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Abstract

The main goal of the future MPD experiment at NICA is to explore the QCD phase diagram in the
region of highly compressed and hot baryonic matter in the energy range corresponding to the highest
chemical potential. Properties of such dense matter can be studied using azimuthal anisotropy which
is categorized by the Fourier coefficients of the azimuthal distribution decomposition. Performance
of the detector response based on simulations with realistic reconstruction procedure is presented for
centrality determination, reaction plane estimation, directed and elliptic flow coefficients.
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1 Introduction

1.1 Azimuthal flow

Studies of the quark-gluon matter thermodynamical properties is one of the main priorities in the num-
ber of experiments specializing in the heavy-ion physics [1]. Transverse azimuthally anisotropic flow
measurements are one of the key methods to study the time evolution of the strongly interacted medium
formed in the nucleous collisions. In the non-central collisions, initial spatial anisotropy results in the
azimuthally anisotropic particle emission. The magnitude of the anisotropic flow is defined using the the
Fourier coefficients vk{Ψn} of azimuthal distribution of the emitted particles with respect to the reaction
plane [2]:

dN
d(ϕ−Ψn)

= 1+2
∞

∑
k=1

vk cos [k(ϕ−ΨRP)] , (1)

where ϕ – is the azimuthal angle of particle, k – is the harmonic order and ΨRP is the reaction plane
angle. v1 is hence called directed flow, v2 – elliptic flow.

The finite number of fragments and the fluctuation of the charged particle multiplicity from one collision
to another at fixed impact parameter orientation result in a difference between the experimentally mea-
surable event plane and the reaction plane orientation. This difference is usually quantified in terms of
the event plane resolution (a Gaussian width of the (ΨRP−Ψn,EP) distribution):

Rn,EP = 〈cos [n(ΨRP−Ψm,EP)]〉. (2)

Resulting Fourier coefficients vn are obtained as follows:

vn =
〈cos [n(ϕ−Ψm,EP)]〉

Rn,EP
. (3)

In this analysis, first harmonic of the event plane ΨFHCal
1,EP , obtained via the energy deposition in the FHCal

modules [3, 4], will be used.

1.2 Simulation setup

The used data (Au-Au,
√

sNN = 11 GeV) was generated via the UrQMD and LA-QGSM models [5, 6],
GEANT (versions 3 and 4 – see details in the text below) and reconstructed using Cluster Finder tracking
for the MPD experiment [7]. MPDROOT framework was used [8]. Original DSTfiles were converted
into the lightweight PicoDst format which is fully compatible with the standard ROOT [9].

The simulated MPD geometry includes all detectors subsystems, among those are two parts of FHCal
on left and right sides from the center of the MPD at the distance 3195× 2 = 6390 mm. Both parts of
FHCal consists of 45 individual modules with the transverse module size being 15×15 cm2. The central
module has a hole for a beam pipe with the diameter 10 cm. Each module includes 42 lead/scintillator
sandwiches with the total interaction length of about 4λi. Every 6 consecutive layers of scintillators have
individual readout, which provides the longitudinal segmentation of FHCal modules. To evaluate the
effect of the MPD solenoidal magnet, the simulated axial magnetic field of 0.5 T is uniformly distributed
between the FHCal parts.
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2 Methods

2.1 Track selection

The following cuts were used for the further analysis (see Fig. 1):

– Transverse momentum cut: 0 < pT ≤ 3 GeV/c

– Pseudorapidity cut: |η |< 1.5

– Cut on number of hits of the track in TPC: Nhits > 32

– Primary particles: 2σ DCA cut
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Fig. 1: (left) pT (middle) η (right) Nhits distribution before and after track selection.

Fig. 2, 3 show resulting pT and η distributions for different species (positively charged only) with the
corresponding efficiency. Particles were identified via the PDG codes given from GEANT simulated
data. Where the efficiency is defined as follows:

EfficiencypT =

dN
d pT

(reco)
dN
d pT

(true)
(4)

Efficiencyη =

dN
dη

(reco)
dN
dη

(true)
.

Based on pT efficiency distribution (see Fig. 2, bottom right), following pT range was selected:

pT > 0.2 GeV/c. (5)
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Fig. 2: pT spectra of pion (upper left), kaons (upper right), protons (bottom left) and efficiency (bottom-right) of
the tracks after selection. Particles were identified via PDG codes from GEANT.
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Fig. 3: η spectra of pion (upper left), kaons (upper right), protons (bottom left) and efficiency (bottom right) of
the tracks after selection. Particles were identified via PDG codes from GEANT.
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2.2 Centrality determination

Centrality was calculated based on the multiplicity of charged particles in TPC. Only primary tracks were
taken into account. Resulting centrality resolution shown in the Fig. 4 denotes the normalized width of
the impact parameter b distribution in the centrality bin. Centrality can be determined using multiplicity
of the charged particles from TPC with the resolution 5-10% for the wide centrality range.
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Fig. 4: (left) multiplicity of the charged particles in TPC, (right) centrality resolution.

2.3 Particle identification with TPC and TOF detectors

Realistic PID was done using combined method (TPC+TOF and TPC alone) which implemented in the
MpdPid class in mpdroot framework [10]. MpdPid uses TPC alone method when the track lies in the
outlier region on the m2 vs p correlation plot (see Fig. 7). Used region of the total momentum 0 < p < 3
GeV/c. In this analysis, only TPC tracks with matched TOF hits were selected. The fraction of the tracks
with TOF hit compared to the all tracks is shown in the Fig. 5.
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Fig. 5: pT efficiency of the tracks with TOF hit.
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Only positively charged particles are discussed in this analysis (see Fig. 6). Resulting m2 as a function
of momentum is shown in Fig. 7. The m2 distributions for pions, kaons and protons are shown in Fig. 8,
9, 10.
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Fig. 6: dEdx vs Qp for all (upper left), pions (upper right), kaons (bottom left) and protons (bottom right) of the
tracks after selection.

MpdPid results the probability of the track to be the certain particle specie. In this analysis, track is
considered as a certain particle if the corresponding probability Pparticle > 90%.
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after selection.
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Fig. 8: m2 distributions of the positively charged particles before (black line) and after (red line) PID cuts for
pions.
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Fig. 9: m2 distributions of the positively charged particles before (black line) and after (red line) PID cuts for
kaons.
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Fig. 10: m2 distributions of the positively charged particles before (black line) and after (red line) PID cuts for
protons.
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3 Results

3.1 Event plane resolution

Event plane was calculated using the energy deposition in FHCal calorimeter modules (see Fig. 11).
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Fig. 11: Resolution correction factor for directed (left) and elliptic (right) flow. ”true”(”reco”) denotes the result
obtained for the reaction (FHCal event) plane.

3.1.1 GEANT3 vs GEANT4 comparison
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Fig. 12: Resolution correction factor for directed (left) and elliptic (right) flow. ”true”(”reco”) denotes the result
obtained for the reaction (FHCal event) plane using GEANT3 (circles) and GEANT4 (squares) frameworks.

3.2 Directed and elliptic flow as a function of pT and y

Generated values for directed (v1) and elliptic (v2) flow on the plots below were taken alongside the
reconstructed ones. Both generated and reconstructed values are shown as a function of the reconstructed
pT and y. Ideal PID (PDG codes from GEANT) that was used in the earlier analysis [11, 12] is compared
to the realistic PID (MpdPid).
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3.2.1 Directed flow

As for the pT dependence of the directed flow, additional cut on rapidity 0.2 < |y| < 1.5, and the sym-
metrization over y were made.
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Fig. 13: pT dependence of v1 for protons. Upper (lower) rows show v1 for centrality 10-20% (20-40%).
Left (right) columns show ideal (realistic) PID. ”true” (”reco”) denotes the result obtained with generated from
GEANT(reconstructed) values.
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Fig. 14: y dependence of v1 for protons. Upper (lower) rows show v1 for centrality 10-20% (20-40%). Left
(right) columns show ideal (realistic) PID. ”true” (”reco”) denotes the result obtained with generated from
GEANT(reconstructed) values.

3.2.1.2 Kaons
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Fig. 15: pT dependence of v1 for kaons. Upper (lower) rows show v1 for centrality 10-20% (20-40%). Left
(right) columns show ideal (realistic) PID. ”true” (”reco”) denotes the result obtained with generated from
GEANT(reconstructed) values.
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Fig. 16: y dependence of v1 for kaons. Upper (lower) rows show v1 for centrality 10-20% (20-40%). Left
(right) columns show ideal (realistic) PID. ”true” (”reco”) denotes the result obtained with generated from
GEANT(reconstructed) values.
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3.2.1.3 Pions
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Fig. 17: pT dependence of v1 for pions. Upper (lower) rows show v1 for centrality 10-20% (20-40%). Left
(right) columns show ideal (realistic) PID. ”true” (”reco”) denotes the result obtained with generated from
GEANT(reconstructed) values.
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Fig. 18: y dependence of v1 for pions. Upper (lower) rows show v1 for centrality 10-20% (20-40%). Left
(right) columns show ideal (realistic) PID. ”true” (”reco”) denotes the result obtained with generated from
GEANT(reconstructed) values.

3.2.2 Elliptic flow

3.2.2.1 Protons



Flow performance in MPD at NICA 19

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

t
p

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.092v  = 11 GeV, 10-20%, GEANT3, UrQMD, 4M eventsNNsAu-Au 

Protons (p), GEANT3 PID

true

reco

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

t
p

0

0.02

0.04

0.06

0.08

0.1

2v  = 11 GeV, 20-40%, GEANT3, UrQMD, 4M eventsNNsAu-Au 

Protons (p), GEANT3 PID

true

reco

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

t
p

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.092v  = 11 GeV, 10-20%, GEANT3, UrQMD, 4M eventsNNsAu-Au 

Protons (p), (TOF+TPC) PID

true

reco

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

t
p

0

0.02

0.04

0.06

0.08

0.1

2v  = 11 GeV, 20-40%, GEANT3, UrQMD, 4M eventsNNsAu-Au 

Protons (p), (TOF+TPC) PID

true

reco

Fig. 19: pT dependence of v2 for protons. Upper (lower) rows show v2 for centrality 10-20% (20-40%).
Left (right) columns show ideal (realistic) PID. ”true” (”reco”) denotes the result obtained with generated from
GEANT(reconstructed) values.
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Fig. 20: y dependence of v2 for protons. Upper (lower) rows show v2 for centrality 10-20% (20-40%). Left
(right) columns show ideal (realistic) PID. ”true” (”reco”) denotes the result obtained with generated from
GEANT(reconstructed) values.
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3.2.2.2 Kaons
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Fig. 21: pT dependence of v2 for kaons. Upper (lower) rows show v2 for centrality 10-20% (20-40%). Left
(right) columns show ideal (realistic) PID. ”true” (”reco”) denotes the result obtained with generated from
GEANT(reconstructed) values.
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Fig. 22: y dependence of v2 for kaons. Upper (lower) rows show v2 for centrality 10-20% (20-40%). Left
(right) columns show ideal (realistic) PID. ”true” (”reco”) denotes the result obtained with generated from
GEANT(reconstructed) values.

3.2.2.3 Pions
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Fig. 23: pT dependence of v2 for pions. Upper (lower) rows show v2 for centrality 10-20% (20-40%). Left
(right) columns show ideal (realistic) PID. ”true” (”reco”) denotes the result obtained with generated from
GEANT(reconstructed) values.
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Fig. 24: y dependence of v2 for pions. Upper (lower) rows show v2 for centrality 10-20% (20-40%). Left
(right) columns show ideal (realistic) PID. ”true” (”reco”) denotes the result obtained with generated from
GEANT(reconstructed) values.
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3.3 Compare model prediction and experimental data

In this section, predictions of the models that was used will be compared with the experimental data from
the STAR experiment [14, 13, 15] using developed DataReader framework [16]. Simulated data that was
used for the comparison:

– UrQMD, Au+Au,
√

sNN = 7.7 GeV (1M events), 11.5 GeV (1M events),

– LA-QGSM, Au+Au,
√

sNN = 7 GeV (100k events), 11 GeV (100k events).

3.3.1 Event selection

There are 3 centrality regions being used in the further comparison: 0-10%, 10-40% and 40-80% which
correspond to 0 < b < 5 fm, 5 < b < 9 fm and 9 < b < 15 fm (see Fig. 25).
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Fig. 25: Event selection based on the impact parameter b for UrQMD (left column) and LA-QGSM (right column)
models for

√
sNN = 7 GeV (upper row) and 11 GeV (lower row). Central, midcentral and peripheral regions are

shown with different color.

3.3.2 Track selection

Tracks kinematic parameters were selected accordingly to the ones in TPC detector in STAR(see Fig.
26,27):

– PID: protons and pions were selected via PDG codes,

– 0.2 < pT < 2 GeV/c,

– |η |< 1.
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Fig. 26: pT spectra before and after track selection for protons and pions.
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Fig. 27: η spectra before and after track selection for protons and pions.
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3.3.3 Directed flow

3.3.3.1 Central collisions
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Fig. 28: Directed flow of protons (upper row) and pions (lower row) as a function of rapidity for
√

sNN = 11 GeV
(left column) and 7 GeV (right column).

3.3.3.2 Midcentral collisions
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Fig. 29: Directed flow of protons (upper row) and pions (lower row) as a function of rapidity for
√

sNN = 11 GeV
(left column) and 7 GeV (right column).

3.3.3.3 Peripheral collisions
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Fig. 30: Directed flow of protons (upper row) and pions (lower row) as a function of rapidity for
√

sNN = 11 GeV
(left column) and 7 GeV (right column).

3.3.4 Elliptic flow

3.3.4.1 Central collisions
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Fig. 31: Elliptic flow of protons (upper row) and pions (lower row) as a function of rapidity for
√

sNN = 11 GeV
(left column) and 7 GeV (right column).

3.3.4.2 Midcentral collisions
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Fig. 32: Elliptic flow of protons (upper row) and pions (lower row) as a function of rapidity for
√

sNN = 11 GeV
(left column) and 7 GeV (right column).

3.3.4.3 Peripheral collisions
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Fig. 33: Elliptic flow of protons (upper row) and pions (lower row) as a function of rapidity for
√

sNN = 11 GeV
(left column) and 7 GeV (right column).

4 Summary

Track multiplicity of the emitted charged particles in TPC can be used for centrality determination with
resolution 5-10% in a wide centrality range 10-80%. Event plane orientation can be estimated using
energy deposition in FHCal with high resolution factor. Directed and elliptic flow were extracted in
simulations using event plane method. Results for the reconstructed (reco) and generated (true) values are
in good agreement for both particle identification procedures: PDG codes from GEANT and calculated
probability from TPC+TOF detectors.

As it is shown on the Fig. 28-33, UrQMD and LA-QGSM predictions for v1 and v2 are in good agreement
with the STAR data for

√
sNN = 7.7 GeV protons only. Thorough comparison of all available models is

in progress.
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