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NA61/SHINE - UNIQUE MULTIPURPOSE EXPERIMENT AT SPS: 
Hadron production in hadron-hadron, hadron-nucleus, and nucleus-nucleus 
collisions at high energies
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NA61/SHINE SpectrometerNA61/SHINE spectrometer
coverage of the full forward hemisphere, down to pT = 0

ion beams (Pb and others)
pbeam = 13A ≠ 150A GeV/c

hadron beams (p, fi, K )
pbeam = 13 ≠ 400 GeV/cÔsNN = 5.1 ≠ 16.8(27.4) GeV

Piotr Podlaski (FUW) NA61/SHINE Overview Quark Matter 2023 3 / 20

sNN = 5.1 − 16.8 GeV

Beams: 
‣ Ions (Be, Ar, Xe, Pb) 
‣ pbeam = 13A - 150A GeV/c

‣ Large acceptance hadron spectrometer 
‣ Coverage of the full forward hemisphere down to pT = 0 

‣ Tracking by Time Projection Chambers (VTPC-1 and VTPC-2 inside magnets) 
‣ PID by dE/dx, ToF measurement, decay topology, invariant mass 
‣ Centrality selection by forward energy measured by PSD

‣ Hadrons (π, K, p) 
‣ pbeam = 13 - 400 GeV/c
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NA61/SHINE Physics Program
‣ Strong interaction physics: 
‣ Study of the properties of the onsets of deconfinement and fireball 
‣ Search for the critical point of strongly interacting matter 
‣ Direct measurement of open charm  

‣ Neutrino and cosmic-ray physics: 
‣ Measurements for neutrino programs at J-PARC and Fermilab 
‣ Measurements of nuclear fragmentation cross section for cosmic-ray physics
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Kaon Production in  
0 - 10% Central  
Ar+Sc Collisions

Study of the onset of
deconfinement

Piotr Podlaski (FUW) NA61/SHINE Overview Quark Matter 2023 8 / 20
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Charged Kaon Identification

‣ dE/dx identification - based on the measurement of energy loss of charged 
particles along the particle trajectory in Time Projection Chambers 
‣ Performed in the relativistic rise region

Charged kaon identification

Combined analysis based on dE/dx and tof ≠ dE/dx identification
dE/dx – based on the measurement of energy loss of charged particles along the particle
trajectory in Time Projection Chambers
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dE/dx identification
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Charged Kaon Identification

‣ Based on the measurement of 
energy loss of charged particles 
combined with the measurement 
of Time-of-Flight (tof) 

‣ Momentum range < 10 GeV/c

tof - dE/dx identification

NA61/SHINE, EPJC 84 (2024) 4, 416
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Fig. 55 Transverse momentum spectra in rapidity slices of K+ pro-
duced in 10% most central Ar+Sc collisions at 13A to 150AGeV/c.
For graphical presentations, the spectra are multiplied by factors given
in the plots. Lines correspond to fitted exponential functions (Eq. 18).

Rapidity values given in the legends correspond to the middle of the
corresponding interval. Error bars show statistical uncertainties, while
shaded boxes correspond to systematic uncertainties
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Charged Kaon Production 
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Fig. 56 Transverse momentum spectra in rapidity slices of K− pro-
duced in 10% most central Ar+Sc collisions at 13A to 150AGeV/c.
For graphical presentations, the spectra are multiplied by factors given
in the plots. Lines correspond to fitted exponential functions (Eq. 18).

Rapidity values given in the legends correspond to the middle of the
corresponding interval. Error bars show statistical uncertainties, while
shaded boxes correspond to systematic uncertainties

123

‣ Charged kaon production was measured at 13A, 19A, 30A, 40A, 75A, and 150A GeV/c  
‣ Transverse momentum spectra are measured in a large rapidity range 
‣ The systematic uncertainties are shown by the red shaded boxes 
‣ d2n/dpTdy spectra were fitted with the exponential functions

Example of transverse momentum spectra - ArSc at 75A GeV/c

NA61/SHINE, EPJC 84 (2024) 4, 416
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Fig. 25 Transverse momentum spectra of K+ (left) and K− (right) at mid-rapidity produced in 10% most central Ar+Sc collisions. Error bars
show statistical uncertainties, while shaded bands correspond to systematic uncertainties. The lines represent the fitted functions. The spectra were
scaled for better readability

Table 5 Numerical values of the K meson yields (dn/dy) and the
ratios of K+/π+ and K−/π− yields at mid-rapidity in 10% most cen-
tral Ar+Sc collisions. The values are provided with statistical (σstat) and
systematic (σsys) uncertainties in the form: (· · · )±σstat ±σsys. The π+

and π− yields at mid-rapidity are both taken as the π− yield measured
with the h− method [17], scaled to 10% most central events (see text
for details)

pbeam (GeV/c)
(

dn
dy

)

y≈0
(K+)

(
dn
dy

)

y≈0
(K−) K+/π+ at y ≈0 K−/π− at y ≈0

13A 1.748 ± 0.040 ± 0.088 0.411 ± 0.014 ± 0.032 0.1225 ± 0.0028 ± 0.0093 0.0288 ± 0.0010 ± 0.0034

19A 2.624 ± 0.102 ± 0.076 0.815 ± 0.035 ± 0.029 0.1449 ± 0.0056 ± 0.0065 0.0450 ± 0.0019 ± 0.0025

30A 2.994 ± 0.042 ± 0.090 1.109 ± 0.021 ± 0.025 0.1395 ± 0.0020 ± 0.0064 0.0517 ± 0.0010 ± 0.0018

40A 3.283 ± 0.041 ± 0.118 1.417 ± 0.024 ± 0.048 0.1438 ± 0.0018 ± 0.0079 0.0621 ± 0.0011 ± 0.0032

75A 3.732 ± 0.016 ± 0.148 2.029 ± 0.012 ± 0.069 0.1476 ± 0.0007 ± 0.0090 0.0802 ± 0.0005 ± 0.0042

150A 4.422 ± 0.013 ± 0.154 2.785 ± 0.010 ± 0.072 0.1563 ± 0.0005 ± 0.0085 0.0984 ± 0.0004 ± 0.0041

Table 6 Inverse slope parameter T and mean transverse momenta of K mesons at mid-rapidity in 10% most central Ar+Sc collisions. The values
are provided with statistical (σstat) and systematic (σsys) uncertainties in the form: (· · · )± σstat ± σsys

pbeam (GeV/c) T (K+) (MeV) T (K−) (MeV) 〈pT 〉K+ (MeV) 〈pT 〉K− (MeV)

13A 191.9 ± 6.4 ± 12.8 204 ± 18 ± 15 508 ± 22 ± 7 526 ± 38 ± 8

19A 195.7 ± 5.3 ± 7.2 187.5 ± 4.2 ± 3.9 536 ± 45 ± 9 507 ± 40 ± 7

30A 201.1 ± 1.9 ± 12.7 193.3 ± 1.9 ± 4.0 528 ± 13 ± 9 518 ± 17 ± 7

40A 200.3 ± 1.4 ± 8.8 194.3 ± 1.4 ± 2.8 528 ± 11 ± 12 518 ± 15 ± 12

75A 207.4 ± 0.8 ± 6.5 198.8 ± 0.8 ± 2.7 539 ± 4 ± 11 525 ± 5 ± 12

150A 219.9 ± 0.7 ± 11.8 201.1 ± 0.8 ± 6.2 563 ± 3 ± 10 527 ± 3 ± 8

of K+ and K− calculated with this procedure and the K/π

ratios at mid-rapidity together with their statistical and sys-
tematic uncertainties are summarized in Table 5. Table 6
summarizes values of the inverse slope parameter T result-
ing from the fit of pT spectra of charged kaons. Addition-
ally, mean transverse momenta of K mesons at mid-rapidity
were calculated, based on their pT spectra and fitted func-

tions, and are listed in Table 6. As the analysis presented
in this paper does not offer acceptance for charged pions at
mid-rapidity, negatively charged pion yields at mid-rapidity
were taken from Ref. [17], and scaled to 10% most central
Ar+Sc events with the use of number on wounded nucleons
calculated within Epos WNM (see Sect. 4.1.2). Based on
the agreement of π± mean multiplicities well within total

123

Transverse momentum spectra at mid-rapidity

pbeam (GeV/c) (dn/dy)y≈0 (K+) (dn/dy)y≈0 (K-)
75A 3.732 ± 0.016 ± 0.148 2.029 ± 0.012 ± 0.069

‣ The dn/dy yields of charged kaons at mid-rapidity were obtained from the 
measured d2n/dpTdy spectra and extrapolations using fitted functions

NA61/SHINE, EPJC 84 (2024) 4, 416
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Charged Kaon Production 
Rapidity spectra

pbeam (GeV/c) 〈K+〉 〈K-〉

75A 11.84 ± 0.08 ± 0.39 5.33 ± 0.01 ± 0.14
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Fig. 26 Rapidity distributions of K+ and K− in 10% most central
Ar+Sc collision at 13A–150A GeV/c beam momenta. Data points are
plotted along with double-Gaussian fits (Eq. 19). The vertical bars rep-

resent statistical uncertainties and the shaded bands stand for the sys-
tematic uncertainties. Open markers represent data reflected wrt. y = 0

uncertainties (Table 4) and very similar y distribution shapes
(Fig. 21), it was assumed that the yields of charged pions at
mid-rapidity are close enough for the purpose of the K/π

ratio calculation.

4.2.2 Rapidity spectra

Figure 26 shows the kaon rapidity distributions. The spectra
are fitted with the sum of two Gaussians placed symmetri-
cally with respect to y = 0, defined in Eq. 19. In the absence
of data in the backward hemisphere, a symmetry of ampli-
tudes in the forward and backward hemispheres is assumed
(Arel = 1).

Figure 27 shows the properties of the parameters fitted to
the rapidity distributions of K+ and K− at six collision ener-
gies. A smooth evolution of the fit parameters is observed,
σ0, y0 and yRMS increase towards higher beam momenta.
Comparison of yRMS with other particle species is presented
in Fig. 30.

To obtain the full phase space (4π ) mean kaon multiplic-
ity, the measured dn

dy spectra are supplemented with extrap-
olated yields by integration of the fitted function (Eq. 19) in
the unmeasured region. The mean multiplicities of K+ and
K− calculated at each beam momentum and their respective
ratios to mean multiplicities of charged pions are listed in
Table 7.

4.3 Protons and antiprotons

4.3.1 Transverse momentum spectra

Similarly as in the case of K mesons, in order to obtain pro-
ton and anti-proton dn/dy yields, the data is extrapolated in
pT to account for unmeasured regions of transverse momen-
tum. Due to the effects of radial flow (and possibly other
effects), (anti-)proton and spectra cannot be described by an
exponential function. Thus, to assure a good description of
the measured data, the blastwave model [37] is fitted to pT
spectra of all identified hadrons (p, K+, π+ for the posi-
tive charge and p̄, K−, π− for the negative charge). Another
advantage of using the blastwave model comes from the addi-
tional constraints of the fit from other particle species, which
allows for obtaining a reliable fit even with limited accep-
tance. Example fits are shown in Fig. 28. The dn/dy yield
of protons and anti-protons at mid-rapidity is obtained in the
same way as described for kaons in the previous section.
The resulting yields of p and p̄, together with statistical and
systematic uncertainties, are summarised in Table 8.

4.3.2 Rapidity spectra

Figure 29 shows experimental results on the proton and
antiproton rapidity distributions. Contrarily to the well-

123

‣ dn/dy points were obtained by integration of the d2n/dpTdy spectra and extrapolation using 
fitted exponential functions 

‣ Obtained rapidity spectra were fitted with double-Gaussians 
‣ Mean multiplicities were determined from dn/dy spectra supplemented with the 

extrapolated yields using fitted double-Gaussian functions

NA61/SHINE, EPJC 84 (2024) 4, 416
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K0
S identification

Reconstruction based on decay topology

K0
S decays into fi+ and fi≠ with BR ¥ 69.2%

Breit-Wigner function is used to describe signal y œ (0.5, 1.0), pT œ (1.2, 1.5) GeV/c

Wojciech BryliÒski (WUT)

06.09.2023
8 / 15

K0s Identification

‣ Reconstruction based on decay topology and invariant mass spectra 
‣ Branching ratio BR ≈ 69.2% for K0s decays into charged pions 
‣ Breit-Wigner function is used to describe the signal, a third order 

Chebychev polynomial to describe the background

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 >5 cm >5 cm >7.5 cm >12.5 cm >12.5 cm >15 cm >12.5 cm

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
pT of the K0

S are presented, left: y 2 (�1.0,�0.5), pT 2 (1.2,1.5)GeV/c, right: y 2 (0.5,1.0), pT 2 (1.2,1.5) GeV/c.
The bottom panels show the difference between the experimental data and the fitted (Signal+Background) distribution,
divided by the experimental uncertainty.
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NA61/SHINE, arXiv:2312.06572

y ∈ (-1.0, -0.5), pT ∈ (1.2,1.5) GeV/c y ∈ (0.5, 1.5), pT ∈ (1.2, 1.5) GeV/c



Figure 6: K0
S transverse momentum spectra in rapidity bins. Statistical uncertainties are shown by vertical bars

and systematic ones by shaded boxes. Red curves represent fits of the data with the function defined in Eq. (2).
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12

K0s Production in Ar+Sc at 75A GeV/c

‣ pT distributions of the K0s mesons are measured in seven rapidity bins in the 
rapidity range [-1.5, 2] 

‣ The systematic uncertainties are shown by the blue shaded boxes 
‣ d2n/dpTdy spectra were fitted with the exponential functionsFigure 6: K0

S transverse momentum spectra in rapidity bins. Statistical uncertainties are shown by vertical bars
and systematic ones by shaded boxes. Red curves represent fits of the data with the function defined in Eq. (2).
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NA61/SHINE, arXiv:2312.06572

Transverse momentum spectra
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K0s Production in Ar+Sc at 75A GeV/c

〈K0s〉= 6.49 ± 0.10 ± 0.74

K 0
S production

< K 0
s >= 6.49 ± 0.10(stat) ± 0.74(sys)

Wojciech BryliÒski (WUT) 30.11.2023 10 / 16

‣ dn/dy points of the K0s mesons were obtained as the integrals of the curves fitted to 
the corresponding transverse momentum spectra 

‣ The systematic uncertainties are shown by the blue shaded boxes 
‣ The rapidity spectrum was fitted with a double-Gaussian 
‣ Mean multiplicity was determined as the integral of the fitted double-Gaussian function
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K0s Production in Ar+Sc at 75A GeV/c
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Figure 5: Mean lifetime of K0
S 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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‣ The reliability of the K0s  extraction is checked by studying the K0s lifetime 
‣ Good agreement with the PDG value

NA61/SHINE, arXiv:2312.06572
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Comparison of Charged 
and Neutral Kaons

Study of the onset of
deconfinement

Piotr Podlaski (FUW) NA61/SHINE Overview Quark Matter 2023 8 / 20
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Comparison of Charged and Neutral Kaons

stat2 + sys2‣ Total uncertainties shown:  
‣ Approximately equal abundance of charged and neutral kaons expected, as Ar 

and Sc nuclei are nearly isospin symmetric (valence u = d within 6%) 
‣ Excess of charged to neutral kaons observed in the whole rapidity range

Ar+Sc at 75A GeV/c

NA61/SHINE, arXiv:2312.06572

Expected yields: 

K+ ≈ K0

K− ≈ K̄0

K+ + K−

2
≈

K0 + K̄0

2
= K0

S
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Charged to Neutral Kaon Ratio - World Data

‣ RK measured by NA61/SHINE is significantly higher than 1: RK = 1.184 ± 0.061 (tot.) 
‣ Similar effect visible in the results from other experiments

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
K+, K�, and K0

S 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 <

p
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

p
sNN = 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 RK 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 f(1020) resonance,

6

RK =
K+ + K−

2K0
s

See references in NA61/SHINE, arXiv:2312.06572 for numerical values used to calculate RK
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Charged to Neutral Kaon Ratio - Models

‣ Predictions from UrQMD and HRG models presented by F. Giacosa (Tuesday, 8:50 AM) 
‣ Black and grey lines show the HRG and UrQMD predictions for electric to baryon charge 

Q/B = 0.4 
‣ Black dots represent the HRG baseline for Q/B values specified according to the given 

types of colliding nuclei 
‣ HRG and UrQMD models do not reproduce the experimental result on charged to 

neutral kaon ratio

Ar: Q=18, B=40, Q/B=0.45 
Sc: Q=21, B=45, Q/B=0.47

π

π

π

π

π

π

π

√

〈
〉

〈
〉

〈
〉

〈
〉



19

Charged to Neutral Kaon Ratio in Asymmetric 
System

‣ Experimental RK > 1 
‣ Models fail to describe charged to neutral kaon ratio even for small 

asymmetric system

NA61/SHINE, PRD 107 (2023) 062004
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Summary
‣ NA61/SHINE has measured charged kaon production in 0 - 10% central Ar+Sc collisions at 

13A, 19A, 30A, 40A, 75A, and 150 AGeV 
‣ K0s production has been measured in 0 - 10% central Ar+Sc collisions at 75A GeV/c 
‣ Ratio RK = (K+ + K-)/(2K0s)  for Ar+Sc at 75A GeV/c is on the level of 1.2  
‣ RK > 1 has been measured also in π-+C collisions at 150 and 350 GeV/c 
‣ HRG and UrQMD models do not reproduce the experimental result on charged to neutral kaon 

ratio in A+A collisions 
‣ Models fail to describe charged to neutral kaon ratio also for small asymmetric π-+C system  
‣ Analysis of the production of K0s  mesons in central Ar+Sc collisions at 40A and 150A GeV/c is 

ongoing → stay tuned

Ar+Sc, 0-10%, sNN = 8.77 GeV 

NA61/SHINE

Thanks for you attention!


