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Abstract

The BM@N experiment (Baryonic Matter at the Nuclotron) is the first experiment
undertaken at the JINR NICA-Nuclotron accelerator complex. The BM@N scientific
program comprises studies of dense nuclear matter in heavy ion beams of the inter-
mediate energy range between the SIS-18 and NICA/FAIR facilities. In this paper
the results of the analysis of data are collected with the carbon beam at the 4.0 and
4.5 AGeV kinetic energy interacting with the different solid targets (C, Al, C'u, Pb).
Transverse momentum, rapidity spectra and yields of A hyperons are measured. The
results are compared with the theoretical models predictions and with the experimental
data on carbon-carbon interactions measured at lower energies.
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1 Introduction

The study of relativistic heavy-ion collisions provide a unique opportunity to explore
nuclear matter under extreme conditions of density and temperature. The optimal energy
range for the nuclear matter compression is close to 5 AGeV. The Nuclotron at NICA
accelerating complex provide a wide range of ion beams within the energy range \/syny =
2.3 — 3.5 GeV. These energies are high enough for strange mesons and (multi)-strange
hyperons production in nucleus-nucleus collisions close to the kinematic threshold []1}2].

A hyperons containing a single strange quark are important observables in the study of
strangeness because their kinematic characteristics carry information about the dynamics
of the system, the degree of thermalisation and the role of secondary interactions.

The production of A hyperons at low and intermediate energies has been studied in a
number of experiments, notably FOPI (GSI) [4] and HADES (GSI) [5]. The HADES and
FOPI experiments have provided detailed spectra of hyperons in symmetric systems such
as Ni+ Ni, Ar+ KCl, etc., but the range of nuclear masses and energies covered by them
does not always include light and asymmetric systems.

In addition, data on A hyperons have been obtained in the STAR (RHIC) [6] and ALICE
(LHC) [7] collider experiments, but in these experiments the focus is on the central fast
region and significantly higher energies. In contrast, the fixed-target experiments allow us
to study both the central and front regions, which is particularly important for analyses
of asymmetric systems and low energies. The BM@N experiment is the first fixed-target
experiment operated at the NICA accelerating complex. The BM@N experiment collected
data on carbon, argon, krypton and xenon beams with different solid targets. Recently the
results on 7+ and K+ mesons in argon-nuclear collisions were published in [8].

This paper presents results of the A hyperon production in carbon-nucleus interactions
(CN run) at the 4.0 and 4.5 AGeV beam kinetic energies. Transverse momentum, rapidity
spectra and yields of the A hyperons are measured. The results are compared with theoret-
ical models predictions and with the experimental data on carbon-carbon interactions. The
structure of the paper is organised as follows:

Section 2] describes the BM@N experimental setup and the detector configuration used;

Section [3|describes the details of MC modeling and evaluating the efficiency of triggers.

Sections [5] [6|and [4] presents the analysis methodology and the event selection proce-
dure;

Section /| describes the procedure for the evaluation of the cross section and yields
in the BM@N acceptance region. The estimation of the systematic error is given in this
section.

Section [§] presents the inverse spectra of pr from the fitting of which the temperature
Ty and rapidity distributions were obtained. The experimental measurement results are
compared with the predictions of the DCM-SMM, UrQMD and PHSD models.

Section [0] presents all final measurement results (yields, slopes Ty, cross sections). The
results are compared with model predictions. The results of the C + C interaction are
compared with measurements in a Propane Chamber (Dubna).
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2 Experimental setup configuration

The experimental run of the BM@N spectrometr was performed with the carbon beam
with the different targets: C, Al, Cu, Pb. The research program was devoted to measure-
ments of inelastic reactions C' + A — X with beam kinetic energy of 4.0 and 4.5 AGeV.
The BM@N setup in CN run is shown in Fig.[T]

The data from the central tracker, outer drift chambers (DCH), time-of-flight detectors
(ToF), zero degree calorimeter (ZDC), trigger system TyT and beam detectors were col-
lected using the integrated data acquisition system. The configuration of the central tracker
was based on one plane of a forward silicon detector (Si) with double-side readout, six two-
coordinate GEM (Gaseous Electron Multiplier) stations combined from five GEM detectors
with the size of 66x41 cm? and two GEM detectors with the size of 163x45 cm? [11].

The tracking stations were arranged to have the beam passing through their centers.
Each successive GEM station was rotated by 180° around the vertical axis. It was done
to have the opposite electron drift direction in the successive stations in order to avoid a
systematic shift of reconstructed tracks due to the Lorentz angle in the magnetic field. A
technical description of the BM@N spectrometer is given in [9,/10]].

Analyzing magnet
MwWPC

ST (Silicon Tracker)
GEM
TOF1(mRPC)

DCH

TOF2(mRPC)

N o o A W N =2 O
EEENEENR

zZDC

Figure 1: Scheme of the BM@N setup in the CR run.

The technical part of the run included the measurement of the carbon beam momentum
and its resolution in the central and outer trackers at different values of the magnetic field.
In addition, experimental data on the minimum bias interactions of the beam with different
targets were analyzed in order to reconstruct tracks, primary and secondary vertices using
central tracking detectors [12-14]]. Since the GEM tracker configuration was tuned to mea-
sure relatively high-momentum beam particles, the geometric acceptance for relatively soft
decay products of strange VO (A, K?2) particles was rather low (few percent).

In the present analysis the experimental data from the forward Si detector, GEM de-
tectors, trigger barrel multiplicity detector (BD), beam counter (BC2), veto (VC) and TO
counters were used (Fig. [2).
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The carbon beam intensity was few 10° per the spill, the spill duration was 2.0-2.5 sec.
The magnetic field in the center of the analyzing magnet was 0.61 T. To form a minimum
bias trigger signal a hit multiplicity in the BD detector situated around the target was re-
quired to be Ngp > 2 for the carbon target (C') and Ngp > 3 for the Al, C'u, Pb targets.
The analyzed physical data statistics of the carbon-nucleus collisions were 13 M and 16 M
events for 4.0 AGeV and 4.5 AGeV energy beam, respectively.

Target

1040
1335

l 1550

o
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o E 93 1S
_________________________ o KT 2 -S| .
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3 5
£

Scintill. strip length 150mm
target in the middle point

Figure 2: Schematic view of the beam counters, barrel detector and target positions.
Target was installed inside the barrel detector.
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3 Monte Carlo simulation

Monte Carlo event samples of C' + A collisions were produced with the DCM-QGSM
event generator [19,20]. The transportation of particles through the setup volume was
simulated with the GEANT3 program [21] integrated into the BmnRoot software frame-
work [22]. The GEM detectors response in the magnetic field was simulated with the
micro-simulation package Garfield++ [23]].

The package gives detailed description of the processes inside the GEM detector, in-
cluding the drift and diffusion of released electrons in electric and magnetic fields and the
electron multiplication in GEM foils, so that the output signal from the readout plane can be
well reproduced. To speed up the simulation, the dependencies of the Lorentz shifts and the
charge distributions on the readout planes were parameterized and used in the GEM digi-
tization part of the BmnRoot package. The details of the detector alignment and Lorentz
shift corrections are described in the paper [24].

Trigger efficiency e€.;, was calculated from the trigger BD detector multiplicity dis-
tributions produced by a convolution of the reconstructed A hyperons and delta electrons
events which were found to be the dominant source using GEANT3 simulated events for
the C'+ A processes. It was evaluated in the range between 80 4 2% for C'+ C' and 95 +2%
for C'+ Pb minimum bias interactions.

The systematic errors of €;.;, cover:

1) the contribution of delta electrons background produced in the simulated targets with
the fractional thickness from 0.5 to 1.0 of the real targets;

2) the spread of the trigger efficiency values for the reconstructed A hyperons calculated
for a different y and p7 bins;

3) changes in the trigger efficiency after adjustment (reweighting) of the simulated track
multiplicity to the experimental distributions. The trigger efficiency obtained in the simu-
lation was confirmed by the analysis of the data samples with the reduced trigger require-
ments.
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4 Event selection

The track reconstruction method was based on the so-called “cellular automaton™ ap-
proach [15]]. A hyperons events were reconstructed using V" decay topology, where an
unobserved strange particle decays into two observed charged daughter particles. Events
with A decay mode into (p, 7~) pairs were selected.

Since the particle identification was not used in this analysis all positive tracks were
considered as protons and all negative as 7—. A hyperon selection criteria were the follow-
ing:

e Each track has at least 4 hits in GEM detectors (6 stations in total), where hit is a
combination of two strip clusters on both readout sides (X and X’ views) on each
detector [11]]

* Momentum range of the positive tracks is limited to p,,s < 3.9(4.4) GeV/c for 4.0
(4.5) AGeV carbon beam data to remove tracks from the beam spot

* Momentum range of negative tracks: p,., > 0.3 GeV/c

* Distance of the closest approach of the V|, decay tracks (distance in X-Y plane be-
tween 1} decay tracks at Zy) : dca < 1.0 cm

* Distance between the Vj decay vertex and primary vertex: path > 2.5 cm

The signal from A hyperon decays is observed as a narrow peak in the invariant mass
distribution of the two tracks with opposite charge with the proton and pion mass hypothesis
Fig.[3

Signal evaluation in Monte Carlo and Data follows the same procedure. The peak
region within £3- o was excluded from the fit. Here o corresponds to the width of the peak.
The rest of the distibution was fit with the convolution of the threshold and exponential
functions:

Joe(m) = N(m — Mo)* - exp [~ B(m — M),

with N, A, B as a free parameters of the fit function; m is the running invariant mass

and My = 1.078 GeV is the threshold limit.

The signal value is the summ of the bin contents within the peak region after the back-
ground subtraction.
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Figure 3: MC invariant mass spectra of (p, 7~) pairs reconstructed in interactions of the

4.0 AGeV carbon beam with the C'u target. The violet lines represent the result of the fit

by the sum of the threshold and exponential functions. The vertical lines show the mass

window in which the A signal is calculated as an excess of the histogram relative to the
background.
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5 Acceptance evaluation

The acceptance evaluation procedure was performed using the DCM-QGSM model
data generated for the C' beam with C| Al, C'u, Pb targets at the 4.0 and 4.5 AGeV energies.

The 1.2 < y < 2.1 and 0.1 < pr < 1.05 GeV/c analyzed kinematic range was divided
into 8x8 cells [25]. For each cell the signal was evaluated follow the procedure described
in the previous section.

The acceptance value w,.. was calculated as the ratio of the number of reconstructed A

hyperons to the number of generated ones in the (y, pr) intervals: wy..= N /N

TeCcpIC genpyic e

1]

0.9

P, wevic
P, wevic

0.8

0.7

0.6

0.5

0.4

0.3

0.2

13 14 15 16 17 18 19 2 21 0

rapidity rapidity

0'{'.2 13 14 15 16 17 18 19 2 2.1 0

Figure 4: The acceptance distributions of the C' + C'u interactions for the 4.0 (left) and
4.5 AGeV (right) energies.

The possible variation of the acceptance values was done by bootstrapping method.
Each invariant mass distribution was resampled 1000 times, each time the signal value was
calculated and filled the histogram. These accumulated histogram was fit by the Gaussian
function and the o of the fit was used as an uncertainty of the acceptance value.

The distributions of the calculated acceptance values in the analyzed (y, py) kinematic
region are shown in Fig.[3] The white empty areas indicate cells with low efficiencies due to
the low statistic. All these cells with efficiencies below the < 0.01 threshold were excluded
from the analysis. The extrapolation procedure was performed for these cells to obtain the
number of expected events according to the model.

The extrapolation factor f,,q, Was calculated as a ratio of the number of MC generated
A hyperons in the cells along pr column to the number of the reconstructed A hyperons
with the reconstruction efficiency above wg.., > 0.01 in this column.



« 6 Data analysis

169 For each reconstructed event in the experimental data the reconstruction efficiency
170 value w,.. was assigned according to the kinematic region (y, pr) which this event be-
171 longs. The invariant mass distributions of (p,7~) pairs were obtained for each (y, pr) cell
172 with a weight of Llv,.

173 The invariant mass distributions of p and 7~ for reconstructed interactions of the 4.5
17 AGeV carbon beam with the C, Al, C'u, Pb targets are shown in Fig. [5] The background
175 part of the distributions was fitted using a combination of the threshold and exponen-
176 tial functions (see Chapter 4) in the 1.085-1.145 GeV/c? mass region. In the 1.1075 -
177 1.125 GeV/c? mass window the A signal was excluded from the fit. The number of recon-
176 structed A was calculated according to the formulae: Ny;; = Nyt — Npy. The error of the
179 A signal includes the uncertainty of the background subtraction. The approach for the sta-
180 tistical uncertainty evaluation in the experimental data was the same as in the Monte-Carlo
181 simulation (Chapter 5).
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Figure 5: Invariant mass spectra of (p, 7~ ) pairs reconstructed in interactions of the
4.5 AGeV carbon beam with the C'; Al, C'u, Pb targets. The violet lines represent the
result of the fit by the sum of the threshold and exponential functions. The vertical lines
show the mass window in which the A signal is calculated as an excess of the histogram
relative to the background.
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7 Evaluation of A hyperon cross sections and yields

The inclusive cross section o, and the yield Y, of A hyperon production in C' + C,
C + Al, C + Cu, C + Pb interactions were calculated in y (pr) bins according to the
formulae:

Na(y,pr)
0A(?J) = [
T erec(y7pT) : 6trig : L

Na(y, pr) oa(pr)
pu— Y -
OA(pT) Z |:€rec(yapT) * Etrig * L|’ A(pT) Oinel 7

} , Yaly) =

where L is the luminosity, N, is the number of reconstructed A hyperons, €,.. is the
combined efficiency of the A hyperon reconstruction, €, is the trigger efficiency, 0y is
the cross section of the inelastic C' + A interactions. The cross section for inelastic C' + C'
interactions is taken from the measurement [28§]].

The cross sections for inelastic C' + Al, C' + C'u, C + Pb interactions are taken from
the predictions of the DCM-QGSM model which are consistent with the results calculated
by the formula:

2
Oinel = WR% (A}D/?’ + AlT/3> ,

where Ry = 1.2 fm is the effective nucleon radius, and Ap and A7 are the atomic mass
numbers of the projectile and target nuclei, respectively [31].

The uncertainties for C 4+ Al, C' + Cu, C' + Pb inelastic cross sections are estimated
from the alternative formula:

2
Gina = RS (AY° + A"~ 1)

with Ry = 1.46 fm and b = 1.21 [28]].

The values and uncertainties of ¢;,., for C' + C, C + Al, C' + Cu, C' + Pb interactions
used to evaluate the A hyperon yields are given in Table

The yields of A hyperons in minimum bias C'+C, C'+ Al, C'+ Cu, C'+ Pb interactions
are measured in the kinematic range on the A hyperon transverse momentum 0.1 < py <
1.05 GeV/c and the A hyperon rapidity in the laboratory frame 1.2 < y < 2.1 for 4 AGeV
and 4.5 AGeV data.

The main sources of systematic uncertainty that contribute to the A hyperon yields can
be characterized as follows:

* Statistical fluctuations in Monte Carlo and experimental data

To evaluate the statistical fluctuations of the signal each bin of the reconstructed
mass spectra distributions was smeared according to the Gaussian function, where the
mean parameter corresponded to the bin value and sigma parameter corresponded to
the statistical error. The varied signal distributions were fitted using Gaussian func-
tion and oy and oy N values were extracted from the fits. The systematic

K T'ECAIC . T'ECDAT .
uncertainty from this source was estimated as:

10
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where N,c.,,. and N, ,,, the values of the reconstructed A hyperons in the MC

and experimental data, respectively.

Uncertainties due to selection cut criteria

To estimate the systematic error from this source a series of analyzes were performed
with the different values of the ”path” and “dca” selection parameters. The values
variations of these parameters were performed within £10% of the values used in the
analysis (Chapter 4). The maximal deviation of the calculated A yield values was
20% and the systematic uncertainty from the cut variation analyzes was estimated as
oYy =0.004.

cutvar

* The total systematic error was calculated as:

pseudoexp Acutvar

5YAtotal = \/(5Y/\2 _I_ 5Y2 )

11
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8 Rapidity and p; spectra

The rapidity of the beam-target nucleon-nucleon CM system calculated for an inter-
action of the carbon beam with of 4.0 (4.5) AGeV kinetic energy with a fixed target is
yon = 1.17(1.22). The A hyperon rapidity range for 4.5 AGeV data is shifted at +0.05 to
get approximately the same y* range in the CM system as for 4.0 AGeV data. The trans-
formation of the y distribution from the laboratory system to c.m.s. gives y* = y — yo.

The differential spectra of the A hyperon yields in y are measured in the A hyperon
transverse momentum range 0.1 < pr < 1.05 GeV/c. The differential y spectra of the A
hyperon yields corrected to the detector acceptance and efficiency are presented in Fig. [6]

The invariant differential A hyperons yields as a function of the py are presented on
Fig.[7] and fitted by the function:

1  d°N ( mT—mA>
—. xexp | ———— |,

where mr = y/m3 + p2 is the transverse mass, the inverse slope parameter Ty is a free
parameter of the fit, dy corresponds to the measured y range.

The predictions of the DCM-SMM [19,20], UrQMD [26]] and PHSD [27]] models are
shown for comparison.

The inverse slope 7|, values were extracted from the fit of the invariant p; spectra and
summarized in Tables for 4.0 AGeV and 4.5 AGeV carbon beam data respectively.

The fit results are consistent within the uncertainties with the predictions of the DCM-
SMM, UrQMD and PHSD models. In general, the models considered describe the shape of
the differential spectra in y* and p7, but predict more abundant yields of A hyperons than
measured in the experiment.

The predictions of DCM-SMM and UrQMD models are closer to the experimental data
than the predictions of the PHSD model. The PHSD model predicts a stronger increase in
A hyperon yield in the BM@N kinematic range with an increasing atomic weight of the
target than the DCM-SMM and UrQMD models.

12



o C+C_4GeV C+C_4.5GeV
Systematic Error 0.14 Systematic Error
0.07 —— DCM-SMM —— DCM-SMM
== UrQMD == UrQMD
0.06 PHSD 012 PHSD
B @ statistical Error @ statistical Error
0.10
0.05
2
E 0.04
°
0.03
0.02
0.01
0.0
13 14 15 16 17 18 19 2.0 13 14 15 16 17 18 1.9 2.0
Rapidity (y) Rapidity (y)
C+Al_4GeV C+Al_4.5GeV
0.14 Systematic Error 0.14 Systematic Error
—— DCM-SMM —— DCM-SMM
== UrQMD —== UrQMD
0.12 PHSD 0.12 PHSD
@ statistical Error & statistical Error
0.10 0.10
o8
2
T
0.06
0.04
0.02
0.4
13 14 15 16 17 8 19 2.0 13 1.4 15 16 17 18 1.9 2.0
Rapidity (y) Rapidity (y)
C+Cu_4GeV C+Cu_4.5GeV
0.14 Systematic Error 0.16 Systematic Error
—— DCM-SMM —— DCM-SMM
== UrQMD == UrQMD
0.12 PHSD 0.14 PHSD
@ Statistical Error @ statistical Error
0.10 0.12
50.08
2
T
0.06
0.04
0.02
0. 0.00
13 14 15 16 17 18 19 2.0 13 14 15 16 17 18 19 2.0
Rapidity (y) Rapidity (y)
C+Pb_4.5GeV
0.25 =
Systematic Error
—— DCM-SMM
== UrQMD
020 PHSD
& statistical Error
0.15
>
k)
2
°
0.10 S=——
0.05 I I ===
[
13 14 15 18 19 2.0

1.6 17
Rapidity (y)

Figure 6: Rapidity y spectra of A hyperons produced in C'+ C, C' + Al, C' 4+ Cu
interactions with the carbon beam energy of 4.0 AGeV (left plots) and 4.5 AGeV (right
plots). Bottom plot corresponds to C' + Pb reaction at 4.5 AGeV. The error bars represent
the statistical errors, the blue boxes show the systematic errors. The predictions of the
DCM-SMM, UrQMD and PHSD models are shown as colored lines.
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Figure 7: Invariant transverse momentum pr spectra of A hyperons produced in C' + C,
C' + Al, C' + Cu interactions with the carbon beam energy of 4.0 AGeV (left plots) and
4.5 AGeV (right plots). Bottom plot corresponds to C' 4+ Pb reaction at 4.5 AGeV. The
error bars represent the statistical errors, the blue boxes show the systematic errors. The
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predictions of the DCM-SMM, UrQMD and PHSD models are shown as colored lines.
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9 Results

The A yields, cross sections and inverse slope parameters 7 for C'+C, C'+ Al, C+Cu,
C + Pb interactions are summarized in Tables [I]and

The measured A yields within BM@N acceptance were extrapolated to the full kine-
matic range. The extrapolation factor values were calculated as the average predictions of
the DCM-SMM and UrQMD models. The calculated A yields in full kinematic region and
the extrapolating factor values are presented in Tables In Fig. [8|the A yields in the
full kinematic region are shown in dependence on the kinetic energy of the carbon beam.

Table 1: A hyperon yields, cross sections and p spectra slope parameters in minimum
bias 4.0 AGeV C + C, C' + Al, C' + Cu interactions. The first error given is statistical, the
second error is systematic.

4 AGeV Carbon beam C+C C+Al C+Cu C+Pb
Measured A yield /1072 2.34+£03+0.5 32404106 3.0+£03+£0.5 low statistics
Extrap. factor average 2.49+£0.18 3.01 £0.13 4.0 £ 0.06 6.72 £0.44
Full A yield Ny /1072 57+£0.7+1.0 9.6 +1.0+2.0 12.0+£1.0£2.0 low statistics
Npart, DCM-SMM 9.0 13.4 23.0 50.5
Npart, UrQMD 7.2 114 19.3 50.0
Npart, PHSD 8.4 11.9 17.3 30.8

N /Npart /1073 6.3+0.08£0.1 72+£08+15 5.70 £ 0.39 £ 0.30

A cross section, mb 47.3+58+8.3 | 121.0+15.1£22.7 | 214.8£21.5+35.8

Cinel, Mb 830 £ 50 [28] 1250 £ 50 [31]] 1790 £ 50 [31]] 3075 £ 50 [31]
Inverse slope Tp, MeV 89+9+17 99+ 10+ 16 108 £ 11+ 14

Table 2: A hyperon yields, cross sections and pr spectra slope parameters in minimum
bias 4.5 AGeV C' + C, C + Al, C + C'u, C' + Pb interactions. The first error given is
statistical, the second error is systematic.

4.5 AGeV Carbon beam C+C C+Al C+Cu C+Pb
Measured A yield /1072 2.7£05+0.6 25+£03+0.5 3.7+£04+£0.6 3.3+£0.1£0.1
Extrap. factor average 2.34 £0.08 2.88£0.16 3.76 £0.15 6.24 £0.14
Full A yield Ny /1072 6.3+1.2+14 71£09+14 14.0£2.0+2.0 20.0+6.0£6.0
N /Npart /1073 7.0+£0.13+0.16 5.3+£0.7£1.0 6.08 +0.86 £ 0.86 38+11+11

A cross section, mb 52.5+9.7+11.6 | 90.7£11.3+£18.1 | 249.0£35.8+40.3 | 633.2+191.9 +191.9
Inverse slope Tp, MeV 107 £ 17+£17 86 8+ 17 91+8+15 99 + 17+ 20

The BM@N results are compared with the predictions of the DCM-SMM, UrQMD and
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PHSD models (Fig. [8). The tendency of the A hyperon yields to increase with increasing
energy is observed. In general, the model predictions exceed the experimental data. The
PHSD model predicts higher full yields of the A hyperons than the other two models.

The A hyperon yields and production cross sections in C' + C' interactions can be com-
pared with the BM@N result 47.3 £ 5.8 mb and 24.0 £ 6.0 mb measured in the carbon
beam interactions with the momentum of 4.2 GeV/c per nucleon (the beam kinetic en-
ergy of 3.36 AGeV) in the Propane Chamber experiment [29],30]. On Fig. [§] (top left) the
BM@N results for the A hyperon yields in C'+ C' minimum bias interactions are compared
with the results taken from the Propane Chamber experimental data analysis.

C+C: Yield, vs E C+Al: Yield, vs E
0.18 A kin 0.30 A kin
Systematic Error Systematic Error
0.16 MW DCM-SMM W DCM-SMM
A urQuD 0.25 A UQMD
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Figure 8: Energy dependence of A hyperon yields in minimum bias C' + C, C' + Al,

C + Cu, C' 4 Pb interactions. The BM@N error bars represent the statistical errors, the
blue rectangles show the systematic errors. The BM@N results for C' 4 C' interactions are
compared with the experimental data taken from [29,30]]. The predictions of the
DCM-SMM, UrQMD and PHSD models are shown as colored points.

The calculated A hyperon yields in full kinematic region for the C' + C collisions were
compared with a parameterization model developed for proton-proton (p + p) interactions
and scaled to the C' 4+ C system.

The parameterization model is based on the Lund String Model (LSM) [32] and is
expressed as:

(npp) = a(z — 1)’

where © = s/sq is the square of the center-of-mass energy, sq is the square of the
production threshold and a, b, ¢ are the fit parameters from [33]].

16



276

277

278

279

280

281

282

283

284

285

287

288

289

290

291

292

293

294

< E
c o
V L
10_1§
1072
B 1 Propan cham., C+C
10°%E ¢ BM@N, C+C
Es BM@N Sys
— PP XN_(C+C)
Al
10 2.6 2.8 3 3.2 3.4 3.6 3.8 4
\/SNN (GeV)

Figure 9: The integrated yield of A hyperons in C' + C collisions as a function of /sy y.
BM@N experimental data are compared with a parameterization model based on pp
collisions scaled to the N, = 9. Dashed red lines indicate the uncertainties in the
predicted excitation function (about 25%).

Since C' + (' includes not only p + p but also p + n and n + n interactions, and near-
threshold of A yields are about 25% lower in n + n and n + p compared to p + p [34], the
isospin correction factor was calculates as:

kiso = fpp Co A (fnp + fpn + fnn) : 57

with a = 1.0 for p+p and 5 = 0.75 for n+n, n+p, and p+n collisions. The fractions
fi; are determined by the composition of nucleons in the colliding carbon nuclei.
The total yield (n) for C' + C was scaled as:

<n1\> = <npp> : kiso : Nparta

where N,y is the number of the participating nucleons and ki, is the isospin correction
factor.

The BM@N results for the A yields in the C' 4 C collisions at 4.0 and 4.5 AGeV are in
good agreement with the scaled p + p parameterization model (Fig. [9). The parameteriza-
tion provides a reliable basis for the estimation of A hyperon production in carbon-carbon
interactions. The agreement with the BM@N experimental data supports its applicability
for light-symmetric systems. In addition, the number of participating nucleons Ny, used
in the scaling was taken from the DCM-SMM model and it was evaluated according to
existing measurements from the Propane Chamber experiment.

To compare yields of particle production in nucleus-nucleus interactions, they are usu-
ally normalized to the number of nucleon participants. For the DCM-SMM, UrQMD,
PHSD models the number of participants in the reactions C' + A was calculated (Tab. [I).
For the both energies 4.0 AGeV and 4.5 AGeV obtained NV, values are the same.
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The integrated A hyperon yields for each model were normalized to the corresponding
number of participants N.. The experimental data were normalized to the Ny, values
obtained for the DCM-SMM model. The ratios of the A hyperon yields to the number of
nucleons participants measured by BM@N are given in Tables [I] and 2] Comparison of
experimental data with the predictions of the DCM-SMM, UrQMD and PHSD models for
4.0 AGeV and 4.5 AGeV carbon nucleus interactions is shown in Fig.

There is a tendency that the measured ratios are smoothly decreasing for heavier target
nuclei. This tendency is also predicted by the models.

Yield to Ny, at 4.0 AGeV Yield to N,,: at 4.5 AGeV

BM@N (sys) 0.0200 BM@N (sys)
—— DCM-SMM —— DCM-SMM
0.014 —— UMD —— UrQMD

-++ PHSD 0.0175 <+++ PHSD
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Figure 10: Ratios of the A hyperon yields to the number of nucleons-participants
measured by BM@N in minimum bias carbon-nucleus interactions at 4.0 AGeV (left) and
4.5 AGeV (right). Error bars show statistical uncertainties, while blue rectangles indicate
systematic errors. The predictions of the DCM-SMM, UrQMD and PHSD models are
shown in colored lines.
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10 Summary

The production of A hyperons in the interactions of the carbon beam with the C, A/, Cu,
Pb targets was measured with the BM@N detector. The physical results of the BM@N ex-
periment are presented on the A hyperon yields and cross sections in minimum bias carbon-
nucleus interactions at beam kinetic energies of 4.0 AGeV and 4.5 AGeV. The results are
compared with DCM-SMM, UrQMD, PHSD models of nucleus-nucleus interactions and
with the results of other experiments studied carbon-carbon interactions at lower energies.

The A hyperon cross sections were evaluated to be (47.3 + 5.8 mb) and (52.5+ 9.7 mb)
for carbon-carbon collisions at energies of 4.0 AGeV and 4.5 AGeV, respectively. These
values are about twice those measured in the propane chamber at energies of 3.36 AGeV
(24 £ 6 mb), showing a general increase in cross section with increasing energy. The cross
sections and yields of A hyperons in the C'+ Al, C' 4+ C'u, and C' + Pb (only for 4.5 AGeV)
collisions are presented in Tables [l|and [2{for both beam energies and in Fig. 8| Due to the
limited kinematic conditions and set of target nuclei, it is not possible at this time to make
a direct comparison with other experiments, as similar data are not available.

The BM@N results for A production in C' 4 C collisions at 4.0 AGeV and 4.5 AGeV
show good agreement with a proton-proton based parameterization model scaled to the
carbon-carbon system. The scaling takes into account the number of participants involved
in reaction estimated by the DCM-SMM model as well as isospin effects. This comparison
is shown in Figure 9]

In the studied energy ranges the differences between the experimental temperature mea-
surements are not large within the uncertainty values. The temperature increases with
increasing atomic number of the target nucleus within the uncertainty limits. For more
accurate determination of the temperature dependence it is important to continue such ex-
perimental studies.
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this research.
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