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NEW RESULTS ON ¢(1020) PRODUCTION
FROM THE NA61/SHINE EXPERIMENT AT CERN SPS'

NAG61/SHINE is a multipurpose, fixed-target hadron spectrometer at the CERN SPS. Its re-
search program includes studies of strong interactions as well as reference measurements for
neutrino and cosmic-ray physics. A significant advantage of NA61/SHINE over collider exper-
iments is its extended coverage of phase space available for particle production. This includes
the entire projectile hemisphere of the collision, with no low-pr cut-off. The energy and system-
size dependence of strangeness production play an essential role in studies of the transition
from confined to deconfined matter. With its zero net strangeness and its valence structure
composed predominantly of s and 3 valence quarks, the ¢(1020) meson will not be sensitive to
strangeness-related effects in a purely hadronic scenario, but will behave like a doubly strange
particle in a partonic system. This paper presents the first-ever results on ¢(1020) meson pro-
duction in intermediate-size systems at the CERN SPS, that is, central Ar+ Sc collisions at
VSNN = 8.8, 11.9, and 16.8 GeV. The presented results include double-differential rapidity-
transverse momentum (y-pr) distributions, transverse mass (mr) spectra at midrapidity, pr-
integrated rapidity spectra, mean multiplicities (47 yields), and particle ratios. These are com-
pared to data on Pb+ Pb and p+ p collisions. A discussion of open and hidden strangeness
production enhancement is included. Finally, a comparison with three microscopic models is

shown, demonstrating their overall failure to describe these new measurements.
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1. Introduction

The subject of this contribution is preliminary re-
sults on ¢(1020) production in central Ar+ Sc col-
lisions measured by the NA61/SHINE experiment at
the CERN SPS, obtained using the ¢ — K+K~ de-
cay channel. Associated with the idea that the energy
and system-size dependence of strangeness produc-
tion plays an essential role in studies of the tran-
sition from confined to deconfined matter [1], this
work has a twofold motivation. First, with its zero
net strangeness and its valence structure composed
predominantly of s and § valence quarks, the ¢(1020)
meson is of particular interest for constraining hadron
production models: ¢(1020) will not be sensitive to
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strangeness-related effects in a purely hadronic sce-
nario, but will behave like a doubly strange particle
in a partonic system. Second, Ar + Sc holds an inter-
mediate position between earlier-measured minimum
bias p+p [2, 3] and central Pb+Pb [4] collisions,
thus allowing for an improvement of our knowledge
of ¢(1020)-related phenomena as a function of sys-
tem size.

The NA61/SHINE detector [5] is a multipurpose
fixed-target spectrometer at the CERN SPS. Over
the years the detector has undergone multiple up-
grades. Fig. 1 shows its configuration during the
Ar+Sc data taking in 2015. Its main components
are large-volume Time Projection Chambers (TPCs),
two of them (VTPCs) immersed in a magnetic field
perpendicular to the beam. This gives NA61/SHINE
a significant advantage over collider experiments —
an acceptance covering nearly the entire forward
c.m.s. hemisphere, down to pr = 0 for charged

1 This work is based on the results presented at the 2025 “New
Trends in High-Energy Physics” Conference.
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Fig. 1. Schematic layout of the NA61/SHINE detector system (horizontal cut in the beam plane,
not to scale) showing the state of the detector during the Ar -+ Sc data taking in 2015

hadrons. In addition to providing momentum mea-
surement, TPCs also provide particle identification
(PID) capabilities using energy loss (dFE/dz) of
charged particles in the gas, which is further aug-
mented by time-of-flight measurements in a limited
phase-space range. Centrality is measured via the for-
ward energy deposit in a hadronic calorimeter, the
Projectile Spectator Detector (PSD).

2. Analysis Methodology

The first step of the analysis is the selection of
data. In the case of ¢(1020) analysis in Ar + Sc colli-
sions, the 10% most central events were chosen using
the forward energy deposited in the PSD, without
pileup, with well measured main vertex, and occur-
ring in the target. Given that ¢(1020) mesons, from
an experimental perspective, decay within the main
vertex, well reconstructed tracks originating from the
main vertex were selected for the analysis, with a suf-
ficient number of points in TPCs to ensure accurate
momentum and dE/dz measurements.

Special attention was given to particle identifi-
cation by selecting tracks whose dF/dz was inside
bands around kaon Bethe-Bloch curve. In earlier
analyses [3, 4] a single sample of the kaon candi-
dates was chosen with narrow dFE/dx cuts to suppress
the non-kaon background. Because these cuts also re-
moved a significant amount of kaons, they conse-
quently removed ¢(1020) mesons. This bias was cor-
rected assuming precise knowledge of dE/dzx distri-
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Fig. 2. Illustration of the tag-and-probe method (see text)
for one of the analysis bins for Ar+ Sc collisions at \/syn =
= 16.8 GeV. Left: invariant mass spectrum for the tag sample
where at least one of the kaon candidates in the pair is required
to pass the strict PID cut. Right: invariant mass spectrum for
the probe sample where both kaon candidates in the pair are
required to pass the strict PID cut. The red curves represent
the fitted background contributions, whereas the blue curves
show the sum of the background and signal components

butions for kaons, a method which introduced signif-
icant systematic uncertainty. In NA61/SHINE a dif-
ferent approach was chosen [2|, using the tag-and-
probe method [6, 7]. First, for every track an outer
band of +£13% of the kaon Bethe-Bloch value was
used to suppress non-kaons, without removing any
kaons and thus introducing no bias. Second, the ac-
tual tag-and-probe method was applied utilizing an
inner, biasing, band of +5% of kaon Bethe—Bloch
value. Two samples of oppositely charged kaon can-
didate pairs were created: in the tag sample at least
one of the kaon candidates in the pair needed to pass
the narrow d Edx cut, while in the probe sample both
candidates had to pass the cut.
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The method is illustrated in Fig. 2. To perform the
analysis differentially, tag and probe invariant mass
spectra were created in bins of pairs’ rapidity and
transverse momentum. Denoting the unknown effi-
ciency of kaon selection by the narrow cut as € and
the yield of ¢(1020) mesons contributing to the spec-
tra as Ny, the combinatorics of the problem give the
following expected signal yields in the two samples:

N; = Nye(2 — ) and N, = Nye?. (1)

The tag and probe spectra were fitted simultane-
ously to obtain NNg. For both samples, the model
curve was the sum of signal and background contribu-
tions, where the signal was a convolution of relativis-
tic Breit—-Wigner function and a g-Gaussian [2] and
the background was parametrised as a sum of event
mixing and K*(892)° templates.

3. Results

Results were obtained for three Ar + Sc collision en-
ergies: /snyn = 8.8, \/snn = 11.9, and /syy =
= 16.8 GeV. Fig. 3 shows double-differential (y, pr)
spectra of ¢(1020) produced in the 10% most cen-
tral Ar+ Sc collisions at \/syy = 16.8 GeV. Similar
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calculate pr-integrated dn/dy distri-
butions
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distributions are also available for the other two col-
lision energies. The pr spectra were fitted for each y
bin with thermally motivated functions:

F(pr) o< pr - exp (=), (2)

in order to obtain the integrals over the unmeasured
tails of the pr spectra to calculate pr-integrated
dn/dy distributions. These tail contributions were
found to be small, not exceeding 5%.

Not constituting an independent result, but rather
a different representation of the results described
in the previous paragraph, Fig. 4 shows transverse
mass spectra of ¢(1020) mesons produced at midra-
pidity at three Ar+ Sc collision energies. The data
points were fitted with exponentials to obtain in-
verse slope parameters of 7' = 200 4+ 13 £ 16 MeV,
T =226+12+22 MeV and T = 246 + 12 + 8 MeV
for, respectively, /syy = 8.8, \/syy = 11.9, and
Vsnn = 16.8 GeV. These values turn out to be
comparable to those for charged kaons produced in
the same collisions [8], and are larger than those for
¢(1020) mesons measured in p + p reactions (approx-
imately 150 MeV) [2].
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Fig. 4. Transverse mass spectra of ¢(1020) mesons produced at midrapidity in the 10% most central Ar+ Sc
reactions at three collision energies indicated in the plots. Vertical bars represent statistical uncertainties, red
rectangles systematic uncertainties, and horizontal bars depict pr bin sizes. Blue curves are exponential fits to
obtain inverse slope parameters (see text)
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Fig. 5. Rapidity distributions of ¢(1020) mesons produced in the 10% most central Ar+ Sc collisions measured
by the NA61/SHINE experiment (red circles), compared to the model predictions. Vertical bars represent the
statistical uncertainties, red rectangles the systematic uncertainties, and horizontal bars depict the pt bin sizes.
Model calculations were performed by S. Veli (Technical University of Munich) and T. Janiec (The University of
Manchester)
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Fig. 6. Left: energy dependence of the ¢/ ratio for the minimum bias p+p [2], central Ar+ Sc, and central
Pb + Pb [4] collisions. Middle and right: energy dependence of the enhancement of ¢ and charged kaon production
relative to pion production in Pb+ Pb and Ar + Sc collisions over the p + p reactions. Yields of pions and kaons are
taken from [13] for p + p collisions, from [8| for Ar+ Sc, and from [12] for Pb + Pb reactions. Vertical bars denote
statistical uncertainties, while the shaded bands represent the systematic uncertainties
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By summing up the measured parts of the double-
differential spectra and adding small tail contri-
butions estimated from fits, rapidity distributions
were obtained. In Fig. 5 these are compared for the
three collision energies to model predictions from two
variants of UrQMD [9, 10] and PYTHIA Angantyr
[11]. One can see that none of the considered mod-
els even comes close to describing the data points,
with both the base variant of UrQMD and Angantyr
significantly underestimating the data, and UrQMD
with hydrodynamics significantly overestimating the
¢(1020) production in Ar—+ Sc collisions at CERN
SPS energies.

Finally, by summing up the measured parts of the
rapidity distributions, adding small (up to 2.5%) tail
contributions estimated from double Gaussian fits,
and doubling thanks to the approximate backward-
forward symmetry of central Ar - Sc collisions, 47
¢(1020) yields were obtained for the three collision
energies. To remove trivial effects of enlarged colli-
sion systems, these were divided by the pion yields
calculated as (7) = 3((7") + (7)) [2]. The energy
dependence of the resulting ¢/7 ratios for central
Ar + Sc collisions is compared in Fig. 6 to those for
the minimum bias p+p [2] and central Pb+ Pb [4]
reactions. One can see that the ¢/m ratio for Ar+ Sc
is comparable to that in Pb + Pb collisions, where the
onset of deconfinement is expected, and much higher
than that for p + p interactions. Next, double ratios
showing the enhancement of ¢/7 over p + p collisions
are built for Ar + Sc and Pb + Pb collisions and com-
pared to similar double ratios for charged kaons cal-
culated with data from [8,12,13]. It is clear, that the
#(1020) enhancement over p + p collisions is slightly
higher than for charged kaons in both Ar+ Sc and
Pb + Pb reactions, and is independent of the collision
energy in the considered range.

4. Summary

Preliminary results on the ¢(1020) meson produc-
tion in the 10% most central Ar—+ Sc collisions at
VNN = 8.8, \/syn = 11.9, and \/syny = 16.8 GeV
measured by the NAG61/SHINE experiment, were
presented. They were obtained using the tag-and-
probe method, utilizing the ¢ — KTK~ decay
channel. These are the first-ever results on hidden
strangeness production in intermediate-sized systems
at CERN SPS. The results include double-differential
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rapidity and transverse momentum spectra of ¢(1020)
mesons, as well as pp-integrated rapidity distribu-
tions, transverse mass spectra at midrapidity, and
47 yields. The rapidity distributions were compared
to three microscopic models, which fail to reproduce
the experimental results. Ratios of ¢(1020) to pion
production were considered, showing similar values
for Ar+ Sc and Pb+ Pb systems, which are much
higher than for p + p collisions. Finally, hidden and
open strangeness production enhancement was dis-
cussed, showing that for ¢(1020) it is slightly higher
than for charged kaons in both Ar + Sc and Pb + Pb
reactions, and is independent of the collision energy
in the considered range.
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A. Mapuyinex

610 xonabopayii NA61/SHINE

HOBI PE3VYJIBTATU IIOJ0 YTBOPEHHA
¢(1020) B EKCIIEPUMEHTI NA61/SHINE ¥V CERN SPS

NA61/SHINE — e 6araronisboBuil raipOHHAN CIEKTPOMETD 3
dikcosanoio mimennio 8 CERN SPS. Moro gocigaunbka mpo-
rpaMa BKJIIOYAE JOCJIPKEHHsI CUJBbHUX B3aEMOJI, a TaKoxK
eTaJIoOHHI BUMIpIOBaHHSA id (DI3UKU HEATPUHO Ta KOCMIYHUX
npomenis. 3uaunoio nepesaroro NA61/SHINE nax excnepu-
MEHTaMU Ha KOJalaepi € foro posuinpeHe OXOIIeHHs (Pa30BOro
[IPOCTOPY, AOCTYIIHOTO JIJIsi YTBOPEHHS YaCcTHHOK. Lle BKiouae
BCIO TiBcepy YaCTUHKH, 110 HaJjiTae, 6e3 BiACIKaHHS HU3bKUX
pr. 3a/eXKHICTL YyTBOPEHHsI AMBHOCTI Bij| eHeprili Ta po3mipy

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 2

CHCTEMH BiZlirpa€ CyTTEBY POJIb y JOCJIJI?KEHHAX IIPOIECY Je-
KoH(aWHMeHTy. Maioun HyJIbOBY IUBHICTH Ta BAJEHTHY CTPY-
KTYypY, IO CKJIQJIAE€ThCS IIePEBAaXKHO 3 S Ta § BAJIGHTHUX KBap-
KiB, ¢(1020) me30H He Gye 9y TaIUBUM J0 edeKTiB, OB’ I3aHNX
3 JIUBHICTIO, Y YHUCTO I'aJIPOHHOMY CIl€HApil, ajie IOBOJSUTHUME-
ThCs sK MOABIAHO AUBHA YaCTUHKA B NAPTOHHINM cucTemi. Y 1iit
CTaTTI IPEACTaBJIEHO IEpIi B icTOpil pe3yabTaTh JIOCIIiI>KEH-
us yrBopennst ¢(1020) mMe30HIB y cucreMax IPOMIXKHOTO pO3-
mipy Ha 6a3i CERN SPS, T06T0 y HeHTpaJIbHUX 3ITKHEHHSAX
Ar+Sc mpu /syy = 8,8, 11,9, Ta 16,8 I'eB. Ilpeacrasneni
pe3y/IbTaTH BKJIOYAIOTh HMOABIMHUI nudepeHIiaJbHuil pO3IIo-
T MIBUAKOCTEH BiJ momepedHoro immysbcy (y-pr), CHEKTPH
nonepevnol Macu (M) IpH cepenHiil MBHIKOCTI, iHTErpoBa-
HI 3a PT CHEKTpHU HIBHJKOCTEH, cepe/iHi MHOXKUHHOCTI (BHXIizg
47) Ta cuiBBigHOmeHHs YacTuHOK. LIi pesysbrarn nopiBHIOO-
ThC 3 JAHUMU Npo 3iTkHeHHaA Pb+ Pb ta p -+ p. Briodeno
0BrOBOPEHHS BIIKPUTOTO Ta IMIPUXOBAHOIO IiJCUIEHHS Yy TBOPE-
HHg auBHOI Marepil. Hapermiri, npoBegeHO MOPIBHAHHSA TPHOX
MiKPOCKOIIIYHUX MOJIeJIel, sIKe JIEMOHCTPYE IXHIO 3arajbHy He-
CIIPOMOKHICTDH OIKCATH IIi HOBI BUMipIOBaHHSI.

Katowoei c.a06a: IPUXOBaHA JUBHICTD, 3ITKHEHHS BayKKUX
iOHIB, ¢-Me30H.
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