
JOINT INSTITUTE FOR NUCLEAR RESEARCH

Veksler and Baldin laboratory of High Energy Physics

Final Report of INTEREST program

MPD detector performance study
at the NICA collider

Supervisor

Dr. Ivonne Maldonado

Dr. Vadim Kolesnikov

Student

San Juan López Ale-
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Abstract

In this project, measures and histograms of the distribution of energy loss by ionization of 6
particles are presented using the MpdRoot software, specifically: helium-3, deuterium, kaon,
proton, electron and pion. These distributions were obtained for both primary and secondary
particles. In addition, adjustments were made to these distributions using proposed functions,
which depended on parameters obtained from the analysis of the distributions of each particle.
This was done in order to identify the region in which one or another species of particle is
found.



1 Introduction

1.1 Multi Purpose Detector (MPD)

The Multi-Purpose Detector (MPD) is a spectrometer located in the Nuclotron-based Ion
Collider fAcility (NICA) at the Joint Institute for Nuclear Research (JINR). It works in
the energy range of heavy ion collisions of 4 GeV ≤ √

sNN ≤ 11 GeV, exploring the high
density region of baryons. This experimental program will fill a gap in the energy scale
not yet fully explored and provide a deeper understanding of hadron dynamics and the
production of multiple particles in the high-density baryon domain. In addition, the MPD
will provide accurate 3D tracking and a high-performance particle identification system based
on a high-volume gaseous temporal projection chamber (TPC), flight time measurements
(TOF) and calorimetry. Its main objectives include: to study the equation of state for
high barionic densities, to search for Critical End Points (CEP), understand exotic hadron
formation and explore the influence of light nuclear structure on heavy ion physics. Its
particle analysis process involves a detailed event-by-event study, providing information on
trajectories, particle identification and collision centrality.

The installation of the MPD is anticipated to occur in two phases. The initial phase of
the detector setup is scheduled for completion in 2025, with plans for commissioning. The
figure 1 illustrates the overall arrangement of the MPD and the spatial organization of its
detector subsystems during this initial stage.

Figure 1: The overall schematic of the MPD subsystems in the first stage of operation (Stage
1) – three-dimensional view.

The “central barrel” components have an approximate cylindrical symmetry within |η| <
1.5. The beam line is surrounded by the large volume Time Projection Chamber (TPC)
which is enclosed by the TOF barrel. The TPC is the main tracker, and in conjunction with
the TOF they will provide precise momentum measurements and particle identification. The
Electromagnetic Calorimeter (ECal) is placed in between the TOF and the MPD magnet. It
will be used for detection of electromagnetic showers, and will play the central role in photon
and electron measurements. The MPD superconducting solenoid magnet is designed to pro-
vide a highly homogeneous magnetic field of up to 0.57 T (with a default operational setting
of 0.5 T), uniform along the beam direction, to ensure appropriate transverse momentum
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resolution for reconstructed particles within the range of momenta of 0.1-3 GeV/c. As the
average transverse momentum of the particles produced in a collision at NICA energies is
below 500 MeV/c, the detector was designed to have a very low material budget. In the
forward direction, the Fast Forward Detector (FFD) is located still within the TPC barrel.
It will play the role of a wake-up trigger. The Forward Hadronic Calorimeter (FHCal) is
located near the magnet end-caps. It will serve for determination of the collision centrality
and the orientation of the reaction plane for collective flow studies.

For the second stage, some of the proposed systems and detectors [2], currently under
development to be installed after the commissioning of the Stage 1 subdetectors, are as
follows:

• The inner tracking system

• The miniBeBe detector

• The cosmic ray detector

1.2 The MpdRoot

MpdRoot is a software framework developed for the MPD (Multi Purpose Detector) exper-
iment that aims to facilitate the simulation, reconstruction and analysis of physical data
obtained during the experiment. Assists the MPD experiment by providing a comprehensive
platform for software development, including detailed simulations of heavy ion collisions in
the NICA energy range, as well as the reconstruction of particle trajectories (see figure 2)
and the analysis of experimental data.

Figure 2: Simulation of particle trajectory reconstruction.

MpdRoot’s operation is based on providing an interface for various Monte Carlo event
generators, such as GEANT4, that model collisions and particle transport through detectors.
In addition, another of its uses is to carry out research and simulation of the technical design
of all subdetectors in order to optimize their designs.

Information about the software, including its installation and requirements, can be found
on the site of the software [12], while this document will explain the use of MpdRoot to carry
out the requested activities.
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2 Project goals

The main objective of the practice is to study the performance of the MPD.

1. Study of MPD phase space coverage for hadrons and light cores in fixed-target mode,
with different beam-objective combinations.

2. Study of the ability to identify light hadrons using ionization loss measurements (dE/dx).

3. Estimation of the secondary contribution of particles in the yields of (anti)protons and
deuterons.

4. Assessment of MPD’s tracking capabilities in A+A collisions based on particle multi-
plicity.

While the objectives of the project are those mentioned above, they will depend on
subtasks. It is for this reason that each member of the project was assigned a specific
objective. In my case, I was assigned task number 2, which will be developed later.

3 Study of the ability to identify light hadrons using

ionization loss measurements (dE/dx)

Loss of energy by ionization is the process by which a charged particle loses energy as it passes
through a medium, such as a detector. This loss of energy is crucial for particle identification
in experimental particle physics. By measuring the loss of ionizing energy (dE/dx), along
with the moment of the particle, you can identify the type of particle and determine its
kinetic energy.

The theoretical expression that predicts loss of ionizing energy (the mean rate of energy
loss) is the Bethe equation (1), which describes how the loss of energy increases proportionally
with β−2 as the particle velocity decreases. This equation also takes into account the density
of the medium through which the particle is moving.

⟨−dE

dx
⟩ = Kz2

Z

A

1

β2

[
1

2
ln
2mec

2β2γ2Wmax

I2
− β2 − δ(βγ)

2

]
. (1)

The energy loss is not the same for each particle, as it depends on the charge, mass and
velocity of the particle, as well as the material through which it is moving. Slower particles
are more ionizing than faster particles, and energy loss reaches a minimum for a specific
velocity range, known as the minimum ionization particle regime (see figure 3).

For MPD, the loss of ionization energy will change according to the detector material
through which the particles travel. For example, the TPC detector will measure the ionization
of charged particles in a gas, while the TOF detector will measure the flight time of particles
through a solid material. Both detectors will provide valuable information on particle energy
loss, and it is for this reason that they are used in combination to identify and characterize
charged particles in MPD experiments.
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Symb. Definition Value or (usual) units
E energy MeV
x mass per unit area g cm2

K coefficient for dE/dx 0.307075 MeV mol−1 cm2

z charge number of incident particle
Z atomic number of absorber
A atomic mass of absorber g mol−1

mec
2 electron mass x c2 0.5109989461(31) MeV

I mean excitation energy eV
δ(βγ) density effect correction to ionization energy loss
Wmax Maximum possible energy transfer to

an electron in a single collision
MeV

Table 1: Variables of Bethe equation. The kinematic variables β and γ have their usual
relativistic meanings.

Figure 3: Energy loss of muons in copper. The y-axis is given in units of MeV cm2 /g so that
one can multiply by the density of any material and compute the energy loss in MeV/cm.
The energy loss depends on the relativistic quantity βγ which can be converted to momentum.

As you can see in the figure 3, we will have different regions marked by vertical lines.
This implies that the energy loss will have a different behavior at low and high energies. This
behavior in the dE/dx function will be reflected as corrections to the Bethe equation; that is,
terms will be added or removed to adjust the function. Some of these corrections are: shell
correction, Barkas correction and Bloch correction. In addition, there will be other proposed
functions that can describe the behavior of energy loss in these regions. One of them is the
Landau-Vavilov-Bichsel function.
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3.1 Simulate A+A collisions (model and/or box generators)

To begin collision analysis using MpdRoot software, we will need to generate the information
to be analyzed. For this, we will use the event generator ”BOX”. This generator will allow
us to simulate basic nuclear collisions. Because of its simplicity, the generator does not offer
a way to specify the types of atomic nuclei that will interact. It is usually used to produce a
statistical sample of generic nuclear collisions, which are then processed through the entire
chain of simulations and data analysis to study the response of detectors and evaluate event
reconstruction algorithms. However, it will allow us to select some features of the collision,
as shown in the table 2:

Symb. Definition Value or (usual) units
|P | moment range (0.0,5.0) GeV/c
ϕ azimuth angle range (0.0,360) °
θ Polar angle range (0.0,180) °

XY Z position (0,0,0) cm

Table 2: Parameter set (BOX) for simulation of events used

In addition to these parameters set for the generator BOX, other parameters were defined,
but outside the generator and which were:

Symb. Definition Value or (usual) units
vmc virtual monte carlo generator GEANT3

nEvents number of events 1000
partPdgC particles created π,e,P,K,D,He3

multipl multiplicity 100

Table 3: Parameters set for simulation of events used

The above values were introduced into the macros runMC.C and runReco.C (see figure
4), both files obtained from the NICA repository [10].

Figure 4: BOX generator parameters in the macro runMC.C
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Figure 5: Parameters in the macro runMC.C

After modifying the macros, we proceeded to run them using the MpdRoot software
with the following codes root -b -q runMC.C and root -b -q runReco.C. This generated an
mpddst.root file, which contains the information of the events to be analyzed.

In order to use this information, a file called ”listabox.txt” had to be created, in which the
path of the file mpddst.root. This was done in order to be used in the macro RunAnalyses.
C (see figure 6), which will be the one containing the wagon system, according to the analysis
framework.

Figure 6: File listabox.txt within the RunAnalyses.C macro.
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3.2 Optimize track selection criteria

Once the events are generated, we will be ready to analyze them. To do this, we will use the
classes MpdPtMCAnalysisTask.cxx and MpdPtMCAnalysisTask.h, both macros will be
available in the repository [11].

As already mentioned the macro RunAnalyses. C will be that containing wagons, in this
case, the wagon MpdPtMCAnalysisTask. This vague will have the tasks of analysis, but
divided into three functions: UserInit(), ProcessEvent() and Finish(). For our case only
tasks were established in the first two functions.

3.2.1 UserInit()

Within this function, two-dimensional histograms were defined for the respective energy loss
distributions (dE/dx) of each of the particles mentioned above.

Figure 7: dE/dx histograms defined in the UserInit() farm of the MpdPtMCAnalysisTask.cxx
macro.

3.2.2 ProcessEvent()

Within this function were established the cuts and the type of track with which the data was
to be analyzed.

Reconstructed tracks
For the analysis of the distribution of the energy loss of each particle, it was necessary

to work with the generated events associated with the reconstructed tracks or Global Tracks
instead of the Monte Carlo tracks. This is because, as mentioned above, energy loss occurs
when passing through a medium (the detector), which implies the need to know the charac-
teristics of the detector material, dispersion effects, detector resolution, etc. This information
will be taken into account by the Global Tracks, as they are based on real experimental data,
while the Monte Carlo tracks provide a theoretical or ideal reference of how the trajectories
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of particles would be under ideal conditions, without taking into account possible distortions
or errors in the detection.

Figure 8: Global Tracks association to events generated within the MpdPtMCAnalysisTask.cxx
macro.

Cuts
The variables to which cuts were applied were pseudorapidity, transverse momentum and

number of hits.

Symb. Definition Value or (usual) units
|η| pseudorapidity >1.3
|PT | transverse momentum < 0.1
nHits number of hits <16

Table 4: Variables with restricted values

Figure 9: Pictorial Representation of Detector System.

The selection of these values, as can be seen in figure 9, and according to the expressions:

η = −ln

[
tan

(
θ

2

)]
, (2)

|PT | = |P |Sin (θ) . (3)
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This is because the region near the collision axis, that is, in the direction of the particle
beam, was analyzed. The assignment of these values within the macro can be seen in the
figure 10.

Figure 10: Restricción de valores en las variables η, pT y nhits.

Particle choice and values for histograms

PDG code
The Monte Carlo particle numbering scheme described in the text [15] provides a struc-

tured approach to encoding information about particles used in particle physics simulations.
This scheme facilitates the interface between event generators, detector simulators and anal-
ysis packages. It assigns a 7-digit number to each particle, encoding details about its spin,
flavor content, and internal quantum numbers.

The PDG code, maintained by the Particle Data Group, is a standardized particle num-
bering system used in particle physics. It assigns unique numeric codes to particles, facilitat-
ing data exchange and comparison between different experiments and analyses. It includes
a wide range of particles, from quarks and fundamental leptons to composite hadrons and
exotic particles.

Figure 11: Selection of particles according to their PDG code.
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As shown in figure 11, the classification of particulates was made with the help of if
conditional structures when comparing the pdg variable (previously initialized with the code
line Int t pdg = TMath::Abs(mcTr->GetPdgCode());) with the code pdg corresponding to
each particulate.

Then, within the if blocks, the previously defined histograms are called to assign the
values of each axis with the Fill(TMath::Abs(ptmc)*TMath::CosH(etamc),dEdx); command.

MpdPtMCAnalysisTask.h
Within this macro, histograms and functions defined in the MpdPtMCAnalysisTask.cxx

macro are called.

Figure 12: Macro MpdPtMCAnalysisTask.h

3.2.3 Output file V0.root from the MpdPtMCAnalysisTask wagon.

To observe the histograms created, we must follow the following steps:

1.Load variables
Within the working environment, we must access /storage/mexnica/TallerMPD/AlejandroSanJuan/software/mpdroot-

v23.12.23/build. Once there, we must use the command source variables.sh, which will load
the instructions shown in figure 13.

Figure 13: Instructions for the variable.sh file
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In addition, we must use the commands cmake .. and make -j16 install to check for errors
in the files . cxx and .h.

2.Load RunAnalyses.C
Within the path /storage/mexnica/TallerMPD /AlejandroSanJuan/software/mpdroot-

v23.12.23/physics /simplePt/macros ,we must use the root RunAnalyses.C command, which
will load the generated events (see figure 14).

Figure 14: Events loaded with the RunAnalyses macro

3.Load V0.root
The previous step will generate an output file called ”V0”, which will contain all created

histograms. To open the file, we must use the command root V0.root and then the command
TBrowser m, which will allow us to open a graphical interface to visualize the histograms.

Figure 15: Output file V0.root
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Figure 16: Graphical interface to visualize the histograms

3.3 Parametrize dE/dx bands for particle specie (i.e. positions
and width at every p/q)

3.3.1 Fit function

As mentioned above, for the minimum ionization region, which is the region being worked
on, the function that best fits this region is given by the Bethe equation. However, it was
also mentioned that there might be other proposed functions describing the study region.
According to this and two classes (MpdPairK and MpdPid) hosted in the NICA repository,
two functions were obtained that fulfill the function of adjusting the simulated data, which
are the following:

⟨dE
dx

⟩ = P0

p

[
P1log

(
p2
)
− P2p

2 − P3p− P4 − P5p
3
]
+ P6, (4)

⟨dE
dx

⟩ = P0

βP3

[
P2 − βP3 − ln{P2 +

(
1

βγ

)P4

}

]
, β =

P√
p2 +M2

. (5)

Where PN are the parameter of the function and p the moment.
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Figure 17: MpdPairKk.cxx class [10].

Figure 18: MpdPid.cxx class [11]

To use equation (5), we must implement the MpdPid class, as this class automatically
calculates the values of the necessary parameters. However, due to lack of time, it was not
possible to fully understand the functions on which the MpdPid class depends. Therefore,
equation (4) of the MpdPairK class was chosen, which involved manually obtaining the
parameter values.

3.3.2 Cuts in the dE/dx distributions

Because we have 6 parameters this implies that our degrees of freedom should be greater
than 6, so to properly estimate the parameters we will take 21 degrees of freedom or cuts in
the dE/dx distribution. These cuts will be made in the following way:

1. On the histogram to work on, select the setShowProjectionY option and specify a bin
value.
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Figure 19: setShowProjectionY option.

Figure 20: Value of bin equal to 5

2. A second window will be displayed showing the distribution of the number of entries
that belong to the selected cut.

Figure 21: First cut in the dE/dx distribution.

Figure 22: Projection of the distribution on the y axis.
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3.3.3 Gaussian fit for coutting

Now a Gaussian function must be fitted to the input distribution, it will be done as follows:

1. In the distribution select the FitPanel option and in the pop-up window select the
Predef-1D function type, as well as the fit region.

Figure 23: Setting options within the Fitpanel.

Figure 24: Projection region to adjust according to Fitpanel settings.

2. Once the options are specified, the ”Fit” option is selected and we obtain.
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Figure 25: Gaussian adjustment to the selected projection region.

Figure 26: Values of degrees of freedom (mean) and errors of the adjustment, described in
the terminal.

3.3.4 Degrees of freedom and parameters

1. Once the 21 cuts have been made and, therefore, the 21 degrees of freedom with their
respective errors have been obtained, a histogram will be defined that graphs said values.

Figure 27: Definition of the histogram with their respective degrees of freedom and errors.
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2. With the root command plotProton.C (where plotProton is the name of the macro
containing the histogram), we get the graph of the points and their respective errors.

Figure 28: Distribution of energy loss using degrees of freedom.

3. The plotted points will be fitted with the help of the FitPanel. To do this, the ”pol9”
option will be selected, which refers to a ninth-degree polynomial. This fitting will provide
tentative values for the 6 parameters.

Figure 29: Selection of the adjustment function for the graphed points.

Figure 30: First fit : ninth degree polynomial.
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Figure 31: First parameter values: ninth degree polynomial.

4. From the previous step 10 values for the parameters turned out, but because our
selected function (equation (4)) only depends on 7, then we will only select the first 7 and
enter them into the plotProton.C macro, in addition to the expression of equation (4).

Figure 32: Function of energy loss with the first values of parameters.

3.3.5 Fit function for each dE/dx

The steps 3 and 4 will be repeated to obtain a better estimation of the parameters, but the
option chosen will be the < dE

dx
> function introduced in the macro, then we will get:
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Figure 33: < dE/dx > as an second fit function.

Figure 34: Second fit: < dE/dx >, A better fit is achieved.

Figure 35: Second parameter values: < dE/dx >.

Figure 36: Function of energy loss with the second values of parameters.
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Figure 37: Final adjustment of energy loss distribution.

4 Results

4.1 Ionization energy loss for primary particles

Figure 38: Loss of ionization energy as a function of momentum for primary particles
(He3, D,K, P, e, π).
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Figure 39: Loss of ionization energy as a function of momentum for primary particles (He3

and D).

Figure 40: Loss of ionization energy as a function of momentum for primary particles (K
and P ).
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Figure 41: Loss of ionization energy as a function of momentum for primary particles (e and
π).

4.2 Ionization energy loss for secondary particles

Figure 42: Loss of ionization energy as a function of momentum for secondary particles
(He3, D,K, P, e, π).
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Figure 43: Loss of ionization energy as a function of momentum for secondary particles (He3

and D).

Figure 44: Loss of ionization energy as a function of momentum for secondary particles (K3

and P ).
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Figure 45: Loss of ionization energy as a function of momentum for secondary particles (e
and π).

4.3 Ionization energy loss distribution for secondary particles ad-
justed by function < dE/dx >

Figure 46: Distribution of dE/dx and adjustment function <dE/dx> for secondary particles
(He3, D,K, P, e, π).
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4.3.1 Helium (He3)

Figure 47: Distribution of dE/dx and adjustment function <dE/dx> for secondary particles
(He3).

Parameter Value
P0 3.79118e-03
P1 5.58846e+04
P2 1.98720e+05
P3 -3.24806e+05
P4 -1.92612e+05
P5 -5.48625e+04
P6 6.51674e+02

Table 5: Parameter values of the fit function <dE/dx> for helium 3.
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4.3.2 Deuterium (D)

Figure 48: Distribution of dE/dx and adjustment function <dE/dx> for secondary particles
(D).

Parameter Value
P0 -3.38998e-03
P1 -5.60063e+04
P2 7.21682e+04
P3 -2.02277e+05
P4 3.32763e+05
P5 -5.24458e+03
P6 9.93744e+01

Table 6: Parameter values of the fit function <dE/dx> for deuterium.
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4.3.3 Kaon (K)

Figure 49: Distribution of dE/dx and adjustment function <dE/dx> for secondary particles
(K).

Parameter Value
P0 -1.41242e-03
P1 -4.47156e+04
P2 7.77709e+04
P3 -1.28144e+05
P4 2.22833e+05
P5 1.85692e+03
P6 9.22746e+01

Table 7: Parameter values of the fit function <dE/dx> for kaon.
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4.3.4 Proton (P)

Figure 50: Distribution of dE/dx and adjustment function <dE/dx> for secondary particles
(P ).

Parameter Value
P0 1.90080e-04
P1 2.03365e+05
P2 -1.33086e+05
P3 1.19323e+06
P4 -1.57195e+06
P5 3.46886e+04
P6 2.24271e+02

Table 8: Parameter values of the fit function <dE/dx> for proton.
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4.3.5 Electron (e)

Figure 51: Distribution of dE/dx and adjustment function <dE/dx> for secondary particles
(e).

Parameter Value
P0 5.90671e-05
P1 -1.20552e+04
P2 6.85698e+04
P3 -1.01501e+05
P4 7.02024e+04
P5 -3.11711e+04
P6 3.15599e+02

Table 9: Parameter values of the fit function <dE/dx> for electron.

29



4.3.6 Pion (π)

Figure 52: Distribution of dE/dx and adjustment function <dE/dx> for secondary particles
(π).

Parameter Value
P0 7.14237e-04
P1 1.04743e+03
P2 4.33130e+04
P3 -3.31036e+04
P4 -6.89364e+03
P5 -3.52237e+04
P6 1.73607e+02

Table 10: Parameter values of the fit function <dE/dx> for pion.

5 Conclusions

As can be seen in the results, energy loss distributions were obtained as a function of the
moment for primary and secondary particles. The most notable difference when comparing
these charts is the number of entries recorded. An example of this is the distribution dE/dx
for He3, because when we consider this particle as primary, we notice that there is no record
of its information. In contrast, considering it as a secondary particle, a clear distribution of
its energy loss is observed, being the largest distribution of all the particles analyzed. This
indicates that He3 can be formed by the interaction of primary particles with the medium or
by the decay of other particles.

For the other particles (deuterons, kaones, protons, electrons and pions) something similar
happens, although not so drastic, since for both cases (primary and secondary), these particles
show information about their loss of energy. At this point some of the objectives are met,
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since important information was obtained about the generation of events, although it was
still difficult to notice the separation of the energy loss distributions (dE/dx) for each type
of particle. As can be seen in the figure 42, for moment values approximately greater than
1.5 GeV/c, the energy loss distributions begin to overlap.

To better understand these distributions, we obtained the functions <dE/dx> (figure 46)
of each particle, which represent the expected average theoretical values. From figures 47 and
49, we note that the adjustment functions for He3 and Kaons do not follow the distribution
in certain regions. One possible explanation for this could be the fact that, when we made
the cuts and obtained the values for the degrees of freedom, we also obtained errors of the
same order of magnitude. In spite of this, the adjustment functions for the other particles
are good, which gives us an idea of how should be the trend that follow the distributions of
loss of ionization energy for each type of particle, and thus achieve a better identification.
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