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QGP phase diagram QGP phase diagram 
The collision of two heavy nuclei which 
approach and smash against each other 
with almost the speed of light. According to 
Einstein’s theory of special relativity they 
look like thin pancakes. This “Little Bang” 
creates in the laboratory the primordial 
state of matter, called Quark-Gluon Plasma 
(QGP). The QGP expands like a fireball, 
cools and finally turns into ordinary matter, 
not unlike vapour turning into water

. The thousands of particles produced will 
be recorded  by detectors. The tracks that 
those particles leave in the detectors will be 
analysed by modern powerful software 
tools.

 The challenge is to infer the properties of 
the QGP state of matter by studying the 
different particles that arrive in the 
detectors.

TH
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Melting hadronsMelting hadrons
What is Hagedorn Temperature?

Hagedorn temperature T H ≈ 1.8x10 12 K is the maximum 
temperature at which matter can exist in the usual form. 
At T > T H all individual material particles dissolve into 
the quark-gluon plasma. This transformation can occur at 
a lower temperature in the presence of dense nuclear 
matter. At densities an order of magnitude greater than 
the nuclear density this transformation probably can 
occur near to, or even at, zero temperature.
The value of T H is measured by the way of the exponential 
growth of the hadron mass spectrum,

T H is thus uniquely defined independent of the question, if 
the conversion of matter into quark-gluon plasma is a 
sharp boundary, or a continuous transformation.
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Hagedorn temperatureHagedorn temperature

 Experimental data:

     1432 states known in 1967;
      4627 states of mid ’90s.
 

J. Cleymans and D. Worku
Modern Physics Letters A
Vol. 26, No. 16 (2011) 1197–1209

where the sum goes from the pion mass
To the highest known resonances

Bootstrap statistical model
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QGP in nucleus collisionsQGP in nucleus collisions
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Heavy Ion collisionsHeavy Ion collisions
STAR AuAu  √s=200 GeV
   Nparticles ~ 2000

ALICE PbPb  √s=2.76 TeV
N

particle 
 ~ 5000

MPD AuAu  √s=11 GeV
N

particle 
 ~ 1000



QCD Phase diagram for NICAQCD Phase diagram for NICA

NICA energy scan:
   MPD   4 < √s < 11 GeV/u
   BM@N  2.3 < √s < 3.4 GeV/u
   p, C, …, Au

Cleymans  parametrization

mailto:BM@N


    HIC studiesHIC studies
Accelerator Place Ion  periods Energy Projectiles

Synchro-
    Phasatron

JINR
Dubna 1971 - 1985 3.6 AGeV d, He, C

Bevalac LBNL
Berkeley 1972 - 1984 <  2AGeV C,Ca,Nb,

Ni,Au,...

AGS BNL,
Brookhaven 1986 - 1994 14,5/11,5 AGeV Si, Au

SPS CERN, Geneva 1986 - 2002 200/158 AGeV O,S,In,Pb

SIS 18 GSI,Darmstadt 1992 - today 2 AGeV Kr,Au

Nuclotron JINR
Dubna 1993 - today < 4.5  AGeV p, d, He,C,Li, 

Mg, Kr

RHIC BNL,
Brookhaven 2000 - today √SNN = 200 GeV Cu, Au

LHC CERN, Geneva 2010 √SNN = 5.5 TeV Pb

NICA JINR
Dubna 202? √SNN = 4 -11 GeV p - Au

SIS 100 GSI,Darmstadt 2025 2 – 11 AGeV Au



Theoretical predictionsTheoretical predictions

Signatures of quark-gluon plasma 
formation and the chiral phase
transition. The expected behavior 
of the various signatures is plotted 
as a function of the measured 
transverse energy, which is a mea-
sure of the energy density, in the 
region around the critical energy 
density εc of the transition. When 
two curves are drawn, the hatched 
curve corresponds to the variable
described by the hatched ordinate 
on the right. See text of review for 
details

The Search for the Quark-Gluon Plasma
arXiv:hep-ph/9602235
John W. Harris, Berndt Müller



AGS experimentsAGS experiments
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J. Rafelski and B. Müller, PRL 48, 1066 (1982)

Strangeness enhancementStrangeness enhancement

……...

Nature Physics 13 (2017) 535

First observation of a multiplicity dependent 
strangeness enhancement in high-multiplicity pp 
collisions
● enhancement is due to strangeness content and not 

due to mass
● multiplicity dependence of the enhancement is 

strikingly similar in pp and p-Pb, and approaches 
values similar to those measured in central Pb-Pb

● QCD inspired MC generators fail to describe these 
observations

● measurements in pp @ 13 TeV seems to indicate that 
hadrochemistry is driven by event activity regardless 
of collision energy



SPS ion experimentsSPS ion experiments
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CERN   2000CERN   2000

arXiv:nucl-th/0002042v1 16 Feb 2000
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RHICRHIC
BNL - RHIC (from 2000):
 √s = 200 GeV, Au + Au collisions
4 large experiments: BRAHMS, PHENIX, PHOBOS, STAR.
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    RHIC experimentsRHIC experiments
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The Quark-Gluon-Plasma is Found at RHICThe Quark-Gluon-Plasma is Found at RHIC

The early measurements have revealed compelling 
evidence for the existence of a new form of nuclear 
matter at extremely high density and temperature – 
a medium in which the predictions of QCD can be 
tested, and new phenomena explored, under 
conditions where the relevant degrees of freedom, 
over nuclear volumes, are expected to be those of 
quarks and gluons, rather than of hadrons. This is 
the realm of the quark gluon plasma, the predicted 
state of matter whose existence and properties are 
now being explored by the RHIC experiments.
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STAR BES programSTAR BES program
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STAR beam energy scanSTAR beam energy scan

200 GeV

62.4 GeV

39. GeV

27. GeV

19.6 GeV

14.5 GeV
11. GeV

7.7 GeV
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Nucleus collisionsNucleus collisions
Peripheral Collision

x

y
z

x

y
z

(near) Central Collision

X

Y

X

Y
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STAR Beam Energy Scan resultsSTAR Beam Energy Scan results
Phys. Rev. C88, (2013), 014902

Number of constituent quarks scaling
Chiral Magnetic Effect

Stephen Horvat     Quark Matter 2015

High PT suppression
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STAR BES I resultsSTAR BES I results
Ridge effect

S. Jowzaee, Quark Matter 2017
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STAR Beam Energy Scan programSTAR Beam Energy Scan program
BES IIBES IIBES I
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NICA  complexNICA  complex
 Beams –  p,d(h)..197Au79+

Collision energy  √s= 4-11 GeV/u (Au), 12-27 (p)
 Beam energy (fixed target) - 1-6 GeV/u
Luminosity: 1027 cm-2s-1(Au), 1032 (p)

               Experiments:

2 Interaction points – MPD and SPD

Fixed target experiment  BM@N
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NICA experimentsNICA experiments

MPD SPD
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  Nuclotron, buster, ...Nuclotron, buster, ...
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NICA storage ringsNICA storage rings
May 2022
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BM@N experiment at NuclotronBM@N experiment at Nuclotron

AuAu Ebeam = 4 GeV
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MPD experiment at colliderMPD experiment at collider
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MPD geometry for stage 1MPD geometry for stage 1

TPC

FFD

ECal

pipeFHCal

TOF

MCord
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MPD Time Projection ChamberMPD Time Projection Chamber

3030

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

133cm

Inner radius of the drift 
volume

34cm

Length of the drift 
volume

170cm (of each half)

HV electrode Membrane at the center of the TPC
Electric field strength ~140V/cm;
Magnetic field strength 0.5 Tesla
Drift gas 90% Ar+10% Methane, Atmospheric 

pres. + 2 mbar
Gas amplification 
factor

~ 104

Drift velocity 5.45 cm/µs;
Drift time < 30µs;
Temperature stability < 0.5°C
Number of readout 
chambers

24 (12 per each end-plate)

Segmentation in φ 30°
Pad size 5x12mm2 and 5x18mm2

Number of pads 95232
Pad raw numbers 53
Pad numbers after zero 
suppression

< 10%

Maximal event rate < 7 kHz ( Lum. 1027 )
Electronics shaping 
time

~180 ns (FWHM)

Signal-to-noise ratio 30:1
Signal dynamical range 10 bits
Sampling rate 10 MHz
Sampling depth 310 time buckets
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Spin Physics Detector Spin Physics Detector 
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NICA White PaperNICA White Paper
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Current & future HI experimentsCurrent & future HI experiments

Facility SPS
RHIC

 BES II
Nuclotron-

M NICA SIS/100 
(500 ?) LHC 

Laboratory CERN 
Geneva

BNL 
Brookhaven

JINR 
Dubna

JINR 
Dubna

FAIR GSI 
Darmstadt

CERN 
Geneva

Experiment NA61 
SHINE

STAR 
PHENIX BM@N MPD HADES 

CBM

ALICE 
ATLAS 

CMS

Start of data 
taking 2011 2010 2015 2023 2025 2009

√sNN 4.9 – 17.3 7.7 – 200 < 3.5 4 - 11 2.3 – (4.5) up to 5500

Physics CP & 
OD CP & OD HDM OD & 

HDM OD & CP PDM

CP — critical point 
OD  —  onset of            
           deconfinement,  
            mixed phase,     
            1st order phase  
            transition 
HDM  —  hadrons in    
                dense matter 
PDM  —  properties of 
             deconfined        
             matter

 √sNN  GeV
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HEP experiments data flowHEP experiments data flow
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Detectors geometry   



Detectors responses
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HEP experiments frameworkHEP experiments framework

● ATLAS –  ATHENA

● CMS – cmssw

● ALICE – aliroot

● LHCb –  GAUDI

● STAR – root4star

● PHENIX –  PISA/Fun4all

● PHOBOS – Phobos Analysis Toolkit

● BRAMS –  
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CBMroot CBMroot →→  FairRootFairRoot https://fairroot.gsi.de

The FairRoot framework is an object oriented simulation, reconstruction and data analysis framework 
based on ROOT. It includes core services for detector simulation and offline analysis. The framework 
delivers base classes which enable the users to easily construct their experimental setup in a fast and 
convenient way. By using the Virtual Monte Carlo concept it is possible to perform the simulations using 
either Geant3 or Geant4 without changing the user code or the geometry description.

The basic idea of FairRoot is to provide a unified package with generic mechanisms to deal with most commonly used tasks 
in HEP. FairRoot allow the physicist to:

✗ Focus on physics deliverables while reusing pre-tested software components.

✗ Do not submerge into low-level details, use pre-built and well-tested code for common tasks.

✗ Allows physicists to concentrate on detector performance details, avoiding purely software

✗ engineering issues like storage, retrieval, code organization etc.
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MpdRoot historyMpdRoot history

2007   Letter of Intent
2014   Conceptual Design Report
2015 … Detectors TDRs

Start test ing 
the VMC  

concept for 
CBM

Start test ing 
the VMC  

concept for 
CBM

First 
Release of 
CbmRoot 

First 
Release of 
CbmRoot 

MPD@NICA  
started with 

FairRoot

MPD@NICA  
started with 

FairRoot

ASYEOS 
joined

ASYEOS 
joined

GEM-TPC 
separated 

from PANDA 
branch

GEM-TPC 
separated 

from PANDA 
branch

Panda decided to 
join → oct.

FairRoot: base 
package for 
experiments

Panda decided to 
join → oct.

FairRoot: base 
package for 
experiments

EIC (Electron 
Ion Collider 

BNL)

EIC (Electron 
Ion Collider 

BNL)

2004

SOFIA 
(Studies On 
Fission with 

Aladin)

SOFIA 
(Studies On 
Fission with 

Aladin)

ENSAR-ROOT
Collect ion of 

modules used by 
structural nuclear 

physics exp.

ENSAR-ROOT
Collect ion of 

modules used by 
structural nuclear 

physics exp.

2006 2010

R3B 
joined

R3B 
joined

2011 2012

SHIP (Search 
for Hidden 
Part icles)

SHIP (Search 
for Hidden 
Part icles)

2013 2014 2015

BM@N@NICA  
started with 

FairRoot

BM@N@NICA  
started with 

FairRoot

SPD@NICA  
joined

SPD@NICA  
joined

ALICE
FAIR
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MpdRoot structureMpdRoot structure

      

Run Manager

Virtual MC
Geant3

Geant4

UrQMDUrQMD
DC-QGSMDC-QGSM

3FD3FD
VHLLEVHLLE
PHSDPHSD
ShieldShield

......
  

Active:
TPC
TOF

FHCal
EMCal
FFD

Passive
Cave
Pipe

magnet

Event Event 
GeneratorGenerator

Magnetic 
Field

Module

Detector

Geometry
Manager

IO Manager 

Tasks

Const Field
Field Map

GeoInterfaceGeoInterface RunTime
DataBase

PostGreSQL
Configuration,

Geometry, 
Parameters,

Datafiles

TPC
TOF

FHCal
EMCal
FFD

TrackingTracking
ClusterFinderClusterFinder

DigitizerDigitizer
......

PhysicsPhysics
AnalysesAnalyses

  

EVE

EventEvent
DisplayDisplay

  

Datafiles FA
IR

R
oo

t

M
PD

R
oo

t
R

oo
t
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Mpdroot program git repositoryMpdroot program git repository



42/57

MPD detectors geometryMPD detectors geometry

Drawing GEANT
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Simulated + experimentalSimulated + experimental
 events databases events databases

✔ UrQMD
✔ QGSM
✔ PHSD

----------------
✔ Hybrid UrQMD
✔ vHLLE_UrQMD
✔ 3FD(Theseus)

     Exp. data
● d + C,Al, Cu, Pb      E = 4 GeV, 3.5 GeV
● C + C, C2H4, Al, Cu, Pb        E = 4 GeV
● Ar + C, Cu, Sn, Pb     E = 3.2 GeV
● Kr + Cu, Sn, Pb         E = 2.94
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  MPD Run Control SystemMPD Run Control System

44

R
aw

 Event B
uilder

Histogram 
Presenter

Displays

Data Quality 
Monitoring

Analysis
Monitoring 

Data 
Archiving

Archiving

Archive 
Browser

first prototype is developed
on LIT Virtual Machines

Web 
Monitoring

Event 
Display

Information 
Monitors
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  The Unified Database for offline data processingThe Unified Database for offline data processing

45

unified
databaseROOT

C++ database 
interface

(connect, SQL I/O)

Web interface is required

PHP

Slow Control System

Tango

Un
iD

bT
an

go
 

int
er

fa
ce

users

PostgreSQL
automatic backup

raw data processing
event reconstruction

physical analysis

reading and 
changing data

BmnRoot / MpdRoot

configuration, calibration, parameter 
and algorithm data



 

Anti Sigma-minus hyperon discoveryAnti Sigma-minus hyperon discovery
        (Dubna 1960)(Dubna 1960)
A beam of protons with energies of 10 GeV from a synchrophasotron were used to bombard a target and form approximately π-  mesons of high energy. 
With the help of magnetic lens and focusing magnets a beam of approximately π –  mesons with an energy of 8.3 GeV was separated and directed into a 
propane bubble chamber at a constant magnetic field tension of 13,700 OE (oersteds). On analyzing 40,000 photographs which recorded tens of 
thousands of other nuclear interactions, proof of the existence of an unstable antiparticle, the antisigma minus hyperon, was found. It decays in 10-10 
seconds to approximately π- and an antineutron.
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  5σ rule
 Experimental data:

     1432 states known in 1967;
      4627 states of mid ’90s.

 

Five-sigma corresponds to a p-value, or probability, of 3x10-7, or about 1 in 3.5 million.



 Over a period of time, two streams of
particles with a cross-sectional area, measured in
femtobarns, are directed to collide. The total
number of collisions is directly proportional to 
the luminosity of the collisions measured over 
this time.
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Find Quark Gluon Plasma 
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Computing resources used for MPDComputing resources used for MPD

• NICA offline cluster 250 cores (limit for users)
• GOVORUN 818 cores
• Tier1 920 cores
• Tier2 1000 cores
• Clouds 70 cores
• UNAM 100 cores

LITLIT

LHEPLHEP

MexicoMexico
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The DIRAC Interware is a software 
which provides various interfaces for 
the integration of distributed hetero-
geneous computing and storage re-
sources.

Instead of using all JINR storage and 
computing resources individually, 
DIRAC allows processing of large 
amounts of data through unified sin-
gle system. 

Monte-Carlo mass production for MPD were successfully 
performed on the integrated system of Tier-1, Tier-2, Gov-
orun and NICA cluster via DIRAC. JINR and Member-States 
cloud resources have been tested and ready to accept jobs.

EOS

Tier-1 CICC/Tier-2 Cloud Govorun NICA Cluster
Tir1(29%)

33496Running Running Tests 
done

Running To be 
included

JINR computing resources for JINR computing resources for 
MPDintegrationMPDintegration
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Computing resourcesComputing resources
for NICA @ LITfor NICA @ LIT
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MPD data mass productionMPD data mass production
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MPD at NIKS (MPD at NIKS (The National Research Computer Network of The National Research Computer Network of 
RussiaRussia) ) 
http://www.jinr.ru/posts/obedinennaya-superkompyuternaya-infrastruktura-na-baze-niks-zapushhena/

JSC RAS SPbPUMLIT JINR

January 2022
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Thank for your attentionThank for your attention
2018

2022

202?
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Collective phenomenaCollective phenomena
Katarina Gajdosova    ISMD 2017

Evidence for collectivity in pp collisions at the 
LHC
The CMS Collaboration 

ALICE has not measured a definitive flow-
like signature in pp collisions using c 2 {4}
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Tracking in MPD TPCTracking in MPD TPC

     Primaries      
                     
                  

efficiency Transverse momentum
resolution
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