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Abstract 

 
Analysis of the production of particles resulting from the emergence of Au-Au 

nuclei at various energies is carried out within the framework of the random 

radiation program at the NICA collider, obtained at the MPD detector. This may be 

the reason for measuring the bulk properties of the medium resulting from the 

incorporation of Au ions at high energies. Such an analysis of particle production 

under different initial conditions can shed light on the mechanisms of quantum 

chromodynamics and the phase transition in strongly interacting matter from the 

hadronic state to the quark-gluon plasma. Chemical and kinetic freezing 

parameters as a function of collision energy and centrality are used to determine a 

point on the QCD phase diagram. 
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Mastering technical tools 

 
Over the course of two months of practice, I actively mastered the algorithmic C++ 

programming language and the ROOT CERN package. Familiarized himself with 

the basics of the C++ language. I learned how to work with graphs, histograms, 

and the ROOT Tree object and fitting. 
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Introduction 

 
The idea of building a fundamental theory of strong interaction - Quantum 

Chromodynamics (QCD) came simultaneously with the idea that when the 

temperature increases above a certain critical T ~ 100 MeV or baryon density 

above ~ 10 nuclear densities, ordinary hadronic matter should transform into a new 

phase state - gas free quarks and gluons. Moreover, ideas came from different 

areas. The stability of neutron stars requires a gentler equation than can be 

obtained from hadronic matter. One was put forward in the works of Ivanenko and 

Kurdelaidze, where it was predicted that matter in a similar state should be in 

massive stars for their stability. Itoch then showed the hydrostatic stability of such 

stars. Baym and Chin later explored the possibility of stars existing as huge bags of 

free quarks and gluons. On the other hand, the idea of a gas of free quarks and 

gluons as a form of matter at very high temperatures is naturally obtained from the 

asymptotic freedom of quarks in QCD. 

The task of studying the phase transition in QCD turned out to be very 

exciting, and over the next decades, a whole line of research was formed in high-

level physics, so today the program of every large accelerator or collider capable of 

accelerating heavy and light ions includes an item on the study of quark-gluon 

plasma . Interest is drawn to the fact that this is the only way to study in the 

laboratory the sector of the Standard Model of QCD phase diagram, phase 

transitions, and thermalization of fundamental fields. And given the very rich 

dynamic content of the theory, such studies become extremely exciting. The next 

phase transition in the Standard Model, associated with the restoration of 

electroweak symmetry, is expected at temperatures of the order of 100 GeV and its 

experimental study in the laboratory is hardly possible in the near future. The study 

of QCD turns out to be closely related to fundamental problems in various areas of 

modern physics: 

• deconfinement and restoration of chiral symmetry: lattice QCD 

calculations predict the emergence of a new form of matter at energy 

densities noticeably higher than 1 ~ 
𝐺𝑒𝑉

𝑓𝑚3
, consisting of a large volume 

of free quarks and gluons with bound masses: Quark-gluon plasma. 

• cosmology of the early Universe: The quark-hadron phase transition 

occurred approximately 10 microseconds after the Big Bang and is 

believed to be the most important event in the universe between the 

electroweak (SUSY) transition (𝜏 ~ 10−10 с) and nucleosynthesis 

(𝜏 ~ 200 с). Depending on the order of the perehoa, various 

cosmological consequences are possible, such as the formation of 

strangelets and clumps of cold dark matter or the occurrence of baryon 

fluctuations leading to heterogeneous nucleosynthesis. 

• parton structure and evolution at small x: HERA data indicate that 

the hadrons confining high-energy probes are created from a very 

dense system of low-momentum gluons x =  𝑝𝑎𝑑𝑟𝑜𝑛/𝑝ℎ𝑎𝑑𝑟𝑜𝑛. Under 
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small x restrictions, the exhaustion of an additional large gluon and 

gluon fusion processes will in the usual account dominate the parton 

evolution of the hadronic wave function. For large virtualities 𝑄2 and 

moderately low x, such evolution is described by linear DGLAP or 

BFKL equations suitable for the sparse parton regime. At 𝑥 ≤  10−2 

and below, depending on the magnitude of the “saturation impulse” 

𝑄𝑠 hadrons are more adequately described as dense, saturated systems 

of partons within the framework of the effective model of colored 

glass condensate (Color Glass Condensate) with the corresponding 

nonlinear equations of evolution JIMWLK. Since the increase in 

gluon density depends on the transverse size of the atom, the 

saturation effect for ultrarelativistic heavy nuclei (𝑄𝑠
2 ~ 𝐴1/3) is 

expected to begin earlier than for free nuclei. 

• gauge/string duality: The theoretical application of the anti-de 

Sitter/conformal field theory correspondence made it possible to relate 

problems in strongly interacting gauge theory to problems in weakly 

interacting dual gravity theory. The application of this approach to a 

QCD-like theory made it possible to determine the transport properties 

of quark matter that are accessible to experimental study, such as 

viscosity, a parameter that determines the amount of energy lost by a 

fast cartridge, or the diffusion coefficient of a heavy quark - from 

calculations of the thermodynamics of black holes. 

• astrophysics of compact objects: At high baryon densities and not 

too high temperatures, the attractive force between color-

antisymmetric quarks can lead to the formation of bound 〈𝑞𝑞〉 Cooper 

pairs. Cold dark matter is expected to behave like a colored 

superconductor with a non-trivial structure of quark pairs due to a 

combination of different quantum numbers (spin, color, flavor). This 

regime, which is currently beyond the reach of direct study using 

accelerators, can arise in the cores of compact stars (neutron, hybrid 

and other exotic stars). 

 

 

 

 

 

 

 

 

 

 



7 
 

Phase diagram 
Diagram of space-time evolution in collisions of heavy ions, shown in Figure 1, 

indicates the different phases and the limits of their expansion. Most likely, the 

QGP is created in time... in the case of sufficient energy density. The 

deconfinement regime can occur at an energy density exceeding 1 GeV/fm3. A 

simple estimate of the energy density: 

𝜀 =
1

𝜋𝑅2𝜏0

𝑑〈𝐸𝑇〉

𝑑𝜂
, 

where R is the effective radius of the interaction region during particle collisions, 

𝐸𝑇 is the transverse energy, and 𝜂 is the pseudo-rapidity. Figure 2 shows 

experimental data on the distribution density per unit pseudo-rapidity at 𝜂 = 0 

depending on the collision energy. Using these data, it is easy to calculate the 

energy density, which, as follows from these, reaches the deconfinement value 

already at energies 4-5 GeV/nucleon in the center of mass system. It is assumed 

that in the process of collision of relativistic nuclei in a fairly short time, several 

units, thermodynamic equilibrium of the formed hadronic matter is established. 

Here QCD can be an effective tool for studying the thermodynamic characteristics 

of this matter. 

 
Figure 1. The spatio-temporal picture of the development of the process provides nuclear forces A and B without the formation of 

CGP 
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Figure 2. Spatio-temporal picture of the development of the process of collision of nuclei A and B with the formation of QGP. 

Measured transverse energy per unit of rapidity at η = 0 and the Bjorken energy density of a born matter clump at τ0 = 1 fm/s in 
central collisions of heavy ions. The extrapolation for the LHC follows a power law as a function of energy.  

 

In QCD thermodynamic equilibrium, matter, as is already known, can be 

characterized by matter density (or baryochemical potential) and temperature. In 

Figure 3 shows the phase diagram of strongly interacting matter in terms of these 

variables. 

 

Figure 3. Phase diagram of hadronic matter with transition lines from hadronic gas to quark-gluon plasma and the critical point. 

 

 

 



9 
 

NICA complex and MPD detector 

 
The NIСA megascience project and the corresponding MPD (Multi-Purpose 

detector) are focused on studying heavy ion collisions and studying the properties 

of quark-gluon plasma and the physics of strong interactions.  

 
NICA complex 

 

The main scientific tasks facing this project: 

• The nature and properties of strong interactions between the elementary 

components of the Standard Model of particle physics - quarks and gluons 

• Search for signs of a phase transition between hadronic matter and QGP, 

search for new states of baryonic matter 

• Study of the basic properties of the strong interaction and QGP symmetry 

 

Figure 4. 

The NICA complex will provide a wide range of beams: from proton and deuteron 

beams to beams consisting of tree ions such as gold nuclei. Heavy nuclei have 

collision energies of up to 4.5 GeV/nucleon, and protons - up to 12.6 GeV. 

 

Physics tasks of the NICA heavy-ion program: 

• event-by-event fluctuation in hadron productions (multiplicity, Pt etc.); 

• femtoscopic correlation; 

• directed and elliptic flows for various hadrons; 

• multi-strange hyperon production (including hypernuclei): yield and spectra (the 

probes of nuclear media phases); 

• photon and electron probes 
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• charge asymmetry 

 

MPD detector 
One of the objects of the NICA complex is the MPD detector, which reads the 

spectra of particles in the 4 Pi survey and registers charged ions, electrons and 

photons. The device contains such complex systems as an accurate three-

dimensional tracking system, a high-performance particle identification system 

(PID). The total multiplicity of charged particles exceeds 1000 in the most central 

Au-Au collisions at 11 GeV, and the average transverse momentum of particles 

formed in particle collisions is below 500 MeV/s. The design of the detector is 

presented below. 

 

Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 



11 
 

Data analysis from accelerator NICA 

 
In this work, we obtain and observe such characteristics as position of the event 

vertex, the energy loss and total momentum analysis of the MPD experiment with 

the center-of-mass energy of √𝑠𝑁𝑁 = 11 GeV. As a software environment, the 

MPD ROOT framework was used. We have a total of 250 original DST files with a 

total of 115396 Events. 

 

Event Selection 
The common point of origin of tracking events is the identification of the first 

vertices. In order for background events associated with interaction tubes to occur, 

the radii of the event vertices must be located within smaller limits from the center 

of the MPD detector. The ring in the dense region, located in the figure below, 

corresponds to the appearance between the nuclear bundles and the tube bundles. 

 

 
Figure 5. The events involving beam-pipe interactions are rejected by applying a cut of less than 2 cm on the transverse radial 

position of the event vertex. The results presented here are within rapidity |y | <0.1 and have the same track cuts for all 
energies. 

 

The distributions of the primary vertex position along the longitudinal (beam) 

direction (Vz) are shown for Au-Au collisions: 
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Figure 6 

The distribution of z-vertices is relatively not wide. 

 
Also, number of secondary hadrons born in one act of particle interaction turns out 

to be as follows: 

 
Figure 7. Multiplicity 
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Particle identification. Energy loss distribution technique. 

 
We can determine the type of particles by looking at the energy loss graph (dE/dx). 

The following example shows the energies for positive and negative charged 

pions(𝜋±), kaons(𝐾±), protons(𝑝) and antiprotons(�̅�). In the graph below you can 

identify these particles by the light stripes: 

 
Figure 8. The dE/dx of charged tracks with the rigidity(P/q) for Au-Au at rapidity |y | < 0.1 for all the particles. 

We also use time-of-flight information to identify particles with higher momentum. 

 
Total momentum 

 
Also, we obtained histograms of the distribution tracks of charged points, kaons 

and protons by particle total momentum and for each + and - particle we obtained 

the following graphs: 
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Summary 

 
We reviewed the significance of new research at the new NICA accelerator 

complex for further study of QCD. Mastered the basic skills and abilities of 

working with the CERN ROOT package. Using it, we obtained and examined the 

main characteristics of particle collisions, such as multiplicity histograms, 

distributions of the primary vertex position along the longitudinal (beam) direction 

(Vz), histogram of the position of vertex X and vertex Y, and also the total 

momenta of kaons and pions and protons at the new NICA accelerator complex 

and the MPD detector, necessary to search for the chemical baryon potential in the 

phase diagram. 
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