose Detector

Length 340 em
Vessel outer radius 140 em
Vessel inner radius 27 cm
Default magnetic field 05T

Drift gas mixture 90% Ar+10% CH,

| Maximum event rate | 7kHz (L =10%7 cm—2s71) |

TPC: |Ap| < 2m, n| < 1.6

TOF, EMC: |A¢| < 27, |n| < 1.4
FFD: |[Ao| < 27,29 <|n| <3.3
FHCAL: |[Ap| < 27,2 <|n| <5

TPC: charged particle tracking + momentum measurements + identification by dE/dx
TOF: charged particle identification by m?/[3

EMC: energy and PID for y/e* + charged particle identification (limited ability)
FFD/FHCAL: event triggering, event geometry, T,

ITS: secondary vertex reconstruction for heavy-flavor decays (very small S/B ratio)

B.I". Pa60B @ Ocennss mkoina no ¢usuke KI'TI
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Charged particle tracking and PID

% Magnetic field ~ 0.5 T and up to 53 points measured along the track in the TPC:

2 - Primaries, N _>14,n[ < 1.3 }
L 4.554
D. et
-~ 4°
- E
g 3.5
3 i
g ¢
25- . -
25 soge ® ¢
1.5C
1= -
0.55 TPC momentum resolution
E\\\II\\\\\\\\\\\\\\\\‘\\\\\III\\
% 02040608 1 1214 1618 2

P GeV/c

¢ PID by dE/dx (resolution ~6.5%) and tof (6t ~ 85 ps) = excellent light flavor hadron and fragment
identification capabilities in a wide rapidity range
dE/dx vs momentum in TPC m? vs. momentum in TOF

dE/dx (keV/cm)
m? (GeV?/ ¢*)
m? (GeV? /¢

5=

2 25
p/q (GeV/c)

1.2 2
p/q (GeVic) plq (GeV/c)

% Electron and photon measurements and identification in the ECAL
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MPD detector

Eur.Phys.J.A 58 (2022) 7, 140

A

7
![ ’_} \/ZV/

¢ For the MPD detector at NICA, well known detector technologies were selected to fulfill the
requirements for the event rates and observables of interest at reasonable cost

% Relatively ‘simple’ design of the MPD detector provides high flexibility and physics potential

% The MPD detector is in final stage of production, commissioning and first data taking in 2025

22
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Heavy-ion collisions

¢ QCD is a fundamental theory of strong interactions
¢ Only colorless particles are observed in the experiment (no free quarks or gluons) = confinement
¢ QGP s a state of matter in which quarks and gluons are free to move in space >> size of the nucleon

+* QGP matter formation:

Two recipes:

(a) at high T - Early universe

(b)
(b) at high baryon density — Neutron stars 2

Relativistic heavy ion collisions - A combination of the two recipes

Heat ' Quark-Gluon
PI"€SSUI"€ + lcreates pions) PlClSmO
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LQCD calculations

< The QGP is predicted by numerical calculations of QCD on the lattice

Bazavov et al., PLB 795,15 (2019) PLB 478, 447 (2000)
16.0 7 I I »
SB limit
7

. RHIC LHC?
= & o &
S 1204 L= - —
= > ) )
@ 100+ A
=
% 8.0- —
(4]
=
[+1]
T 6.0 Up, down, strange
m
[
1 4.0+ Up, down, strange (heavy)

20 Up, down

0 2 | T | T 1

2.0 2.5 3.0 35 4.0
T/T,

Recent LQCD calculations show that the critical temperature is: T, (at pg =0) = 156.5 £ 1.5 MeV

<  Fundamental characteristics of the QGP:
v deconfinement = quasi-free quarks and gluons in a volume >> hadron size

v chiral symmetry restoration = constituent quark mass ~ 300 MeV turns into current quark mass ~ 5-10 MeV
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Heavy-ion collisions

HADRON

Bevalac —
~1 GeV

FAIR; NICA | €

RHIC
~100 GeV

QGP

LHC

~5000 GeV

QGP may be produced at low QGP is produced in high energy collisions

Short heavy-ion physics history

+ BEVALAC —LBNL 1972-1984 max. Vsyy = 2.2 GeV

s SPS—CERN 1986-2000 sy = 17.3 GeV
+ AGS —BNL 1988-1996 sy = 4.8 GeV

<+ SIS18 - GSI 1990 = Vsnn = 2.4 GeV

Near future
s+ NICA - JINR 2024 \fgm =11 GeV

% SIS100 - FAIR 20287 \f,sum =5 GeV

NA35/49, NA44, NA38/50/51,
NA45, NA52, NA57, NAGO,
WA80/98, WA97 ...

E864/941, E802/859/866/917,
E814/877, E858/878, E810/891,
E896, E910 ...

BRAHMS, PHENIX, PHOBOS,
STAR

MPD, BM@N

CBM, HADES
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Collider &
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Heavy-ion collisions

Study QCD under extreme conditions of temperature and density

*

X/

» Explore the QCD phase diagram, search for the QGP and study its properties

200F

v Primordial form of QCD matter at high temperature and/or
(net)baryon density

erfect fluid Quarks and Gluons

Critical point?

e 3s13AlUN Aj4eq
8 g

Temperature T [MeV]

\ decony v' Present during the first microseconds after Big Bang
I'Yemen{
/ i . o, . .
100} » Hadrons / "oy v Provides an example of phase transitions which may occur
3 > 9 o o
% S [ 9 at a variety of higher temperature scales in the early
s B % Qogrkyonic phase .
& » ol universe
- 5 olor super- . . . . . .
_ / s o v Provide important insights on the origin of mass for matter,
Nuclei ’_// N

% ! R and how quarks are confined into hadrons
2 Compact Stars Net baryondensity n/ n,
No=0.16 fm=3

High baryon density:
Inner structure of
compact stars

ions, electrons
e

- electrons, neutrons, nuclei

~  neutron-proton Fermi liquid
few % electron Fermi gas

quark gluon plasma?

High temperature:
Early Universe evolution

¢ At NICA, both BM@N and MPD study QCD medium at extreme net baryon densities
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Mapping the QCD diagram

¢ Measurements of particle integrated yields are used to determine chemical freeze-out conditions

+» In Statistical Model of Hadron Production (SHMP) where hadrons are emitted from the interaction
region in statistical equilibrium abundancy (NV,) of particles with mass m and charge ¢, baryon number
B and spin factor g = 2s+1 is defined as:

+

Mg, _ 1, T
) , where /T— Z”T(-

Bug + quq
T 2

gV

% By measuring particle integrated yields one can determine 7, s and V as fit parameters

A. Andronic et al. Physi Lett B 673 (2009) 142 145 143

aen KK K it %F =4+T O d iH:'H in

i 2 7 5 180 [ .

160 |-

T (MeV)

>, T T T T T T T T J T T
D 10" Fewem i ALIGE Preliminary | E
% 10? |t | g : : i Pb-Pb {5,y =5.02 TeV, 0-10% 140
A R PV I L o PO B B R
-

;
; : ; ; ; : E 120 -
i TR N N R S S S R A B !
i 1 : H i 1
;

1 i i i i i ey 100 [~

new fits (yields)

[0 dN/dy
C 4r

] : - : _ i 80
Model T(MeV) V() LNDF | H H ; F
= THERMUS 4 152 + 2 7832 + 484 s87M10| : : : 60
107 = G5 1He 1 50 4 i i i i I -~
GS|-Heidelbarg 1832 760340 41900) - E ———  parametrization
=t SHARE 3 1533 52112703 49710 | i [ 3 40
; : ; : : = : 900 F——+—+—++HHHH——+—+—++++

800 [ 2005 fits, dN/dy data

Hy, (MeV)

700 - A ratios =
E & yields E

, imod.dataymod.
|
(=]

600 E*

500 -
400 |-

BROMNE OO
T

{mod-dataya

300

THERMUS: Wheaton et al  Comput. Fhys Commun. 180 84 (2009) 200 ;7
100 -
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Mapping the Kinetic freeze out conditions

¢ Particle transverse momentum spectra are used to determine kinetic freeze-out conditions

¢ A simplified hydrodynamic model with three fit parameters is used to describe particle production
from a thermalized source + radial flow boost = Blast-Wave model:

v
v
v

T, kinetic freeze out temperature
<B;>: transverse radial flow velocity

n: velocity profile exponent

ALICE, p-Pb, \ s, = 5.02 TeV
0< s 0.5

45
P, (GeV/c)

! R " ]
- | p,sinh( imycosh(p]
gd N o [ my1,| B2 .ﬂ?“{]l rcoship)
d Pj 0 \ Ty | T i
e — i | r .!r}
m, =+ m2+p‘; p=tanh '(f, Br:ﬁs."ﬁ!

Mass- and centrality-dependent hardening of the spectra is well reproduced
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% Three parameters require simultaneous fit to the measured =, K, p, ... etc. spectra:

VOA multiplicity event classes (Pb-side)

ALICE

- 0-5% (64x) 5-10% (32x)
E 10-20% (16x) 20-40% (8x)
F ~— 40-60% (4x) + 60-80% (2x)

+- 80-100% (1x)
L= —— BG Blast-Wave
i e
= N . e
E NS
E -05<y<0 ”"L-.,q_‘__
L (2 +0)/2 p-Pb\s,,=5.02TeV =
S (SO (N U T U (N S I
0 1 2 3 4 5

b, (GeV/c)

% pr distributions for different particle species are well reproduced with a single set of fit parameters
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0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04

T, (GeV)

Blast-wave model fits

+¢ Fit results for pp, p-A and A-A collisions at LHC energies:

O e e

I|l||ll|||||III|III|III|III|III|III

Global Blast-Wave fit to
7 (0.5-1 GeV/c) , K (0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c)

1T T T | T T T ] 1T T T l T T T T T T T T T

ALICE, pp, \s =7 TeV 9 ®

ALICE, p-Pb, | 5, = 5.02 TeV " ‘ %
ety :
ALICE, Pb-Pb, | s, = 2.76 TeV Plicy,

ALICE Preliminary, pp, \s =13 TeV

llll]lllllllllllllllllllllll

ALICE Preliminary, p-Pb, | 5, = 8.16 TeV

@ ALICE Preliminary, Pb-Pb, | s, = 5.02 TeV

1 1 1 1 I 1 1 1 1 I 1 1 1 1 ] 1 1 1 1 I 1 1 1 1 ] 1 1 1 1 I 1 1 1 I:
0'020 0.1 0.2 0.3 0.4 0.5 0.6 0.

% Largest <fB> and lowest T}, for more central (higher-multiplicity) collisions

“* pp/p-A: T,,, nearly constant for pp, small decrease in p-A; radial flow <> increases with multiplicity

+* A-A collisions show a different trend

B.I". Pa60B @ Ocennss mkoina no ¢usuke KI'TI

31



Compilation of freeze out conditions

Phys. Rev. C 96, 044904 (2017)

200 T
(a) i
i e e
150} éf A A]
. | ﬂﬂ 1
< 100[ * £
: : T':rrl T|':||'I :
B World dat
S0 % . STO,EE.H BEIIEE 7]
- --- T, Andronic et al. ]
ok - -T,, Cleymans et al. ]
1 lllilili t |4iiii4i f lHiiili =
L () *-
0.6} *% i
i * i
..--'--..04'_ +*H N
~ i
0.2 * World data
| m STAR BES
0- 1 I-Illll‘l 1 I-lllll!l 1 ||J||||| L
1 10 100 1000

Sy (GeV)

T, increases from 7.7 to 19.6 GeV; after that it remains
almost constant and similar for all centralities.

T, increases from central to peripheral collisions
suggesting longer lived fireball in central collisions

<> decreases from central to peripheral collisions
suggesting stronger expansion in central collisions.

The separation between T, and T,;, increases

with increasing energy suggesting the effect of
increasing hadronic interactions between chemical and
kinetic freeze-out at higher energies.
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MPD: charged identified light hadrons

¢ Probe freeze-out conditions, collective expansion, hadronization mechanisms, strangeness production
(“horn” for K/m), parton energy loss, etc. with particles of different masses, quark contents/counts

¢ Charged hadrons: large and uniform acceptance + excellent PID capabilities of TPC and TOF

0-5% central AuAu@9 GeV (PHSD), 5 M events - full event/detector simulation and reconstruction
Phys.Part.Nucl. 53 (2022) 2, 203-206

F o120 T & e, K* % el o
g - p-... 5 '....__‘_ . - [N F-a. [}
3 100" 3 10 ey e, 3 1000
L A F +4. A L 3 ~ g by &
_ -~ 1= Yag ta, %o, — 10 w, b,
80 % 10_1__ e ""‘o. .-‘l-“... § 15 O . “A .
> ey e, A j‘fw . ) E e, tay e,
60— U“102_ " B0 o 107F A ’?o
e % "QIT :10_2 "'0+++'
> 10°%® 0<ly<03 F [ O<i<03 ¢ '
40 T g4 & 03<lyl<06,x0.2 R Sl byt
: = L ¢ J 9, x0.
oor K e 5. ¢ 08<ly<09,x0.04 ‘0_5' e e
U Ay s_‘ 0.9 < |Y|‘|<1-2, %0.008 10 (; : ‘055‘ \ l] . 5 i
| 0 | 107 "nE e ' : : :
03 05 0 05 ] 0 0.5 1 1.5 2 2.5 P, (GeVic)
y p, (GeVic)

v’ sample ~ 70% of the 1/K/p production in the full phase space
v hadron spectra are measured from p;~ 0.1 GeV/c
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MPD: neutral identified light hadrons

% Neutral mesons (7%, 1, K, ®, n’): ECAL reconstruction + photon conversion method (PCM)

vV 1@y (> yy,n ) K (K- 1°1%; o (0 > 1y, 0 > 1 1t n);n’ ()’ >t n)

AuAu@11 GeV (UrQMD), 10M events > full event/detector simulation and reconstruction
10— 10°

Reconstructed
10°s  Truely generated

=L L DL DL DL BN DL B
10° 70 in 0-20%, 10M AuAu @11 10 i 1 in 10M AuAu@11
=
Q-|_ -102 1; (]
€ 1 g 7
= 10 = =
e s
> L L.
© 1071 % 10 g_
10,2 M. 10_37 [
4 ‘
‘ I ‘ ‘ ‘ 1 11 \ll
0

—y
s
o

~25 “os TTTTiE T2 a5 s
p, (GeV/c) P

[

74 1 1 1 1 [ 1 L 1 1 | 1 1 1 L J 1 1 1
107, 05 1 15

v  extend pyranges of charged particle measurements
v different systematics

MPD will be able to measure differential production spectra, integrated yields and <p;>, particle ratios,
multiplicity distributions for a wide variety of identified hadrons («t, K, n, ®, p, n’)

First measurements will be possible with the first sampled data sets
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Hadronic phase

+» A phase between chemical and kinetic freeze out = lifetime and conditions?

¢ Short-lived resonances are sensitive to rescattering and regeneration in the hadronic phase

0(770) | K'(892) | »(1385) | A(1520) | 2(1530) | (1020)
ct (fm/c) 13 42 55 12.7 21.7 46.2
Orescatt CnOxn 97 107¢ G0 OKOp G;0= OKOK

¢ Reconstructed resonance yields in heavy

v resonance yields at chemical freeze-out

ion collisions are defined by:

v hadronic processes between chemical and kinetic freeze-outs:

rescattering: daughter particles undergo elastic scattering or pseudo-elastic scattering through a different
resonance —»> parent particle is not reconstructed = loss of signal

regeneration: pseudo-elastic scattering of decay products (1K — K™, KK— ¢ etc.) = increased yields

Inelastic Collisions
hadron momenta N
and yields change

phase transition

QGP>Hadron Gas

hadrons fixed

|..chemical

(Pseudo-)elastic Collisions
hadron momenta change,
\but most yields fixed Vs
A K- N\
Regeneration: pseudo-elastic

scattering through resonance state
-> increase in resonance yield

kinetic
freeze out

Free

Re-scattering: elastic scattering Hadrons

smears out mass peak
- reduces resonance yield

yal

7T
K*

Re-scattering: pseudo-elastic scattering
through a different resonance state
- reduces yield of original resonance

“* Resonances provide the means to directly probe the hadronic phase properties

35



Resonances as probes of the hadronic phase

 Cumulative effect of the hadronic phase effects for resonances depends on:

v' lifetime and density of the hadronic phase
v" resonance lifetime and scattering cross sections (type of daughter particles)

»  Properties of the hadronic phase are studied by measuring the ratios of the

resonance yields (p-integrated) to the yields of long-lived particles with similar
quark contents: p(770)%r, K*(892)/K, $(1020)/K, A(1520)/A, Z(1385)*/% and Z(1530)"/=

»  The ratios are measured as a function of the final state charged-particle multiplicity in
pp (reference system), p-A (intermediate) and A+A (heavy-ion) collisions. The variation
of the ratios with multiplicity probes the interplay between the rescattering and
regeneration effects in the hadronic phase
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Longer Lifetime

Experimental results, pp and A+A at the LHC

0.15

pi/m

0.1

0.05

0.4
0.3
0.2
01
01

K*/K

AYTA

0.05

0.2
0.15

oK

0.1
0.05

arXiv:2211.04384

ALICE
L PP (s

.n.n.:l_ﬂ._ Pb—Pbum1

& 2.76 TeV
¢ 7TTeV

O 276 TeV

® 502 TeV

EPOS 3
— uramp ON
----- uromp OFF

.I....J.|.||"|||||;||||"i ] ;I

= LNRLRRN LRAEN LRRAR| |||||] |1[|[F]'|T|'|'|'|'|‘I'|’1T‘|‘|'|'|‘|'|’T I['”'i"”|”

1
12 14 16 18
@N_ /)"

uoissaiddns aiop

Suppressed production of short-
lived resonances (1t < 20 fm/c) in
central A+A collisions 2>
rescattering takes over the
regeneration

No modification is observed for ¢-
meson (t ~ 40 fm/c) = behaves like
a stable particle

Resonances with intermediate
lifetimes show transition from
suppression to no effect

Yield modifications depend on
event multiplicity, not on collision
system/energy

Results are qualitatively reproduced by EPOS3 + UrQMD (hadronic phase afterburner)

Results support the existence of a hadronic phase that lives long enough (t ~ 10 fm/c) to cause a
significant reduction of the reconstructed yields of short-lived resonances

Hadronic cascade models reproduce the observed suppression

All model predictions must be filtered through the hadronic phase
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MPD: resonance reconstruction

% BiBi@9.2 GeV (UrQMD) after mixed-event background subtraction, 10M events

% Examples of the low-p bins

$(1020) — K*K-

n n
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Phys.Scripta 96 (2021) 6, 064002

20000

15 MeV/c?

5 15000F

Entrie

10000

5000

_._+
——
4+7
+
——
+
U
II\\+II

E(1530)°—> 1= (2> An, (A—>p ) )

2
Mnkﬁ (GeV/cY)

1000

800

Entries / 5 MeV/c?

600[-

400

" DCAberween Aduny

—

=t Tt T 0§

15 155 16  1.65
M. (GeV/c?)

¢ MPD is capable of resonance reconstruction using: 1) charged hadron identification in the TPC and
TOF and 2) measurement of weakly decaying daughters via topological selections

¢ Measurements are possible starting from ~ zero momentum — sample most of the yields
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Direct photons and system temperature

X/

¢ Direct photons are all photons except for those
coming from hadron decays:

‘ hard scattering
— Jet fragmentation

v’ produced during all stages of the collision — jet-photon conversion
v QGP is transparent for photons — penetrating probe

p-{GeV/c)

(thermal?) radiation from QGP

— (thermal?) radiation from HG

adron
decay

time

% Low-E photons = effective temperature of the system

g T ™ T g f e R
o Pb-Pb {5, = 2.76 TeV oL b
% 10 *] 0-20% ALICE — PDF: CTEQ8MS, FF: GRV 2 [ela
<] o [+/20-40% ALICE - (N)PDF: CTEQS.1WEPSOS, o % Pb-Pb |5, =276 TeV 3
il 10 8, [£140-60% ALIGE FrBrG2 e F — Aexp(-p /Ty i
JES ;Eong(ryx FF: BFG z g | Toce SOAL N A0SV
% (B 10 5 :CT10, FF: BFG2 5 1 PHENIX
°:.- IR, nPDF: EPS09, FF:BFG2 3 °: E 0-20% Au-Au 5, = 0.2 TeV
z: 1= U% (all scaled by N} Zs — Aexp(p/ Ty ]
. 9 T T, =239 + 25 + 7% MeV
& 10 ‘t ., g 10" -
f + e
103 4% .
o e 1072
) 4o =
10 0
10°E
10°
10 5
0 10‘j ~
107k
108 e T O N | 105 o aarnl o B lruaren |
0 2 4 6 8 0 1 2

"9z 14
P, (GeVic)

Jl,ﬁ ~ 240 MeV at RHIC; Eﬁ" ~ 300 MeV at the LHC
T>> T, ~ 150 MeV predicted by LQCD
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Temperature at the center of the Sun ~ 15 000 000 K

A medium of ~ 200 MeV is more than 100 000 times hotter !!!
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MPD: photons

¢ Photons can be measured in the ECAL or in the tracking system as e*e” conversion pairs (PCM)

beam pipe (0.3% X)) + inner TPC vessels (2.4% X))

—— 185“\“‘\“"""‘I“‘“‘\“‘\“‘\“‘\"““% {:‘

E 165 + ® PCM = &
S 14 = ECAL E
12F == =
@ Pe Tt
z = |
) T 8- E
Collision Vertex g 6:_ _ 4__H+;
Beam Pipe 4 e =
;

|

% 02040608 112141618 22224
P, (GeV/c)
% Main sources of systematic uncertainties for direct photons:
v’ detector material budget = conversion probability

v 1Y reconstruction efficiency
v pr-shapes of n° and n production spectra

1.02¢ _—
E Au-Au, VS = 11 GeV
1.013’
3 S
E B, 1]
0,99:7 S - — o +i++i-|- +
098 T — =
E -+
097 . — SR
E gt
096 —L
0.95- ¥ purity in 40-60% centrality
0_945— — ¥ purity in 20-40% centrality
E . 4 -20% 3
0.931_ y purity in 0-20% centrality
=T | R BRI .
0'920 0.2 0.4 0.6 0.8 1 1 1.4

P, (GeVic)

% Use ECAL and PCM for photon reconstruction and measurement of neutral mesons (background)

—> potentially, MPD can provide unique measurements of direct photons in the NICA energy range
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-lon Collisions

Collisions are not all the same
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» Reaction plane: defined by beam axis and impact parameter
> Centrality: percentile of the total cross section

varticipants- NUMber of nucleons in the overlap region

colisions: NUMber of inelastic nucleon-nucleon collisions
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MC Glauber event

Au+Au at Vs, = 200 GeV b =6 fm

Transverse plane Along the beam axis

' [ ' [ ' [ ' 1 17 71 T 1 T 1T T ]
10 L 3 15 |- -
- 7 10 |- -
- L ) I ]
5 14 —
E of 4 £ of -
> I ] x : ]
_5 L _|
-5 - — L -
i ] 10 . . :

AUt+A

-10 + - 15 L b=6f |

| L | L | L | L | T TR (N T T RO NN TR NN T
10 -5 0 5 10 15 -10 -5 0 5 10 15

x (fm) z (fm)

The nucleons are drawn with radius /o /7/2

Darker circles represent participating nucleons

tzhak Tserruya MICA Days, Belgrade, October 2-3, 2023
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Vsyn= 200 GeV Au+Au collision
Inelastic NN cross section oy =42 mb
a=0.53fm R,,=6.38fm

1500 ——— 7

— — e ——

Au+Au

!&,K —*— Npart

= Ncoll

Npart. Neoll

15

impact parameter (fm)
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Azimuthal anisotropy of particles in HIC

S. Voloshin, Y. Zhang, Z. Phys. C70,(1996), 665

Y a < CD=§D'LIJRP

Normalized Counts

0.4 : : : - : '
0 0.5 1 1.5 2 2.5 3
¢Iab-\Pp!ane (rad)

dN N,
= 1+2 s 2 2(p — ¥
d(p—¥,,) > ( +2v, cos(g rp) T2V, COS( ((0 RP ))+ )

O The sinus terms are skipped by symmetry arguments
0 From the nroverties of Fourier’s series one has
Vo = <COS[n(¢ — Vrp )]>
QO Fourier coefficients V, quantify anisotropic flow:
v, 1s directed flow, v, is elliptic flow, v, is triangular flow, etc.

Term “flow” is used only to emphasize the collective behavior of particles
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Anisotropic flow at RHIC/LHC

n=2 n=3 n=

{r" cos ng) + {(r" sin ne) fl—];oc 1+2Zvn COS[”(¢_Tn)]
n=1

r")

¢ Initial eccentricity and its fluctuations drive momentum anisotropy v, with specific viscous modulation

Gale, Jeon et al., Phys. Rev. Lett. 110, 012302

0.2 [ [v, .o | ATLAS 20-30%, EP 1 r
e 0.2 fmy . . Ultra-Cold Quark-Gluon
Tswitch = U-2 TM/C Helium Water
0.15 E 10%L Atoms Plasma
e E \
0.1 S = ‘
0.05 | T i
a
0 g 10
0.2 vy -- RHIC 200GeV, 30-40% = o
vy — | fillea: STAR prefim. 8 -
015 | open: PHENIX 3 E
n/s=0.12 TR f
0.1 |vg weeee _ i : o
0.05 | = ET T 1L String Theory Limit
: LR L o ] ] 1 1
e e | 3 1 1 1 ,I/I 1 | | el | 1 ]I,Il 1 | 1 | ]I/I 1 1 1
0 [Fu-anii R : 0 4 8 4 8 12 "4 8 12 "1 2 3
o o5 1 1.5 2 x107 x10° x10° x10"
pr [GeV] Temperature (K)

Evidence for a dense perfect liquid found at RHIC/LHC (M. Roirdan et al., Scientific American, 2006)
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Beam energy dependence

¢ Generated during the nuclear passage time (2R/y) — sensitive to EOS
s RHIC @ 200 GeV (2R/y) ~ 0.1 fm/c
. o AGS @ 3-4.5 GeV (2R/y) ~ 9-5 fm/c
I< % v, and v, show strong centrality, energy and species dependence
x,b
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ol *"‘gt '"**"***&Q:’t** 77777 | T . GeVic
002 & | Yoy 4 77cevi ¢ LS v \/Snn ~ 3-4.5 GeV, pure hadronic models reproduce v, JAM, UrQMD) ->

4050 05 1-1-050 05 1

degrees of freedom are the interacting baryons

v \/syn = 7.7 GeV, need hybrid models with QGP phase (VHLLE+UrQMD, AMPT
with string melting,...)

At NICA energies, flow is highly sensitive to fireball expansion and interactions with spectators
Flow is a probe of the dominant degrees of freedom (hadronic vs. partonic)
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MPD: v, for t/p, v, for h*

AuAu@7.7 GeV (UrQMD), 15 M events = full event/detector simulation and reconstruction
UrQMD, Au+Au, 10-40%, reconstructed (GEANT4)

<@ v, (411 (b V.21 © Ll J@ O VQ 1@ VPR ey} ]
= \%:7.7 GeV i_._ . Ly o R Ly . ]
[ - a 2 AL x 2 e i)
005»_ A‘-‘-!’ 1 Ali‘! 1 ‘:.! 1 Ag:" 1 ‘A‘la )
I A ] A A T [ A N
[ A @ * open - reco T aqt A e T A e [ 4 o *
ok e ¢ filled - true T o ¢ op [ &° 1 o° 1 e° 1
t t t t t i""I""l'""l""l"'I""'I""|"'"l""l‘"I"'"i""i"""'"l"'l':"!'"‘[""l""["'
ol () (g) (h) (i) 0
b \V\SNN=I 1.5 (}(3\/i o . : : : o : .
i e A 2 = g & 2 .
2 1 ? A A = A Iy
005 ,asb 1T L esd R Jand SEUPTE B
A g A o A 9 A o A 4
O- ‘ I. --l ¢ T 1 1 1 --l ° T 1 1 1 --l ° T 1 1 1 --l N : 1 1 L J
0 05 1 15 20 05 1 15 2 0 05 1 15 2 0 05 1 15 2 0 05 1 15 2
P GeV/c

AuAu@11.5 GeV (VHLLE + UrQMD), 15 M events = full event/detector simulation and

> 006-' VHLLE+UrQMD, Au+Au '--lméﬁ.sl G'e\'/,i():46%', oo IIo'peln-'tr'ue], closed-reco
"t vs{SP} T 1 42}

4 -

0.02:— o ¢ -- é 3 $ 3

e T R R | - Ta S S S|
0 1 2 30 1 2 30 1 2 3
P GeVic [ GeVie Py GeVic

o
T

% Reconstructed and generated v, of pions and protons and v, of charged hadrons are in good agreement

¢ Models show that higher harmonic ripples are more sensitive to the existence of a QGP phase
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MPD: v, v, for VO (K and A)

AuAu@11 GeV (UrQMD), 25 M events =2 full event/detector simulation and reconstruction

N*(m. ,p ) N¥m,_ ,p )
VSB(minv’pT) = V;(pT)NSB g . ) + NSB( . )
(min\ ’pT minv’pT
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1500 .- Lose” ] S/iSi8 = 18510° L full - true - 1
L mK!? L -
. 1000 0.04| = 0.08- 7
500 / \ ] 500 : é ]
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S0.070F 7 T ™ K T T T T I O i ] E| g ]
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0.055*,__| I|+ ] 0.055 F ] _0.02 | ] 0.02 . 0 4
AN ' | ' 2 '
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¢ Differential flow signal extraction using invariant mass fit method
< Reasonable agreement between reconstructed and generated v, signals for K and A

MPD has capabilities to measure different flow harmonics for a wide variety of identified hadrons
—> constraints for model approaches, dominant degrees of freedom

System size scan (p-A and A-A) for flow measurements is a unique capability of the MPD in the NICA energy range
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Conclusions

CTOJNIKHOBEHUS TSHKEINBIX (YIBTPA)PEIISITUBUCTCKUX SIJIEP MO3BOJISIET M3y4aTh CBOMCTRA
cunbHOB3aumoiecTByomen (KXJI) marepun B yCI0BUAX SKCTPEMAIIBHBIX TEMIEPaTyp U
(HeT)OApUOHHBIX TJIOTHOCTEHN

HccnemoBanne mogoOHBIX COCTOSHUM TPEOyeT N3MEPEHUSI UMITYJIbCHBIX, SHEPTEeTHICCKUX U YITIOBBIX
pacrpeaeaeHu IS POXKIAFOIINXCS 9acTUIl (POTOHBI, apOHBI, JICIITOHBI) B IIMPOKOM JUHAMHYECCKOM
auanasoHe (pr, ObICTpOTA)

NuTtepnpeTaliys MOJy4YE€HHBIX PE3YJIbTaTOB TPEOYET TECHOM KOOTEPAIUU C COAPYKECTBOM
TEOPETUKOB

OkcnepuMenThl Ha kosutaiaepe NICA no3BossaT u3yuuTh 001acTh (Pa3oBoO 1UarpaMmmel,
COOTBETCTBYIOIICH CpaBHUTEIBLHO HEOOBIINM TEMIIEpATypaM, HO MaKCUMAJIbHBIM (HET)OapHuOHHBIX
IJIOTHOCTSIM.

[Iporpamma pusnueckux ucciaegoBanuit Ha kosutaiiaepe NICA npenaraet psiji yHUKaIbHBIX
BO3MOKHOCTEN
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Charged particle tracker — Drift Chamber

¢ A long evolution of gaseous tracking detectors: Geiger-Muller counter = Proportional counter =
(Multiwire) proportional chamber = Drift chamber (DC) and Time Projection Chamber (TPC)

% Drift chamber of the PHENIX experiment at RHIC: Wire potentials: Ue = -4.5kV, Ug = -1.6 kV, Ub = -2 kV, Us - grounded
Wire diameters: B, G, C ~ 100 um, S ~ 25 um

2 mm 1125°

s 3

1]
Axis [cm
g)’ (cm]
o o0 00 0
W
|
!
il
L ° o0

R=2120.5 mm

{
\A
]

e ; b 4

. GG . °
‘ .:' _:‘ 205
Smm - : ;‘: S

* N : ° : 202.5
R=2036.5mm | - Sense (anode) wires . Channel wires Guard wires = Field wires

- Cathode wires - Termination wires

x-AXxis [cm]

Large gas volume of a few m? filled with specific gas mixtures to provide constant v, and high GA: Ar-C,Hg, 50%-50%
Wires of different types and thickness have different voltages applied to produce required electric field configuration
Charged particle produces electron-ion pairs along the path in the had mixture (Ar-C,Hg, 50%-50%)

Electrons drift towards the plane of sensitive (S) wires, v, ~ 50 um/ns = 2 cm drift in ~ 400 ns

Drifting electrons are amplified next to S-wires in strong electric field (E ~ g/r)

Measurable signal is detected on S-wires => drift time from the ionization region, T,

Drift time is converted to the drift distance, L. = v, * T, = one point in space (efficiency ~100%, resolution ~120um)

10-20 points are measured along the path = track reconstruction = magnetic field analysis > %7/, = \/(0.5%)%+(1%p)?

v
v
v
v
v
v
v
v
v

Double-track resolution ~ 1 cm
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Further developments:
Micro-Pattern Gas Detectors

Position-sensitive detectors based on wire structures are limited by basic diffusion processes and space charge

effects to localization accuracies of ~100 um

MPGD are developed to provide high rate capability (up to 10 Hz/mm?) and excellent spatial resolution (down
to 30 um), large sensitive area and dynamic range and superior radiation hardness

A broad family of MPGD technologies are being developed and optimized: Micro-Strip Gas Chamber (MSGC),
Gas Electron Multiplier (GEM), Micro-Mesh Gaseous Structure (Micromegas), THick GEMs (THGEM),
Resistive Plate WELL (RPWELL), GEM-derived architecture (u1-RWELL), Micro-Pixel Gas Chamber (u-PIC),

etc.

GEM (Gas Electron Multiplier)

B.I". Ps60oB (@ Ocennss mkoina o ¢usuke KI'TI

microMEGAS
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Cherenkov detectors

¢ Used as a threshold detector for electron identification and/or hadron identification at high momenta

¢ Cherenkov light is emitted along the particle trajectory if it moves faster than c/n, n — refraction index

Mirror

Detector plane

1 !
cos(6,) = B

ﬁ%
T
v Threshold detector, v > ¢/n E p) _
v' Light emitted at constant angle 8, along the particle path make a circle ~—  —* /3\\ 5

Charged particle

on the read-out plane = Ring Imaging Cherenkov Detector (RICH)
v" Particle velocity B defines circle radius = separation up to tens of GeV/c

7

Cherenkov Angle (rads)

10

10*
Momentum (GeV/c)
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Electron identification

% Electrons are produced at low rates, e/ ~ 10-3-10#

¢ Identification of electrons requires special treatment using capabilities of different detectors

TPC: log(dE/dx)

20 selections for e and nt | 1o°
i

0 0.2 04 086 08 12 16 18
Momentum (GeV/c)

v' eID at low momentum
v’ e* and 7* bands merge at ~ 200 MeV/c

0.9

0.8

0.7

0.6

TOF: B ~ 1, py > 150 MeV/c
1

1 206 selections for et

L LA _
- | \HHH‘ [‘iHHH‘ | HHIIIl E

[S)
~
ES
o

v b b b |
1.8 2
p (GeVic)

v' e* with pp < 150 MeV/c miss the TOF
v’ e* and 7* bands merge at ~ 400 MeV/c

~1

a

[=]
0

o
ry

o
W

o
o

o

i

=}

2
P 1Galie)

v' e* with py <200 MeV/c miss the ECAL
v E/p ~ 1 for e* at p; > 300-400 MeV/c

¢ Each of the detectors provides more efficient electron identification in a limited range of momenta

¢ Combined use of the TPC-TOF-ECAL signals enhances the probability for a selected track to be true e*
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Electron identification

% Electrons are produced at low rates, e/ ~ 10-3-10#

¢ Identification of electrons requires special treatment using capabilities of different detectors

TPC: log(dE/dx)

20 selections for e and nt | 1o°
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v' e* with py <200 MeV/c miss the ECAL
v E/p ~ 1 for e* at p; > 300-400 MeV/c

¢ Each of the detectors provides more efficient electron identification in a limited range of momenta

¢ Combined use of the TPC-TOF-ECAL signals enhances the probability for a selected track to be true e*
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Electron efficiency and purity

+»» Simulated BiBi@9.2 GeV, realistic vertex distribution

¢+ Selected tracks:

v" hits > 39 v" 206 matching to TOF
v o In<1 v 1-26 TPC-eID
v IDCA_x,y,z| <3 o v 20 TOF-eID
: A R I D=
X 095 a T E
< os +*+++*+++++++H+++++H i J( ain S et %
0.7E T 3 0.9- . e i
E o + o 0.8E . #** + ++++++H+++ﬁ
06:_ -y E * i
ot i ! 07 :
0.4 : ***ﬂ ,,,*ﬁ Hif;ﬂj # * 0. 6;— -
0.25 T f 0. 4; * TPC-TOF-ECAL elD E
0.1z, " ¥ TPC-TOF-ECAL elD 03 T
0 02 04 0608 1 12 14 16 18 0 02040608 1 12 14 16 18
P, (GeV/c) p, (GeV/c)

¢ Purity of ~ 100% at 40% reconstruction efficiency can be achieved at py > 150 MeV/c
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K%K yield ratio

Hadronic phase lifetime

arXiv:2308.16115

IIIII'IIIIIII'II{IIIIIIII[ -l'IIII!lllllllllllll|ll!l|-

0.5 [ ALICE .= EPOS3 1 10k System  Collision energy i
L 1¥1<05 m— EPOS3+UrQMD ] X pp 5.02 TeV
L -1y CSM | B &= p—Pb 5.02 TeV 1
- H mXeXe 5.44TeV
0.4F HRG PeE - Pb-Pb  5.02TeV N
I 1o System  Collision energy
[ 1 “é‘ 3 pp 5.02 TeV
: = 5 | ] &5 p—Pb 5.02 TeV
4 = B Xe-Xe 5.44TeV
1.8 ' + - Pb-Pb  5.02 TeV
.' . o + + |
| o [0 _
0.1 [ L I L 1 l | - - I Ll L l L I Ll 1 I L L 1 ] 1 l L1 1 I i1 1 l L1 1 I La_ 1 I L_L_1 I L1 1 I

2 4 6 8 10 12 14 2 4 6 8 10 12 14

1/3 1/3
<chh’/ d 77>|q| <05 <chhfdn>|r}1 <05

X e = Tkin™ Tchem )/Trc.\

rkin = rchem

« Lower bound on the hadronic
phase lifetime +» Lower limit for hadronic phase lifetime ~ 7 fm/c in central A-A

I, Particle ratio at kinetic freeze-out (Pb-Pb)

* Smooth evolution of hadronic phase lifetime with multiplicity

I'.hem: Particle ratio at chemical freeze-out (pp)

* 7. lifetime of resonance

resst @, . .
Pt +* Hadronic cascade models reproduce the observed suppression
Simultaneous freeze-out of all particles . . . o

Negligible regeneration «» All model predictions must be filtered through the hadronic phase

 Scaled with Lorentz factor \,"'l o AT

mass of K™
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Reconstruction of hypertritons

BiBi@9.2 GeV (PHQMD), 40 M events = full event/detector simulation and reconstruction
Phys.Part.Nucl.Lett. 19 (2022) 1, 46-53
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Nuclear modification factor, R, ,

% Jet-quenching effect is expected in QGP: R Setofparichs
v hard scattered parton traverses the dense and hot medium (QGP) il
Created ln HIC back-to-backjets of particles.
. . . _ . . @, "0+
v’ parton interacts with the medium (radiative and multiple scattering Proton

losses) and then fragments to colorless hadrons

v due to energy loss in the medium, the mean momentum of hadrons
produced in fragmentation is lower

In the dense quark-

. . . . . . . | dium, the jet
v' energy loss ~ medium properties = jet quenching is studied to infer ;‘Iﬂ'"fhd?.k’ )
ullets fired into water, A we® -
properties of the medium = QGP Bl ° SEho

X/

*¢ In practice, jet quenching can be studied by measuring nuclear modification factors for high-p
hadrons produced in parton fragmentation

2—
¢ Nuclear modification factor: i
1.5 ]
i "Cronin” enhancement
RAA —_ dN AA / dy é | |
<Ncoll> . dep /dy o L™ no nuclear modif. |
5 5: "hard" |
Rare processes like hard scattering scale with N, e el nuclear suppression
Hard scattering dominated particle production at p; > 3-5 GeV/c ol ]
0 2 4 6 8 10

transverse momentum [GeV/c]
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R, , for high-p, direct photons

¢ Prompt direct photons are produced in hard scattering processes (very early in the collision)

% Produced medium (QGP) is transparent for photons > R, , should be ~ 1 ???

1077

1N, 127 p_ dN/dp_

- @®ppoy+X

3“

[ @ Au+Au 0-10%— 7y + X

0 5

Indeed, R, , ~ 1 =2 verification for Glauber model used to estimate N

10 15

20
p; (GeV)

PHENIX, PRL 94, 232

0.8
0g
0.4
0.2

301

Isospin effect
EPS03 PDF [5)

prompt+aap [2,4]
coherent+conversion+A E [3]

\
e ]

uIIIIIIIIIIIII!IIIII‘I!Illl!!]]'lil'l'lJI'|'II]

Au+Au, 57200 GeV
Lo -
direct gRM.D 5%
| | | P I | | | R . |
F] - [] E 1] I 4 e L Fi]
. (GeVic)
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R, x for high-p hadrons

¢ If partons loose energy while traversing the medium (QGP) = R, , should be <1 ???

Phys.Rev.C87 (2013) 3, 034911

1.4F C
1 2: (a) Au+Au Minimum Bias \'s,,=200GeV [ (b) Au+Au 0-10% Vs, =200GeV
““bm o n'PRL.101,232301 (2008) =
10 - - - MewResulkt R

0.8F 7%, 2004 data
0.6k ™ 2007 data

el B i E —— . @ $ * System size dependence of R, 5

strongest (~ 0.2) at 6-8 GeV/c and

. * In central collisions suppression is
‘H decreases at higher/lower momenta

* In peripheral collisions R, ~ 0.8

UL L N R ™

6 8 10 12 14 16 18 20

(=1
rak
B

0 2 4 6 8 10 12 14 16 18
P, (GeV/c) P; (GeVic)

R, << 1 = production of hadrons is suppressed in (semi)central HIC <> jet quenching
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Model comparison

GLV (M.Gyulassy, P.Levai, 1.Vitev)

Parton quenching model (C. Loizides)

hep-ph/0608133v2
= PQM Model, { § ) values =
L =l " ogg 0% L
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10, Rpa(Pr®), Au+Au, Vsyy = 200 GeV

Phys. Rev. C 80, 054907 (2009)
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R, at NICA

Cross section for hard processes reduces with collision energy = need lots of statistics

R, , measurements are missing at NICA energies

. Peripheral \
STAR provided Rqp: (R, = <N“’” > W eara /%cenzmz>_ AN

coll

/ dy

Peripheral

~ STAR Preliminary « 7.7GeV

statistical errors only = 11.5GeV
14.5GeV
19.6GeV
27GeV
39GeV
62.4GeV

Y
o

—r

Rep [(0-5%)/(60-80%)]
T TTIT]

-

part

lllJllIJIIIIJIIILJIllllllfllllllllilll]llIlilllll

0 1 2 3 4pT(G%V/C)6 7 8 9 10

No sign of suppression at \/SNN <20 GeV =2 no jet quenching at NICA energies ?7?

Need proper measurements to conclude
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High-energy heavy-ion reaction data

¢ Galactic Cosmic Rays composed of nuclei (protons, ... up to Fe) and E/A up to 50 GeV
¢ These high-energy particles create cascades of hundreds of secondary, etc. particles

10° Zr]
10'F /

10 / o

10°

1

10'F
10° /

107

ini—/ l ! I l

w* 107 1w 10" 1w 1w 1w o1t 1
Kinetic ecnergy (MeVin)

Flux (particles/(cm*-Me V/n-year))

T'C. Slaba et al.
Life Sciences in Space Research

12 (2017) 1-15
1 1 |

¢ Cosmic rays are a serious concern to astronauts, electronics, and spacecraft.
% The damage is proportional to Z2, contribution of secondaries p, d, t, *He, and “He is also significant

% Need input information for transport codes for shielding applications (Geant-4, Fluka, PHITS, etc.):
v' total, elastic/reaction cross section

v’ particle multiplicities and coellecense parameters
v outgoing particle distributions: d>?N/dEdQ
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High energy heavy ion reaction data

¢ NICA can deliver different ion beam species and energies:

v’ Targets of interest (C = astronaut, Si = electronics, Al = spacecraft) + He, C, O, Si, Fe, etc.

% No data exist for projectile energies > 3 GeV/n

dE/dx vs momentum in TPC m2 vs. momentum in TOF
E 60 b - o 1.5

3] 2 L
> = r
] 3
S 40 e Ir
= E L
0.5

02 04 06 08 1 12 14 B T S B - S— 25 3

p/q (GeVic) p/q (GeV/c)

MPD has excellent light fragment identification
capabilities in a wide rapidity range = unique
capability of the MPD in the NICA energy range

25
p/q (GeV/c)
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Anisotropic flow at RHIC/LHC - scaling
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n=2 for mesons and n=3 for baryons

PHENIX  (Phys.Rev.Lett.91, Preliminary: QMOS, GRC 06 )

+ L]
@ - U HTT min.bias, 0-10%,10-20%,20-30%,30-40% 40-50%.,20-60%
B - K'+K : minbias, 0-10%,10-20%,20-30%,30-40%,40-50%,20-60%
da=-ptp: min.bias, 0-10%,10-20%,20-30%,30-40%,40-50%,20-60%

-d: min.bias, 10-50%

A=t 20-60%

STAR (Phys. Rev. Lett. 92,Phys. Rev. C 72 (2005), Preliminary QMOS, SQM06)
- ++TL": min.bias
-K2:  min.bias, 5-30%,30-70%

o - p+p . min.bias
®-A+A: min.bias, 5-30%,30-70%

O-5+=: min.bias
A - Q+ﬁ . min.bias
- (i) 8 min.bias
0-5 | T T T T T T T T | T T T T T T
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Observed n,-scaling suggests partonic degrees of freedom
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Non-central heavy-ion collisions

B L

-

N 45 articipants
Treaction plane P P

Large angular momentum due to Strong magnetic field (~ 1013 T)

. ) spectators . .
medium rotations (PRC 77 (2008) formed for a short period of time
024906, Beccattini et al.) (NPA 803 (2008), Kharzeev et al.)

1(]-) T T T T T
—, 90000 . : ; : ; . : 2 - é gﬂ -
80000 F — ] 1| b=12fm
_,v"l ‘\'\.\‘ Hard Sphere 10 i1
70000 F / X ;
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Angular momentum and magnetic field

System Vorticity (s!)
System Angular
momentum Solar sub-surface 107
(1I1/2n) Terrestrial atmosphere 10:=
Electron in VI(1+1) . .
hydrogen atom Great red spot of Jupiter 10
132Ce (highest 70 Tornado core 10
for nuclei) Heated soap bubbles 100
Heavy-ion 10* - 10° Turbulent flow in superfluid He 150
collisions
Heavy-ion collisions 107- 102!
STAR: Nature 548 (2017) 62
Focus of the System Magnetic Field in Tesla
study is to see the effect Human brain 1012
of large angular Earth’s magnetic field 10>
momentum
and Refrigerator magnet 10=
magnetic field Loudspeaker magnet 1
L Strongest field in lab 10°
heavy-ion collisions
Neutron star 106
Heavy-ion collisions 1015 - 10%¢

By orders of magnitude exceeds anything existing in the modern Universe
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Global hyperon polarization

¢ Large angular momentum and strong magnetic field formed in mid-central heavy-ion collisions =
polarization of particles in the final state

G-— ’ {ﬂ"j

. —

Preaction piane PETiCIANLS

spectators

< A/A are “self-analyzing” probes = preferential emission of proton in in spin direction

STAR, Nature 548, 62 (2017)

'BBCs |
&

-

Spinning
Lambdas

J, 5
e 1,|) 9+ PA

BBCs |

s@ectators

Phys.Rev.Lett.94:102301,2005;
Erratum-1bid.Lett.96:039901,2006

The global polarization observable is defined by [34]:

8 (sin(Vgp — o))
Py = — (1)
T Rgp

Here oy = 0.732 £ 0.014 [35] is the A decay parameter,
Wgp the event plane angle, ¢F the azimuthal angle of the
proton in the A rest frame, Rgp the resolution of the
event plane angle and the brackets {.) denote the average
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Global hyperon polarization

¢ Global hyperon polarization measurements in mid-central A+A collisions at /Syy= 3-5000 GeV
STAR, Phys.Rev.C, 104(6):L061901, 2021

12F T 1~ T T T T T T T T T T

X i STAR Au+Au 20%-50% = I
o — STAR Preliminary \ou esie2 2017y ®a OX 5 | STAR AutAu, \/spy = 3 GeV
F 3GeV PRC76.024915 (2007)  ® A A < 10 Pr>07GeV/e,-02<y<1 ]
(A) PRC98.014910 (2018) @ A A ‘LL H ap = 0.732
PRC104.L061901 (2021) ® A I ]
5— STAR prelim. 8r mm 3FD b
AA+A oA A =3 AMPT y 1

ALICE PRC101.044611 (2020)
+ A ¢ A Pb+Pb 15-50%

B @
I HADES prelim. SQM2021
= || A Au+Au 10-40%
FXT A Ag+Ag 10-40%
7.2 GeV é é ‘_11

(A) s o
o I NN ™ M ;. *4 i
AMPT,A 19.6 GeV (A + A |
» primary primary+feed-down
UrQMD+VHLLE, A ’ a, =-a.=0.732
- primary 1 primary+feed-down‘ i ‘ | []j s e e e e s m e e
10 102 10°__ 0 10 20 30 40 50
Vo [GeV] Centrality (%)
¢ Global polarization of hyperons experimentally observed, decreases with \/Syy
. lw upB lw upaB o

< Hint for a A-A difference, magnetic field, /2 =57+, = 5T 7
¢ Energy dependence of global polarization is reproduced by AMPT, 3FD, UrQMD+vHLLE
s AMPT with partonic transport strongly underestimates measurements at \/Syy = 3 GeV = hadron gas?

MPD: extra points in the energy range 4-11 GeV with small uncertainties; centrality, p, and rapidity
dependence of polarization not only for A, but other (anti)hyperons (A, X, £)
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Polarization of vector mesons: K*(892) and ¢

< Light quarks can be polarized by |/|and |B]

00

. In L _
' . g Nuclear ¢ If vector mesons are produced via
\ . ragments . . 0 . .
Quark-GIERES % recombination their spin may align
\ P Plasma .w‘ k
, o 0 - . . .
5 ~ o 5 ¢ Quantization axis:
2— !’gsb < QQ
A ey 3 \Q .
n 4 & v normal to the production plane (momentum of
y ot ¢ < .
% () the vector meson and the beam axis)
heam
Niiear 0 v" normal to the event plane (impact parameter and
\ ** Fragments ) beam axis)
¢ Measured as anisotropies:
+ ' éull{l|;r[|f.1.nl1&|té;lp;rllr.lsqc;evl-c)l— dN
0.4 K (yl <108 1.0 <p. <50 GeVic) ] = N.l1 + 2
! 1 = = cos“6(3 -1
—a¥-464+073m r : dcosB 0[ pO'O ( Po,o )]
035 { 5 Po,o 18 a probability for vector meson to be in spin
i state = 0 — pg o = 1/3 corresponds to no spin
S ] alignment
[ ] % Measurements at RHIC/LHC challenge
0250 s 10k (oap & 10 - 5050 comnmtty | ] theoretical understanding — p,, can depend on
ol [ | el Pl 5 5 5 S
. e i multiple physics mechanisms (vorticity,
VS (GeV) magnetic field, hadronization scenarios,

lifetimes and masses of the particles)

MPD: extend measurements in the NICA energy range, \ say < 11 GeV
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