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I. Introduction

The study of dynamics of nuclear collisions is one of the goals of the strong interactions program of the
NAG61/SHINE [1] experiment at the CERN Super Proton Synchrotron (SPS). The other two NA61/SHINE
(SPS Heavy Ion and Neutrino Experiment) physics goals are related to cosmic ray physics and neutrino
physics. The first data for the strong interactions program were recorded in 2009 and were followed by a
comprehensive two-dimensional scan with beam momentum and mass number of the collided nuclei.

Resonance production is believed to be an important tool to study the dynamics of high-energy colli-
sions. In dense systems created in heavy nucleus-nucleus collisions, the properties of some of them
(widths, masses, branching ratios) were predicted to be modified due to partial restoration of chiral sym-
metry [2-5]. The transverse mass spectra and yields of resonances are also important inputs for Blast-
Wave (BW) models (determining kinetic/thermal freeze-out temperature and transverse flow velocity;
see for example Ref. [6]) and Hadron Resonance Gas (HRG) models (determining chemical freeze-out
temperature, baryochemical potential, strangeness under-saturation factor, system volume, etc.; see for
example Ref. [7]). Those models remarkably contribute to our understanding of the phase diagram of
the strongly interacting matter. Moreover, products of resonance decays represent a large fraction of the
final state particles, and therefore the study of resonances in elementary interactions contributes to the un-
derstanding of hadron production processes. Finally, resonance spectra and yields provide an important
reference for tuning Monte Carlo microscopic models.

The analysis of short-lived resonances may allow understanding the less-known aspects of high energy
collisions, especially their time evolution. The yields of resonances may help to distinguish between
two possible freeze-out scenarios: sudden and gradual [8]. In particular, the ratio of K K production
(K stands for K (892)°, K (892)° or K , and K denotes K* or K ) allows estimating the time interval
between chemical (end of inelastic collisions) and kinetic (end of elastic collisions) freeze-outs. Re-
cently, the NA61/SHINE experiment reported measurements of K (892)° production in p p collisions
at 158 GeV ¢ beam momentum [9]. The K (892)° yield, divided by charged kaon multiplicity (K* or
K ), was compared to the corresponding NA49 Pb+Pb data [10] which allowed estimating the time in-
terval between freeze-outs in Pb+Pb collisions. Surprisingly, this time appeared to be longer than in
Au+Au/Pb+Pb collisions at Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider (LHC)
energies [9]. One should, however, remember that the idea of this measurement [8] assumes that a certain
fraction of K resonances decay inside the fireball, but the possible e ects of K regeneration processes
before kinetic freeze-out are not included. Therefore, the estimated time intervals should be considered
as lower limits of the time between chemical and kinetic freeze-outs.

In future NA61/SHINE will measure K K ratios in Be+Be, Ar+Sc, and Xe+La collisions which together
with the K K ratios from p p collisions (this analysis) will allow to estimate the time between freeze-
outs for these nucleus-nucleus systems at three SPS energies.

The analysis of K (892)° and/or F(892)0 production in p p interactions at RHIC energies was reported
by the STAR [11] and PHENIX [12] experiments and at LHC energies by ALICE [13-19]. The NA49
and NAG61/SHINE experiments published such measurements for inelastic p p collisions at 158 GeV ¢
beam momentum (CERN SPS) [9, 10]. The LEBC-EHS facility at the CERN SPS studied K (892)°
and K (892)° production in p p interactions at 400 GeV ¢ [20]. Finally, results obtained at the CERN
Intersecting Storage Rings (ISR) energies were shown in Refs. [21,22].

This paper presents measurements of K (892)” resonance production viaits K*  decay mode in inelastic
p p collisions at beam momenta of 40 and 80 GeV ¢ (center-of-mass energy per nucleon pair syy =
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Figure 1.: (Color online) The schematic layout of the NA61/SHINE spectrometer (horizontal cut, not to scale) used
for p p data taking. The beam and trigger detector configuration is shown in the inset (see Refs. [23,24] for detailed
description). The chosen coordinate system is drawn on the lower left: its origin lies in the middle of the VTPC-2,
on the beam axis.

8 8 and 12.3 GeV). The data sets were recorded by the NA61/SHINE hadron spectrometer [1] at the
CERN SPS. This analysis is the continuation of previous NA61/SHINE e orts [9] where the K (892)°
spectra were obtained in inelastic p p collisions at 158 GeVc¢ ( syxy = 17 3 GeV). In principle, the
same femplate method is used to extract the K (892)° signal. For the K (892)° meson, this method was
found to allow a more precise background subtraction than the standard procedure based on mixed events
only. The paper is organized as follows. In Section II, the NA61/SHINE detector is briefly described.
Section III discusses the analysis procedures, including event and track selection criteria, method of signal
extraction, corrections, and evaluation of uncertainties. The final results are presented in Section IV and
their comparison with world data and models in Section V. A summary in Section VI closes the paper.

The following variables and definitions are used in this paper. The particle rapidity 1is calculated in the
p p center-of-mass reference system, = 05In[(E +cpL) (E c¢pr)], where E and pp, are the particle
energy and longitudinal momentum, respectively. The transverse component of the momentum is denoted
as pr. The momentum in the laboratory frame is denoted p;,;, and the collision energy per nucleon pair
in the center of mass by  syy. The unit system used in the paper assumes ¢ = 1.

II. Experimental setup

The NA61/SHINE experiment [1] uses a large acceptance hadron spectrometer located in the North Area
of the CERN accelerator complex. The schematic layout of the NA61/SHINE detector configuration
(used for p p data taking) is shown in Fig. 1. Only the detector components, which were used in this
analysis, are described below. A more detailed description of the full detector can be found in Ref. [1].

A set of scintillation and Cherenkov counters (S1, S2, VO, V1P, V1, CEDAR, THC), as well as beam
position detectors (BPDs) upstream of the spectrometer, provide timing reference, identification, and
position measurements of incoming beam particles. The trigger scintillation counter S4 placed 3.7 meters



downstream of the target is used to select events with collisions in the target area by the absence of a
charged particle hit.

Secondary beams of positively charged hadrons are produced from 400 GeV c¢ protons extracted from the
SPS accelerator. The primary proton beam was directed to the T2 target (located 535 m before the NA61/
SHINE production target) where it interacted. Then the produced hadrons were used to form a secondary
proton beam with chosen beam momentum (here 40 GeV ¢ and 80 GeV ¢).

For 40 GeV ¢ p p data taking, two Cherenkov counters, a CEDAR [25] (CEDAR-W for 40 GeV ¢), and
a threshold counter (THC) were used to identify particles of the secondary hadron beam. For 80 GeV ¢
proton beam, only the CEDAR-N counter was used. The CEDAR counter, using a coincidence of six out
of the eight photo-multipliers placed radially along the Cherenkov ring, provides positive identification of
protons, while the THC, operated at a pressure lower than the proton threshold, is used in anti-coincidence
in the trigger logic. A selection based on signals from the Cherenkov counters allowed to identify beam
protons with a purity of about 99%. A consistent value for the purity was found by bending the beam into
the TPCs (Time Projection Chambers) with the full magnetic field and using identification based on its
specific ionization energy loss dE dx [26].

The main NA61/SHINE tracking devices are four large volume Time Projection Chambers located behind
the target. Two of them, the vertex TPCs (VTPC-1 and VTPC-2), are located in the magnetic fields of
two super-conducting dipole magnets with a combined maximum bending power of 9 Tm corresponding
to about 1.5 T and 1.1 T fields in the upstream and downstream magnets, respectively. This field configu-
ration was used for p p data taking at 158 GeV ¢ [9]. In order to optimize the acceptance of the detector,
the field in both magnets was adjusted proportionally to the beam momentum. The VTPCs are filled with
a mixture of argon and carbon dioxide in 90/10 proportion. Each of the VTPCs provides up to 72 points
on the particle trajectory. Two large main TPCs (MTPC-L and MTPC-R) are positioned downstream of
the magnets symmetrically to the beam line. The MTPCs are filled with a mixture of argon and carbon
dioxide in 95/5 proportion. Particle trajectories in MTPC-L or MTPC-R are determined by the use of up
to 90 points. The fifth small TPC (GAP TPC) is placed between VTPC-1 and VTPC-2 directly on the
beam line. It closes the gap between the beam axis and the sensitive volumes of the other TPCs. The
GAP TPC is filled with a mixture of argon and carbon dioxide in 90/10 proportion, and it provides up
to 7 points on the particle trajectory. Particle identification in the TPCs is based on measurements of the
specific energy loss (dE dx) in the chamber gas.

The p p data used in this analysis were recorded with the proton beam incident on a liquid hydrogen
target (LHT), a 20.29 cm long cylinder situated upstream of the entrance window of VTPC-1.

III. Data sets and analysis technique

A. Data sets

The results on K (892)° production in inelastic p p interactions at ppeq,=40 GeV c and 80 GeV ¢ are
based on data recorded in 2009. The numbers of events selected by the interaction trigger were 4.70M
and 3.87M, respectively.

Table 1 presents the numbers of events recorded with the interaction trigger and the numbers of events
selected for the analysis (see Sec. C). The drop in the number of events after cuts is caused mainly by BPD
reconstruction ine ciencies and o -target interactions accepted by the trigger. The numbers of tracks,



also given in Table 1, refer to tracks registered in accepted events only. The list of track cuts is discussed
in Sec. D and E.

Pbeam (GeV ¢) 40 80
syn (GeV) 8.8 12.3
Number of events selected by interaction trigger | 4.70M (100%) | 3.87M (100%)
Number of events after cuts 1.34M (28.5%) | 1.26M (32.6%)
Number of tracks 5.17M (100%) | 6.38M (100%)
Number of tracks after cuts without dE dx cut | 3.65M (70.6%) | 4.68M (73.3%)
Number of tracks after all cuts 1.53M (29.6%) | 2.13M (33.4%)

Table 1.: Data sets used for the analysis of K (892)° production. The beam momentum is denoted by pp.qn, Whereas
sy 1s the energy available in the center-of-mass system for nucleon pair. The event and track selection criteria
are described in Sec. C, D, and E.

B. Analysis method

The detailed descriptions of NA61/SHINE calibration, track and vertex reconstruction procedures, as well
as simulations used to correct the reconstructed data, are discussed in Refs. [23,24,27]. Below, only the
specific analysis technique developed for the measurement of the K (892)° spectra in p p interactions is
described. The analysis procedure consists of the following steps:

(i) selection of events and tracks (details are given in Sec. C and D),

(ii) selectionof K™ and  candidates based on the measurement of their ionization energy loss (dE dx)
in the gas volume of the TPCs (details are given in Sec. E),

(iii) preparation of invariant mass distributions of K*  pairs (details are given in Sec. F),

(iv) preparation of invariant mass distributions of K*  pairs for mixed events and Monte Carlo tem-
plates (details are given in Sec. F),

(v) extraction of K (892)° signals and obtaining the raw numbers of K (892)° (details are given in
Sec. F and G),

(vi) application of corrections (obtained from simulations) to the raw numbers of K (892)°; they include
losses of inelastic p p interactions due to the on-line and o -line event selection as well as losses
of K (892)° due to track and pair selection cuts and the detector geometrical acceptance (details
are given in Sec. H and I).

C. Event selection

Inelastic p p interactions, used in this analysis, were selected by the following criteria:

(i) aninteraction was recognized by the trigger logic (the detailed description can be found in Refs. [23,
24)),

(i) no o -time beam particle was detected within 1 s around the trigger (beam) particle,



(iii) the trajectory of the beam particle was measured in at least one plane of BPD-1 or BPD-2 and in
both planes of the BPD-3 detector,

(iv) the primary interaction vertex fit converged,

(v) the z position (along the beam line) of the fitted primary p p interaction vertex was found between -
590 cm and -572 cm, where the center of the LHT was at -581 cm (the range of this cut was selected
to maximize the number of good events and minimize the contamination by o -target interactions),

(vi) events with a single, well-measured positively charged track with absolute momentum close to the

beam momentum (p  ppean 1 GeV ¢) were rejected.

The event cuts listed above select well-measured inelastic p+p interactions. The background due to elastic
interactions was removed via cuts (iv) and (vi). The contribution from o -target interactions was reduced
by cut (v). The losses of inelastic p p interactions due to the event selection procedure were corrected
for using simulations (see below).

The numbers of events left after the above cuts were 1 34 10% and 126  10° for 40 GeV ¢ and 80 GeV e,
respectively.

D. Track selection

After adopting the event selection criteria, a set of track quality cuts were applied to individual tracks.
They were used to ensure high reconstruction e ciency, proper identification of tracks, and to reduce the
contamination of tracks from secondary interactions, weak decays, and o -time interactions. The tracks
were selected according to the following criteria:

(i) the track fit including the interaction vertex converged,
(ii) the total number of reconstructed points on the track was higher than 30,

(iii) the sum of the number of reconstructed points in VIPC-1 and VTPC-2 was higher than 15 or the
number of reconstructed points in the GAP TPC was higher than 4,

(iv) the distance between the track extrapolated to the interaction plane and the interaction point (so-
called impact parameter) was smaller than 4 cm in the horizontal (bending) plane and 2 cm in the
vertical (drift) plane,

(v) the track total momentum (in the laboratory reference system) was py,p, 35 GeV e for 40 GeV e
beam momentum and py,, 74 GeV ¢ for 80 GeV ¢ beam momentum,

(vi) the track transverse momentum (prt) was required to be smaller than 1.5 GeV c,

(vii) dE dx track cuts were applied to select K* and  candidates (details are given in Sec. E).

The numbers of tracks left after the above cuts were 1 53  10% and 2 13 10° for 40 GeV ¢ and 80 GeV c,
respectively.
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Figure 2.: (Color online) The values of dE / dx versus log(pias/(GeV/c)) for positively (left) and negatively (right)
charged particles after track cuts (i) — (vi) from Sec. D. Data for inelastic p+p collisions at 40 GeV/c beam momen-
tum. The empirical parametrizations of Bethe-Bloch curves are also drawn.
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Figure 3.: (Color online) The values of dE / dx versus log(pias/(GeV/c)) for positively (left) and negatively (right)
charged particles after track cuts (i) — (vi) from Sec. D. Data for inelastic p+p collisions at 80 GeV/c beam momen-
tum. The empirical parametrizations of Bethe-Bloch curves are also drawn.

E. Selection of kaon and pion candidates

In this analysis, charged particle identification was based on the measurement of ionization energy loss
(dE/dx) in the gas volume of the TPCs. In Figs. 2 and 3 the dE /dx values as a function of total momentum
(piap), measured in the laboratory reference system, are shown for both analyzed beam momenta and
for positively and negatively charged particles, separately. The K* and n~ candidates were selected by
requiring their dE / dx values to be within (—1.207; +1.80") (for kaons) and (—2.707; +3.30") (for pions)
around their empirical parametrizations of Bethe-Bloch curves (lines in Figs. 2 and 3). The quantity o
represents a typical standard deviation of a Gaussian function fitted to the dE /dx distribution of charged
kaons and pions. Since only small variations of o were observed for different total momentum and
transverse momentum bins, fixed values o = 0.044 for K* and o = 0.052 for =~ were used. The
asymmetric cuts were applied to reduce the number of protons within kaon candidates and the number of
kaons within pion candidates. Moreover, the upper limits for pj,p were introduced (ppeam — 5 GeV/e for
40 GeV/e, ppeam — 6 GeV/c for 80 GeV/c) in order to eliminate the region where dE /dx calibration is less
reliable (due to low statistics).



F. K (892)" signal extraction

The K (892)° lifetime is about 4 fm/c [28], so this meson resonance decays essentially at the primary
interaction vertex. The raw numbers of K (892)° mesons are obtained by performing fits to background-
subtracted invariant mass spectra of K (892)° decay products. The invariant mass is defined as:

mg+ = (Exg++E ) (pg++p ) ()

where E represents the total energy and p the momentum vector of daughter particles from K (892)°
decay.

In this analysis, the template method (see below) was applied to extract the raw numbers of K (892)° par-
ticles. Its advantages over the standard method (based on mixed events only) were described in Ref. [9].
The template method was already successfully used by NA61/SHINE in the analysis of K (892)° produc-
tion in p p interactions at 158 GeV c.

In the template method the invariant mass spectra of the data (blue data points in Figs. 4 and 5 (left)) were
fitted with a function given by Eq. (2):

fmgs Y=a TMC(mg+ Y+ b TPATAGng: )+ c BW(mg+ ) (2)

mix

The background is described as a sum of two contributions: T} and TPAT4, The TPATA component is
the combinatorial background estimated based on the mixing method (invariant mass spectra calculated
for K*  pairs originating from di erent events). The T template (MC abbreviation stands for Monte
Carlo) is the shape of the simulated background, which describes the contribution of K*  pairs origi-
nating from (i) combination of tracks that come from decays of resonances di erent than K (892)°, for
example, one track from a O meson and one from a K * meson, (ii) combination of tracks where one

comes from the decay of a resonance and one comes from direct production in the primary interaction.

The MC samples used to prepare the TXC templates were generated by the E 1.99 [29] hadronic in-

teraction model using the CRMC 1.4 package [30]. Generated p p events were processed through the
NAG61/SHINE detector simulation chain and then through the same reconstruction routines as the data.
The MC simulation maintains the history of particle production, thus allowing to check their identity and
origin, enabling the construction of the proper templates. For the reconstructed MC samples, the same
event and track selection criteria, as for real data, were used. The response of the detector was simulated
based on the G package [31] (version 3.21), so the limited acceptance of the NA61/SHINE detector
was also included in the reconstructed MC samples used to prepare the TMC templates. Both the tem-

plate and the data histograms were computed in selected bins of K (892)° rapidity (calculated in the
center-of-mass reference system) and transverse momentum pr.

Finally, the signal (BW) is described using the Breit-Wigner distribution Eq. (3):
2

1
BW(mg+ )=A 4 K (3)
(mg+ mg P+ 3 %

where A (normalization factor), mgx (mass), and g (width) are fitted parameters. The initial values
of mass and width were taken from the Particle Data Group (PDG): mg = mg = 089555 GeV and
k = o=00473 GeV [28].



The TMC and Tnlflf:‘CTA histograms in the fit function given by Eq. (2) were normalized to have the same
numbers of pairs as the real data histogram in the invariant mass range from 0.6 to 1.6 GeV. The symbols
a, b and ¢ in Eq. (2) are the normalization parameters of the fit (a + b + ¢ = 1). They describe the
contributions of TY€, Tr%cm and BW to the invariant mass spectra. The mass and width of the K (892)°
are the parameters of the Breit-Wigner shape obtained within the mass window my 4 (. The values
received from rotal fit 2 (see Fig. 4 or 5 (right)) were used to obtain the uncorrected numbers of K (892)°

mesons (the section below).

In Figs. 4 and 5 (left), the fitted invariant mass spectra, using Eq. (2), are shown as brown curves (fo-
tal fit 1). The red lines (fitted background) represent the fitted function without the signal contribution
(BW). Both fits (brown and red curves) were performed in the invariant mass range from 0.66 GeV to
1.26 GeV. After the MC template and mixed event background subtraction (see Eq. (4) below), the
resulting invariant mass distributions (blue data points) are presented in Figs. 4 and 5 (right).

For each mg+ invariant mass bin in Fig. 4 and 5 (right), the bin content Np;,(mg+ ) was calculated as:

Npin(mg+ ) =Npg (mg+ ) a T¥Smg+ ) b TP A(ngs ) )

res mix

where N,, (mg+ ) is the raw production in a given mg+ bin, and a, b, ng’f (mg+ ) and T’%CTA (mg+ )

are described in Eq. (2). The statistical uncertainty of Np;,(mg+ ) can be expressed as (the notation
(mg+ ) 1is omitted for simplifying the presentation of the formula):

Npin = ( Nypg )2 +a2( TP + 02 TooTA)? (&)
where N,, , TMCand TPATA are the standard statistical uncertainties taken as the square root of the

res

Due to high statistics of Monte Carlo and mixed events, the uncertainties of parameters a and b were
neglected.

number of entries. For 7M€ and TI%CTA histograms the number of entries had to be properly normalized.

In order to subtract a possible residual background (red curves) in Figs. 4 and 5 (right) (it looks negligible
in these (y,pr) intervals but is more significant in others), a fit of the blue histograms was performed as
the last step using the function given by Eq. (6):

fings Y=d (mg+ Y¥+e (mg+ )+ f+ BW(mg+ ) ©6)

where d, e, f, and are free parameters of the fit, and the Breit-Wigner (BW) component was described
by Eq. (3). The results are presented in Figs. 4 and 5 (right). The red lines here (polynomial background)
illustrate the remaining residual background (Eq. (6) without BW component) and the brown curves (fotal
fit 2) the sum of residual background and BW signal distribution (Eq. (6)). In the end, the uncorrected
number of K (892)° resonances (for each separate rapidity and transverse momentum bin) was obtained
as the integral (divided by the bin width) over the BW signal of total fit 2 in Figs. 4 and 5 (right). The
integral was calculated in the mass window mg 4 .

G. Uncorrected numbers of K (892)"

Figures 6 and 7 present the uncorrected numbers of K (892)° mesons (Nk ) as obtained from the extrac-
tion procedure described in Sec. F. The values are shown with statistical uncertainties. Due to limited
statistics of data two kinds of binning were proposed: (i) one large bin/range of transverse momentum
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Figure 4.: (Color online) The example of the procedure of signal extraction for K*(892)" in rapidity bin 0.5 < y <
1.0 (all rapidity values in the paper are given in the center-of-mass reference system) and transverse momentum
range 0 < pr < 1.5 GeV/c for p+p collisions at 40 GeV/c. Left: data signal (blue points) and fitted background
(red line) obtained from the templates. Right: background-subtracted signal — more details in the text. Thin black

vertical lines in the right panel correspond to the range of integration of the fit functions when obtaining the raw
number of K*(892)° mesons (mq + 4T).
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Figure 5.: (Color online) Same as Fig. 4 but for p+p collisions at 80 GeVjc.

(0 < pr < 1.5 GeV/c) and two (40 GeV/e) or four (80 GeV/c) bins in rapidity (Fig. 6), (ii) one large
bin/range of rapidity (0 < y < 1.5) and four bins in transverse momentum (Fig. 7). Binning presented in
Fig. 6 was used to obtain rapidity spectra of K*(892)° mesons, whereas binning illustrated in Fig. 7 was
used to compute transverse momentum and transverse mass spectra, as well as the pt dependence of the
fitted mass and width of the K*(892)° resonance.

For each bin of (y, pr) in Figs. 6 and 7 the uncorrected number of K*(892)° mesons, Nk+(y, pr), was
calculated as the integral (divided by the bin width) over the BW signal of rotal fir 2 in Figs. 4 and 5
(right). The integral was obtained within the mass window mg + 41y. The statistical uncertainty of the
raw number of K*( 892)0 mesons, ANk+(y, pr), was taken as the uncertainty of the integral (divided by the
bin width) calculated by the ROOT [32] package using the covariance matrix of the fitted parameters.

H. Correction factors

The procedure of determining the uncorrected numbers of K*(892)° mesons was described in Sec. G.
These numbers need to be corrected for the effects such as identification inefficiency, geometrical accep-
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Figure 6.: (Color online) The uncorrected numbers of K (892)° mesons obtained from the extraction procedure
described in Sec. F for inelastic p p interactions at 40 GeV ¢ (left) and 80 GeV ¢ (right). The values are shown with
statistical uncertainties. Binning used to obtain spectra of K (892)0 (see Fig. 15).
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Figure 7.: (Color online) The uncorrected numbers of K (892)° mesons obtained from the extraction procedure
described in Sec. F for inelastic p p interactions at 40 GeV ¢ (left) and 80 GeV ¢ (right). The values are shown with
statistical uncertainties. Binning used to obtain pr and mr spectra of K (892)°, as well as the pr dependence of
mg and g (see Figs.13, 14, 10).

tance, track and event reconstruction ine ciencies, and losses of inelastic p p events due to the trigger
bias (S4). In order to obtain the corrected numbers of K (892)° mesons, produced in inelastic p p inter-
actions, two corrections were applied to the extracted raw numbers of K (892)° resonances:

(1)

(i)

The loss of the K (892)° mesons due to the dE dx requirements was corrected by a constant factor:
1
CdE dx = — = 118253 @)
K+
where g+ = 084900 and = 099605 are the probabilities (based on the cumulative Gaussian

distribution) for K* or to lie within ( 12 ;+18 )or ( 27 ;+33 ) around the empirical
parametrization of Bethe-Bloch value.

The losses due to geometrical acceptance, reconstruction e ciency, trigger bias (S4), detector ac-
ceptance as well as the quality cuts applied in the analysis were corrected with the help of a detailed
Monte Carlo simulation. In the MC samples, the width of the K (892)° resonance was simu-
lated according to the known PDG value [33]. The correction factors were based on 19 7 100
(Pbeam = 40 GeVce) and 19 8 10° (prean = 80 GeV¢) inelastic p p events produced by the
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E 1.99 event generator [29]. The validity of these events for calculation of the corrections was
verified in Refs. [23,34]. The particles produced in the generated events were tracked through the
NAG61/SHINE apparatus using the G package [31] (version 3.21). As the next step, the TPC
response was simulated by dedicated NA61/SHINE software packages, which take into account
all known detector e ects. Then, the simulated events were reconstructed with the same software
as used for the real data. Finally, the same selection cuts were applied (with the exception of the
identification cut: dE dx versus total momentum py,; instead, the matching procedure between
reconstructed and simulated tracks was applied — see below).

For a given and pr bin, the correction factor cyc(  prt) was computed as:

n 1
ne pr) NZ'C pr) NEC pp) B N¥(C pr) NSl
nel pr) N, N3l NTC pn N

e ents e ents e ents

()

cmc( pr) =

where:

- N Ke"( pr) denotes the number of K (892)° mesons (that decay into K*  pairs) generated
in a given ( ,pr) bin,

- N ‘;(el ( prt) denotes the number of K (892)° mesons (that decay into K*  pairs) reconstructed
and selected by the cuts in a given ( pr) bin. In this analysis the reconstructed charged par-
ticles were matched to the simulated K™ and  mesons based on the number of clusters and
their positions. Then the invariant mass was calculated for all K*  pairs. The reconstructed
number of K (892)° resonances was obtained by repeating the same steps (template method)
as in raw experimental data (details are described in Sec. F),

- Nee:m represents the number of generated inelastic p p collisions (19 7 106 for DPbeam =

40 GeVeand 198 10 for ppeam = 80 GeV¢),

- N geelm represents the number of reconstructed and accepted p p events (13 5 10° for Pbeam =

40 GeVcand 156 10° for DPbeam = 80 GeV ¢).

The statistical uncertainty of cyc( prt) was calculated assuming that N‘I"(el( pr) 1s a subset of
N Ke"( pr) and the uncertainty of their ratio is governed by a binomial distribution. The uncer-
tainty originating from the N é""’elm s N, ratio was found to be negligible. The final uncertainty of

cuc( pr) was then calculated as follows:

NS'Copr) N¥C pp)
NSC pr) N pr)

(©))

cmc( pr) =cpuc( pr)

The obtained values of correction factors cyc(  pr), together with statistical uncertainties, are presented
in Figs. 8 and 9 for all considered (  pt) bins.

I. Corrected K (892)° yields

The double-di erential yield of K (892)" mesons per inelastic event in a bin of (  pr) was calculated
using the formula:

d*n 1 Nk ( ) CdE dx cmc( pr1)
( p=— P * (10)
d dpr BR Ne ents pPT
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Figure 8.: (Color online) The correction factors cyc(  pr) with statistical uncertainties for 40 GeV ¢ (left) and
80 GeV c (right). Binning used to obtain spectra of K (892)" (see Fig. 15).
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Figure 9.: (Color online) The correction factors cyc(  pr) with statistical uncertainties for 40 GeV ¢ (left) and
80 GeV c¢ (right). Binning used to obtain pr and mr spectra of K (892), as well as the pr dependence of mg and
k (see Figs.13, 14, 10).

where:

- BR =2 3represents the branching ratio of K (892) resonance decayinto K*  pairs (obtained [35]
from the Clebsch-Gordan coe cients),

- Nk ( pr) is the uncorrected number of K (892)° mesons, obtained by the signal extraction proce-
dure described in Sec. F,

- N, onrs denotes the number of events after cuts (see Sec. C),
- ¢cde dx and cyc(  pr) are the correction factors discussed in Sec. H,
- and pr represent the corresponding bin widths.

The corrected double-di erential yields of K (892)° mesons, together with their uncertainties, are pre-
sented in Sec. IV.
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J. Statistical and systematic uncertainties

The statistical uncertainties of the corrected double-di erential K (892)° yields (see Eq. (10)) include the
statistical uncertainties of the correction factor cyc(  pr) (see Eq. (9)) and the statistical uncertainties

Nk (- pr) (see Sec. G) of the uncorrected number of K (892)° resonances. The correction cqg gy has
no statistical uncertainty. The final expression for statistical uncertainty reads:

d’n ( PT):L cde dx cmc( pr) 2( Nk ( po)?+ Nk ( pr) CdE dx

d de BR Ne ents Pt Ne ents pr

2
( emc( pm)?
(11)

The uncorrected numbers of K (892)° mesons (and later on the corrected yields), the K (892)° mass
and width parameters, and other quantities depend on the details of signal extraction procedure and the
event and track quality cuts. These two groups of e ects were studied in order to estimate the systematic
uncertainties.

() The uncertainties estimated by changing the signal extraction procedure:

(i) the invariant mass fitting range (see Figs. 4 and 5 (left)) was changed from (0 66; 1 26) GeV
to (0 69; 1 26) GeV,

(i1) the initial value of the width ( g ) parameter of the Breit-Wigner distribution (Eq. (3)) was
varied by 8%,

(iii) the initial value of the mass (mg ) parameter of the Breit-Wigner distribution (Eq. (3)) was
modified by 0.3 MeV,

(iv) the initial parameters a, b, and c in invariant mass fitting function (Eq. (2)) were varied by
10%,

(v) the value of the g parameter of the signal function was fixed at the PDG value ( o),
(vi) the value of the mg parameter of the signal function was fixed at the PDG value (my),

(vii) the residual background description (red lines in right panels of Figs. 4 and 5) was changed
from a second order to a third order polynomial curve,

(viii) the invariant mass range over which the raw number of K (892)° mesons was integrated was
changed frommy 4 gto 35 gand 45 o,

(ix) the raw number of K (892)° resonances was computed as the sum of points (after 2nd order
polynomial subtraction) instead of the integral (divided by the bin width) over the Breit-
Wigner signal.

(I) The uncertainties estimated by changing the event and track selection criteria:

(i) the window in which o -time beam particles are not allowed was increased from 1 s to
15 saround the trigger particle,

(ii) the cut on the range of the z-position of the primary interaction vertex was changed from
[ 590; 572]cmto[ 591; 571]cmand|[ 589 573]cm,
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(iii) the dE dx cuts, ( 12 ;+18 ) for K* and ( 27 ;+33 ) for , were changed into
(07 ;413 YforK*and( 22 ;+28 )for (narrowercut),aswellas( 17 ;+23 )
forK*and( 32 ;+38 )for (wider cut),

(iv) the minimum required total number of points in all TPCs for K* and candidates was
modified from 30 to 25 and 35,

(v) the minimum required number of clusters in both VTPCs for K* and candidates was
modified from 15 to 12 and 18,

(vi) the impact parameter (distance between the extrapolated track and the interaction point) cuts
for the tracks were turned o .

(III) The uncertainties due to the limited precision of magnetic field calibration.

The NA61/SHINE magnetic field strength was verified with a precision of better than 1% by study-
ing the Kg and invariant mass distributions [36]. As in the previous paper [9] in order to test how
the magnetic field calibration influences the results, the momentum components of K (892)° decay
products (K* and ) were varied by 1%.

For each of the possible sources described above, the partial systematic uncertainty  ;; was determined
as half of the di erence between the lowest and the highest value obtained by varying the given parameter.

Then, the final systematic uncertainty was taken as: ;5 = 2 The (I) (i1), (I) (ii1), and (I) (iv)

s si’

sources have negligible contributions to the total systematic uncertainties. The (IIT) source has negligible
contribution to the total systematic uncertainties of K (892)° yields.

In Sec. IV and V the final systematic uncertainties are shown in figures as shaded color bands.

IV. Results

A. Mass and width of K (892)°

Figure 10 shows the values of mass and width of K (892)° mesons as extracted from the fits to background-
subtracted invariant mass spectra (see Sec. F). The fits were performed in four di erent transverse mo-
mentum bins and one large rapidity bin (0 1 5). The numerical values are listed in Table 2.

Within uncertainties, the values of g for both studied beam momenta (40 GeV ¢ and 80 GeVc) are
consistent with the PDG reference value (dashed horizontal line in Fig. 10 (bottom)). For 40 GeV ¢ data,
the mg values are also in agreement with the PDG reference value (dashed horizontal line in Fig. 10
(top)). For 80 GeV ¢ beam momentum, the observed mg values seem to be slightly smaller than the
reference value provided by the PDG. The comparisons of NA61/SHINE mass and width of K (892)°
resonances with STAR p p results are shown in Sec. V.

B. Double-di erential K (892)" spectra

The double-di erential yields ddZ'; - of K (892)° mesons in inelastic p p interactions at 40 GeV ¢ and
80 GeV ¢ were computed from Eq. (10) and are presented in Fig. 11 (in bins of rapidity) and Fig. 12 (in
bins of transverse momentum).
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Figure 10.: (Color online) The transverse momentum dependence of mass (top) and width (bottom) of K*(892)°
mesons obtained in inelastic p+p collisions at 40 GeV/c and 80 GeV/jc (+/sy~ = 8.8 and 12.3 GeV) in rapidity
range 0 < y < 1.5. The numerical data are listed in Table 2. The dashed horizontal lines represent PDG values
my = 895.55 MeV and I'y = 47.3 MeV [28]. For a comparison the previous NA61/SHINE results [9] for p+p
interactions at 158 GeV/c (/syy = 17.3 GeV) are also shown (they were obtained in 0 < y < 0.5).

p+p at 40 GeV/e p+p at 80 GeV/e
pr (GeVe) mg+ (MeV) g (MeV) mg+ (MeV) Ik (MeV)
(0.0;04) | 8925+33+47 |308+7.1+9.8|889.1+1.9+46|544+3.6+6.8
(04,08) | 8941+34+64 | 436+92+13 [ 891.9+1.8+29 |41.2+34+35.7
(0.8;1.2) | 8913 +48+46 | 41+15+18 800.0+3.1+29 | 402+58+74
(1.2;1.5) | 8928 +7.7+6.7 71 +27 +£34 8802+£50+£36| 40+£10+12

Table 2.: The numerical values of mass and width of K*(892)° mesons fitted in 0 < y < 1.5 and presented in Fig. 10.

The first uncertainty is statistical, while the second one is systematic.
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Figure 11.: (Color online) The double-di erential K (892)° spectra, as obtained from Eq. (10), in inelastic p p
interactions at 40 GeV ¢ (left) and 80 GeV ¢ (right) in two (left) or four (right) bins of rapidity. One large bin
of transverse momentum was used (0 pr 15 GeVc). The values are shown with statistical and systematic
uncertainties.
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Figure 12.: (Color online) The double-di erential K (892)° spectra, as obtained from Eq. (10), in inelastic p p
interactions at 40 GeV ¢ (left) and 80 GeV ¢ (right) in four bins of transverse momentum. One large bin of rapidity
was used (0 1 5). The values are shown with statistical and systematic uncertainties.

C. K (892)" transverse momentum and transverse mass spectra

Figure 13 presents the double-di erential yields of K (892)° mesons as function of pr for rapidity range
0 1 5. The corresponding numerical values are listed in Table 3 (note that Fig. 13 contains the
same data points as presented in Fig. 12).

In order to determine the inverse slope parameter 7 of transverse momentum spectra the function:

p% + m(z)
f(pt) =A prexp —F (12)

was fitted to the measured data points shown in Fig. 13. The inverse slope parameters, resulting from the
fits, are quoted in the figure legends.

2 2 1 _dn : d*n
The transverse mass (mr Pyt mo) spectra ;- 277 were obtained based on %

2 .
- spectra according
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Figure 13.: (Color online) The transverse momentum spectra By dpr

of K*(892)° mesons produced in inelastic p+p
collisions at 40 GeV/c (left) and 80 GeV/c (right) in rapidity range 0 < y < 1.5. The fitted function (solid line) is
given by Eq. (12). The numerical values are listed in Table 3. The fitted inverse slope parameters T are quoted in

the legends.
pt (GeV/e) p+p at 40 GeV/c p+p at 80 GeV/c
(0.0;,0.4) 7.11+£093 +22 196 £1.2+27
(0.4;0.8) 85+12+23 144+12+28
(0.8:1.2) 1.91 £ 0.43 + 0.83 485+£0.74 £ 1.1
(1.2;1.5) | 0559 +0.095+£0.38 | 1.22 +£0.33 +0.37

Table 3.: The numerical values of double-differential yields dﬁ’;r presented in Fig. 13, given in units of 1073

(GeV/e)™!. The first uncertainty is statistical, while the second one is systematic.

mt — mg (GeV) | pr (GeV/e) p+p at 40 GeV/e p+p at 80 GeV/e
0.043 (0.0;0.4) 356 £46+11 98.2+6.0+ 13
0.195 (0.4;0.8) 141+19+39 239+2.1+4.7
0.454 (0.8:1.2) 1.91 £ 043 £ 0.83 485+074 1.1
0.727 (1.2;1.5) | 0414 +£0.071 £0.28 | 0.90 £ 0.25 + 0.28
Table 4.: The numerical values of double-differential yields mLT dr;‘fr"dy given in units of 1073 (GeV)~2 and presented

in Fig. 14 (for 40 GeV/c and 80 GeV/c data); the values of mrt — myg specify the bin centers. The first uncertainty is
statistical, while the second one is systematic.

to the relation:
1 d*n 1 d*n
m_Tmedy B Edydp'r'
The results are presented in Fig. 14, together with the previous NA61/SHINE measurement at 158 GeV/c [9].
The numerical values for this analysis are displayed in Table 4. At higher energies the mt spectra seem
to exhibit the concave shape with respect to the fitted exponential parametrization.

(13)

The inverse slope parameters of transverse momentum spectra (Fig. 13) in 0 < y < 1.5 were found
tobe T = (153 £ 29 £ 13) MeV for ppeam = 40 GeV/c and T = (153 + 30 + 9) MeV for ppeam =
80 GeV/e. The statistical uncertainty (the first one) is equal to the uncertainty of the fit parameter, and the
systematic uncertainty was estimated in the way described in Sec. J. In the previous analysis of NA61/
SHINE the value of T = (173 £ 3 + 9) MeV was obtained in 0 < y < 0.5 for p+p interactions at
Pheam = 138 GeV/c [9] (see Fig. 14). Finally, also in p+p collisions at 158 GeV/c the NA49 experiment
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Figure 14.: (Color online) The transverse mass spectra #drﬁ"dy of K*(892)° mesons produced in inelastic p+p

collisions at 40 GeV/c and 80 GeV/c in rapidity range O < y < 1.5. The numerical values are listed in Table 4.
The solid lines represent function given by Eqs. (12) and (13) with A and T parameters taken from Fig. 13. For
a comparison the previous NA61/SHINE results [9] for p+p interactions at 158 GeV/c are also shown (they were
obtained in 0 < y < 0.5).

measured the T parameter of the pt spectrum (for rapidity range 0.2 < y < 0.7) and published a value
T = (166 + 11 + 10) MeV [10].

D. K*(892)" rapidity spectra

The K*(892)° rapidity distributions fT;, presented in this paper, were obtained in transverse momentum

n

range 0 < pr < 1.5 GeVje. They were computed from dydyr values (see Fig. 11) multiplied by the
width of the transverse momentum bin (1.5). The uncertainties were also obtained by multiplying the
uncertainties of dﬁ?ﬂ by 1.5. The spectra are presented in Fig. 15 together with the previous NA61/
SHINE results obtained in the full pt range for p+p interactions at 158 GeV/e [9]. The numerical values

for this analysis are displayed in Table 5.

The data points presented in Fig. 15 were fitted with a Gaussian function:
= A-exp|--L 14
@) p[ 202 (14)

that allowed to determine the width o, of the K*( 892)° rapidity distribution. Note that in the fit function
the mean value of the Gaussian shape was fixed at y = 0. The fit parameters were also used to compute
the mean multiplicity (K™( 892)%) (details are given in Sec. E). The statistical uncertainty of o, was taken
from the fit, and the systematic one was estimated in the way described in Sec. J. The numerical values
of o, and (K*(892)°) are shown in Table 5.
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Figure 15.: (Color online) The rapidity spectra

dn

dy

included in the fit (see Ref. [9] for details).

of K*(892)° mesons produced in inelastic p+p collisions at
40 GeV/c and 80 GeV/c in transverse momentum range 0 < pr < 1.5 GeVjc. The numerical values are listed in
Table 5. The solid lines represent the function given by Eq. (14). For comparison the previous NA61/SHINE
results [9] for p+p interactions at 158 GeV/c are also shown (they were obtained in the full transverse momentum
range; pr-integrated and extrapolated rapidity spectrum). For 158 GeV/c the first (light blue) point (y < 0) was not

dn
d
y p+p at 40 GeV/e g p+p at 80 GeV/e
(0.0;0.5) - (20.9 + 2.1 +4.0) -1073
(0.5:1.0) (11.4+ 1.0 + 1.3) -1073 (184 + 1.1 £ 1.9)-1073
(1.0;1.5) | (5.19£0.69 +0.77) -1073 | (9.71 £0.76 + 1.0) -1073
(1.5;2.0) - (6.23 +0.82 + 1.5) -1073
oy 0.768 + 0.29 + 0.082 1.037 + 0.059 + 0.065
(K*(892)% | (35.1+1.3+3.6)-1073 (583 +£1.9+49).1073

Table 5.: The numerical values of rapidity distributions presented in Fig. 15. The first uncertainty is statistical, while
the second one is systematic. Additionally, the table shows the widths of the Gaussian fits to the 3—;‘ distributions

and the mean multiplicities of K *(892)% mesons (see Sec. E of the text for details).
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E. Mean multiplicity of K (892)" mesons

The mean multiplicities of K (892)° mesons were obtained based on rapidity distributions presented in
Fig. 15. Assuming rapidity symmetry around = 0, the mean multiplicity K (892)° was calculated as
the sum of measured points in Fig. 15 and the integral of the fitted Gaussian function (Eq. (14)) in the
unmeasured region:

dn A +A, dn

K (892)° = — + — — 15
T e S S (15)
where for 80 GeV ¢ data:
0 jz + jz 20 jz
A = A e?°d A, = A e?°d I = A e?°d (16)
20 0
and for 40 GeV c data:
05 12 + jz 15 jz
A = A e?°d A= A e?°d I = A e?°d 17)
15 05

The statistical uncertainty of K (892)° was determined as:

K®2" = 1+——= ( )2

7 (18)

A +A,? dn
. d .
1 l

where % is the statistical uncertainty of % point and  is the rapidity bin width (equal 0.5 for each

of the i-th % points). The systematic uncertainty of K (892)° was estimated in the way described in

Sec. J. The results are listed in Table 5 and presented in Fig. 16. The mean multiplicities of K (892)°
mesons in inelastic p p collisions were found to be (351 1 3(stat) 3 6(sys)) 10 3 at 40 GeV ¢ and
(583 19(stat) 4 9(sys)) 10 3 at 80 GeVe.

V. Comparison with world data and model predictions

In this section, comparisons of the NA61/SHINE measurements with publicly available world data are
presented. The results are also confronted with predictions of E 1.99 and statistical models.

A. Mass and width of K (892)°

In Fig. 18 the results of NA61/SHINE for K (892)° mass and width in inelastic p p collisions (this
analysis and Ref. [9]) are compared to p p results from STAR at RHIC and the PDG reference values
(for STAR the mass and width of K © meson peak were calculated as the averaged measurements from
K (892)° and K (892)° invariant mass spectra). Similar plots presenting Pb+Pb and Au+Au results
(NA49, ALICE, STAR) can be found in Ref. [9].

The obtained NA61/SHINE measurements of mg and g are close to the PDG reference values. How-
ever, somehow lower mg values may be seen for 80 GeV c p p data. For p p collisions at RHIC energy,
the STAR experiment also measured lower K © mass, especially at lower transverse momenta.
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Figure 16.: (Color online) The energy dependence of (K*(892)%) in inelastic p+p collisions. The previous NA61/
SHINE result [9] for p+p interactions at 158 GeV/c is also shown. The mean multiplicities were obtained for 0 <
pr < 1.5 GeV/c (two lower energies, this analysis) or for the full phase space [9] (the highest energy). The vertical
bars represent the total uncertainties (square root of the sum of squares of statistical and systematic uncertainties).
The dashed line is added as a guide to the eye.

B. Comparison of results with Eros1.99 predictions and NA49 measurements

The NAG61/SHINE results on rapidity spectra and mean multiplicities were compared to predictions of
the Epos1.99 [29] model of hadron production. The rapidity spectra are presented in Fig. 18, and the
numerical values of mean multiplicities are listed in Table 6. For comparison, the previous NA61/SHINE
result for 158 GeV/c [9] is also included in the table (it was obtained from pr-intergated and extrapolated
g—; spectrum, thus resulting in (K*(892)% measured in the full phase space [9]). It can be seen that
the Epos1.99 model overestimates K*(892)° production in inelastic p+p collisions at all three SPS beam
momenta.

Table 6 also includes the comparison of p+p results for 158 GeV/c with NA49 [10]. The NA49 experiment
used one wide pt bin (0 < pt < 1.5 GeV/c; similarly to the NA61/SHINE analysis of 40 and 80 GeVj/e
data) and the (K*(892)?) was obtained from the g—z spectrum as the integral under the Gaussian function
in the range —3 < y < 3 [35]. Within the estimated uncertainties, the results of both experiments were
consistent.

C. Comparison of (K*(892)") with predictions of HRG model

In high-energy ion-ion collisions, the statistical Hadron Resonance Gas models are commonly used to
predict particle multiplicities. As adjustable parameters, those models use the chemical freeze-out tem-
perature Tp,,, the baryochemical potential up, the strangeness saturation parameter yg, etc. In this
paper, the measured NA61/SHINE (K *(892)%) multiplicities are compared with predictions [37] of the
HRG model with parameters obtained by fitting the NA61/SHINE p+p data.
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Figure 17.: (Color online) The transverse momentum dependence of mass and width of K*( 892)0 (or K *0) mesons
obtained in p+p collisions by NA61/SHINE (this analysis and Ref. [9]) and STAR [11]. For STAR the averaged
(K*%) measurements of K*(892)° and K*(892)° are presented. The horizontal lines represent PDG values [28].
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Figure 18.: (Color online) The comparison of K*(892)° rapidity distributions from NA61/SHINE (points) and the
Eros1.99 model (dotted lines). Results for inelastic p+p collisions at 40 GeV/c (top) and 80 GeV/c (bottom). The

fitted Gaussian functions to NA61/SHINE points (gray solid lines) are given by Eq. (14).

p+p at 40 GeV/e
(K*(892)%) oy
NA61/SHINE, z—: in wide pr bin | (35.1 + 1.3 +£3.6)-1073 0.768 + 0.29 + 0.082
Epos1.99, no binning (46.67 + 0.03)-1073 -
p+p at 80 GeV/e
(K*(892)%) oy

NAG1/SHINE, " in wide pr bin

(58.3+1.9+4.9)-1073

1.037 + 0.059 + 0.065

Epos1.99, no binning

(67.02 + 0.04)-1073

p+p at 138 GeV/e

(K*(892)")

Ty

NAG61/SHINE, pr-integrated
and extrapolated g—; [9]

(78.44 £ 038 £6.0)- 1073

1.31 £ 0.15+£0.09

NA49, %'in wide pr bin [10]

(741+£15+£67)-1073

1.17 £0.03 £ 0.07

Epos1.99, no binning [9]

(87.82 £ 0.06) - 1073

Table 6.: The mean multiplicities of K*(892)° mesons and the widths of the rapidity distributions ¢, obtained from
;ﬂ distributions (see the text for details). The results are presented for NA61/SHINE (this analysis and Ref. [9]),

A49 [10], and the Epos1.99 model. The first uncertainty is statistical, while the second one is systematic.
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Figure 19.: (Color online) The (K*(892)%) NA61/SHINE values measured in inelastic p+p collisions at ppegm =
40-158 GeV/c (this analysis and Ref. [9]), divided by the Hadron Resonance Gas model predictions within the
Canonical Ensemble [37] for the fit with ¢ mesons included (upside-down triangles) and the fit with ¢ meson ex-
cluded (triangles). The star shows the (K*(892)°) [9] divided by the HRG model prediction for the Grand Canonical
Ensemble [37,38]. The numerical values of (K*(892)% and K‘(ng)gma are listed in Table 7.

Figure 19 presents the energy dependence of (K *(892)% to K *(892)%RG ratios for the HRG model [37]
in the Canonical Ensemble (CE). The upside-down red triangles correspond to the HRG fits with the ¢
meson multiplicities included, whereas violet triangles represent the situation where the ¢ mesons were
not included in the HRG model fits. Additionally, the NA61/SHINE p+p point at 158 GeV/c was compared
to the HRG model prediction within the Grand Canonical Ensemble (GCE) formulation [37,38] (blue star
symbol in Fig. 19). In Fig. 19 the total uncertainty of (K *(892)%) was taken as the square root of the sum
of squares of statistical and systematic uncertainties. The uncertainty of the (K*(892)% to K "‘(892)?{RG

ratio (vertical axis) was taken as the final uncertainty of (K*(892)%) divided by K*(SQZ)%RG.

The Hadron Resonance Gas model in the CE agrees with the NA61/SHINE p+p data at ppezm = 40—
158 GeV/c but only when the ¢ meson is excluded from the fit. The authors of Ref. [37] stress that the
inclusion of the ¢ meson multiplicities in thermal fits significantly worsens the HRG model fit quality.
But surprisingly, the GCE statistical model well describes the K*(892)° yield in the small p+p system
(point for 158 GeV/c). The numerical values used to prepare Fig. 10 are presented in Table 7.

D. (K*(892)") over charged kaon ratios

The system size dependence or multiplicity dependence of K* to charged kaon ratios may allow esti-
mating the time interval between chemical and kinetic freeze-out in nucleus-nucleus collisions. In the
previous paper of NA61/SHINE [9] the (K*(892)%/(K*) and (K*(892)%)/(K~) ratios from p+p colli-
sions at 4/syny = 17.3 GeV were compared with the same ratios from the 23.5% most central Pb+Pb
collisions (NA49 data) and the resulting time interval between freeze-outs was estimated as 5.3 fm/c for
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| K (892)° or K (892)0xq

p patd40GeVc

NAG61/SHINE, 2 in wide pr bin (351 13 36) 107
HRG model, Canonical Ensemble (no ) [37] 377103
HRG model, Canonical Ensemble (with ) [37] 23710 °
p pat80GeVc
NAG61/SHINE, % in wide pr bin (583 19 49) 107
HRG model, Canonical Ensemble (no ) [37] 512103
HRG model, Canonical Ensemble (with ) [37] 343103

p pat158 GeVc
NAG61/SHINE, pr-integrated and extrapolated % [9] (7844 038 60) 10

HRG model, Canonical Ensemble (no ) [37] 69.1 103
HRG model, Canonical Ensemble (with ) [37] 451 10 3
HRG model, Grand Canonical Ensemble (with ) [37,38] 80.5 10 3

Table 7.: The K (892)° mean multiplicities for inelastic p p interactions at 40—158 GeV ¢ beam momenta (this anal-
ysis and Ref. [9]) compared to the theoretical multiplicities of K (892)° mesons predicted by the Hadron Resonance
Gas model [37,38] (the authors used g fitting parameter for both CE and GCE formulations of the HRG model).

p pat4d0GeVce | p pat80GeVce
K (892)° 0.0351 0.0038 | 0.0583 0.0053
K* [39] 0.170  0.025 0.201 0.014
K [39] 0.0840 0.0067 | 0.0950 0.0064

K (892)° K* 0.206 0.038 0.290 0.033

K (892)° K 0.418 0.056 0.614 0.069

Table 8.: The mean multiplicities of K (892)°, K* and K , as well as K (892)° K* and K (892)° K
measured in inelastic p p interactions at ppe,, = 40 and 80 GeV ¢ by the NA61/SHINE experiment. The total
uncertainties of K (892)° , K* ,and K were calculated as the square roots of the sums of squares of statistical
and systematic uncertainties.

the K (892)° K™ ratio or 4.6 fm/c for the K (892)° K ratio [9]. In the same paper similar calcu-
lations were performed for the published RHIC ( 'syy = 200 GeV, p p and 10% most central Au+Au)
and LHC ( syny = 2760 GeV, p p and 5% most central Pb+Pb) data, resulting in 3.5 fm/c and 3.9 fm/c,
respectively. It may suggest that in central heavy-ion (Pb+Pb or Au+Au) collisions, the lifetime of the
hadronic period of the fireball after chemical freeze-out is longer at SPS than at RHIC or even at LHC
energies. One should, however, stress that such a conclusion is valid only under the assumption that there
are no regeneration processes of K mesons before kinetic freeze-out.

Motivated by these intriguing results, the NA61/SHINE Collaboration plans to estimate time between
freeze-outs for lower SPS energies (beam momenta 40A and 754/80A GeV c¢) and for smaller A+A colli-
sion systems. This will be done by use of future K (892)° K* and K (892)° K measurements in
central Be+Be, Ar+Sc, and Xe+La collisions as well as the p p ratios from this analysis. The latter ones
are shown in Fig. 20, and the corresponding numerical values are listed in Table 8.
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Figure 20.: (Color online) The (K*(892)%) /(K*) and (K*(892)°)/(K~) yield ratios obtained in inelastic p+p colli-
sions at Ppeam = 40-158 GeV/c. The numerical values are given in Table 8 (p+p at 40 and 80 GeV/c) and in Ref. [9]
(NAG61/SHINE p+p data at 158 GeV/c).

E. Blast-Wave model fits

The fits within the Blast-Wave models allow obtaining thermal freeze-out temperature (T,) and trans-
verse flow velocity (8r) of the system. The transverse mass spectra of K*(892)° mesons (this analysis and
Ref. [9]) and other particles previously reported by NA61/SHINE (charged pions, charged kaons, protons,
anti-protons [39], ¢ mesons [40]) were fitted within the Blast-Wave model [6] with St independent of the
radial position in the thermal source. The fitted formula follows:

dzn,v
mt dmt dy

(19)

cosh sinh
=A;mrK) (mT p)[o(pT p),

Ty, Ty

where Iy and K| are the modified Bessel functions, A; are the fitted normalization parameters, and index
i refers to different particle species. The fit parameter p is related to the transverse flow velocity by
p = tanh™! Br. The results of a simultaneous fit to the mt distributions of different particle species are
presented in Fig. 21 for 40, 80, and 158 GeV/c inelastic p+p collisions. The obtained thermal freeze-out
temperatures vary between 134 and 147 MeV. The transverse flow velocities are close to 0.1-0.2 of the
speed of light. The Bt values for p+p collisions are significantly smaller than the ones determined by
NA49 in central Pb+Pb interactions [41-43] at the same beam momenta.

VI. Summary

This publication presents the NA61/SHINE measurements of K*(892)° meson production via its K7~
decay mode. The results were obtained for inelastic p+p collisions at beam momenta 40 GeV/c and
80 GeV/e (vfsyy = 8.8 and 12.3 GeV). The template method was used to extract raw K *(892)° signals. In
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Figure 21.: (Color online) The transverse mass spectra of K*( 892)° mesons (0 < y < 1.5 for 40 and 80 GeV/c from
this analysis, and 0 < y < 0.5 for 158 GeV/c from Ref. [9]) and other hadrons previously measured by NA61/SHINE
(charged pions, charged kaons, protons, anti-protons [39] in 0 < y < 0.2, and ¢ mesons [40] in 0 < y < 0.3; for
n~ at 80 GeV/c the rapidity range 0.2 < y < 0.4 was used instead of 0 < y < 0.2) fitted within the BW model [6]
described by Eq. (19). Results for 40 GeV/c (left), 80 GeV/c (middle), and 158 GeV/c (right) beam momenta. For all
points the vertical uncertainty bars represent total uncertainties (square root of the sum of squares of statistical and
systematic uncertainties). The fits were performed in the range 0 < mr — mp < 1 GeV. The resulting fit parameters
are displayed in the legends.

this method, the background is described as a sum of two contributions: background due to uncorrelated
pairs modeled by event mixing and background of correlated pairs modeled by Epos1.99.

The fits to background-subtracted invariant mass spectra were used to obtain the masses and widths of
the K*(892)° resonance. The NAG61/SHINE values, for different transverse momentum bins, are gener-
ally close to the PDG results, however, a small deviation from the reference value may be observed for
K*(892)° mass at 80 GeV/c.

The transverse momentum, transverse mass, and rapidity spectra of K *(892)° mesons were also measured.
The mean multiplicities of K *(892)° resonances, obtained in the transverse momentum range 0 < pt <
1.5 GeV/e, are (35.1 + 1.3(stat) + 3.6(sys)) - 1073 at 40 GeV/e and (58.3 + 1.9(stat) + 4.9(sys)) - 1073 at
80 GeVle.

The NA61/SHINE results were compared with predictions of the Eros1.99 model and the Hadron Res-
onance Gas model. Epos1.99 overestimates K*(892)° production in p+p collisions at the SPS energies.
The Canonical Ensemble formulation of the HRG model gives a good description of p+p data provided
that the ¢ meson is excluded from the fits.

The (K*(892)?)/(K*) and (K*(892)%)/(K ) ratios were computed for p+p collisions at the studied beam
momenta. Together with future Be+Be, Ar+Sc, and Xe+La results, they will allow estimating the time
interval between chemical and kinetic freeze-outs in these systems at three SPS energies.

Finally, the transverse mass spectra of K*(892)° resonances and other hadrons previously measured by
NAG61/SHINE were fitted within the Blast-Wave model. The resulting thermal freeze-out temperatures
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in p p collisions at syy = 88, 12.3, and 17.3 GeV are in the range of 134 and 147 MeV, and the
corresponding transverse flow velocities are close to 0.1-0.2 of the speed of light.
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