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Collisions of atomic nuclei at relativistic velocities produce new particles, predominantly
mesons containing one valence quark and one valence anti-quark. These particles are produced
in strong interactions, which preserve an approximate symmetry between up (#) and down
(d) quarks. In the case of K meson production, if this symmetry were exact, it would result
in equal numbers of charged (K™ and K ) and neutral (K° and FO) mesons in the final state.
In this Letter, we report a measurement of the relative abundance of charged over neutral K
meson production in collisions of argon and scandium nuclei at a center-of-mass energy of
11.9 GeV per nucleon pair. We find that production of K™ and K~ mesons at mid-rapidity
displays a significant excess of (23.3 5.5)% relative to that of the neutral K mesons. The
origin of this unexpected excess remains to be elucidated.
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One of the main aims of basic research is the understanding of fundamental constituents and properties of
matter, particularly the underlying fundamental interactions. Collisions of highly energetic atomic nuclei
studied at large circular accelerators serve the specific purpose of understanding the short-range strong
interaction occurring between the quarks, which build up the participating protons and neutrons.

At collision energies of several GeV (center-of-mass energy per nucleon pair) or more, it is generally
assumed that the colliding nuclei form, on time scales of the order of 10~2* seconds, an intermediate system
of deconfined quarks, anti-quarks and gluons characteristic of the early universe about 10> seconds after
the Big Bang. Cooling down, this quark-gluon plasma ultimately “freezes out” into observable final state
particles [1]. Studying these particle production phenomena is one of the main purposes of high-energy
experiments located at CERN (Super Proton Synchrotron, Large Hadron Collider) and BNL (Relativistic
Heavy Ion Collider).

These typically very abundant newly produced particles (hundreds or thousands per single nucleus-nucleus
collision) are predominantly mesons containing one valence quark (g) and one valence anti-quark (g). The
most copiously produced are the up (#) and down (d) quarks, which also constitute protons and neutrons,
but a large number of strange quarks (s), belonging to the second quark family of the standard model of
particle physics is produced as well. The same is true for the corresponding anti-quarks: #, d, and 5.

The two colliding nuclei are made of protons and neutrons. These contain, respectively, (uud) and (udd)
valence quarks. While initial-state valence quarks can also contribute to the production of new mesons, the
dominant contribution to this process comes from creating new quark-anti-quark pairs. Generally, strong
interactions are independent of quark type (flavor) in the limit of massless quarks. As such, exchanging
the light u and d quarks (or @ and d anti-quarks) should not significantly affect the result of the strong
interaction. This feature is known as isospin symmetry. However, this symmetry does not apply to s
quarks. Their production remains suppressed due to their significantly higher mass (the corresponding
quark masses are m, = 2.16f8:‘2‘2 MeV, my = 4.67f8j‘1‘§ MeV, and m; = 93.41’2:2 MeV [2]). The same is
valid for the heavy charm (c), beauty (b), and top (¢) quarks, which all remain very strongly suppressed in
nuclear collisions.'

Let us first consider the case when the two nuclei are made of an equal number of protons and neutrons (and
therefore, also of an equal number of valence u and d quarks). Then, isospin symmetry implies that such
collisions will result in closely equal abundances of u and d quarks and similarly, closely equal abundances
of @ and d anti-quarks.? This brings implications for particle production. It is commonly expected [5-9]
that collisions of such “isospin-symmetric” nuclei will result in closely similar abundances of mesons of
any particular type, for mesons containing u quarks and those containing d quarks. The same is expected for
mesons containing % and d anti-quarks. A good example for this rule should be K mesons. With their masses
differing by less than 1% (mg+ =mg- =493.677 £0.016 MeV, mygo =mgo=497.611 +0.013 MeV [2]),
similar yields would be anticipated for the K™ (u5) and K 0 (d5) states. Also, similar abundances would be
expected for K~ (si) and K° (sd).

In the realistic case of nucleus-nucleus reactions studied experimentally, the two colliding nuclei are
most often made of non-equal numbers of protons and neutrons. However, even for heavy nuclei with a
significant excess of neutrons (e.g. Pb) the number of valence u and d quarks in the initial state of the
reaction differs only by 14%. As a consequence, it is expected that in general, all types of high-energy

! Units in this Letter follow the Particle Data Group (PDG) [2] convention: masses and energies are expressed in MeV (or GeV),
whereas momenta in MeV/c (or GeV/c). The relative differences are given as the ratio of the difference to the mean.

2 With rare exceptions, nuclei with an equal number of protons and neutrons are in the ground state singlets of isospin [3]. A
discussion of phenomenological aspects of the (approximate) isospin symmetry in particle production can be found in Ref. [4].



nucleus-nucleus collisions will bring similar abundances of u and d quarks, and also similar abundances of
# and d anti-quarks in their final state. Correspondingly, one expects similar abundances for the produced
mesons, and in particular, an approximate equality of charged and neutral K meson yields (K ~ K°,
K =~ fo) is generally assumed. These expectations are supported by quantitative predictions of statistical
models, which have been, up to now, very successful in the description of experimental data [10, 11].

In this Letter, we report a measurement of the relative abundance of charged (K", K~) over neutral
(KS) meson production in the 10% most central collisions of argon (Ar) and scandium (Sc) nuclei, at
center-of-mass energy per nucleon pair equal to \/syy = 11.9 GeV. The Ar+Sc colliding system comprises
39 protons and 46 neutrons, which means that the corresponding number of u and d valence quarks differs
by 5.5%. Notwithstanding, production of K+ and K~ mesons displays an unexpected excess to that of the
KSQ meson. The Kg meson is a superposition of the two neutral states K 0 (d5) and fo (sd), and its yield in
the final state is equal to half of the summed production of these two states from the strong interaction.’
The corresponding excess is quantified in terms of the ratio of yields of the produced K mesons:
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This ratio remains above unity in the entire kinematic range available for measurement. Typically, the
measured values exceed 1.2. Following our estimates, the observed surplus of production of K mesons
containing u (%) over these containing d (d) quarks and anti-quarks corresponds to about four additional
charged K particles per central Ar+Sc event.

Production of K mesons in central Ar+Sc collisions at the CERN SPS. The new experimental results
presented in this Letter have been obtained by the NA61/SHINE fixed-target experiment at the CERN
Super Proton Synchrotron [12]. The measurements of K+ and K~ production in the 10% most central
Ar+Sc reactions at /syy = 11.9 GeV have been published elsewhere [13]. This Letter presents the first
measurement of K g production in nucleus-nucleus collisions from NA61/SHINE. Earlier data from this
experiment, obtained for Ké) mesons in p+C, 77 +C, 7+C, 77 +Be and p+p collisions can be found in
Refs. [14-18].

The comparison of the rapidity distribution of K S mesons to the average of rapidity distributions for
K* and K~ mesons is presented in Fig. 1. The rapidity y is a relativistic generalization of the particle’s
longitudinal velocity v;, along the direction of the incoming nuclei: where c is the speed of light. In this
Letter, we define rapidity in the collision center-of-mass system and positive y corresponds to the direction
of the Ar nucleus.

In the entire range of rapidity covered by the measurement, the averaged charged K mesons prevail
significantly over the neutral K g mesons. To quantify this effect, Table 1 presents the densities of KT,
K and K g) production measured at mid-rapidity (y ~ 0). Here, the relative excess of charged mesons is
(23.34+5.5)%. Integration of the two distributions in Fig. 1 over positive rapidity, y > 0, gives 4.34 +0.07
and 3.22 +0.37 for the production rates per collision of K+§K7 and K _g , respectively (total uncertainties
are given; the quantities provided for charged K mesons are based on Ref. [13]). The resulting difference

of 1.12 4 0.38 corresponds to the surplus of charged (K* and K~) over neutral (K 0 and FO) states equal

3 The K and K" states are produced in strong interactions, but they decay through weak interactions. Consequently, in the final
state, one observes linear combinations of the latter known as K9 “short” (K. g) and K0 “long” (K, 2), where “short” and “long”
refer to their weak decay lifetime. For more details, see Ref. [2].
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Figure 1: Comparison of rapidity spectrum of neutral (Kg) with the average spectrum of charged (K™ and
K~) mesons. Total uncertainties, calculated as the square root of the sum of squared statistical and systematic
uncertainties (1/stat? + sys?) are drawn. For charged K mesons, the total uncertainties were calculated separately for
positively and negatively charged, and then propagated (typically, they remain below symbol size).

statistical ~systematic total

(37) (KD 3.949 +£0016 +£0061  +0.063
ya

(g;) JK) 2053 +£0011 £0.026 0028
y%

(%) LKD) 2433 £0.027 +£0.102  +0.106
y&

charged-to-neutral K meson ratio:

Rg = 1233 £0014 +£0053  +0.055

Table 1: Densities of charged and neutral K mesons produced at mid-rapidity. The measurement was performed
in the 10% most central Ar+Sc collisions at ,/sny = 11.9 GeV, as described in Methods. The excess of charged over

neutral mesons is quantified by the ratio Rx defined in Eq. (1).



to 2.25 4+ 0.76 at positive rapidity (proper rounding is taken). Under the assumption that the charged-to-
neutral ratio would be similar also at negative rapidity, the total excess would amount to 4.5£1.5 additional
K™ or K~ mesons per one central Ar+Sc collision.

A comparison of distributions of Kg with averaged K and K~ mesons as a function of transverse
momentum pr (the momentum component perpendicular to the direction of the incoming nuclei) is shown
in Fig. 2. Both distributions are integrated over the rapidity range 0 < y < 2. The prevalence of charged
over neutral K mesons is again evident. The insert in the figure shows the pr-dependence of the ratio Rg.
The corresponding excess of K mesons containing u, i over these containing d, d quarks and anti-quarks
remains in the range 6-36% over the considered range of pr.
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Figure 2: Comparison of transverse momentum spectrum of neutral (Kg) with the average spectrum of
charged (K" and K~) mesons. The bottom panel shows the ratio of the two distributions, as defined in Eq. (1). The
meaning of the total uncertainties drawn is the same as in Fig. 1. For charged K mesons, the uncertainties remain
below symbol size.
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Figure 3: Ratio of charged to neutral K meson yields in nucleus-nucleus collisions as a function of collision
energy. The measurement from NA61/SHINE is shown as a red dot. The remaining data points come from the
compilation described in the text.

Comparison to previous experiments. Figure 3 shows the comparison between the present measurement
of the ratio Rk at mid-rapidity, Table 1, and our compilation based on existing experimental results on
KTK7 and Kg production from the CERES [19], STAR BES [20,21], STAR [22-25], ALICE [26, 27],
NA35 [28-30], NA49 [31], HADES [32-35] and FOPI [36, 37] collaborations. We note that the latter
compilation includes not only measurements at mid-rapidity, but also these of total multiplicities. This may
increase the overall spread between the data points. We also note the sizeable uncertainties of the earlier
measurements. These probably explain the fact that the aforementioned charged-over-neutral anomaly
was never reported before as an experimental observation. Despite these uncertainties, a consistent picture
emerges in the energy range 5 < ,/snn < 200 GeV. With the unique exception of the NA35 experiment,
all the data points correspond to an excess of charged over neutral K mesons. This excess may fade out at
much higher energies, as suggested by ALICE data at /sy = 2760 GeV.

Discussion of the observed excess. It is to be remarked that given the prevalence of neutrons (udd) over
protons (uud) in the two colliding nuclei, the contribution of valence quarks to K meson production would
favour a small excess of d over u quarks. Consequently, it would bring the ratio Rx below unity, which is
opposite to the observed result. Thus in this context, our observation remains an unexpected effect. At the
same time, it goes against the expectations based on statistical models of particle production [10, 11].

A known effect of violation of equivalence of charged and neutral K states is the ¢ (/020) resonance,



which decays more often to charged (K™K ™) than neutral (K SK(L)) mesons. However, the contribution of
the ¢ (1020) to K meson production at NA61/SHINE energies is known from measurements performed in
p+p and Pb+Pb collisions [38—41]. The interpolation to the Ar+Sc system shows that this contribution is
insufficient to explain the observed excess.

In summary, we have found an unexpected excess of charged over neutral K meson production in central
Ar+Sc collisions at 11.9 GeV center-of-mass energy per nucleon pair. The experimental data show
prevalence in production of K mesons containing u, % over these containing d, d quarks and anti-quarks,
in the entire kinematic range available to the measurement. The measured excess corresponds to about
two additional K™ or K~ mesons produced at positive rapidity. Under reasonable assumptions, this gives
about four additional charged K mesons per central Ar+Sc collision. At mid-rapidity, the relative excess of
charged mesons is (23.3 +5.5)%. Although with large uncertainties, earlier data from other experiments
in the collision energy range 5 < /snn < 200 GeV are consistent with the present result.

The experimental results presented in this Letter are the subject of a theoretical analysis which is presented
elsewhere [42]. This theoretical result indicates that the observed excess of charged K mesons is difficult
to reconcile with current models. The origin of this unexpected excess remains to be elucidated.
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Methods

Experimental setup. The SPS Heavy Ion and Neutrino Experiment (SHINE) is a fixed-target detector
operating at the CERN Super Proton Synchrotron (SPS). It is a multi-purpose spectrometer optimised to
study hadron production in various collisions (hadron-proton, hadron-nucleus and nucleus-nucleus). The
detection setup in its configuration used for the measurements reported here is described below. Its details
and a description of the detector’s performance can be found in Ref. [12].

The beamline is equipped with an array of beam detectors upstream and downstream of the target, used to
identify and measure the trajectory of the beam particles and trigger the spectrometer data acquisition. The
tracking devices of the NA61/SHINE spectrometer are Time Projection Chambers (TPCs). Two Vertex
TPCs are placed inside a magnetic field. Two large-volume Main TPCs measure the charged particle
trajectories downstream of the 4.5 Tm magnetic field. The latter provides the bending power for a precise
determination of particle momenta. The information about the energy losses (dE /dx) of the charged
particles in the TPCs, together with Time-of-Flight (ToF) measurements, allows for particle identification
in a wide momentum range. The most downstream detector on the beamline is the Projectile Spectator
Detector (PSD). It is used to measure the energy of the “spectator” remnant of the projectile nucleus, which
is closely related to the collision centrality in nucleus-nucleus reactions.

Physics objects. This Letter compares the production of charged and neutral K mesons in Ar+Sc collisions
at a center-of-mass energy per nucleon pair of 11.9 GeV. The ‘l‘gAr beam had a momentum of 754 GeV/c.
The stationary target consisted of six ‘2‘? Sc plates, with a total thickness of 6 mm.

A detailed account on the extraction of charged (K™, K™) yields can be found in Ref. [13]. Only the neutral
Kg mesons are considered in the present analysis. They can be detected via their weak decay into two
charged pions (KY — w* ™). The mean lifetime (c7) for this decay is 2.7 cm.

Analysis. Before the analysis of Kg mesons, the recorded Ar+Sc collision data undergo event and track
selection procedures. Event selection uses information from the beam detectors to ensure the quality of the
measured beam trajectory. It rejects events where more than one beam-target interaction occurred during
the trigger-time window. It also reduces the background from off-target interactions based on information
about the quality of the main interaction vertex. Finally, it selects the 10% most central collisions using
the information from the PSD. This is realized by selection of the 10% lowest energy deposits from the
spectator remnant of the Ar nucleus. The total number of recorded collisions (events) was 2.8 - 10°, from
which 1.1-10° (39%) remained after all cuts. For more details, especially the centrality selection, see
Ref. [13].

The next step is the reconstruction of the charged particle tracks in the TPCs. Pattern recognition algorithms
combine space points recorded in the TPCs into tracks. Their curvature and the magnetic field are used
to compute the momenta of the corresponding particles. The minimum number of reconstructed space
points in the VTPCs must be more than 10, and the computed momenta must be larger than 400 MeV /c (in
the laboratory frame). The latter selection excludes a large fraction of low-momentum electrons from the
analysis. The known positions of the target and the most probable intersection point of measured tracks
defines the position of the primary vertex.

K‘S) reconstruction. Unlike the charged particles, the neutral K mesons do not leave a measurable track

in the detectors. They are measured by reconstructing their oppositely charged decay products (daughter
particles). The two-body decays of Kg create characteristic V-shaped particle pairs originating at the decay
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vertex. This topology is called V. It is searched for with a dedicated V-finder algorithm that looks for
track pairs of particles with opposite charges. These track pairs are extrapolated backwards until their
mutual distance of closest approach is reached. If this distance is smaller than a given limit value, the track
pair becomes a V° candidate with its origin at the decay vertex.

Two further cuts are placed on the track pairs. The first cut imposes a minimum value on the angle between
the direction of the line joining the primary and decay vertices and the direction given by the vector sum
of the momenta of the decay daughters. The second condition requires a minimum distance between the
primary and decay vertex (a minimum length of the decaying particle). The corresponding cut requirements
depend on Kg rapidity, and are listed in Extended Data Table 2. Starting with the approximate decay point,
a VO-fitter program optimises the decay point position and the momenta of the decay daughters. Assuming
that the daughter particles are pions, it is straightforward to reconstruct the invariant mass of the decaying
particle (the invariant mass is defined as m;,, = \/ (YE)?— (YL ﬁ)z, where E; are the energies of the decay
products, ﬁ are their momenta, and ¢ = 1 is assumed).

The invariant mass distribution of V' candidates is populated by Kg and A decays, photon conversion in
some detector material, and spurious particle crossings. A Kg signal will appear as a peak on a slowly
varying background. For a double-differential Kg analysis, the momentum space was divided into seven
rapidity bins ranging from -1.5 to 2 and nine bins in transverse momentum from 0 to 2.7 GeV/c. The raw
number of Kg in a given kinematic bin is obtained from fits of appropriate signal and background functions
to the invariant mass distribution of the corresponding V° candidates. The fitted signal function is taken
as a Lorentzian and the background function is a third-order Chebychev polynomial. The integral of the
signal function divided by the bin width is equal to the raw (uncorrected) number of the reconstructed
Kg in a given kinematic bin. Two typical invariant mass distributions with signal and background fits are
shown in Extended Data Fig. 4.

Corrections. To correct the results for losses due to detection and data processing inefficiencies, detailed
Monte Carlo simulations were performed. These simulations consisted of Ar+Sc collisions generated by the
EPOS model [43] and particles propagated in the NA61/SHINE detector using the GEANT framework [44].
The charged particle tracks were reconstructed and analysed using the same software as used for the
experimental data. The branching ratio of Kg decays was considered in the GEANT framework. The
final output of the simulation consisted of reconstructed Kg multiplicities. The ratio of the number of Kg
simulated and reconstructed was used as a correction factor in each y—pr bin.

Systematic uncertainties of the measured data points were estimated from the comparison of the results of
the entire analysis (including Monte Carlo simulations and corrections) obtained with varying cut values.
The reliability of the V° reconstruction and Kg fitting procedures can be scrutinised by studying the Kg
lifetime. Extended Data Fig. 5 shows the computed mean lifetime of Kg in seven rapidity bins. Good
agreement with the average value provided by the PDG [2] is observed.

Transverse momentum distributions. The distributions shown in Extended Data Fig. 6 represent the
final results of the Kg analysis. The Kg yields are shown as a function of transverse momentum in seven
bins of rapidity. The data points are fitted with the function:

\/ P} +m}
2)

flor) =acpreexp | = Y
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in which A is a normalisation factor, 7T is the inverse slope parameter, and my is the K_g mass taken from
Ref. [2]. The formula assumes ¢ = 1 for simplicity. The fit functions are plotted as red curves, and the
inverse slope parameters obtained from the fits are reported in the figure’s legend.

The transverse momentum distributions of charged and neutral K mesons drawn in Fig. 2 (of the main text)
are also fitted with the function defined by Eq. (2). The bottom panel of the figure presents the ratio of the
two fitted curves, with its uncertainty band obtained by propagation of the total uncertainties of the data
points.

Rapidity distribution. The final Kg yields in each bin of rapidity were obtained as the integrals of
the curves fitted to the respective transverse momentum spectra, Eq. (2), including extrapolations to
unmeasured regions. Comparison to the alternative method of replacing integrals in the measured regions
by sums of data points brought only a negligible contribution to the systematic uncertainty. As apparent
in Extended Data Fig. 6, extrapolations were needed only in the first and last rapidity bin. They amount
to 88% and 6.2%, respectively. The large extrapolation in the first bin of rapidity results in the increase
of the total uncertainty of the corresponding data point shown in Fig. 1 (of the main text). In this figure,
the obtained rapidity distribution of the Kg has been fitted with a function consisting of two Gaussians
with centers displaced by a value of Ay with respect to y = 0. These Gaussians have the same widths but
may have different amplitudes. The resulting small asymmetry of the fitted rapidity distribution originates
from a combined effect of the mass asymmetry of the colliding target and projectile nuclei (Agrger = 45
and Apojeciite = 40) and the selection of central collisions by the energy measured in the kinematic region
of the projectile spectator remnants. The former favours backward and the latter forward rapidities. The
yields of charged K mesons at mid-rapidity listed in Table 1 (of the main text) were taken from Ref. [13].
They were determined in the interval 0.0 < y < 0.2 as discussed therein. The yield of neutral KJ mesons at
mid-rapidity was determined at y = O from the aforementioned fit. Its systematic uncertainty was estimated
the same way as for the data points (see above), and its statistical uncertainty was obtained by propagation
of the statistical errors of the fit. Both statistical and systematic uncertainties of charged and neutral K
yields were propagated into the ratio Rgx. The additional uncertainty of Rk resulting from the difference in
the mid-rapidity definition for charged and neutral mesons was estimated to be 0.5%, which is about 10%
of the total systematic uncertainty.
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Extended Data

rapidity bin (-1.5,—-1) (-1,-0.5) (-0.5,0) (0,0.5) (0.5,1) (1,1.5) (1.5,2)
cut value cosine of angle >0.999 >0.9995 >0.9995 >0.9995 >0.9995 >0.9999  >0.9999
distance >5cm >5cm >75cm >12.5cm >125cm >15cm >12.5cm

Table 2: Track pair cuts. Values of the cuts on (top row) the cosine of the angle between the line joining the primary
and decay vertex and the direction of the vector sum of decay daughter momenta, and (bottom row) the distance
between the primary and decay vertex.
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Figure 4: Examples of fitted invariant mass distributions. Two studied bins in rapidity y and transverse momentum
pr of the K{ are presented, left: y € (—1.0,—0.5), pr € (1.2,1.5) GeV/c, right: y € (0.5,1.0), pr € (1.2,1.5) GeV/c.
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Figure 5: Mean lifetime of Kg mesons as a function of rapidity. The values obtained by NA61/SHINE are divided
by the PDG value [2]. Statistical uncertainties are shown by vertical bars and systematic ones by shaded boxes.
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