
EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

To be submitted to: Eur. Phys. J. C CERN-EP-2021-269
December 20, 2021

K�(892)0 meson production in inelastic p+p
interactions at 40 and 80 GeV/c beam momenta
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Measurements of K�(892)0 resonance production via its K+�� decay mode in inelastic p+p
collisions at beam momenta 40 and 80 GeV=c (

p
sNN = 8:8 and 12.3 GeV) are presented. The

data were recorded by the NA61/SHINE hadron spectrometer at the CERN Super Proton
Synchrotron. The template method was used to extract the K�(892)0 signal. Transverse
momentum and rapidity spectra were obtained. The mean multiplicities of K�(892)0 mesons
were found to be (35:1 � 1:3(stat) � 3:6(sys)) � 10�3 at 40 GeV=c and (58:3 � 1:9(stat) �
4:9(sys)) � 10�3 at 80 GeV=c. The NA61/SHINE results are compared with the Epos1.99 and
Hadron Resonance Gas models as well as with world data. The transverse mass spectra of
K�(892)0 mesons and other particles previously reported by NA61/SHINE were fitted within
the Blast-Wave model.
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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
NA61/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)0, K�(892)0 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)0 production in p+p collisions
at 158 GeV=c beam momentum [9]. The K�(892)0 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)0 and/or K�(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 NA61/SHINE experiments published such measurements for inelastic p+p collisions at 158 GeV=c
beam momentum (CERN SPS) [9, 10]. The LEBC-EHS facility at the CERN SPS studied K�(892)0

and K�(892)0 production in p+p interactions at 400 GeV=c [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)0 resonance production via its K+�� decay mode in inelastic
p+p collisions at beam momenta of 40 and 80 GeV=c (center-of-mass energy per nucleon pair

p
sNN =
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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)0

spectra were obtained in inelastic p+p collisions at 158 GeV=c (
p

sNN = 17:3 GeV). In principle, the
same template method is used to extract the K�(892)0 signal. For the K�(892)0 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 y is calculated in the
p+p center-of-mass reference system, y = 0:5 ln[(E + cpL)=(E � cpL)], where E and pL are the particle
energy and longitudinal momentum, respectively. The transverse component of the momentum is denoted
as pT. The momentum in the laboratory frame is denoted plab and the collision energy per nucleon pair
in the center of mass by

p
sNN . The unit system used in the paper assumes c = 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, V0, 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
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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=c and 80 GeV=c).

For 40 GeV=c p+p data taking, two Cherenkov counters, a CEDAR [25] (CEDAR-W for 40 GeV=c), and
a threshold counter (THC) were used to identify particles of the secondary hadron beam. For 80 GeV=c
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=c [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)0 production in inelastic p+p interactions at pbeam=40 GeV=c and 80 GeV=c 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,
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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=c) 40 80
p

sNN (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)0 production. The beam momentum is denoted by pbeam, whereas
p

sNN is 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)0 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) selection of 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)0 signals and obtaining the raw numbers of K�(892)0 (details are given in
Sec. F and G),

(vi) application of corrections (obtained from simulations) to the raw numbers of K�(892)0; 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)0 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) an interaction was recognized by the trigger logic (the detailed description can be found in Refs. [23,
24]),

(ii) no o�-time beam particle was detected within �1 �s around the trigger (beam) particle,
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(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 > pbeam � 1 GeV=c) 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�106 and 1:26�106 for 40 GeV=c and 80 GeV=c,
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 VTPC-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 plab � 35 GeV=c for 40 GeV=c
beam momentum and plab � 74 GeV=c for 80 GeV=c beam momentum,

(vi) the track transverse momentum (pT) 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� 106 and 2:13� 106 for 40 GeV=c and 80 GeV=c,
respectively.
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Fi g ur e 3.: ( C ol or o nli n e) T h e v al u es of d E / d x v ers us l o g( p l a b/ ( G e V/c )) f or p ositi v el y (l eft) a n d n e g ati v el y (ri g ht)
c h ar g e d p arti cl es aft er tr a c k c uts (i) – ( vi) fr o m S e c. D . D at a f or i n el asti c p + p c ollisi o ns at 8 0 G e V/c b e a m m o m e n-
t u m. T h e e m piri c al p ar a m etri z ati o ns of B et h e- Bl o c h c ur v es ar e als o dr a w n.

E. S el e cti o n of k a o n a n d pi o n c a n di d at es

I n t his a n al ysis, c h ar g e d p arti cl e i d e nti fi c ati o n w as b as e d o n t h e m e as ur e m e nt of i o ni z ati o n e n er g y l oss
( dE / d x ) i n t h e g as v ol u m e of t h e T P Cs. I n Fi gs. 2 a n d 3 t h e dE / d x v al u es as a f u n cti o n of t ot al m o m e nt u m
( p l a b), m e as ur e d i n t h e l a b or at or y r ef er e n c e s yst e m, ar e s h o w n f or b ot h a n al y z e d b e a m m o m e nt a a n d
f or p ositi v el y a n d n e g ati v el y c h ar g e d p arti cl es, s e p ar at el y. T h e K + a n d π − c a n di d at es w er e s el e ct e d b y
r e q uiri n g t h eir dE / d x v al u es t o b e wit hi n ( − 1 .2 σ ; + 1 .8 σ ) (f or k a o ns) a n d (− 2 .7 σ ; + 3 .3 σ ) (f or pi o ns)
ar o u n d t h eir e m piri c al p ar a m etri z ati o ns of B et h e- Bl o c h c ur v es (li n es i n Fi gs. 2 a n d 3 ). T h e q u a ntit y σ
r e pr es e nts a t y pi c al st a n d ar d d e vi ati o n of a G a ussi a n f u n cti o n fitt e d t o t h e d E / d x distri b uti o n of c h ar g e d
k a o ns a n d pi o ns. Si n c e o nl y s m all v ari ati o ns of σ w er e o bs er v e d f or di ff er e nt t ot al m o m e nt u m a n d
tr a ns v ers e m o m e nt u m bi ns, fi x e d v al u es σ = 0 .0 4 4 f or K + a n d σ = 0 .0 5 2 f or π − w er e us e d. T h e
as y m m etri c c uts w er e a p pli e d t o r e d u c e t h e n u m b er of pr ot o ns wit hi n k a o n c a n di d at es a n d t h e n u m b er of
k a o ns wit hi n pi o n c a n di d at es. M or e o v er, t h e u p p er li mits f or p l a b w er e i ntr o d u c e d ( p b e a m − 5 G e V/c f or
4 0 G e V/c , p b e a m − 6 G e V/c f or 8 0 G e V/c ) i n or d er t o eli mi n at e t h e r e gi o n w h er e dE / d x c ali br ati o n is l ess
r eli a bl e ( d u e t o l o w st atisti cs).
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F. K�(892)0 signal extraction

The K�(892)0 lifetime is about 4 fm/c [28], so this meson resonance decays essentially at the primary
interaction vertex. The raw numbers of K�(892)0 mesons are obtained by performing fits to background-
subtracted invariant mass spectra of K�(892)0 decay products. The invariant mass is defined as:

mK+�� =

q
(EK+ + E��)2 � (��!pK+ + ��!p��)2; (1)

where E represents the total energy and ~p the momentum vector of daughter particles from K�(892)0

decay.

In this analysis, the template method (see below) was applied to extract the raw numbers of K�(892)0 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)0 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):

f (mK+��) = a � T MC
res (mK+��) + b � T DAT A

mix (mK+��) + c � BW(mK+��): (2)

The background is described as a sum of two contributions: T MC
res and T DAT A

mix . The T DAT A
mix 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 MC

res 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)0, for
example, one track from a �0 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 T MC
res templates were generated by the Epos1.99 [29] hadronic in-

teraction model using the CRMC 1.4 package [30]. Generated p+p events were processed through the
NA61/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 Geant 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 T MC

res templates. Both the tem-
plate and the data histograms were computed in selected bins of K�(892)0 rapidity y (calculated in the
center-of-mass reference system) and transverse momentum pT.

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

BW(mK+��) = A �
1
4 � �

2
K�

(mK+�� � mK�)2 + 1
4�2

K�
; (3)

where A (normalization factor), mK� (mass), and �K� (width) are fitted parameters. The initial values
of mass and width were taken from the Particle Data Group (PDG): mK� = m0 = 0:89555 GeV and
�K� = �0 = 0:0473 GeV [28].

8



The T MC
res and T DAT A

mix 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 c in Eq. (2) are the normalization parameters of the fit (a + b + c = 1). They describe the
contributions of T MC

res , T DAT A
mix and BW to the invariant mass spectra. The mass and width of the K�(892)0

are the parameters of the Breit-Wigner shape obtained within the mass window m0 � 4�0. The values
received from total fit 2 (see Fig. 4 or 5 (right)) were used to obtain the uncorrected numbers of K�(892)0

mesons (the section below).

In Figs. 4 and 5 (left), the fitted invariant mass spectra, using Eq. (2), are shown as brown curves (to-
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 mK+�� invariant mass bin in Fig. 4 and 5 (right), the bin content Nbin(mK+��) was calculated as:

Nbin(mK+��) = Nraw(mK+��) � a � T MC
res (mK+��) � b � T DAT A

mix (mK+��); (4)

where Nraw(mK+��) is the raw production in a given mK+�� bin, and a, b, T MC
res (mK+��) and T DAT A

mix (mK+��)
are described in Eq. (2). The statistical uncertainty of Nbin(mK+��) can be expressed as (the notation
(mK+��) is omitted for simplifying the presentation of the formula):

�Nbin =

q
(�Nraw)2 + a2(�T MC

res )2 + b2(�T DAT A
mix )2; (5)

where �Nraw, �T MC
res and �T DAT A

mix are the standard statistical uncertainties taken as the square root of the
number of entries. For T MC

res and T DAT A
mix histograms the number of entries had to be properly normalized.

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

In order to subtract a possible residual background (red curves) in Figs. 4 and 5 (right) (it looks negligible
in these (y,pT) 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):

f (mK+��) = d � (mK+��)2 + e � (mK+��) + f + g � BW(mK+��); (6)

where d, e, f , and g 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 (total
fit 2) the sum of residual background and BW signal distribution (Eq. (6)). In the end, the uncorrected
number of K�(892)0 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 m0 � 4�0.

G. Uncorrected numbers of K�(892)0

Figures 6 and 7 present the uncorrected numbers of K�(892)0 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 6.: (Color online) The uncorrected numbers of K�(892)0 mesons obtained from the extraction procedure
described in Sec. F for inelastic p+p interactions at 40 GeV=c (left) and 80 GeV=c (right). The values are shown with
statistical uncertainties. Binning used to obtain y spectra of K�(892)0 (see Fig. 15).

Figure 7.: (Color online) The uncorrected numbers of K�(892)0 mesons obtained from the extraction procedure
described in Sec. F for inelastic p+p interactions at 40 GeV=c (left) and 80 GeV=c (right). The values are shown with
statistical uncertainties. Binning used to obtain pT and mT spectra of K�(892)0, as well as the pT dependence of
mK� and �K� (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)0 mesons, produced in inelastic p+p inter-
actions, two corrections were applied to the extracted raw numbers of K�(892)0 resonances:

(i) The loss of the K�(892)0 mesons due to the dE=dx requirements was corrected by a constant factor:

cdE = dx =
1

�K+ � ���
= 1:18253; (7)

where �K+ = 0:84900 and ��� = 0:99605 are the probabilities (based on the cumulative Gaussian
distribution) for K+ or �� to lie within (�1:2�; +1:8�) or (�2:7�; +3:3�) around the empirical
parametrization of Bethe-Bloch value.

(ii) 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)0 resonance was simu-
lated according to the known PDG value [33]. The correction factors were based on 19:7 � 106

(pbeam = 40 GeV=c) and 19:8 � 106 (pbeam = 80 GeV=c) inelastic p+p events produced by the
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Epos1.99 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
NA61/SHINE apparatus using the Geant 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 plab; instead, the matching procedure between
reconstructed and simulated tracks was applied – see below).

For a given y and pT bin, the correction factor cMC(y; pT) was computed as:

cMC(y; pT) =
ngen(y; pT)
nsel(y; pT)

�
Ngen

K� (y; pT)

Ngen
events

=
N sel

K� (y; pT)

N sel
events

=

0BBBB@ N sel
K� (y; pT)

Ngen
K� (y; pT)

1CCCCA�1

�
N sel

events

Ngen
events

; (8)

where:

- Ngen
K� (y; pT) denotes the number of K�(892)0 mesons (that decay into K+�� pairs) generated

in a given (y,pT) bin,

- N sel
K� (y; pT) denotes the number of K�(892)0 mesons (that decay into K+�� pairs) reconstructed

and selected by the cuts in a given (y; pT) 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)0 resonances was obtained by repeating the same steps (template method)
as in raw experimental data (details are described in Sec. F),

- Ngen
events represents the number of generated inelastic p+p collisions (19:7 � 106 for pbeam =

40 GeV=c and 19:8 � 106 for pbeam = 80 GeV=c),

- N sel
events represents the number of reconstructed and accepted p+p events (13:5�106 for pbeam =

40 GeV=c and 15:6 � 106 for pbeam = 80 GeV=c).

The statistical uncertainty of cMC(y; pT) was calculated assuming that N sel
K� (y; pT) is a subset of

Ngen
K� (y; pT) and the uncertainty of their ratio is governed by a binomial distribution. The uncer-

tainty originating from the N sel
events=N

gen
events ratio was found to be negligible. The final uncertainty of

cMC(y; pT) was then calculated as follows:

�cMC(y; pT) = cMC(y; pT)

vt
Ngen

K� (y; pT) � N sel
K� (y; pT)

Ngen
K� (y; pT) � N sel

K� (y; pT)
: (9)

The obtained values of correction factors cMC(y; pT), together with statistical uncertainties, are presented
in Figs. 8 and 9 for all considered (y; pT) bins.

I. Corrected K�(892)0 yields

The double-di�erential yield of K�(892)0 mesons per inelastic event in a bin of (y; pT) was calculated
using the formula:

d2n
dy dpT

(y; pT) =
1

BR
�

NK�(y; pT)
Nevents

�
cdE = dx � cMC(y; pT)

�y�pT
; (10)
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Figure 8.: (Color online) The correction factors cMC(y; pT) with statistical uncertainties for 40 GeV=c (left) and
80 GeV=c (right). Binning used to obtain y spectra of K�(892)0 (see Fig. 15).

Figure 9.: (Color online) The correction factors cMC(y; pT) with statistical uncertainties for 40 GeV=c (left) and
80 GeV=c (right). Binning used to obtain pT and mT spectra of K�(892)0, as well as the pT dependence of mK� and
�K� (see Figs.13, 14, 10).

where:

- BR = 2=3 represents the branching ratio of K�(892)0 resonance decay into K+�� pairs (obtained [35]
from the Clebsch-Gordan coe�cients),

- NK�(y; pT) is the uncorrected number of K�(892)0 mesons, obtained by the signal extraction proce-
dure described in Sec. F,

- Nevents denotes the number of events after cuts (see Sec. C),

- cdE = dx and cMC(y; pT) are the correction factors discussed in Sec. H,

- �y and �pT represent the corresponding bin widths.

The corrected double-di�erential yields of K�(892)0 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)0 yields (see Eq. (10)) include the
statistical uncertainties of the correction factor cMC(y; pT) (see Eq. (9)) and the statistical uncertainties
�NK�(y; pT) (see Sec. G) of the uncorrected number of K�(892)0 resonances. The correction cdE = dx has
no statistical uncertainty. The final expression for statistical uncertainty reads:

�
d2n

dy dpT
(y; pT) =

1
BR
�

s 
cdE = dx � cMC(y; pT)

Nevents �y�pT

!2

(�NK�(y; pT))2 +

 
NK�(y; pT) � cdE = dx

Nevents �y�pT

!2

(�cMC(y; pT))2:

(11)

The uncorrected numbers of K�(892)0 mesons (and later on the corrected yields), the K�(892)0 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.

(I) 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,

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

(iii) the initial value of the mass (mK�) 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 �K� parameter of the signal function was fixed at the PDG value (�0),

(vi) the value of the mK� parameter of the signal function was fixed at the PDG value (m0),

(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)0 mesons was integrated was
changed from m0 � 4�0 to �3:5�0 and �4:5�0,

(ix) the raw number of K�(892)0 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.

(II) 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
�1:5 �s around the trigger particle,

(ii) the cut on the range of the z-position of the primary interaction vertex was changed from
[�590;�572] cm to [�591;�571] cm and [�589;�573] cm,
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(iii) the dE = dx cuts, (�1:2�; +1:8�) for K+ and (�2:7�; +3:3�) for ��, were changed into
(�0:7�; +1:3�) for K+ and (�2:2�; +2:8�) for �� (narrower cut), as well as (�1:7�; +2:3�)
for K+ and (�3:2�; +3:8�) 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 K0

S 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)0 decay
products (K+ and ��) were varied by �1%.

For each of the possible sources described above, the partial systematic uncertainty �sys;i 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: �sys =

qP
�2

sys;i. The (I) (ii), (I) (iii), and (I) (iv)
sources have negligible contributions to the total systematic uncertainties. The (III) source has negligible
contribution to the total systematic uncertainties of K�(892)0 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)0

Figure 10 shows the values of mass and width of K�(892)0 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 < y < 1:5). The numerical values are listed in Table 2.

Within uncertainties, the values of �K� for both studied beam momenta (40 GeV=c and 80 GeV=c) are
consistent with the PDG reference value (dashed horizontal line in Fig. 10 (bottom)). For 40 GeV=c data,
the mK� values are also in agreement with the PDG reference value (dashed horizontal line in Fig. 10
(top)). For 80 GeV=c beam momentum, the observed mK� 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)0

resonances with STAR p+p results are shown in Sec. V.

B. Double-di�erential K�(892)0 spectra

The double-di�erential yields d2n
dy dpT

of K�(892)0 mesons in inelastic p+p interactions at 40 GeV=c and
80 GeV=c 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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p T ( G e V/c ) m K ∗ ( M e V) Γ K ∗ ( M e V) m K ∗ ( M e V) Γ K ∗ ( M e V)
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Figure 11.: (Color online) The double-di�erential K�(892)0 spectra, as obtained from Eq. (10), in inelastic p+p
interactions at 40 GeV=c (left) and 80 GeV=c (right) in two (left) or four (right) bins of rapidity. One large bin
of transverse momentum was used (0 < pT < 1:5 GeV=c). The values are shown with statistical and systematic
uncertainties.

Figure 12.: (Color online) The double-di�erential K�(892)0 spectra, as obtained from Eq. (10), in inelastic p+p
interactions at 40 GeV=c (left) and 80 GeV=c (right) in four bins of transverse momentum. One large bin of rapidity
was used (0 < y < 1:5). The values are shown with statistical and systematic uncertainties.

C. K�(892)0 transverse momentum and transverse mass spectra

Figure 13 presents the double-di�erential yields of K�(892)0 mesons as function of pT for rapidity range
0 < y < 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 T of transverse momentum spectra the function:

f (pT) = A � pT exp

0BBBBBBBBBB@�
q

p2
T + m2

0

T

1CCCCCCCCCCA (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.

The transverse mass (mT �

q
p2

T + m2
0) spectra 1

mT

d2n
dmT dy were obtained based on d2n

dy dpT
spectra according
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c ollisi o ns at 4 0 G e V/c (l eft) a n d 8 0 G e V/c (ri g ht) i n r a pi dit y r a n g e 0 < y < 1 .5. T h e fitt e d f u n cti o n (s oli d li n e) is
gi v e n b y E q. ( 1 2 ). T h e n u m eri c al v al u es ar e list e d i n Ta bl e 3 . T h e fitt e d i n v ers e sl o p e p ar a m et ers T ar e q u ot e d i n
t h e l e g e n ds.

p T ( G e V/c ) p + p at 4 0 G e V/c p + p at 8 0 G e V/c

( 0. 0; 0. 4) 7. 1 1 ± 0. 9 3 ± 2. 2 1 9. 6 ± 1. 2 ± 2. 7

( 0. 4; 0. 8) 8. 5 ± 1. 2 ± 2. 3 1 4. 4 ± 1. 2 ± 2. 8

( 0. 8; 1. 2) 1. 9 1 ± 0. 4 3 ± 0. 8 3 4. 8 5 ± 0. 7 4 ± 1. 1

( 1. 2; 1. 5) 0. 5 5 9 ± 0. 0 9 5 ± 0. 3 8 1. 2 2 ± 0. 3 3 ± 0. 3 7

Ta bl e 3.: T h e n u m eri c al v al u es of d o u bl e- di ff er e nti al yi el ds d 2 n
d y d p T

pr es e nt e d i n Fi g. 1 3 , gi v e n i n u nits of 1 0− 3

( G e V/c )− 1 . T h e first u n c ert ai nt y is st atisti c al, w hil e t h e s e c o n d o n e is s yst e m ati c.

m T − m 0 ( G e V) p T ( G e V/c ) p + p at 4 0 G e V/c p + p at 8 0 G e V/c

0. 0 4 3 ( 0. 0; 0. 4) 3 5. 6 ± 4. 6 ± 1 1 9 8. 2 ± 6. 0 ± 1 3

0. 1 9 5 ( 0. 4; 0. 8) 1 4. 1 ± 1. 9 ± 3. 9 2 3. 9 ± 2. 1 ± 4. 7

0. 4 5 4 ( 0. 8; 1. 2) 1. 9 1 ± 0. 4 3 ± 0. 8 3 4. 8 5 ± 0. 7 4 ± 1. 1

0. 7 2 7 ( 1. 2; 1. 5) 0. 4 1 4 ± 0. 0 7 1 ± 0. 2 8 0. 9 0 ± 0. 2 5 ± 0. 2 8

Ta bl e 4.: T h e n u m eri c al v al u es of d o u bl e- di ff er e nti al yi el ds 1
m T

d 2 n
d m T d y gi v e n i n u nits of 1 0 − 3 ( G e V)− 2 a n d pr es e nt e d

i n Fi g. 1 4 (f or 4 0 G e V/c a n d 8 0 G e V/c d at a); t h e v al u es of m T − m 0 s p e cif y t h e bi n c e nt ers. T h e first u n c ert ai nt y is
st atisti c al, w hil e t h e s e c o n d o n e is s yst e m ati c.

t o t h e r el ati o n:
1

m T

d 2 n

d m T d y
=

1

p T

d 2 n

d y d p T
. ( 1 3)

T h e r es ults ar e pr es e nt e d i n Fi g. 1 4 , t o g et h er wit h t h e pr e vi o us N A 6 1/S HI N E m e as ur e m e nt at 1 5 8 G e V /c [9 ].
T h e n u m eri c al v al u es f or t his a n al ysis ar e dis pl a y e d i n Ta bl e 4 . At hi g h er e n er gi es t h e m T s p e ctr a s e e m
t o e x hi bit t h e c o n c a v e s h a p e wit h r es p e ct t o t h e fitt e d e x p o n e nti al p ar a m etri z ati o n.

T h e i n v ers e sl o p e p ar a m et ers of tr a ns v ers e m o m e nt u m s p e ctr a ( Fi g. 1 3 ) i n 0 < y < 1 .5 w er e f o u n d
t o b e T = ( 1 5 3 ± 2 9 ± 1 3) M e V f or p b e a m = 4 0 G e V/c a n d T = ( 1 5 3 ± 3 0 ± 9) M e V f or p b e a m =
8 0 G e V/c . T h e st atisti c al u n c ert ai nt y (t h e first o n e) is e q u al t o t h e u n c ert ai nt y of t h e fit p ar a m et er, a n d t h e
s yst e m ati c u n c ert ai nt y w as esti m at e d i n t h e w a y d es cri b e d i n S e c. J. I n t h e pr e vi o us a n al ysis of N A 6 1/
S HI N E t h e v al u e of T = ( 1 7 3 ± 3 ± 9) M e V w as o bt ai n e d i n 0 < y < 0 .5 f or p + p i nt er a cti o ns at
p b e a m = 1 5 8 G e V/c [9 ] (s e e Fi g. 1 4 ). Fi n all y, als o i n p + p c ollisi o ns at 1 5 8 G e V/c t h e N A 4 9 e x p eri m e nt
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0 0. 2 0. 4 0. 6 0. 8
 ( G e V)0- mTm

4−1 0

3−1 0

2−1 0

1−1 0

)
-
2

 (
(

G
e

V)
dy

T
d

m
n

2
d

T
m1

N A 6 1/ S HI N E
0K*( 8 9 2)

 ( 0. 0; 1. 5)∈= 8. 8 G e V, y 
N N

sp + p at 

 ( 0. 0; 1. 5)∈= 1 2. 3 G e V, y 
N N

sp + p at 

 ( 0. 0; 0. 5)  E P J C 8 0, 4 6 0∈= 1 7. 3 G e V, y 
N N

sp + p at 

Fi g ur e 1 4.: ( C ol or o nli n e) T h e tr a ns v ers e m ass s p e ctr a 1
m T

d 2 n
d m T d y of K ∗ ( 8 9 2)0 m es o ns pr o d u c e d i n i n el asti c p + p

c ollisi o ns at 4 0 G e V/c a n d 8 0 G e V/c i n r a pi dit y r a n g e 0 < y < 1 .5. T h e n u m eri c al v al u es ar e list e d i n Ta bl e 4 .
T h e s oli d li n es r e pr es e nt f u n cti o n gi v e n b y E qs. ( 1 2 ) a n d (1 3 ) wit h A a n d T p ar a m et ers t a k e n fr o m Fi g. 1 3 . F or
a c o m p aris o n t h e pr e vi o us N A 6 1 /S HI N E r es ults [ 9 ] f or p + p i nt er a cti o ns at 1 5 8 G e V/c ar e als o s h o w n (t h e y w er e
o bt ai n e d i n 0 < y < 0 .5).

m e as ur e d t h e T p ar a m et er of t h e p T s p e ctr u m (f or r a pi dit y r a n g e 0 .2 < y < 0 .7) a n d p u blis h e d a v al u e
T = ( 1 6 6 ± 1 1 ± 1 0) M e V [ 1 0 ].

D. K ∗ ( 8 9 2)0 r a pi dit y s p e ct r a

T h e K ∗ ( 8 9 2)0 r a pi dit y distri b uti o ns d n
d y , pr es e nt e d i n t his p a p er, w er e o bt ai n e d i n tr a ns v ers e m o m e nt u m

r a n g e 0 < p T < 1 .5 G e V/c . T h e y w er e c o m p ut e d fr o m d 2 n
d y d p T

v al u es (s e e Fi g. 1 1 ) m ulti pli e d b y t h e
wi dt h of t h e tr a ns v ers e m o m e nt u m bi n ( 1. 5). T h e u n c ert ai nti es w er e als o o bt ai n e d b y m ulti pl yi n g t h e

u n c ert ai nti es of d 2 n
d y d p T

b y 1. 5. T h e s p e ctr a ar e pr es e nt e d i n Fi g. 1 5 t o g et h er wit h t h e pr e vi o us N A 6 1/
S HI N E r es ults o bt ai n e d i n t h e f ull p T r a n g e f or p + p i nt er a cti o ns at 1 5 8 G e V/c [9 ]. T h e n u m eri c al v al u es
f or t his a n al ysis ar e dis pl a y e d i n Ta bl e 5 .

T h e d at a p oi nts pr es e nt e d i n Fi g. 1 5 w er e fitt e d wit h a G a ussi a n f u n cti o n:

f (y ) = A · e x p


 −

y 2

2 σ 2
y


 ( 1 4)

t h at all o w e d t o d et er mi n e t h e wi dt h σ y of t h e K ∗ ( 8 9 2)0 r a pi dit y distri b uti o n. N ot e t h at i n t h e fit f u n cti o n
t h e m e a n v al u e of t h e G a ussi a n s h a p e w as fi x e d at y = 0. T h e fit p ar a m et ers w er e als o us e d t o c o m p ut e
t h e m e a n m ulti pli cit y K ∗ ( 8 9 2)0 ( d et ails ar e gi v e n i n S e c. E ). T h e st atisti c al u n c ert ai nt y of σ y w as t a k e n
fr o m t h e fit, a n d t h e s yst e m ati c o n e w as esti m at e d i n t h e w a y d es cri b e d i n S e c. J. T h e n u m eri c al v al u es
of σ y a n d K ∗ ( 8 9 2)0 ar e s h o w n i n Ta bl e 5 .

1 9



4− 2− 0 2 4

y

0. 0 0

0. 0 1

0. 0 2

0. 0 3

dyd
n

N A 6 1/ S HI N E

0K*( 8 9 2)

= 8. 8 G e V
N N

sp + p at 

= 1 2. 3 G e V
N N

sp + p at 

= 1 7. 3 G e V
N N

sp + p at 

E P J C 8 0, 4 6 0

Fi g ur e 1 5.: ( C ol or o nli n e) T h e r a pi dit y s p e ctr a d n
d y of K ∗ ( 8 9 2)0 m es o ns pr o d u c e d i n i n el asti c p + p c ollisi o ns at

4 0 G e V/c a n d 8 0 G e V/c i n tr a ns v ers e m o m e nt u m r a n g e 0 < p T < 1 .5 G e V/c . T h e n u m eri c al v al u es ar e list e d i n
Ta bl e 5 . T h e s oli d li n es r e pr es e nt t h e f u n cti o n gi v e n b y E q. (1 4 ). F or c o m p aris o n t h e pr e vi o us N A 6 1/S HI N E
r es ults [9 ] f or p + p i nt er a cti o ns at 1 5 8 G e V/c ar e als o s h o w n (t h e y w er e o bt ai n e d i n t h e f ull tr a ns v ers e m o m e nt u m
r a n g e; p T -i nt e gr at e d a n d e xtr a p ol at e d r a pi dit y s p e ctr u m). F or 1 5 8 G e V/c t h e first (li g ht bl u e) p oi nt (y < 0) w as n ot
i n cl u d e d i n t h e fit (s e e R ef. [9 ] f or d et ails).

d n
d y

y p + p at 4 0 G e V/c p + p at 8 0 G e V/c

( 0. 0; 0. 5) - ( 2 0. 9 ± 2. 1 ± 4. 0) ·1 0 − 3

( 0. 5; 1. 0) ( 1 1. 4 ± 1. 0 ± 1. 3) ·1 0 − 3 ( 1 8. 4 ± 1. 1 ± 1. 9) ·1 0 − 3

( 1. 0; 1. 5) ( 5. 1 9 ± 0. 6 9 ± 0. 7 7) ·1 0 − 3 ( 9. 7 1 ± 0. 7 6 ± 1. 0) ·1 0 − 3

( 1. 5; 2. 0) - ( 6. 2 3 ± 0. 8 2 ± 1. 5) ·1 0 − 3

σ y 0. 7 6 8 ± 0. 2 9 ± 0. 0 8 2 1. 0 3 7 ± 0. 0 5 9 ± 0. 0 6 5

K ∗ ( 8 9 2)0 ( 3 5. 1 ± 1. 3 ± 3. 6) ·1 0 − 3 ( 5 8. 3 ± 1. 9 ± 4. 9) ·1 0 − 3

Ta bl e 5.: T h e n u m eri c al v al u es of r a pi dit y distri b uti o ns pr es e nt e d i n Fi g. 1 5 . T h e first u n c ert ai nt y is st atisti c al, w hil e
t h e s e c o n d o n e is s yst e m ati c. A d diti o n all y, t h e t a bl e s h o ws t h e wi dt hs of t h e G a ussi a n fits t o t h e d n

d y distri b uti o ns

a n d t h e m e a n m ulti pli citi es of K ∗ ( 8 9 2)0 m es o ns (s e e S e c. E of t h e t e xt f or d et ails).
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E. Mean multiplicity of K�(892)0 mesons

The mean multiplicities of K�(892)0 mesons were obtained based on rapidity distributions presented in
Fig. 15. Assuming rapidity symmetry around y = 0, the mean multiplicity hK�(892)0i 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:

hK�(892)0i =
X

i

 
dn
dy
� �y

!
i
+

 
Ay� + Ay+

Iy

!X
i

 
dn
dy
� �y

!
i
; (15)

where for 80 GeV=c data:

Ay� =

Z 0

�1

A � e
�

y2

2�2
y dy; Ay+ =

Z +1

2:0
A � e

�
y2

2�2
y dy; Iy =

Z 2:0

0
A � e

�
y2

2�2
y dy; (16)

and for 40 GeV=c data:

Ay� =

Z 0:5

�1

A � e
�

y2

2�2
y dy; Ay+ =

Z +1

1:5
A � e

�
y2

2�2
y dy; Iy =

Z 1:5

0:5
A � e

�
y2

2�2
y dy: (17)

The statistical uncertainty of hK�(892)0i was determined as:

�hK�(892)0i =

vt 
1 +

Ay� + Ay+
Iy

!2

�
X

i

0BBBBB@(�y)2 �

 
�

dn
dy

!21CCCCCA
i

; (18)

where � dn
dy is the statistical uncertainty of dn

dy point and �y is the rapidity bin width (equal 0.5 for each
of the i-th dn

dy points). The systematic uncertainty of hK�(892)0i 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)0

mesons in inelastic p+p collisions were found to be (35:1 � 1:3(stat) � 3:6(sys)) � 10�3 at 40 GeV=c and
(58:3 � 1:9(stat) � 4:9(sys)) � 10�3 at 80 GeV=c.

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 Epos1.99 and statistical models.

A. Mass and width of K�(892)0

In Fig. 18 the results of NA61/SHINE for K�(892)0 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�0 meson peak were calculated as the averaged measurements from
K�(892)0 and K�(892)0 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 mK� and �K� are close to the PDG reference values. How-
ever, somehow lower mK� 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�0 mass, especially at lower transverse momenta.
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5 1 0 1 5 2 0

 ( G e V)N Ns

0

0. 0 2

0. 0 4

0. 0 6

0. 0 8

0. 1〉
0

K*
(
8
9
2)

〈

N A 6 1/ S HI N E

p + p

Fi g ur e 1 6.: ( C ol or o nli n e) T h e e n er g y d e p e n d e n c e of K ∗ ( 8 9 2)0 i n i n el asti c p + p c ollisi o ns. T h e pr e vi o us N A 6 1 /
S HI N E r es ult [ 9 ] f or p + p i nt er a cti o ns at 1 5 8 G e V/c is als o s h o w n. T h e m e a n m ulti pli citi es w er e o bt ai n e d f or 0 <
p T < 1 .5 G e V/c (t w o l o w er e n er gi es, t his a n al ysis) or f or t h e f ull p h as e s p a c e [9 ] (t h e hi g h est e n er g y). T h e v erti c al
b ars r e pr es e nt t h e t ot al u n c ert ai nti es (s q u ar e r o ot of t h e s u m of s q u ar es of st atisti c al a n d s yst e m ati c u n c ert ai nti es).
T h e d as h e d li n e is a d d e d as a g ui d e t o t h e e y e.

B. C o m p a ris o n of r es ults wit h E p os 1. 9 9 p r e di cti o ns a n d N A 4 9 m e as u r e m e nts

T h e N A 6 1 /S HI N E r es ults o n r a pi dit y s p e ctr a a n d m e a n m ulti pli citi es w er e c o m p ar e d t o pr e di cti o ns of
t h e Ep os 1. 9 9 [ 2 9 ] m o d el of h a dr o n pr o d u cti o n. T h e r a pi dit y s p e ctr a ar e pr es e nt e d i n Fi g. 1 8 , a n d t h e
n u m eri c al v al u es of m e a n m ulti pli citi es ar e list e d i n Ta bl e 6 . F or c o m p aris o n, t h e pr e vi o us N A 6 1/S HI N E
r es ult f or 1 5 8 G e V/c [9 ] is als o i n cl u d e d i n t h e t a bl e (it w as o bt ai n e d fr o m p T -i nt er g at e d a n d e xtr a p ol at e d
d n
d y s p e ctr u m, t h us r es ulti n g i n K ∗ ( 8 9 2)0 m e as ur e d i n t h e f ull p h as e s p a c e [ 9 ]). It c a n b e s e e n t h at

t h e Ep os 1. 9 9 m o d el o v er esti m at es K ∗ ( 8 9 2)0 pr o d u cti o n i n i n el asti c p + p c ollisi o ns at all t hr e e S P S b e a m
m o m e nt a.

Ta bl e 6 als o i n cl u d es t h e c o m p aris o n of p + p r es ults f or 1 5 8 G e V/c wit h N A 4 9 [ 1 0 ]. T h e N A 4 9 e x p eri m e nt
us e d o n e wi d e p T bi n ( 0 < p T < 1 .5 G e V/c ; si mil arl y t o t h e N A 6 1/S HI N E a n al ysis of 4 0 a n d 8 0 G e V /c
d at a) a n d t h e K ∗ ( 8 9 2)0 w as o bt ai n e d fr o m t h e d n

d y s p e ctr u m as t h e i nt e gr al u n d er t h e G a ussi a n f u n cti o n
i n t h e r a n g e − 3 < y < 3 [ 3 5 ]. Wit hi n t h e esti m at e d u n c ert ai nti es, t h e r es ults of b ot h e x p eri m e nts w er e
c o nsist e nt.

C. C o m p a ris o n of K ∗ ( 8 9 2)0 wit h p r e di cti o ns of H R G m o d el

I n hi g h- e n er g y i o n-i o n c ollisi o ns, t h e st atisti c al H a dr o n R es o n a n c e G as m o d els ar e c o m m o nl y us e d t o
pr e di ct p arti cl e m ulti pli citi es. As a dj ust a bl e p ar a m et ers, t h os e m o d els us e t h e c h e mi c al fr e e z e- o ut t e m-
p er at ur e T c h e m , t h e b ar y o c h e mi c al p ot e nti al µ B , t h e str a n g e n ess s at ur ati o n p ar a m et er γ S , et c. I n t his
p a p er, t h e m e as ur e d N A 6 1 /S HI N E K ∗ ( 8 9 2)0 m ulti pli citi es ar e c o m p ar e d wit h pr e di cti o ns [ 3 7 ] of t h e
H R G m o d el wit h p ar a m et ers o bt ai n e d b y fitti n g t h e N A 6 1 /S HI N E p + p d at a.
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Fi g ur e 1 7.: ( C ol or o nli n e) T h e tr a ns v ers e m o m e nt u m d e p e n d e n c e of m ass a n d wi dt h of K ∗ ( 8 9 2)0 ( or K ∗ 0 ) m es o ns
o bt ai n e d i n p + p c ollisi o ns b y N A 6 1 /S HI N E (t his a n al ysis a n d R ef. [ 9 ]) a n d S T A R [1 1 ]. F or S T A R t h e a v er a g e d
(K ∗ 0 ) m e as ur e m e nts of K ∗ ( 8 9 2)0 a n d K ∗ ( 8 9 2)0 ar e pr es e nt e d. T h e h ori z o nt al li n es r e pr es e nt P D G v al u es [ 2 8 ].
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4− 2− 0 2 4
y

0. 0 0

0. 0 1

0. 0 2

0. 0 3

dyd
n

0K*( 8 9 2) p + p at 4 0 G e V/ c N A 6 1/ S HI N E

E P O S 1. 9 9

4− 2− 0 2 4
y

0. 0 0

0. 0 1

0. 0 2

0. 0 3

dyd
n

0K*( 8 9 2) p + p at 8 0 G e V/ c N A 6 1/ S HI N E

E P O S 1. 9 9

Fi g ur e 1 8.: ( C ol or o nli n e) T h e c o m p aris o n of K ∗ ( 8 9 2)0 r a pi dit y distri b uti o ns fr o m N A 6 1/S HI N E ( p oi nts) a n d t h e
E p os 1. 9 9 m o d el ( d ott e d li n es). R es ults f or i n el asti c p + p c ollisi o ns at 4 0 G e V/c (t o p) a n d 8 0 G e V/c ( b ott o m). T h e
fitt e d G a ussi a n f u n cti o ns t o N A 6 1 /S HI N E p oi nts ( gr a y s oli d li n es) ar e gi v e n b y E q. ( 1 4 ).

p + p at 4 0 G e V/c

K ∗ ( 8 9 2)0 σ y

N A 6 1 /S HI N E, d n
d y i n wi d e p T bi n ( 3 5. 1 ± 1. 3 ± 3. 6) ·1 0 − 3 0. 7 6 8 ± 0. 2 9 ± 0. 0 8 2

E p os 1. 9 9, n o bi n ni n g ( 4 6. 6 7 ± 0. 0 3) ·1 0 − 3 -

p + p at 8 0 G e V/c

K ∗ ( 8 9 2)0 σ y

N A 6 1 /S HI N E, d n
d y i n wi d e p T bi n ( 5 8. 3 ± 1. 9 ± 4. 9) ·1 0 − 3 1. 0 3 7 ± 0. 0 5 9 ± 0. 0 6 5

E p os 1. 9 9, n o bi n ni n g ( 6 7. 0 2 ± 0. 0 4) ·1 0 − 3 -

p + p at 1 5 8 G e V/c

K ∗ ( 8 9 2)0 σ y

N A 6 1 /S HI N E, p T -i nt e gr at e d ( 7 8.4 4 ± 0 .3 8 ± 6 .0) · 1 0 − 3 1 .3 1 ± 0 .1 5 ± 0 .0 9

a n d e xtr a p ol at e d d n
d y [9 ]

N A 4 9, d n
d y i n wi d e p T bi n [ 1 0 ] ( 7 4.1 ± 1 .5 ± 6 .7) · 1 0 − 3 1 .1 7 ± 0 .0 3 ± 0 .0 7

E p os 1. 9 9, n o bi n ni n g [ 9 ] ( 8 7.8 2 ± 0 .0 6) · 1 0 − 3 -

Ta bl e 6.: T h e m e a n m ulti pli citi es of K ∗ ( 8 9 2)0 m es o ns a n d t h e wi dt hs of t h e r a pi dit y distri b uti o ns σ y o bt ai n e d fr o m
d n
d y distri b uti o ns (s e e t h e t e xt f or d et ails). T h e r es ults ar e pr es e nt e d f or N A 6 1 /S HI N E (t his a n al ysis a n d R ef. [ 9 ]),
N A 4 9 [ 1 0 ], a n d t h e Ep os 1. 9 9 m o d el. T h e first u n c ert ai nt y is st atisti c al, w hil e t h e s e c o n d o n e is s yst e m ati c.
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Fi g ur e 1 9.: ( C ol or o nli n e) T h e K ∗ ( 8 9 2)0 N A 6 1 /S HI N E v al u es m e as ur e d i n i n el asti c p + p c ollisi o ns at p b e a m =
4 0 – 1 5 8 G e V/c (t his a n al ysis a n d R ef. [9 ]), di vi d e d b y t h e H a dr o n R es o n a n c e G as m o d el pr e di cti o ns wit hi n t h e
C a n o ni c al E ns e m bl e [ 3 7 ] f or t h e fit wit h φ m es o ns i n cl u d e d ( u psi d e- d o w n tri a n gl es) a n d t h e fit wit h φ m es o n e x-
cl u d e d (tri a n gl es). T h e st ar s h o ws t h e K ∗ ( 8 9 2)0 [9 ] di vi d e d b y t h e H R G m o d el pr e di cti o n f or t h e Gr a n d C a n o ni c al
E ns e m bl e [ 3 7 ,3 8 ]. T h e n u m eri c al v al u es of K ∗ ( 8 9 2)0 a n d K ∗ ( 8 9 2)0H R G ar e list e d i n Ta bl e 7 .

Fi g ur e 1 9 pr es e nts t h e e n er g y d e p e n d e n c e of K ∗ ( 8 9 2)0 t o K ∗ ( 8 9 2)0H R G r ati os f or t h e H R G m o d el [3 7 ]
i n t h e C a n o ni c al E ns e m bl e ( C E). T h e u psi d e- d o w n r e d tri a n gl es c orr es p o n d t o t h e H R G fits wit h t h e φ
m es o n m ulti pli citi es i n cl u d e d, w h er e as vi ol et tri a n gl es r e pr es e nt t h e sit u ati o n w h er e t h e φ m es o ns w er e
n ot i n cl u d e d i n t h e H R G m o d el fits. A d diti o n all y, t h e N A 6 1 /S HI N E p + p p oi nt at 1 5 8 G e V/c w as c o m p ar e d
t o t h e H R G m o d el pr e di cti o n wit hi n t h e Gr a n d C a n o ni c al E ns e m bl e ( G C E) f or m ul ati o n [3 7 ,3 8 ] ( bl u e st ar
s y m b ol i n Fi g. 1 9 ). I n Fi g. 1 9 t h e t ot al u n c ert ai nt y of K ∗ ( 8 9 2)0 w as t a k e n as t h e s q u ar e r o ot of t h e s u m
of s q u ar es of st atisti c al a n d s yst e m ati c u n c ert ai nti es. T h e u n c ert ai nt y of t h e K ∗ ( 8 9 2)0 t o K ∗ ( 8 9 2)0H R G
r ati o ( v erti c al a xis) w as t a k e n as t h e fi n al u n c ert ai nt y of K ∗ ( 8 9 2)0 di vi d e d b y K ∗ ( 8 9 2)0H R G .

T h e H a dr o n R es o n a n c e G as m o d el i n t h e C E a gr e es wit h t h e N A 6 1 /S HI N E p + p d at a at p b e a m = 4 0 –
1 5 8 G e V/c b ut o nl y w h e n t h e φ m es o n is e x cl u d e d fr o m t h e fit. T h e a ut h ors of R ef. [ 3 7 ] str ess t h at t h e
i n cl usi o n of t h e φ m es o n m ulti pli citi es i n t h er m al fits si g ni fi c a ntl y w ors e ns t h e H R G m o d el fit q u alit y.
B ut s ur prisi n gl y, t h e G C E st atisti c al m o d el w ell d es cri b es t h e K ∗ ( 8 9 2)0 yi el d i n t h e s m all p + p s yst e m
( p oi nt f or 1 5 8 G e V/c ). T h e n u m eri c al v al u es us e d t o pr e p ar e Fi g. 1 9 ar e pr es e nt e d i n Ta bl e 7 .

D. K ∗ ( 8 9 2)0 o v e r c h a r g e d k a o n r ati os

T h e s yst e m si z e d e p e n d e n c e or m ulti pli cit y d e p e n d e n c e of K ∗ t o c h ar g e d k a o n r ati os m a y all o w esti-
m ati n g t h e ti m e i nt er v al b et w e e n c h e mi c al a n d ki n eti c fr e e z e- o ut i n n u cl e us- n u cl e us c ollisi o ns. I n t h e
pr e vi o us p a p er of N A 6 1 /S HI N E [ 9 ] t h e K ∗ ( 8 9 2)0 / K + a n d K ∗ ( 8 9 2)0 / K − r ati os fr o m p + p c olli-
si o ns at

√
s N N = 1 7 .3 G e V w er e c o m p ar e d wit h t h e s a m e r ati os fr o m t h e 2 3. 5 % m ost c e ntr al P b + P b

c ollisi o ns ( N A 4 9 d at a) a n d t h e r es ulti n g ti m e i nt er v al b et w e e n fr e e z e- o uts w as esti m at e d as 5. 3 f m /c f or
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hK�(892)0i or K�(892)0
HRG

p+p at 40 GeV=c
NA61/SHINE, dn

dy in wide pT bin (35.1 � 1.3 � 3.6) �10�3

HRG model, Canonical Ensemble (no �) [37] 37.7�10�3

HRG model, Canonical Ensemble (with �) [37] 23.7�10�3

p+p at 80 GeV=c
NA61/SHINE, dn

dy in wide pT bin (58.3 � 1.9 � 4.9) �10�3

HRG model, Canonical Ensemble (no �) [37] 51.2�10�3

HRG model, Canonical Ensemble (with �) [37] 34.3�10�3

p+p at 158 GeV=c
NA61/SHINE, pT-integrated and extrapolated dn

dy [9] (78:44 � 0:38 � 6:0) � 10�3

HRG model, Canonical Ensemble (no �) [37] 69.1 �10�3

HRG model, Canonical Ensemble (with �) [37] 45.1 �10�3

HRG model, Grand Canonical Ensemble (with �) [37, 38] 80.5 �10�3

Table 7.: The K�(892)0 mean multiplicities for inelastic p+p interactions at 40–158 GeV=c beam momenta (this anal-
ysis and Ref. [9]) compared to the theoretical multiplicities of K�(892)0 mesons predicted by the Hadron Resonance
Gas model [37, 38] (the authors used 
S fitting parameter for both CE and GCE formulations of the HRG model).

p+p at 40 GeV=c p+p at 80 GeV=c
hK�(892)0i 0.0351 � 0.0038 0.0583 � 0.0053
hK+i [39] 0.170 � 0.025 0.201 � 0.014
hK�i [39] 0.0840 � 0.0067 0.0950 � 0.0064

hK�(892)0i=hK+i 0.206 � 0.038 0.290 � 0.033
hK�(892)0i=hK�i 0.418 � 0.056 0.614 � 0.069

Table 8.: The mean multiplicities of K�(892)0, K+ and K�, as well as hK�(892)0i=hK+i and hK�(892)0i=hK�i,
measured in inelastic p+p interactions at pbeam = 40 and 80 GeV=c by the NA61/SHINE experiment. The total
uncertainties of hK�(892)0i, hK+i, and hK�i were calculated as the square roots of the sums of squares of statistical
and systematic uncertainties.

the hK�(892)0i=hK+i ratio or 4.6 fm/c for the hK�(892)0i=hK�i ratio [9]. In the same paper similar calcu-
lations were performed for the published RHIC (

p
sNN = 200 GeV, p+p and 10% most central Au+Au)

and LHC (
p

sNN = 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 75A/80A GeV=c) and for smaller A+A colli-
sion systems. This will be done by use of future hK�(892)0i=hK+i and hK�(892)0i=hK�imeasurements 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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Fi g ur e 2 0.: ( C ol or o nli n e) T h e K ∗ ( 8 9 2)0 / K + a n d K ∗ ( 8 9 2)0 / K − yi el d r ati os o bt ai n e d i n i n el asti c p + p c olli-
si o ns at p b e a m = 4 0 – 1 5 8 G e V/c . T h e n u m eri c al v al u es ar e gi v e n i n Ta bl e 8 (p + p at 4 0 a n d 8 0 G e V/c ) a n d i n R ef. [9 ]
( N A 6 1/S HI N E p + p d at a at 1 5 8 G e V/c ).

E. Bl ast- W a v e m o d el fits

T h e fits wit hi n t h e Bl ast- Wa v e m o d els all o w o bt ai ni n g t h er m al fr e e z e- o ut t e m p er at ur e ( T f o) a n d tr a ns-
v ers e fl o w v el o cit y ( β T ) of t h e s yst e m. T h e tr a ns v ers e m ass s p e ctr a of K ∗ ( 8 9 2)0 m es o ns (t his a n al ysis a n d
R ef. [ 9 ]) a n d ot h er p arti cl es pr e vi o usl y r e p ort e d b y N A 6 1/S HI N E ( c h ar g e d pi o ns, c h ar g e d k a o ns, pr ot o ns,
a nti- pr ot o ns [ 3 9 ], φ m es o ns [ 4 0 ]) w er e fitt e d wit hi n t h e Bl ast- Wa v e m o d el [6 ] wit h β T i n d e p e n d e nt of t h e
r a di al p ositi o n i n t h e t h er m al s o ur c e. T h e fitt e d f or m ul a f oll o ws:

d 2 n i

m T d m T d y
= A i m T K 1

m T c os h ρ

T f o
I0

p T si n h ρ

T f o
, ( 1 9)

w h er e I0 a n d K 1 ar e t h e m o di fi e d B ess el f u n cti o ns, A i ar e t h e fitt e d n or m ali z ati o n p ar a m et ers, a n d i n d e x
i r ef ers t o diff er e nt p arti cl e s p e ci es. T h e fit p ar a m et er ρ is r el at e d t o t h e tr a ns v ers e fl o w v el o cit y b y
ρ = t a n h− 1 β T . T h e r es ults of a si m ult a n e o us fit t o t h e m T distri b uti o ns of di ff er e nt p arti cl e s p e ci es ar e
pr es e nt e d i n Fi g. 2 1 f or 4 0, 8 0, a n d 1 5 8 G e V/c i n el asti c p + p c ollisi o ns. T h e o bt ai n e d t h er m al fr e e z e- o ut
t e m p er at ur es v ar y b et w e e n 1 3 4 a n d 1 4 7 M e V. T h e tr a ns v ers e fl o w v el o citi es ar e cl os e t o 0. 1 – 0. 2 of t h e
s p e e d of li g ht. T h e β T v al u es f or p + p c ollisi o ns ar e si g ni fi c a ntl y s m all er t h a n t h e o n es d et er mi n e d b y
N A 4 9 i n c e ntr al P b + P b i nt er a cti o ns [ 4 1 – 4 3 ] at t h e s a m e b e a m m o m e nt a.

VI. S u m m a r y

T his p u bli c ati o n pr es e nts t h e N A 6 1 /S HI N E m e as ur e m e nts of K ∗ ( 8 9 2)0 m es o n pr o d u cti o n vi a its K + π −

d e c a y m o d e. T h e r es ults w er e o bt ai n e d f or i n el asti c p + p c ollisi o ns at b e a m m o m e nt a 4 0 G e V/c a n d
8 0 G e V/c (

√
s N N = 8 .8 a n d 1 2. 3 G e V). T h e t e m pl at e m et h o d w as us e d t o e xtr a ct r a w K ∗ ( 8 9 2)0 si g n als. I n
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Fi g ur e 2 1.: ( C ol or o nli n e) T h e tr a ns v ers e m ass s p e ctr a of K ∗ ( 8 9 2)0 m es o ns ( 0 < y < 1 .5 f or 4 0 a n d 8 0 G e V/c fr o m
t his a n al ysis, a n d 0 < y < 0 .5 f or 1 5 8 G e V/c fr o m R ef. [9 ]) a n d ot h er h a dr o ns pr e vi o usl y m e as ur e d b y N A 6 1/S HI N E
( c h ar g e d pi o ns, c h ar g e d k a o ns, pr ot o ns, a nti- pr ot o ns [3 9 ] i n 0 < y < 0 .2, a n d φ m es o ns [ 4 0 ] i n 0 < y < 0 .3; f or
π − at 8 0 G e V/c t h e r a pi dit y r a n g e 0.2 < y < 0 .4 w as us e d i nst e a d of 0 < y < 0 .2) fitt e d wit hi n t h e B W m o d el [ 6 ]
d es cri b e d b y E q. ( 1 9 ). R es ults f or 4 0 G e V/c (l eft), 8 0 G e V/c ( mi d dl e), a n d 1 5 8 G e V/c (ri g ht) b e a m m o m e nt a. F or all
p oi nts t h e v erti c al u n c ert ai nt y b ars r e pr es e nt t ot al u n c ert ai nti es (s q u ar e r o ot of t h e s u m of s q u ar es of st atisti c al a n d
s yst e m ati c u n c ert ai nti es). T h e fits w er e p erf or m e d i n t h e r a n g e 0 < m T − m 0 < 1 G e V. T h e r es ulti n g fit p ar a m et ers
ar e dis pl a y e d i n t h e l e g e n ds.

t his m et h o d, t h e b a c k gr o u n d is d es cri b e d as a s u m of t w o c o ntri b uti o ns: b a c k gr o u n d d u e t o u n c orr el at e d
p airs m o d el e d b y e v e nt mi xi n g a n d b a c k gr o u n d of c orr el at e d p airs m o d el e d b y E p os 1. 9 9.

T h e fits t o b a c k gr o u n d-s u btr a ct e d i n v ari a nt m ass s p e ctr a w er e us e d t o o bt ai n t h e m ass es a n d wi dt hs of
t h e K ∗ ( 8 9 2)0 r es o n a n c e. T h e N A 6 1/S HI N E v al u es, f or di ff er e nt tr a ns v ers e m o m e nt u m bi ns, ar e g e n er-
all y cl os e t o t h e P D G r es ults, h o w e v er, a s m all d e vi ati o n fr o m t h e r ef er e n c e v al u e m a y b e o bs er v e d f or
K ∗ ( 8 9 2)0 m ass at 8 0 G e V /c .

T h e tr a ns v ers e m o m e nt u m, tr a ns v ers e m ass, a n d r a pi dit y s p e ctr a of K ∗ ( 8 9 2)0 m es o ns w er e als o m e as ur e d.
T h e m e a n m ulti pli citi es of K ∗ ( 8 9 2)0 r es o n a n c es, o bt ai n e d i n t h e tr a ns v ers e m o m e nt u m r a n g e 0 < p T <
1 .5 G e V/c , ar e ( 3 5.1 ± 1 .3(st at) ± 3 .6(s ys)) · 1 0 − 3 at 4 0 G e V/c a n d ( 5 8 .3 ± 1 .9(st at) ± 4 .9(s ys)) · 1 0 − 3 at
8 0 G e V/c .

T h e N A 6 1 /S HI N E r es ults w er e c o m p ar e d wit h pr e di cti o ns of t h e E p os 1. 9 9 m o d el a n d t h e H a dr o n R es-
o n a n c e G as m o d el. E p os 1. 9 9 o v er esti m at es K ∗ ( 8 9 2)0 pr o d u cti o n i n p + p c ollisi o ns at t h e S P S e n er gi es.
T h e C a n o ni c al E ns e m bl e f or m ul ati o n of t h e H R G m o d el gi v es a g o o d d es cri pti o n of p + p d at a pr o vi d e d
t h at t h e φ m es o n is e x cl u d e d fr o m t h e fits.

T h e K ∗ ( 8 9 2)0 / K + a n d K ∗ ( 8 9 2)0 / K − r ati os w er e c o m p ut e d f or p + p c ollisi o ns at t h e st u di e d b e a m
m o m e nt a. T o g et h er wit h f ut ur e B e + B e, Ar + S c, a n d X e + L a r es ults, t h e y will all o w esti m ati n g t h e ti m e
i nt er v al b et w e e n c h e mi c al a n d ki n eti c fr e e z e- o uts i n t h es e s yst e ms at t hr e e S P S e n er gi es.

Fi n all y, t h e tr a ns v ers e m ass s p e ctr a of K ∗ ( 8 9 2)0 r es o n a n c es a n d ot h er h a dr o ns pr e vi o usl y m e as ur e d b y
N A 6 1 /S HI N E w er e fitt e d wit hi n t h e Bl ast- Wa v e m o d el. T h e r es ulti n g t h er m al fr e e z e- o ut t e m p er at ur es
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in p+p collisions at
p

sNN = 8:8, 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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arXiv:hep-ph/0511092.

29

http://dx.doi.org/10.1088/1748-0221/9/06/P06005
http://arxiv.org/abs/1401.4699
http://arxiv.org/abs/1401.4699
http://dx.doi.org/10.1016/0370-2693(82)91025-5
http://dx.doi.org/10.1103/PhysRevLett.66.2720
http://dx.doi.org/10.1016/0370-1573(95)00067-4
http://arxiv.org/abs/hep-ph/9504250
http://dx.doi.org/10.1140/epjc/s10052-009-0915-4
http://arxiv.org/abs/0809.3880
http://dx.doi.org/10.1103/PhysRevC.48.2462
http://arxiv.org/abs/nucl-th/9307020
http://dx.doi.org/10.1103/PhysRevC.73.044905
http://arxiv.org/abs/hep-ph/0511092


[8] C. Markert, G. Torrieri, and J. Rafelski AIP Conf. Proc. 631 no. 1, (2002) 533,
arXiv:hep-ph/0206260.

[9] A. Aduszkiewicz et al., [NA61/SHINE Collab.] Eur. Phys. J. C 80 no. 5, (2020) 460,
arXiv:2001.05370 [nucl-ex].

[10] T. Anticic et al., [NA49 Collab.] Phys. Rev. C 84 (2011) 064909, arXiv:1105.3109 [nucl-ex].

[11] J. Adams et al., [STAR Collab.] Phys. Rev. C 71 (2005) 064902, arXiv:nucl-ex/0412019.

[12] A. Adare et al., [PHENIX Collab.] Phys. Rev. C 90 no. 5, (2014) 054905, arXiv:1405.3628
[nucl-ex].

[13] B. Abelev et al., [ALICE Collab.] Eur. Phys. J. C 72 (2012) 2183, arXiv:1208.5717 [hep-ex].

[14] J. Adam et al., [ALICE Collab.] Phys. Rev. C 95 no. 6, (2017) 064606, arXiv:1702.00555
[nucl-ex].

[15] S. Acharya et al., [ALICE Collab.] Phys. Rev. C 102 no. 2, (2020) 024912, arXiv:1910.14410
[nucl-ex].

[16] S. Acharya et al., [ALICE Collab.] Phys. Lett. B 802 (2020) 135225, arXiv:1910.14419
[nucl-ex].

[17] S. Acharya et al., [ALICE Collab.] Phys. Rev. C 99 no. 2, (2019) 024906, arXiv:1807.11321
[nucl-ex].

[18] S. Acharya et al., [ALICE Collab.] Phys. Lett. B 807 (2020) 135501, arXiv:1910.14397
[nucl-ex].

[19] S. Acharya et al., [ALICE Collab.] arXiv:2106.13113 [nucl-ex].

[20] M. Aguilar-Benitez et al., [LEBC-EHS Collab.] Z. Phys. C 50 (1991) 405–426.

[21] D. Drijard et al., [Annecy-CERN-College de France-Dortmund-Heidelberg-Warsaw Collab.] Z.
Phys. C 9 (1981) 293.

[22] T. Akesson et al., [Axial Field Spectrometer Collab.] Nucl. Phys. B 203 (1982) 27. [Erratum: Nucl.
Phys. B 229, 541 (1983)].

[23] N. Abgrall et al., [NA61/SHINE Collab.] Eur. Phys. J. C 74 no. 3, (2014) 2794,
arXiv:1310.2417 [hep-ex].

[24] A. Aduszkiewicz et al., [NA61/SHINE Collab.] Eur. Phys. J. C 76 no. 11, (2016) 635,
arXiv:1510.00163 [hep-ex].

[25] C. Bovet, R. Maleyran, L. Piemontese, A. Placci, and M. Placidi, ”The CEDAR counters for
particle identification in the SPS secondary beams: a description and an operation manual”, CERN
Yellow Reports: Monographs (1982), CERN-82-13, CERN-YELLOW-82-13,
http://cds.cern.ch/record/142935.

[26] C. Strabel, ”Evaluation of particle yields in 30 GeV proton-carbon inelastic interactions for
estimating the T2K neutrino flux”, PhD thesis, Frankfurt University (2011), ETH-19538,
CERN-THESIS-2011-295, https://cds.cern.ch/record/1514012/?ln=en.

30

http://dx.doi.org/10.1063/1.1513698
http://arxiv.org/abs/hep-ph/0206260
http://dx.doi.org/10.1140/epjc/s10052-020-7955-1
http://arxiv.org/abs/2001.05370
http://dx.doi.org/10.1103/PhysRevC.84.064909
http://arxiv.org/abs/1105.3109
http://dx.doi.org/10.1103/PhysRevC.71.064902
http://arxiv.org/abs/nucl-ex/0412019
http://dx.doi.org/10.1103/PhysRevC.90.054905
http://arxiv.org/abs/1405.3628
http://arxiv.org/abs/1405.3628
http://dx.doi.org/10.1140/epjc/s10052-012-2183-y
http://arxiv.org/abs/1208.5717
http://dx.doi.org/10.1103/PhysRevC.95.064606
http://arxiv.org/abs/1702.00555
http://arxiv.org/abs/1702.00555
http://dx.doi.org/10.1103/PhysRevC.102.024912
http://arxiv.org/abs/1910.14410
http://arxiv.org/abs/1910.14410
http://dx.doi.org/10.1016/j.physletb.2020.135225
http://arxiv.org/abs/1910.14419
http://arxiv.org/abs/1910.14419
http://dx.doi.org/10.1103/PhysRevC.99.024906
http://arxiv.org/abs/1807.11321
http://arxiv.org/abs/1807.11321
http://dx.doi.org/10.1016/j.physletb.2020.135501
http://arxiv.org/abs/1910.14397
http://arxiv.org/abs/1910.14397
http://arxiv.org/abs/2106.13113
http://dx.doi.org/10.1007/BF01551452
http://dx.doi.org/10.1007/BF01548764
http://dx.doi.org/10.1007/BF01548764
http://dx.doi.org/10.1016/0550-3213(82)90475-8
http://dx.doi.org/10.1140/epjc/s10052-014-2794-6
http://arxiv.org/abs/1310.2417
http://dx.doi.org/10.1140/epjc/s10052-016-4450-9
http://arxiv.org/abs/1510.00163
http://cds.cern.ch/record/142935
https://cds.cern.ch/record/1514012/?ln=en


[27] A. Aduszkiewicz et al., [NA61/SHINE Collab.] Eur. Phys. J. C 77 no. 2, (2017) 59,
arXiv:1610.00482 [nucl-ex].

[28] P. A. Zyla et al., [Particle Data Group Collab.] PTEP 2020 no. 8, (2020) 083C01.

[29] K. Werner, F.-M. Liu, and T. Pierog Phys. Rev. C 74 (2006) 044902, arXiv:hep-ph/0506232.

[30] Web page of CRMC package, https://web.ikp.kit.edu/rulrich/crmc.html.

[31] R. Brun and F. Carminati, ”GEANT: Detector Description and Simulation Tool”, CERN Program
Library Long Writeup W5013 (1994), W5013, W-5013, CERN-W5013, CERN-W-5013,
https://cds.cern.ch/record/1082634.

[32] Web page of ROOT package, https://root.cern.ch.

[33] T. Pierog, private communication.

[34] A. Aduszkiewicz, ”Energy dependence of negatively charged pion production in proton-proton
interactions at the CERN SPS”, PhD thesis, University of Warsaw (2016),
CERN-THESIS-2016-010, https://cds.cern.ch/record/2135329.

[35] C. Hohne, ”System-Size Dependence of Strangeness Production in Heavy-Ion Collisions at 158
AGeV”, PhD Thesis, University of Marburg (2003),
https://edms5.cern.ch/document/816035/1.

[36] N. Abgrall et al. [NA61/SHINE Collab.], ”Calibration and Analysis of the 2007 Data”, Status
Report (2008), CERN-SPSC-2008-018, https://cds.cern.ch/record/1113279.

[37] V. V. Begun, V. Vovchenko, M. I. Gorenstein, and H. Stoecker Phys. Rev. C 98 no. 5, (2018)
054909, arXiv:1805.01901 [nucl-th].

[38] V. V. Begun, private communication.

[39] A. Aduszkiewicz et al., [NA61/SHINE Collab.] Eur. Phys. J. C 77 no. 10, (2017) 671,
arXiv:1705.02467 [nucl-ex].

[40] A. Aduszkiewicz et al., [NA61/SHINE Collab.] Eur. Phys. J. C 80 no. 3, (2020) 199,
arXiv:1908.04601 [nucl-ex].

[41] M. van Leeuwen et al. Nucl. Phys. A 715 (2003) 161–170, arXiv:nucl-ex/0208014.

[42] M. van Leeuwen, ”Kaon and open charm production in central lead-lead collisions at the CERN
SPS”, PhD Thesis, Utrecht University (2003), https://edms5.cern.ch/document/816033/1.

[43] T. Anticic et al., [NA49 Collab.] Phys. Rev. C 94 no. 4, (2016) 044906, arXiv:1606.04234
[nucl-ex].

31

http://dx.doi.org/10.1140/epjc/s10052-017-4599-x
http://arxiv.org/abs/1610.00482
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1103/PhysRevC.74.044902
http://arxiv.org/abs/hep-ph/0506232
https://web.ikp.kit.edu/rulrich/crmc.html
https://cds.cern.ch/record/1082634
https://root.cern.ch
https://cds.cern.ch/record/2135329
https://edms5.cern.ch/document/816035/1
https://cds.cern.ch/record/1113279
http://dx.doi.org/10.1103/PhysRevC.98.054909
http://dx.doi.org/10.1103/PhysRevC.98.054909
http://arxiv.org/abs/1805.01901
http://dx.doi.org/10.1140/epjc/s10052-017-5260-4
http://arxiv.org/abs/1705.02467
http://dx.doi.org/10.1140/epjc/s10052-020-7675-6
http://arxiv.org/abs/1908.04601
http://dx.doi.org/10.1016/S0375-9474(02)01424-0
http://arxiv.org/abs/nucl-ex/0208014
https://edms5.cern.ch/document/816033/1
http://dx.doi.org/10.1103/PhysRevC.94.044906
http://arxiv.org/abs/1606.04234
http://arxiv.org/abs/1606.04234


The NA61/SHINE Collaboration

A. Acharya 13, H. Adhikary 13, K.K. Allison 30, N. Amin 5, E.V. Andronov 25, T. Antićić 3, I.-C. Arsene 12,
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M. Naskręt 20, V. Ozvenchuk 14, O. Panova 13, V. Paolone 31, O. Petukhov 22, I. Pidhurskyi 6, R. Płaneta 16,
P. Podlaski 19, B.A. Popov 23;4, B. Porfy 7;8, M. Posiadała-Zezula 19, D.S. Prokhorova 25, D. Pszczel 15,
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