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Abstract

In December, 2022 - January, 2023 the BM@N experiment conducted its first physics run
with full detector configuration. Over 500 million events of Xe+Csl interactions with the Xe
beam kinetic energy of 3.8A GeV were collected.

Since then, strong efforts have been put to reconstruct the collected data and make preparations
for physics analyses. The current status of such an activity related to reconstruction of strange
particles weakly decayed to charged hadrons is presented in this paper. Main steps of the analysis
procedure for a study of the strangeness production are outlined as well.
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1 Introduction

The experimental study of nuclear collisions in the energy range of several GeV per nucleon provides
new information on the quantum chromodynamic (QCD) phase diagram at large baryon-chemical
potentials, including the high-density equation-of-state (EOS) [1-4]. This is the main research subject
of several ongoing and future experiments [S].

The Baryonic Matter at the Nuclotron (BM@N) at the NICA complex is one of such experiments.
It carries out measurements with heavy ions at collision energies of \/syy = 2.3 - 3.3 GeV , where
the highest net-baryon densities is created. In the last few years, the experiment performed several
technical runs with light ions in partial detector configuration [|6,(7]. The results obtained served as a
proof of the detector concept, data processing and event reconstruction approaches. With the Booster
startup at the end of 2020, the accelerator complex of the Booster and Nuclotron at JINR became
capable of accelerating heavy-ion beams. The first physics run at the BM@N setup with Xe beam
was performed in December, 2022 - January, 2023. Over 500 million events of Xe+Csl interactions
with the Xe beam kinetic energy of 3.8A GeV (y/syy = 3.263 GeV) were collected.

Since then, the BM@N Colaboration worked hard to reconstruct the experimental data and prop-
erly tune the Monte Carlo simulation codes, i.e. to prepare for physics analyses on several topics.
One of the most important items of the experimental program is a study of the strangeness production
in nuclear collisions [8]. The current status of the activity in this research domain is presented in this
paper. It demonstrates the detector performance for reconstruction of strange particle decays as well
as shows the ability of the experiment to extract relevant physics observables, outlining the direction
and steps of upcoming data analysis.

2 BM®@N detector configuration

The layout of the BM@N setup in Xe+Csl run is presented in Fig. (Il Tracks of charged particles
are reconstructed with the hybrid tracking system consisting of 4 stations of double-sided microstrip
silicon sensors (Forward Silicon Detector) downstream from the single-layer target, located inside
the Barrel Detector, and a set of 7 planes of GEM (gaseous electron multiplier) detectors with two-
coordinate strip readout mounted downstream from the silicon stations. The Forward Silicon subsys-
tem contains 6, 10, 14 and 18 detector modules in stations 1-4, respectively, arranged into pairs of
half-stations below and above the beam line at a distance of ~10 cm between stations. Each module
with a width of 6 and a height of 12 cm (9 cm in the first station) has a strip pitch of 100 um and
a stereo angle, i.e. angle between strips on different sides, of 2.5°. The GEM detectors with a strip
pitch of 800 um and a stereo angle of 15° cover the region of + ~80 and + ~40 cm in horizontal
(X-axis) and vertical (Y-axis) directions, respectively, and positioned at a distance of ~30 cm from
each other along the beam (Z-axis) below and above the beam pipe. Both the Forward Silicon and the
GEM stations are installed inside a large aperture dipole magnet with a gap height of 1 m, providing a
vertical magnetic field of up to 1.0 T in the magnet center. For different incoming beam rigidities, the
magnetic field value is adjusted to steer the non-interacting beam particles through the vacuum beam
pipe. For particle identification, the particle time-of-flight is measured with 2 walls of resistive plate
chambers (mRPC) with strip readout, located at ~4 m (TOF400) and ~7 m (TOF700) downstream
from the target. The Cathode Strip Chambers improve quality of spatial matching of reconstructed
tracks with TOF measurements. The interaction centrality and event plane are characterized with the
Forward Hadron Calorimeter. The interaction trigger is produced with the Barrel Detector, surround-
ing the target. More details on the BM@N detector systems can be found in Ref. [9].



Figure 1: Three-dimensional view of the BM@N setup. 0) SP-41 analyzing magnet. 1) Vacuum
beam pipe. 2) BC1 beam counter. 3) Veto counter. 4) BC2 beam counter. 5) Silicon Beam Tracker.
6) Silicon beam profilometers. 7) Barrel Detector. 8) Forward Silicon Detector. 9) Gaseous Electron
Multiplier (GEM) detectors. 10) Small cathode strip chambers. 11) TOF400 system. 12) Drift
chambers. 13) TOF700 system. 14) Scintillation Wall. 15) Fragment Detector. 16) Small GEM
detector. 17) Large cathode strip chamber. 18) Gas ionization chamber as beam profilometer. 19)
Forward Quartz Hodoscope. 20) Forward Hadron Calorimeter. The ion beam comes from the left
through the vacuum beam pipe to avoid interactions with the air. Target is located inside the Barrel
Detector (7).

3 Event reconstruction

For track reconstruction, a so-called Vector Finder toolkit , implemented within the BmnRoot
software framework [12], is used. It realizes a constrained combinatorial search for combinations
of detector hits which can be potentially produced by the same particle. Track candidates found are
fitted with a Kalman filter procedure.

The reconstructed tracks are used to find the primary (interaction) vertex. The vertex-fitting pro-
cedure is based on the Kalman filtering technique [13]]. A similar Kalman-based approach is used in
the decay reconstruction package, i.e. to find secondary (decay) vertices [[14},[15]].

Strange particles can be reconstructed from their weak decays to charged particles in the final state.
Such decays create quite clear event topologies, as can be seen in Fig. [2] where a schematic view of
one of such topologies, namely, a two-prong decay of a neutral particle (so-called “V0-decay”), is
shown in the bending plane of the magnet, i.e. in the plane perpendicular to the magnetic field.

Such topologies can be identified using the secondary vertex reconstruction technique, which
is based on selecting track combinations producing secondary (decay) vertices decoupled from the
primary one (interaction point). The selection strength is controlled by applying different criteria on
relevant kinematic and topological variables. For example, track combinations are accepted only if the



distance of the closest approach dcay in space between daughter tracks is smaller than some upper
cut value. This cut ensures that the tracks originate from the same mother particle. To select decays
of relatively long-lived particles, it is commonly required that the secondary vertex position is located
farther than some lower cut distance path from the primary one. In order to suppress the combinatorial
background produced by primary tracks, the minimum value of the daughter track impact parameters
to the primary vertex dca,  should exceed some threshold. The quality of the decay reconstruction
can be further improved by requiring the impact parameter of the decayed particle with respect to the
primary vertex or its pointing angle, defined as the angle between its momentum and the direction
vector from the primary to the secondary vertex, to be smaller than some value. The DCA-cuts can
be also used normalized to their errors, i.e. expressed as their respective x>-values. In this way, it is
possible to take into account the DCA-dependence on the transverse momentum, for example, and,
therefore, to increase the selection power. In addition, to reject some fake tracks it can be useful to
apply some minimum momentum or transverse momentum pr cut.

For selected particle combinations, the invariant mass is calculated under the corresponding daugh-
ter particle hypotheses. Since, for this study, particle identification based on the TOF system is not
used, the daughter particles are assumed to be a proton and a negative pion for the case of A hyperon
and negative and positive pions for Kg meson reconstruction. Observation of clear peaks in the in-
variant mass distributions at the right particle mass values serves as a clear signature of the strange
particle decays under study.

Figure 2: View of the A hyperon decay topology (— p+ 7 ) in the bending plane of the magnetic
field. Here, dca), and dcay are the distances of the closest approach (DCA) of the decay tracks to the
primary vertex PV; dcay is the distance between daughter tracks in the mother decay vertex Vy; path
is the mother particle decay length, and p,, p and p, are momenta of particles.

4 A hyperon and K{ meson reconstruction results

Figure [3|shows invariant mass distributions of A and Kg candidates after applying selection criteria,
explained in the previous section. The exact values of the cuts are presented in Table I} They were
found from a multidimensional scan over parameter values. For each set of values the peak signifi-
cance was calculated and the final result corresponds to its maximum. The significance is defined as
S/+/S+ B, where S and B are the signal and background contributions inside some interval around the
peak position, i.e. S+ B is the full integral of the invariant mass distribution over the interval width
and S is the integral value after the background subtraction. The background contribution in the peak
region can be estimated using either the polynomial fit outside it or the event mixing technique [16].
Having selected strange particle signal, the next step to proceed is to extract physics observables
useful for comparison with other experiments and theoretical models. For this, first of all, it is nec-
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essary to check the consistency of selection cuts in experimental and simulated data. It can be done
by looking at the particle yield versus one of the selection variables while keeping the others at their
nominal value. As can be seen in Fig. ] the experimental and simulated results agree quite well,
the residual difference is not essential for this study and can be taken into account in future analyses.
Then the experimentally measured distributions should be corrected for the total detector efficiency.
It is estimated from detector simulation and combines geometric efficiency (acceptance), efficiency
of the tracking detectors and reconstruction efficiency. The validity of the efficiency estimates can
be checked from some inclusive distributions (e.g., number of hits per reconstructed track), or from
a reference (model - independent) process if possible. For strange particles under study, such a pro-
cess is their weak decay. The obtained results on the lifetime measurement of A hyperons and Kg
mesons are presented below along with some additional very preliminary results on strange particle
production properties in Xe+Csl interactions, which better illustrate the reconstruction performance
and should be considered as some validation steps toward physics analyses. The results presented
were obtained for 5 million recorded triggers and 2 million Monte Carlo simulated events. This event
statistics defines the errors shown in all the plots below. No systematic effects have been estimated at
this stage.
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Figure 3: Invariant mass distributions of A (left) and Kg (right) candidates for 1 million collected
events. The histograms are fitted by a sum of a gaussian and a 3-rd degree polynomial functions. The
gaussian function is used to define the signal interval as +2.50 around the peak position, while the
polynomial function is used to evaluate the background under the peak. The numbers in the legend
show the peak position and o of the gaussian function, signal-to-background ratio, significance and
signal contribution inside the signal interval.

Table 1: Selection criteria used for A and Kg reconstruction. Cuts on DCAs are imposed in the
x%-space, i.e., after normalization to respective parameter errors.

Cut A K.
DCA of daughters to primary > 6.0(m), > 3.3(p) >58(nt,n7)
vertex
DCA of mother to primary <43 <5.0
vertex
Decay length, cm >5.2 >2.3
pr, GeV/c > 0.05(m), > 0.1(p) >0.1(x", )
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Figure 4: A hyperon reconstructed yield versus different selection cuts. The other variables are set
to their nominal values (see Table[I)). Histograms are normalized to their values either at O or at the
right edge. Red symbols represent experimental data, blue lines simulated ones.

4.1 A hyperon

To illustrate the efficiency effect on the decay curve, Fig. [5| shows the decay time (lifetime) distribu-
tion of all A hyperons produced by the Monte Carlo event generator DCM-SMM [17] and the ones
after detector simulation, event reconstruction and decay selection procedures presented above. The
distortion is quite visible. The lifetime ¢ is calculated according to the formula

t=L-my/(p-c), (D

where L is the decay length, mg and p are the mass and momentum of the particle and c is the speed
of light. The decay time distribution is described by the formula

dN/dt = Ny/t-exp(—t/71), (2)

where Ny is the total number of particles and 7 is the mean lifetime. The original decay curve can
be reconstructed from measurements in several lifetime intervals (e.g., in 9 lifetime bins, shown on
the right plot of Fig. [5). Figures [6] and [7] illustrate the sequence of the steps of the decay curve
reconstruction procedure which consists in the following. A hyperon invariant mass distribution is
built for each lifetime interval (Fig. [fleft). After background subtraction (Fig. [6fight), the yield is
calculated as the number of counts in the peak region, i.e. within +2.5¢ around the invariant mass
peak maximum position. This means that the gaussian peak fit is used only to define the signal region
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and not to extract the particle yield, since the gaussian fit does not take into account possible distortion
of the peak shape. These sums of histogram counts give the raw (uncorrected) lifetime distribution
(Fig.[7left). The statistical errors shown are calculated as

where AS is the extracted signal error, 7 is the total histogram counts (before background subtraction)
in the peak region and B is the background estimate. The total reconstruction efficiency is estimated
from the Monte Carlo simulation (Fig. [7right) and defined as a ratio of fully reconstructed hyperons
after final selection cuts to the ones produced in the full phasespace (and within 30 cm from the
interaction point to reject hyperons created in the detector material). The efficiency is used to correct
the raw distribution and extract the original one (Fig. [7bottom).
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Figure 5: (Left) lifetime distribution of all generated A hyperons fitted to the decay curve given
by formula (2) with p1 being the mean lifetime 7 (the table value of 0.263 ns). (Right) lifetime
distribution after detector simulation, event reconstruction and decay selection procedures. Vertical
lines represent time intervals which were used to reconstruct the decay curve.
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Figure 6: Invariant mass distributions of A candidates for the decay time bin of 0.1 - 0.2 ns before
(left) and after (right) background subtraction.

Transverse momentum spectra of particles provide important information about physics processes
during nucleus - nucleus interactions. For practical purposes, the transverse momentum pr is often

substituted by the transverse mass mr = y/(p> +m%), where myg is the particle mass. Transverse
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Figure 7: (Left) reconstructed A hyperon yield versus lifetime; (right) total A hyperon efficiency ob-
tained from Monte Carlo simulation; (bottom) A hyperon lifetime distribution corrected for efficiency,
fitted to the decay curve (2).

mass spectra can be obtained following the procedure similar to the one described above, i.e. obtain-
ing particle yields from background-subtracted invariant mass spectra in bins of mr and correcting
for reconstruction efficiency. Validity of the efficiency estimates can be verified again from the recon-
structed decay curve obtained from hyperon yields in lifetime intervals, where the yields are found
from the corrected for efficiency m7 spectra for those lifetime bins. Thus, the procedure is based on
a double - differential analysis, i.e. invariant mass distributions similar to Fig. [6] are constructed for
two - dimensional m7 — ¢ bins. Then the raw myz spectra (Fig. [left) are corrected for the efficiency
(Fig. [8right) defined as in the previous case but for the intervals of the lifetime. The corrected scaled
mr spectra, i.e. 1/ m% -dN /dmr, are fitted to the Boltzman expression [18]:

1 dN mT—mo)
=C(t)-exp| —— |, 4
w2 dmy (7) p( T, (4)

where C(t) is the normalization constant and T, s is the effective temperature. The fitting functions
(Fig.[Oleft and right) are used to integrate dN /dmy spectra and to obtain hyperon yields for the lifetime
intervals (Fig. Obottom). The integration over my is done as follows:

= dN
N(t) = ——dmr = / mT exp ( e mo) dmr =
Tofy

Clt)- (205 + 20 pmo+ Togymd) . (5)



The resulting lifetime distribution is well fitted to the decay curve with a reasonable value of the
mean lifetime. The obtained values of T, s for different lifetime bins are close to each other as can be
expected from the fact, that particle lifetime is not a variable which selects a particular region of the
phasespace characterized by the effective temperature.
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Figure 8: (Left) A hyperon raw yields versus transverse mass for 4 intervals of lifetime; (right) total
reconstruction efficiency versus my for 4 lifetime intervals. Lines are drawn to guide the eye.

The next step toward physics analyses is reconstruction of particle mr spectra in different rapidity
y intervals. This can be done by extracting particle yields in 2-dimensional bins of m7 —y and correct-
ing for the total efficiency similar to the procedure described above. Results are illustrated in Figs.[10]
[LT]for 4 intervals of the proton-proton centre-of-mass rapidity y.,, =y — 1.17. Figure[IT]includes also
the model prediction from the DCM-SMM generator which is quite consistent with current test mea-
surement. To make more fair comparison, dN /dy is calculated for experimental and simulated events
where a primary vertex was reconstructed with at least two tracks. Such an event selection partially
takes into account trigger conditions in the experiment (but, presumably, not completely). From the
fits one can also see obvious rapidity dependence of the effective temperature 7, s¢ and the trend is
similar to previously observed in nuclear collisions [18]].
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Figure 9: (Left) corrected for efficiency transverse mass distribution of A hyperons for the lifetime
bin of 0.1 - 0.2 ns fitted to the Boltzman expression ({); (right) the same for 4 lifetime bins. The
effective temperatures T, sy obtained are: 13444, 143+4, 13544 and 140£7 MeV for the lifetime
bins of 0.1 - 0.2, 0.2 - 0.3, 0.3 - 0.45 and 0.45 - 0.7 ns, respectively. (Bottom) reconstructed decay
curve from integrated m7 spectra fitted to the expression (2)).
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reconstruction efficiency versus mr for 4 rapidity intervals. Lines are drawn to guide the eye.
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4.2 K. meson

The same procedure was applied to reconstruct Kg decays. The obtained results are presented in
Figs.[12]- [I6]

Figure [12] illustrates the steps to reconstruct the decay curve from the raw lifetime distribution
and the estimated total reconstruction efficiency. Figures [13] and [14] show how the efficiency - cor-
rected my spectra are built and used to obtain the decay curve after proper integration, while Figs. [15]
and (16{demonstrate the steps to reconstruct the rapidity spectrum. Figure |16|also includes the model
prediction from the DCM-SMM generator which seems to overestimate currently measured Kg mul-
tiplicity (not corrected for the trigger efficiency) by a factor of ~1.6 similarly to what was observed
at the STAR experiment in Au+Au fixed-target run at the beam kinetic energy of 2.91A GeV [19] in
comparison with a prediction of the Monte Carlo event generator UrQMD [20].
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Figure 12: (Left) reconstructed Kg meson yield versus lifetime; (right) total Kg meson efficiency ob-
tained from Monte Carlo simulation; (bottom) Kg meson lifetime distribution corrected for efficiency,
fitted to the decay curve (2)) with p1 table value of 0.089 ns.
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Figure 13: (Left) Kg meson raw yields versus transverse mass for 4 intervals of lifetime; (right) total
reconstruction efficiency. Lines are drawn to guide the eye.
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Figure 16: (Left) Transverse mass distributions of Kg mesons for 4 rapidity bins fitted to the Boltz-
man expression (]7_11) The effective temperatures T,y obtained are: 122+7, 12044, 102+3 and

83+3 MeV with the highest value corresponding to the lowest rapidity interval.

(Right) K me-

son rapidity spectrum fitted to the gaussian with zero mean value (full line) and compared with a

prediction from the DCM-SMM generator (dashed line).
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5 Summary and future developments

The procedures for reconstruction of strange particle decays at the BM@N experiment have been de-
scribed and their performance demonstrated. As a validation step of the developed and implemented
reconstruction approach, some very preliminary results on strange particle production in Xe+CslI in-
teractions at 3.8 A GeV beam energy have been presented. It should be stressed here that the physics
performance plots and distributions should not be considered as physics analysis results and are pre-
sented solely to better illustrate the reconstruction performance and to indicate the direction of the
future activity, which is the actual physics analysis with much higher event statistics and proper con-
sideration of several important items such as trigger efficiency, collision centrality, estimation of
systematic effects, etc.
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