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BM@N Analysis Note 3
Production of z*, K" mesons in
3.2 A GeV argon-nucleus interactions

Analysis team: M.Kapishin, L.Kovachev, V.Plotnikov, Yu.Petukhov,
I.Rufanov, M.Zavertyaev, A.Zinchenko

Abstract

Production of z*, K™ mesons in interactions of the argon beam with the kinetic energy 3.2 AGeV
with the C, Al, Cu, Sn, Pb targets was studied with the BM@M detector at the Nuclotron. The
analysis procedure is described in details. Results on z*, K™ meson yields have been obtained
and compared with model predictions and data available.

BM@N configuration in the argon beam run

The technical run of the BM@N detector was performed with the argon beam in March 2018.
The view of the BM@N setup used in the run is presented in Fig. 1. The configuration of the
central tracker was based on three planes of forward silicon detectors and six stations consisted
of GEM detectors with the size of 163x45 cm? [GEMTDR]. The GEM tracking stations were
arranged to cover the upper part of the magnet acceptance. The beam passed the GEM detectors
through the arc holes (Fig. 2). 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. The research program was devoted to measurements of inelastic reactions Ar+4—X with
the beam Kinetic energy of 3.2 AGeV and different targets: C, Al, Cu, Sn, Pb.
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Fig. 1. BM@N set-up in the argon beam run.
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Fig.2. Left: Schematic view of the central tracking detectors (3 forward silicon and 6 GEM
detectors). Right: Event of Ar+A—X interaction reconstructed in the central tracking detectors.

In the present analysis the experimental data from the forward silicon detectors, GEM detectors,
trigger barrel BD and silicon multiplicity FD detectors around the target, beam and TO counters
and two sets of the time-of-flight detectors ToF-400 and ToF-700 were analyzed. To confirm
matching of extrapolated tracks reconstructed in the central detectors to the ToF detectors, hits in
the outer tracking detectors: cathode strip chamber CSC or drift chambers DCH were used. The
argon beam intensity was few 10° per the spill, the spill duration was 2-2.5 sec. The magnetic
field in the center of the analyzing magnet was 0.61 T. Number of triggered events, beam fluxes
and integrated luminosities collected in interactions of the argon beam with different targets are
given in Table 1a and 1b for the ToF-400 and ToF-700 data sample, respectively. The data
samples included “good quality” runs where the CSC (DCH) and ToF-400 (ToF-700) detectors
were fully operational.

Event reconstruction

The track reconstruction method was based on the so-called “cellular automaton" approach
[CBM1]. The tracks found were used to reconstruct primary and secondary vertices using the
“KF-particle” formalism [CBM2]. z+ and K+ were identified using the time of flight from the
ToF detectors, the length of the trajectory and the momentum reconstructed in the central
tracker. The 7+ and K+ candidates should originate from the primary event vertex, correlate
with hits in the CSC / DCH detectors and match hits in the ToF-400 / ToF-700 detectors.
Herewith, the CSC (DCH) hits were used to confirm the quality of the tracks matched to ToF-
400 (ToF-700) hits. Events were recorded with different conditions on the minimum number of
fired channels in the barrel BD and multiplicity silicon FD trigger detectors, ranging from zero to
4,

Table 1a. Number of triggered events, beam fluxes and integrated luminosities collected in
interactions of the argon beam of 3.2 AGeV with different targets (ToF-400 data sample).

Interactions, target Number of Integrated beam flux | Integrated luminosity
thickness triggers / 10° /107 /10% cm

Ar+C (2 mm) 11.7 10.9 2.06

Ar+Al (3.33 mm) 30.6 15.4 2.30
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Ar+Cu (1.67 mm) 30.9 15.9 1.79

Ar+Sn (2.57 mm) 30.0 151 1.11

Ar+Pb (2.5 mm) 13.7 7.0 0.50

Table 1b. Number of triggered events, beam fluxes and integrated luminosities collected in
interactions of the argon beam of 3.2 AGeV with different targets (ToF-700 data sample).

Interactions, target Number of Integrated beam flux | Integrated luminosity
thickness triggers / 10° /107 /10%* cm

Ar+C (2 mm) 11.3 8.7 1.97

Ar+Al (3.33 mm) 29.2 10.2 2.05

Ar+Cu (1.67 mm) 28.7 11.3 1.60

Ar+Sn (2.57 mm) 25.9 9.5 0.91

Ar+Pb (2.5 mm) 13.7 4.9 0.40

#+ and K+ selection criteria:

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

e Tracks are originated from the primary event vertex, the deviation of the reconstructed
vertex from the position of the target along the beam direction -3.4<|Zyertex — Zo|<1.7 cm.
A harder upper limit is aimed to remove background due to interactions in a scintillator
counter behind the target.

¢ Distance of the closest approach of tracks from the vertex in the direction perpendicular
to the beam at Zyerex: dca < 1 cm

e x2/ndf for tracks from the primary vertex < 3.5

e Momentum range of positive tracks: pys>0.5, 0.7 GeV/c for analysis of the ToF-400 and
ToF-700 data, respectively

e Correlation of extrapolated tracks with the CSC / DCH hits as well as with the ToF-400 /
ToF-700 hits should be within £2.5¢ of the residual distributions.

Event simulation:

The Monte Carlo event samples of Ar+A collisions were produced with the DCM-SMM event
generator. The passage of particles through the setup volume was simulated with the GEANT
program integrated into the BmnRoot software framework. To properly describe the GEM
detector response in the magnetic field, the microsimulation package Garfield++ was used. The
package gives very detailed description of the processes inside the GEM detector, including 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 reproduced.
To speed up the simulation, dependencies of the Lorentz shifts and the charge distributions on
the readout planes on the drift distance were parameterized and used in the GEM digitization part
of the BmnRoot package. The details of the detector alignment, Lorenz shift corrections are
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described in the paper [DeuteronPaper]. Examples of experimental and Monte Carlo
distributions of the distance of the closest approach of tracks to the vertex, x> of reconstructed
tracks, number of tracks reconstructed in the primary vertex, number of hits per track are
presented in Fig.3a. Distributions of the total momentum p and transverse momentum pr of
n+ and K+ for ToF-400 and ToF-700 data and simulation are presented in Fig.3b and 3c,
respectively.

The detector effects in simulation were controlled by reproducing the track reconstruction
efficiency evaluated from data. Efficiency distributions in 3 Si and 6 GEM stations measured
with reconstructed experimental tracks are shown in Fig.4. For each station they were estimated
using the following approach:

1. Select good quality tracks with the number of hits per track (excluding the station under

study) not less than N;

2. Check that track crosses the detector area, if yes, add one track to the denominator;
If there is a hit in the detector, which belongs to the track, add one track to the numerator;
4. Detector efficiency is equal to the ratio of number of tracks in numerator to number of

tracks in denominator.

w

These efficiencies were applied to reduce the number of hits of tracks reconstructed in
simulation. The experimental and simulated distributions of Si and GEM hit residuals to tracks in
X and Y projections are presented in Fig.5a and Fig.5b, respectively. The RMS of distributions
are in a reasonable agreement between data and simulation. The mean values and sigma of the
residuals of CSC hits in the X and Y projections with respect to reconstructed positive tracks
identified in ToF-400 are given in Fig.6a - Fig.6d in dependence on the particle momentum. The
mean values and sigma of the residuals of ToF-400 hits in the X and Y projections with respect
to reconstructed positive tracks are given in Fig.7a - Fig.7d in dependence on the particle
momentum. The mean values and sigma of the residuals of DCH hits in the X and Y projections
with respect to reconstructed positive tracks identified in ToF-700 are given in Fig.8a - Fig.8b in
dependence on the particle momentum. The mean values and sigma of the residuals of ToF-700
hits in the X and Y projections with respect to reconstructed positive tracks are given in Fig.9a -
Fig.9b in dependence on the particle momentum.

Signals of z+ and K+ in experimental data:

The mass squared spectrum of positive particles identified in ToF-400 and ToF-700 in
experimental and simulated events of Ar+A interactions are illustrated in Fig.10a and 10b,
respectively. Signals of z+ and K+ were extracted in windows of the mass squared from -0.09 to
0.13 (GeV/c?)? and from 0.18 to 0.32 (GeV/c?)?, respectively. Numbers of 7+ and K+ were taken
from the content of the histogram bins within the corresponding mass windows. To estimate the
background in the 7+ and K+ mass windows, the "mixed event” method was used, i.e. the shape
of the mass squared background distribution was evaluated by matching tracks to hits in the ToF-
400 and ToF-700 detectors originated from independent events. Signals of z+ and K+ in the
intervals of the transverse momentum pr and rapidity Y., Were reconstructed using the same
procedure. The errors of the z+ and K+ signals include the uncertainty of the background
subtraction. The statistical and systematic errors were calculated according to the formula:
sig=hist-bg, err(stat)=Vhist+bg, assuming the background uncertainty of \bg. Here hist and bg
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denote the histogram integral and the background integral within the z+ and K+ mass squared
windows. To estimate the z+ and K+ signal systematic errors due to the background subtraction
method, the distributions were fitted to the 1st degree polynomial (background) in the mass
squared range -0.14-0.4 (GeV/c?)?. The variation of the background integral in the z+ (K+) mass
squared window taken from mixed events relative to the bg integral taken from the fit of the
mass squared spectra was treated as a systematic error.

The z+ and K+ mass squared windows were excluded from the fit. Spectra of mass squared
shown in Fig.10c and 10d in bins of y of n+ and K+ identified in ToF-400 in Ar+Cu interactions
illustrate the background subtraction method using a linear fit. The mixed event method is
illustrated in Fig.10e and 10f. Spectra of mass squared in bins of rapidity y of n+ and K+
identified in ToF-400 in Ar+Sn interactions: left) experimental events, right) simulated events.
Background (blue histogram) is taken from mixed events and normalized to the red signal
histogram in the mass squared range between the n+ and K+ peaks and above the K+ peak.

The statistics of z+ and K+ reconstructed in ToF-400 (ToF-700) in Ar+C, Ar+Al, Ar+Cu,
Ar+Sn, Ar+Pb interactions are summarized in Table 2. Number of reconstructed z* (K+) in
interactions of 3.2 AGeV argon beam with C, Al, Cu, Sn, Pb targets in bins of y;op and pr are
shown in Fig. 1la (11b) for ToF-400 data. The corresponding 2-dimentional (Yian, Pt)
distributions are given in Fig.11c and 11d.

Table 2. Signals of 7+ and K+ mesons reconstructed in ToF-400 and ToF-700 in argon-nucleus
interactions. The error presents the statistical uncertainty.

arget

ToF-400

C

Al

Cu

Sn

Pb

T+

4020+66

21130+£152

28010«175

32060+186

22420+£156

K+

45+10

278+25

538+31

729+36

570+32

arget

ToF-700

C

Al

Cu

Sn

Pb

T+

1070+34

5640+80

8090+95

9450+104

6830+86

K+

31+6

117+16

193+21

346+23

221+20

m+/ K+ reconstruction efficiency from simulation:

The z+ / K+ reconstruction efficiency is the ratio of the number of reconstructed z+ / K+ to the
number of generated ones in the intervals of (pr,y), where y is measured in the laboratory frame
(Yiab)- The reconstruction efficiency can be decomposed into the following components: &rec =
€ace “Ecuts., 1 NE definition of every term is given in Table 4 and their determination procedure is as
follows.
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After the event simulation and reconstruction the successfully reconstructed z+ / K+ were
counted in the numerator Nacc. The detector acceptance was taken as Nacc / Ngen, Where Ngen is the
total number of generated MC events. The number of z+/ K+ after applying kinematic and
spatial cuts (Ncuis) gave the “selection cuts” efficiency with respect to the number of accepted
ones from above.

Table 4. Decomposition of the z+ / K+ reconstruction efficiency.

Reconstruction efficiency Erec = Eacc "Ecuts

n+/ K+ geometrical acceptance in detectors €acc = Nace (Y,P71) / Ngen (Y,PT1)
Efficiency of reconstruction of z+/ K+ within the detector

geometrical acceptance after applying kinematic and ecuts= Neuts(Y,P1) / Nace(Y,pr)
spatial cuts

The actual values of the efficiencies (eacc, €cuts) and combined reconstruction efficiencies erec
calculated in the y, pr and 2-dinetional (y, pr ) bins are shown in Figs. 12a — 12b for z*, K*
mesons reconstructed in ToF-400 in Ar+A interactions.

Trigger efficiency:

Different conditions on the minimum number of fired channels in the barrel BD and multiplicity
silicon FD trigger detectors, ranging from zero to 4 were applied to record experimental data.
The mean efficiency ewig Of the BD and FD trigger detectors for events with reconstructed z* /
K™ produced in interactions of the argon beam with the whole set of C, Al, Cu, Sn, Pb targets is
given in Table 5a and 5b, respectively. The dependence of the BD and FD trigger efficiency on
the number of tracks from the primary vertex for events with reconstructed z* / K™ is presented
in Fig.13a and 13b, respectively. The systematic errors used in the analysis cover the differences
in the =+, K+ signals obtained by using the mean values of the trigger efficiency values instead
of the efficiency dependences on the number of the vertex tracks and the Y position of the
primary vertex. The trigger efficiency of BD (FD) detectors was evaluated using experimental
event samples recorded with an independent trigger based on FD (BD): ¢(BD>=m) =
[N(BD>=m & FD>=n]/ N(FD>=n) for every target. The efficiency for the combined BD and FD
triggers was calculated as a product of the BD and FD trigger efficiencies.

Table 5a. Mean BD trigger efficiency evaluated for events with reconstructed n* / K* in
interactions of the argon beam with the whole set of C, Al, Cu, Sn, Pb targets.

Trigger / Target

32 AGeV 1" C Al Cu Sn Pb
mesons

£uig (BD>=2) 0.80+0.03 0.96+0.01 0.98+0.01 0.99+0.01 0.99+0.01
£uig (BD>=3) 0.6640.02 0.92+0.01 0.97+0.01 0.98+0.01 0.9940.01
£uig (BD>=4) 0.4840.02 0.88+0.01 0.95+0.01 0.97+0.01 0.9840.01
Trigger / Target

3.2 AGeV, K" C Al Cu Sn Pb
mesons
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£rig (BD>=2) 0.67+0.15 0.97+0.02 0.99+0.01 | 0.99+0.01 0.99+0.01

£ig (BD>=3) 0.67+0.15 0.96+0.02 0.98+0.01 | 0.99+0.01 0.99+0.01

éig (BD>=4) 0.67+0.15 0.94+0.02 0.95+0.02 | 0.99+0.01 0.98+0.01

Table 5b. Mean FD trigger efficiency evaluated for events with reconstructed z* / K in
interactions of the argon beam with the whole set of C, Al, Cu, Sn, Pb targets.

Trigger / Target

3.2 AGeV 1 C Al Cu Sn Pb
mesons

éig (FD>=2) 0.28+0.01 0.40+0.01 0.56+0.01 | 0.65+0.01 0.73+0.01
éig (FD>=3) 0.14+0.01 0.22+0.01 0.37+0.01 | 0.49+0.01 0.58+0.01
éig (FD>=4) 0.08+0.01 0.11+0.01 0.23+0.01 | 0.34+0.01 0.46+0.01
Trigger / Target

3.2 AGeV, K* C Al Cu Sn Pb
mesons

évig (FD>=2) 0.3040.06 0.4040.03 0.64+0.03 | 0.74+0.03 0.82+0.03
évig (FD>=3) 0.17+0.04 0.2340.02 0.45+0.03 | 0.61+0.03 0.73+0.03
éuig (FD>=4) 0.08+0.03 0.12:0.02 0.35£0.03 | 0-44+0.03 0.58+0.03

Luminosity uncertainty (see separate document Lumi.pdf)
Impact parameter distribution:

Distributions of the impact parameters of minimum bias interactions generated with the DCM-
SMM model all generated events with z+ (K+) are shown in Fig.14a and 14b. The impact
parameter distributions for events with z+ (K+) in the measured kinematical range as well as the
impact parameters of simulated events with reconstructed z+ (K+) are presented for
comparison. The measured kinematical ranges in the rapidity spectra of z* and K+ generated
with the DCM-SMM model in minimum bias interactions of the 3.2 AGeV argon beam with
the Cu target, are given in Fig.14c.

Evaluation of z+ / K+ cross sections and spectra:

The inclusive cross section o,+ and yield Y, of =+ production in Ar+C, Ar+Al, Ar+Cu,
Ar+Sn,Ar+Pb interactions are calculated in bins of y ( pt) according to the formulae:

0 (Y, P1)= Nrec(Y.P1) / (€rec (Y.P1) '€trig'L) Y 2+ (V,p1) =0 2+ (Y,P1) / Cinel

where L is the luminosity (Table 1), Nyec— the number of reconstructed z+ (Table 2), &rec — the

combined efficiency of the 7+ reconstruction, &yig — the trigger efficiency (Table 5), oine - the
cross section for minimum bias inelastic Ar+A interactions (Table 7). The same formulas are
used to calculate the K+ inclusive production cross section and yield in bins of y ( pt). The cross

7
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sections in (y, pr) bins are calculated as weighted averaged of the results obtained with ToF-400
and ToF-700 data taking into account the statistical errors (w ~ 1/6°). The cross sections for
inelastic Ar+Al, Ar+Cu, Ar+Sn, Ar+Pb interactions are taken from the predictions of the DCM-
SMM model which are consistent with the results calculated by the formula: oine = 7 Ro® (Ap™" +
Ar?)?. where Ry = 1.2 fm is an effective nucleon radius, Ap and At are atomic numbers of the
beam and target nucleus [HadesLO]. The uncertainties for Ar+Al, Ar+Cu, Ar+Sn, Ar+Pb
inelastic cross sections are estimated by using the alternative formula: gine =  Ro? (Ap™ + A -
b)? with Ro = 1.46 fm and b = 1.21 [AngelovCC].

Table 7. Inelastic cross sections for argon-nucleus interactions.

Interaction Ar+C Ar+Al Ar+Cu Ar+Sn Ar+Pb
Inelastic CTOSS | 1470450 1860450 | 2480450 | 3140450 | 3970450
section, mb

The yields of z+ / K+ in minimum bias Ar+C, Ar+Al, Ar+Cu, Ar+Sn, Ar+Pb interactions are
measured in the kinematic range on the transverse momentum of 0.1<p<0.6 GeV/c for =+
(0.1<p7<0.5 GeV/c for K+) and the rapidity in the laboratory frame of 1.5<y;4,<3.2 for z+ (1.0
<y1ap<2.0 for K+). The rapidity of the beam-target nucleon-nucleon CM system calculated for an
interaction of the argon beam with the kinetic energy of 3.2 GeV/nucleon with a fixed target is
ycm=1.08. The transformation of the y distribution to c.m.s. gives y*=yjap-ycm. The differential
spectra of the 7+ (K+) yields in yjs are measured in the z+(K+) transverse momentum range of
0.1<p7<0.6 GeV/c (0.1<p7<0.5 GeV/c). The corrected differential yjap Spectra of z+ / K+ yields
are presented in Figs. 15a and 15b, respectively. Due to low statistics of the K+ meson signal in
Ar+C interactions, the results are given only for the whole measured range in yjap and pr.
Predictions of the DCM-SMM, URQMD and PHSD models are shown for comparison. The
corrected invariant differential pr spectra of z*, K" yields are presented in Fig. 16a, 16b-c,
respectively. The measured spectra of the z+ / K+ yields in pr are parameterized by the form:
1/pr-d®Nldprdy=N-exp(-(mr-m,)/T), where mr=\(m,.?+ps?) is the transverse mass, the
normalization N and the inverse slope parameter T are free parameters of the fit, dy corresponds
to the measured yjq range. In Fig.17a and 17b the inverse slopes T of the experimental invariant
pr spectra of 7+ / K+ mesons are compared with t predictions of the DCM-SMM, URQMD and
PHSD models. In Table 12b the inverse slopes T of the invariant pr spectra of K+ mesons are
given for the whole measured range in yj,, and pr.

Systematic uncertainties:

The systematic error of the 7+ / K+ yields in every pr and y bin is calculated as a quadratic sum
of uncertainties coming from the following sources:
e Sysl: Systematic error of the trigger efficiency evaluated as a function of the number of
tracks from the primary vertex and the primary vertex position.
e Sys2: Systematic errors of the reconstruction efficiency due to the remaining difference
in the X/Y primary vertex distribution in the simulation relative to the experimental data.
e Sys3: Systematic errors of the background subtraction under the z+ and K+ signals in the
mass squared spectra of identified particles as described in section on Signals of a+ and
K+ in experimental data.
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The 7+ / K+ yield normalization uncertainty calculated as a quadratic sum of uncertainties of the
trigger efficiency, tracking efficiency, luminosity and inelastic nucleus-nucleus cross section.
The normalization error is valid for the whole measured kinematical range. The luminosity
uncertainty is estimated to be within 2%. The normalization uncertainty of the trigger efficiency
is 28% for K+ detection in Ar+C interactions and between 7.5% (Ar+Al) and 4% (Ar+Pb) for
K+ detection in interactions of argon with more heavy targets. The trigger efficiency uncertainty
for z+ detection ranges between 4.5% (Ar+C) and 0.9% (Ar+Pb). The uncertainty of the central
tracking detector efficiency is estimated to be within 3%. The uncertainty of matching of
extrapolated tracks with the CSC (DCH) hits as well as with the ToF-400 (ToF-700) hits is
within 5%. The tracking and outer detector uncertainties are estimated from the remaining
differences between the efficiencies obtained in experimental and Monte-Carlo events.

Relative difference of z+ (K+) yields measured in (y,pr) bins using combined ToF-400 and ToF-
700 data are given in Fig.14d and 14e, respectively. Relative difference of z+ (K+) yields
measured in (y,pr) bins originated from different sources of systematic uncertainties are given in
Fig.14f and 14i, respectively. The average values of systematic uncertainties z+ (K+) yields in
Ar+C, Al, Cu, Sn, Pb interactions are summarized in Table 10.

Table 10. Total systematic uncertainty of the z+ and K+ yields measured argon-nucleus
interactions.

Target T+ Target K+
C Al Cu| Sn Pb C Al Cu Sn Pb
sys% or | SYS | sys% | sys% sys% sys% | sys% | sys% | sys%

Systematic sys% | o,

Sys1-Sys3 | 14 11 |12 9 9 28 26 14 12 16
Norm
(trigger + 7.8 6.3 6.2 | 6.2 6.2 29 10 8.4 7.6 7.4
tracking + '
luminosity)

Integrated yields and cross sections:

The integrated yields of z+ / K+ produced in the kinematic range of 0.1<p7<0.6 GeV/c for =+
(0.1<p1<0.5 GeV/c for K+) and 1.5 <yj4<3.2 for z+ (1.0 <y;4p<2.0 for K+) in minimum bias
Ar+C, Al, Cu, Sn, Pb interactions are summarized in Tables 12a and 12b. To extrapolate the
measured Yyields to the full kinematic range the predictions of the DCM-SMM model are used.
The rapidity spectra of z+ and K+ generated in the DCM-SMM model are shown in Fig.14c.
The model extrapolation factors, the full yields of the z+ and K+ production in Ar+C, Ar+Al,
Ar+Cu, Ar+Sn, Ar+Pb minimum bias interactions with beam energy of 3.2 AGeV are also given
in Tables 12a and 12b. The ratios of K+ to z+ yields are given in Table 12b.

Table 12a. Extrapolation factors to the full kinematic range and =+ yields for 3.2 AGeV argon-
nucleus data in the measured and full kinematical ranges. The first errors given are statistical, the
second errors are systematic.

3.2 AGeV
v c Al cu Sn Pb
T+
DCM-SMM
extrap. factor 4.98 5.64
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3.43 3.86 451
Yield in
. £0. +0.
?5.:\750.6 0.275 0;)06 0.02 1.00+£0.01£0.07 | 1.14+0.01+0.08 1.28+0.01+0.09 1.25+0.01+0.085
1.5<yp<3.2
Yield in the 0.943+0.019+0.09 5.15+0.05+0.35

full kin. range

2

3.86+0.04+0.27

6.35+0.05+0.44

7.03+0.07+0.48

Table 12b. Extrapolation factors to the full kinematic range , K+ yields and K+ to z+ yield
ratios for 3.2 AGeV data in the measured and full kinematical ranges. The first errors given are
statistical, the second errors are systematic. Also the inverse slope parameters T of the invariant
pr Spectra are given.

3.2 AGeV
C Al Cu Sn Pb
K+
DCM-SMM 3.21
extrap. factor 2.33 251 2.84 3.67
Yield in
0.1<p;<0.5 0.0094+0.0018+ | 0.0390+0.0028+0 | 0.0417+0.0021+0 | 0.056+0.0022+0.00 | 0.051%0.00220.
GeVic, 0.0035 .0061 .0066 75 0092
1.0<y4p<2.0
Yieldinthe 1) 151940.0042+ | 0.098+0.007£0.0 | 0.11940.006+0.0
full kin. range | = : : ' : ' : | 0.180+£0.007+0.0 | 0.188+0.008+0.0
0.0081 15 19
24 34
K+ THratio, | ) 034340.0066= | 0.0390+£0.0028+0 | 0.0366:0.0019--0 0.043940.0018.0 | 0-041120.0018=0
measured 0.0125 .0055 .0053 : : .0068
range .0051
i =+ =+ =+ - =+ =+ +
K+/ 7+ ratio, | 0.0233+0.0045% | 0.0253+0.0018£0 | 0.02300.0012£0 | ' /oo oo | 0.0268+0.0012:0
full kin. range 0.0085 .0035 .0033 033 0044
K+ inverse
slope T, Mev 73+14+13 804745 814545 81+5+4 784544
measured
range

In general, the transport models describe the shape of the differential spectra on y and pr, but
predict more abundant yields of z+ and K+ in Ar+C interactions than measured in the
experiment. The BM@N results could be compared with the results of other experiments
studied argon-nucleus interactions at lower energies, shown in Table 13.

Table 13. Yields of K+ , n+ production and effective inverse slopes of invariant my spectra
measured in in interactions of light and medium nucleus.

Interacting nucleus /
Beam Kinetic energy /

m+, K+yields

K+ / z+ yield ratio, -10?

T at y* = 0, MeV,
K+ / 7+

Experiment
Ar+KCl, 1.76 AGeV, | 3.9+0.10.1 (-) 82.4 +9.1-4.6 (n-)
[HADESI] (2.8+0.2) -10? (K+) 89+1+2(K+)

Ar+KCl, 1.93 AGeV

3.9+0.1440.08 (n+)

Ni+Ni, 1.93 AGeV
[FOPI1,FOPI3]

3.6-107 (K+, Apart= 46.5)
8.25-107 (K+, Apart = 75)

7.59+0.49 -10°
(Apart = 46.5)

1019+ 1.0

Ni+Ni, , 1.93 AGeV

87+10 mb, 3-107 (K+)

97+7 (non-central)
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274
275
276
277
278

279

280
281
282
283
284
285
286
287
288
289
290
201
292
293
294
295
296
297

298
299
300
301
302
303
304
305

[KaoS1, KaoS2] 107410 (central)

Summary

Production of z+ and K+ in interactions of the argon beam with C, Al, Cu, Pb targets was
studied with the BM@N detector. The analysis procedure is described including details of the
n+ reconstruction, efficiency and systematic uncertainty evaluation. First physics results are
presented on 7+ / K+ yields in minimum bias argon-nucleus interactions at the beam kinetic

energies of 3.2 AGeV. The results are compared with models of nucleus-nucleus interactions.
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Fig.3a. Ar+A interactions at 3.2 AGeV argon beam energy: comparison of experimental
distributions (red lines) and Monte Carlo GEANT distributions of events generated with the
DCM-SMM model (blue lines): Distribution of the distance of the closest approach DCA
between tracks and the vertex in the plane perpendicular to the beam direction; ¥* of
reconstructed tracks; number of tracks reconstructed in the primary vertex; number of hits per
track reconstructed in 3 Si + 6 GEM detectors.
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(blue histograms).
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Fig. 5b. Residual distributions of hits in Y projection with respect to reconstructed tracks in 3 Si
(ista=1-3) and 6 GEM detectors (ista=4-9): experimental data (red histograms), simulated tracks
(blue histograms).
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in Y: upper plots experimental data, lower plots — simulated tracks.
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Fig. 6b. ToF-400 data and simulation: Mean values of residuals of CSC hits in the Y projection
with respect to reconstructed positive tracks in dependence on the particle momentum for two
ranges in Y: upper plots - experimental data, lower plots — simulated tracks.
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18



E [ 7 [ mmenaniomeper | B . £ 060 [ ToF#00 plane 3|
A.21.217 T Avg 15 xg 0.4 i ‘~> B R |
So8F e 1= t p2 : YT |
o o Fe el
0.6 s +
33 Tost Wl oo Hﬂ it J[H 1 O
7 ¥ or F14 ¥ ool ,
02t s + SN SN, -- o
OF -ty ++++ + oAt H ++ oak
020 F “F
05 T sz 25 T4 s B T B R N B TR ¥ TS 253 Is 4 i 5
p. GeVic p, GeVic p, GeVic
B g4 | [Ffomgopenes T i [ Torsopime7 | g 14¢ AT
S o4 J{ S o 7 S a2t N S R
20.2; + i E F 2 1= ] SN T N PR |
BN i | foa- . L ost .
T 0 I [ | - ¥ 06f
3 S U Jr + J[ _ P2 | +, 4 J[ J[ J[ ]l Ly {, ! 1[
gz B e B o T L L SR S Y bty
i | az T +ll}[ L ++++**+*++++H_:__:::::__; |
M VO VR TV VUL U PO P POV POV N R SOUUY PV FUOPS OO POOE VOO OO SOV PO Bl TS PO VO IV OO0t POV VO, O PO
05 1 15 2 25 3 35 4.5 05 1 15 2 25 3 35 4.5 05 1 15 2 25 3 35 45
p. GeVic p, GeVic p, GeVic
E

LS
SR

DCMQGSM, =*, TOF400 plane 3

H

02
: —03f
005 TiE Tz aE 3 AT us s B T T R R BT R B TR R Y B T R T ST I B TR R
p, Gevic p, Gevie p, Gevic
§ oo ComoS T Tor gt - § [ oowesn s ormpmt
s E 5 035
% 02 ,% 02k i
7ok } +_|_H 1[" g o FH.{ + }\
o + o J{ J[
oa j | }
03t

0:5 ‘* 1:5 é 2{5 é 35 4 45 5
p, GeVic

Fig. 7b. Mean values of residuals of ToF-400 hits in the Y projection with respect to
reconstructed positive tracks in dependence on the particle momentum: upper 6 plots -
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experimental data, lower 6 plots - simulated tracks.

1.‘5 é 2{5 :Ii 35 4 45 5

1.‘5 i 2‘.5 :Ii 35 4 45 5
p, GeVic

I |
05 1

R B
s | § L & Runs 4570-4704, =, TOF400 plane 2 § ast 4 Runs 4570-4704, 1, TOFA00 plane 3
z L S350+ §a
5 F + ¥ o3 + : i i
3 i a5k ° 3 -|-+
E b E * 25 +
2 + 5 b + 2 "‘.H.
E E + 1.5F
+
1 ++‘i'+ - HH 1E ot +-H- I T Y +++ ++‘H
F SE ' DSE--- +-
n L 1 Il 1 L 1 Il L 1 n 1 Il 1 1 1 L 1 Il 0kt 1 L 1 Il 1 L 1 L
™ 05 1 15 2 25 3 35 4 45 5 W 05 1 15 2 25 3 35 45 5 W 05 1 15 2 25 3 35 45 5
p, GeVic p, GeVic p, GeVic
£ aF e e £ [ Funs 45704704, =, TOFa00 piane 7| £ 35 [ rumsowo v ormpaws |
A T s s e B A AT
§ it i
% 250 oy % 2504
© © E + © E ¥ +
+ 2 i, 2t t "
E Ty, + 15 Tt 4 + 15 + T 4 I
W i * +Jr+++ﬂ+ 1 b ¥ H # = ! +H +Jr
05 05 t4 05—
ot L 1 L 1 L Il L 1 n’ i L i Il 1 | 1 Il n- i L i Il 1 | 1 Il
' 05 1 15 2 25 3 35 45 5 0 05 1 15 2 25 3 35 45 5 0 05 1 15 2 25 3 35 45 5
p, GeVic p, GeVic p, GeVic
E asf | [OoHGGSH . Torm0 panet ] . e
= ++ ! ! S F +IM| 5 50
3 8 5- g F
2 as i i o T h’
° o3k oAy 4
E =) L =] E
258 *E ab ot 3 .
2t + E - E +)
1.5; ot 20 N 2f ey
it H : . : -«
i it ‘ - ‘ -t
3 E e Tt
0.5F 15 ot + =
n L 1 Il 1 L 1 Il L 1 ol i L i Il 1 | 1 Il i 1 L 1 1 1 | 1 Il
™ 05 1 15 2 25 3 35 4 45 5 " 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 45 5
p, GeVic p, GeVic p, GeVic

19



E 5[ DCMQGSM, =*, TOF400 plane 6| E 45_ +[ DCMOGSW, ', TOF400 plane 7 _ ] E 42_ [__DCMQGSM, =, TOF400 plane 8|
§ + § a5k g 35" J[
g 4 EEH g E
os oe 3 + oe ¥ +++ + |
e E 250
+ 257 b o + +++
20 + E
2 - E ey 15t +H }
—y 15 4t + 5 +
r Ty, E ++ + E ++ H
- bt L3 H 1 +
* 0.5 05;
ol L L L 1 L 1 L 1 1 e 1 L 1 1 1 L 1 L 1 = 1 L 1 1 1 L 1 L 1
W 05 1 15 2 25 3 35 4 45 5 W 05 1 15 2 25 3 35 4 45 5 W 05 1 15 2 25 3 35 4 45 5
p, GeVic p, GeVic p, GeVic

Fig. 7c. Sigma of residuals of ToF-400 hits in the X projection with respect to reconstructed
positive tracks in dependence on the particle momentum: upper 6 plots - experimental data,

lower 6 plots - simulated tracks.
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Fig. 7d. Sigma of residuals of ToF-400 hits in the Y projection with respect to reconstructed
positive tracks in dependence on the particle momentum: upper 6 plots - experimental data,

lower 6 plots - simulated tracks.
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Fig. 8a. ToF-700 data and simulation: Mean values of residuals of DCH hits in X and Y
projections with respect to reconstructed positive tracks in dependence on the particle

momentum: upper plots experimental data, lower plots — simulated tracks.
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Fig. 8b. ToF-700 data and simulation: Sigma of residuals of DCH hits in the X and Y projections
with respect to reconstructed positive tracks in dependence on the particle momentum: upper
plots - experimental data, lower plots — simulated tracks.
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reconstructed positive tracks in dependence on
experimental data, lower plots - simulated tracks.
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Fig. 9b. Sigma of residuals of ToF-700 hits in
reconstructed positive tracks in dependence on the particle momentum: upper plots -

experimental data, lower plots -
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Fig. 10a. Spectrum of mass squared of particles identified in ToF-400 in Ar+A interactions at 3.2
AGeV argon beam energy: left) experimental events, right) simulated events.
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Fig. 10c. Spectrum of mass squared in bins of y of mn+ identified in ToF-400 in Ar+Cu
interactions: background subtraction by the linear fit described in the text.
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Fig. 10d. Spectrum of mass squared in bins of y of K+ identified in ToF-400 in Ar+Cu
interactions: background subtraction by the linear fit described in the text.

Fig. 10e. Spectrum of mass squared in bins of y of =+ identified in ToF-400 in Ar+Sn
interactions at 3.2 AGeV argon beam energy: left) experimental events, right) simulated events.
Background (blue histogram) is taken from mixed events and normalized to the red signal
histogram in the mass squared range between the n+ and K+ peaks.
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Fig.11a. Number of reconstructed z* in ToF-400 in interactions of 3.2 AGeV argon beam with
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C, Al, Cu, Sn, Pb targets in bins of yj5, (upper plots) and pr (lower plots).
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Fig.11b. Number of reconstructed K* in ToF-400 in interactions of 3.2 AGeV argon beam with
C, Al, Cu, Sn, Pb targets in bins of Yiab (Upper plots) and pr (Iower plots).
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Fig.13b. Dependence of the FD trigger efficiency on the number of tracks from the primary
vertex calculated in events with z* (left plot) and K+ (right plot) produced in interactions of the

argon beam with the C, Al, Cu, Sn, Pb targets.
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Fig. 14a. Impact parameter distributions of minimum bias interactions of 3.2 AGeV argon
beam with C, Al, Cu, Pb targets, with 7+ generated with the DCM-SMM model in the full
kinematical range (upper plots). Impact parameter distribution of minimum bias events with
m+ generated with the DCM-SMM model in the kinematical range of the BM@N
measurement (middle plots). Impact parameter distribution of DCM-SMM minimum bias

events with reconstructed z* (lower plots).

[Generaied K'.C | K,
iy 003 Ty =
0.03 5 B, & 0,005 Y s s
0.025 151
0.02
0.02 J;'f HLLL'L Jr IH,
015 0.015 Jr b
0.01 rr"r HR 001 j H‘H.l\
0.005 it 0.005
T “\‘H‘ f .
0 12 0 14
b, fm
[Generated K*,5n | K,
TUZ5 0.022 e ) e
0.02 o N oy S
0.02 0.018 - '
0.016 k-
0.015 0.014
frr "1.'111 0.012
| 0.01
0.01 1'1 0.008] f LL1|‘
|.|L 0.006 f 1|‘_
0.005 ]H. "‘x.‘\ 0.004
, o.oo(z)i,
> 14
b, fm

29

=, 1.4<y<3.2, 0.05<p1<0.6 GeVic, Cu_}—
0.025[




[ Generated K, 1<y<2, 0.07<p1<0.45 GeVic, C_}

[ K™, T<y<2, 0.07<p1<0.45 GeVic, Al |

vy = 00(;:: s o B lix
) r

0.025 ] \ o Hf "llL 0.02 rrr .,11‘

00(;(1’2 JJ 1.‘]1 0.015 -'I 'lLlLL 0015 r|]’

0.01 rl. . 01 rljf ,_'11‘ 001 HI HLL,.

0005 LIH“-,,_‘ 0.005 ; N 0.005 {r .

0 0 0
2

[ K*, T<y<2, 0.07<p1<0.45 GeVic, Cu_|—

10 12 14 2 10 12 14 2 10 12 14
b, fm b, fm b, fm
[ Generated K, =y<2, 0.07<pt<0.45 GeVic, Sn_} o K", T=y<2, 0.07<pt<0.45 GeVic, Pb_} -
U025 ‘ hbkpd ] (ol [ hbkpS. |
ssssssssss 0.022 . L G
Y uu| 0.02 i o s1m|
SWDev 20 A T - |stbev 22
0.02 L 0.018|
i LI,‘L 0.016 i k!
Y i b
|] 0.014]

0015 1
J]f HI'L 0.012 .
0.01 oot S

/ h oaoe 7 k!

0.005 h 00045 51‘1,
]Jr 1""‘1-.\ 0.002 ‘,-'r .
o 2 0 12 14 o 2 0 12 14
fm b, fm
[ Reconstructed K", 1<y<2, 0.07<pt<0.45 GeV/c, C_} [ K", 1<y<2, 0.07<pt<0.45 GeVic, Al_} [ K", 1<y<2, 0.07<p1<0.45 GeVic, Cu_|-
v ) T O — —
- el 0.0355 i ntries 0.0a:
0.035¢ ) e 154 E res 107 E il
3C 0.03F - 0.025F i 1
0.03¢ |J . E lr" E |J i ]J hU']
0.025F It 0.025; il L o2t J“lr I
0.02} i lf'i 0.02¢ i 1] 00155 =
fyon I o |
E 1 Ell \ 0.01°
omjﬁ r“ul\ 001 1 |J"‘l] E J_..J 'Ltﬁ
0.005] 0.005 °-°°5iu
i, o y .
0 2 2 6 0 12 14 0 2 2 : 1 0 2 : 0 12 14
b, fm b, fm

Reconstructed K, 1<y<2, 0.07<pt<0.45 GeVic, Sn_|- Reconsiructed K, 1<y<2, 0.07<p1<0.45 GeV,
F T e ] 503 T
0.025 - 0251
025" & ; F
r Subey 22 C nJIP”J a
F o~ [ . 0.02F I
0.02F I l[ E ['|JJ ” L
: I oo ]
0.015[ 015¢ Is 1l
0.01F r'f'] 1 0.01F JHJ, "‘L,]
0.005 IJ-"‘rH hl"* 0.005 ;P],u 4

4 6 10 12 14 2 4 6 10 12 14
b, fm b, fm

o
o

Fig. 14b. Impact parameter distributions of minimum bias interactions of 3.2 AGeV argon
beam with C, Al, Cu, Pb targets, with K+ generated with the DCM-SMM model in the full
kinematical range (upper plots). Impact parameter distribution of minimum bias events with
K+ generated with the DCM-SMM model in the kinematical range of the BM@N
measurement (middle plots). Impact parameter distribution of DCM-SMM minimum bias
events with reconstructed K™ (lower plots).
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Fig.16a. Reconstructed invariant transverse momentum pr spectra of 7" measured in bins of
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314  Fig.16b. Reconstructed invariant transverse momentum pr spectra of K+ in minimum bias
315  Ar+Al, Ar+Cu, Ar+Sn, Ar+Pb interactions at 3.2 AGeV argon beam energy. The error bars
316  represent the statistical errors, the boxes show the systematic errors. Results of the fit described
317 inthe text are shown as lines.
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Ar+C, Ar+Al, Ar+Cu, Ar+Sn, Ar+Pb minimum bias interactions. The error bars represent the
statistical errors, the boxes show the systematic errors. Predictions of the DCM-SMM, UrQMD
and PHSD models are shown as rose, green and magenta lines.
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Figl7b. The y dependences of the inverse slope parameter TO of the K+ invariant pr spectra in
Ar+Al, Ar+Cu, Ar+Sn, Ar+Pb minimum bias interactions. The error bars represent the statistical
errors, the boxes show the systematic errors. Predictions of the DCM-SMM, UrQMD and PHSD
models are shown as rose, green and magenta lines.
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