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SHINE = SPS Heavy Ion and Neutrino Experiment

Strong interactions (this talk)

study the onset of deconfinement

search for the critical point

measurement of open charm

Measurements for:

neutrino programs (J-PARC, Fermilab)

cosmic-ray physics (Pierre-Auger,
KASCADE, satellite experiments)

√
sNN = 5.1–17.3(27.4) GeV
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SHINE = SPS Heavy Ion and Neutrino Experiment

Strong interactions (this talk)

study the onset of deconfinement

search for the critical point

measurement of open charm

Measurements for:

neutrino programs (J-PARC, Fermilab)

cosmic-ray physics (Pierre-Auger,
KASCADE, satellite experiments)

√
sNN = 5.1–17.3(27.4) GeV

isospin-symmetry violation
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NA61/SHINE detector — unique multi-purpose facility
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GRC data rate:

pre-LS2 ∼100 Hz
post-LS2 ∼1000 Hz

large acceptance: full forward c.m.s. hemisphere, down to pT = 0
particle identification: dE/dx in Time Projection Chambers, Time of Flight

centrality: forward energy in Projectile Spectator Detector(s)

ion (Be, Ar, Xe, Pb) and hadron (π, K, p) beams, various targets including liquid H2 and water

π±, K±, K0
S , K∗, p, Λ, ϕ, Ξ, D0, spectra, correlations, fluctuations, HBT, intermittency. . .
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Rapidity spectra of K+
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NA61/SHINE: EPJC 81 (2021) 73, EPJC 84 (2024) 416; NA49: PRC 66 (2002) 054902, PRC 77 (2008) 024903

Spectra are scaled by mean number of wounded nucleons ⟨W ⟩
For all spectra, open points are reflected measured data points

Monotonic dependence of the scaled yield on the system size → strangeness enhancement
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Rapidity spectra of π−
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Spectra are scaled by mean number of wounded nucleons ⟨W ⟩
For all spectra, open points are reflected measured data points

Non-monotonic dependence of the scaled yield on the system size (most striking at midrapidity)

Antoni Marcinek (IFJ PAN) Recent results on particle production from NA61/SHINE WPCF 2026, May 19 5 / 15



Energy dependence of the ⟨π−⟩ / ⟨W ⟩ ratio
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  NA61/SHINE: EPJC 81 (2021) 397; NA49: PRC 66 (2002) 054902, PRC 77 (2008) 024903

Xe+La (prelim.) Ar+Sc Pb+Pb (NA49) N+N UrQMD SMASH FTFP_BERT EPOS

Enhancement of entropy (kink) — the signal of deconfinement Gaździcki, Gorenstein, APPB 30 (1999) 2705

Xe+La dependence similar to that for Pb+Pb collisions

Only UrQMD successfully describes Xe+La data, while for other considered models the dependence
is less steep
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System size and energy dependence of the K+/π+ ratio
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For Pb+Pb (NA49) sharp peak (horn) due to onset of deconfinement Gaździcki, Gorenstein, APPB 30 (1999) 2705

New NA61/SHINE Pb+Pb data point at
√

sNN = 7.6 GeV confirms NA49 results
Be+Be close to p+p, Ar+Sc and Xe+La higher but no horn structure
Full energy scan for Xe+La coming soon

NA61/SHINE: EPJC 77 (2017) 671,
EPJC 81 (2021) 73, EPJC 84 (2024) 416
EPJC 83 (2023) 90 (erratum)
World: refs. in EPJC 84 (2024) 416

y ≈ 0 for Xe+La:
0.4 < y < 0.6
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Rapidity spectra of p
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NA61/SHINE: EPJC 81 (2021) 73, EPJC 84 (2024) 416; NA49: PRC 83 (2011) 014901, private communication

Spectra are scaled by mean number of wounded nucleons ⟨W ⟩
For all spectra, open points are reflected measured data points

Scaled yields at y ≈ 0 decrease with increasing energy but increase with increasing system size
→ baryon transparency / baryon number transport
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Rapidity spectra of Λ
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NA61/SHINE: EPJC 76 (2016) 198; NA49: PRL 94 (2005) 052301, PRC 78 (2008) 034918; E810: PLB 297 (1992) 44, E896: PRL 88 (2002) 062301; NPB 69 (1974) 454, NPB 57 (1973) 77, NPB 115 (1976) 269

Preliminary NA61/SHINE results for Ar+Sc at 6 energies and p+p at
√

sNN ≈ 9 GeV

Spectra are scaled by mean number of wounded nucleons ⟨W ⟩
Scaled yields in Ar+Sc comparable to those in Pb+Pb and much larger than in p+p

Complicated picture due to baryon number transport + strangeness enhancement
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System size and energy dependence of the ES and Λ/π ratio
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The Λ/Λ ratio < 0.15 at SPS energies → Λ contribution to ES neglected
In central Pb+Pb and Au+Au collisions, both ⟨Λ⟩ / ⟨π⟩ and ES show a clear maximum near mid-SPS
energies similar to the horn in K+/π+

The ⟨Λ⟩ / ⟨π⟩ ratio in Ar+Sc at SPS shows a hint of a maximum similar to that observed in Pb+Pb
No horn-like structure in ES for Ar+Sc

NA61/SHINE:
EPJC 77 (2017) 671,
EPJC 81 (2021) 73,
EPJC 84 (2024) 416
EPJC 83 (2023) 90 (erratum),
EPJC 82 (2022) 96,
EPJC 84 (2024) 820,
EPJC 76 (2016) 198

World: refs. in
EPJC 84 (2024) 416,
https://indico.fais.uj.edu.pl/
event/48/contributions/360

Antoni Marcinek (IFJ PAN) Recent results on particle production from NA61/SHINE WPCF 2026, May 19 10 / 15

https://indico.fais.uj.edu.pl/event/48/contributions/360
https://indico.fais.uj.edu.pl/event/48/contributions/360


Λ transverse polarization in p+p collisions at
√

sNN = 17.3 GeV

pbeam

pΛ

n̂x
p

π−

n̂yn̂z

Λ

θx

0.2− 0 0.2 0.4 0.6

Fx

0.3−

0.2−

0.1−

0

0.1

P

M2
E799
NA48
R608
HERA-B
ATLAS
LHCb
DG-M model
World data parametrization
NA61/SHINE (preliminary)

World data:
PRD 40 (1989) 3557, PLB 338 (1994) 403,
EPJC 6 (1999) 265, PLB 185 (1987) 209,
PLB 638 (2006) 415, PRD 91 (2015) 032004,
PRD 112 (2025) 112022

Extracted from the Λ → p + π− decay
The distribution of proton direction in Λ rest frame normal to the production plane is described by:

dN

d cos θx
∝ 1 + αΛP cos θx

with αΛ = 0.746 ± 0.009 (PDG 2024)
Preliminary NA61/SHINE results are consistent with zero polarization at midrapidity (xF = 0) and
agree with other experimental data and the DeGrand-Miettinen model prediction PRD 23 (1981) 1227
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ϕ(1020) production in 0–10% central Ar+Sc collisions
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NA61/SHINE: EPJC 80 (2020) 199
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√
sNN = 11.9 GeV

Ar+Sc NA61/SHINE preliminary

Model calculations by
S. Veli (Technical University of Munich)
T. Janiec (The University of Manchester)

First-ever results on hidden strangeness production in intermediate-size systems at CERN SPS

None of the considered models matches the experimental data points,
qualitatively the same picture for all 3 measured collision energies

ϕ/π ratio for Ar+Sc is comparable to that in Pb+Pb collisions (where QGP is expected), and much
higher than for p+p interactions
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Evidence of isospin-symmetry violation in kaon production: NA61/SHINE
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NA61/SHINE and others, Nature Communications 16 (2025) 2849NA61/SHINE, PRD 107 (2023) 062004

For exact isospin symmetry (mu = md) and collisions of Z = N nuclei ⟨K+⟩ (us̄) = ⟨K0⟩ (ds̄) and

⟨K−⟩ (ūs) = ⟨K0⟩ (d̄s); neglecting small CP violation ⟨K0
S⟩ = 1

2 ⟨K0⟩ + 1
2 ⟨K0⟩ = ⟨K0

L⟩

Therefore expected RK = ⟨K+⟩+⟨K−⟩
⟨K0⟩+⟨K

0⟩
= ⟨K+⟩+⟨K−⟩

2⟨K0
S⟩ = 1

In both cases of π−+C and central Ar+Sc collisions, the measured values of RK differ from the
respective expectations
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Evidence of isospin-symmetry violation in kaon production: world

NA61/SHINE and others, Nature Communications 16 (2025) 2849 + new preliminary Ar+Sc point at
√

sNN = 8.8 GeV

1 0 0 1 0 1 1 0 2 1 0 3 1 0 4
0 . 7

0 . 8

0 . 9

1 . 0

1 . 1

1 . 2

1 . 3

1 . 4

1 . 5

 H R G ;  Q / B  =  0 . 4

 H R G ;  Q / B  =  Z / A
 U r Q M D ;  Q / B  =  0 . 4

 H A D E S ;  A r + K C l ;  4 π
 S T A R ;  A u + A u ;  y  ≈ 0

 N A 4 9 ;  P b + P b ;  4 π
 N A 6 1 / S H I N E ;  A r + S c ;  y  ≈ 0

 C E R E S ;  P b + A u ;  y  ≈ 0

 N A 3 5 ;  S + S ;  4 π 

 A L I C E ;  P b + P b ;  y  ≈ 0

√s N N  ( G e V )
_ _ _

R K

Effect present in data from other experiments, but uncertainties were too large to notice it

Combining measurements, gives 5.3σ significance of the isospin-symmetry violation beyond the
known effects
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Summary

Measured rich collection of spectra studying the onset of deconfinement
Non-monotonic dependence of π−/W on the system size
Kink: similarity of Xe+La and Pb+Pb collisions
Baryon transparency: similarity of Xe+La and Pb+Pb collisions at higher energies
No K+/π+ horn in Xe+La nor in Ar+Sc collisions, a hint of maximum in Λ/π in Ar+Sc
ϕ(1020) measurements in Ar+Sc are not reproduced by models, ϕ/π ratio for Ar+Sc is comparable to that in
Pb+Pb collisions, and much higher than for p+p interactions

Unexpected excess of charged-over-neutral kaon production in π−+C and Ar+Sc collisions
→ indication of violation of isospin symmetry beyond the known effects in Ar+Sc reactions

This work was supported by the National Science Centre, Poland (grant number 2023/51/D/ST2/02950)
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NA61/SHINE detector

Ar+Sc collision at
√

sNN = 16.8 GeV

curvature of tracks in TPCs:
q, p⃗ of charged particles

Time of Flight, ionisation in TPCs:
identification of charged particles

forward energy in PSD:
event centrality

decay topology:
identification of weakly decaying neutral particles
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Diagram of high-energy nuclear collisions
Hypothetical domains of dominant hadron production mechanisms
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theo: Acta Phys. Pol. B 46 (2015) 1991
exp: Phys. Rev. C 77 (2008) 024903

theo: Phys. Rev. D 90 (2014) 025031
exp: Eur. Phys. J. C 84 (2024) 416

(Xe+La results are preliminary)

theo: Phys. Part. Nucl. 51 (2020) 337-339
exp: Phys. Rev. C 102 (2020) 011901
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ϕ(1020) production in 0–10% central Ar+Sc collisions
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Model calculations by S. Veli (Technical University of Munich) and T. Janiec (The University of Manchester)

First-ever results on hidden strangeness production in intermediate-size systems at CERN SPS

None of the considered models matches the experimental data points
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ϕ(1020) enhancement

5 10 15 20

  (GeV)NNs

0

2

4

6〉π〈
 / 〉φ〈

10
00

 

Ar+Sc (NA61/SHINE preliminary)
p+p (NA61/SHINE)
Pb+Pb (NA49)

5 10 15 20

  (GeV)NNs

1

2

3

4

do
ub

le
 r

at
io

 (
P

b+
P

b)
 / 

(p
+

p)

〉π〈 / 〉φ〈
〉+π〈 / 〉+

K〈
〉-π〈 / 〉-K〈

5 10 15 20

  (GeV)NNs

1

2

3

4

do
ub

le
 r

at
io

 (
A

r+
S

c)
 / 

(p
+

p)

〉π〈 / 〉φ〈
〉+π〈 / 〉+

K〈
〉-π〈 / 〉-K〈

ϕ in p+p: NA61/SHINE, EPJC 80 (2020) 199
ϕ in Pb+Pb: NA49, PRC 78 (2008) 044907

π±, K± in p+p: NA61/SHINE, EPJC 77 (2017) 671

π±, K± in Ar+Sc: NA61/SHINE, EPJC 84 (2024) 416

π±, K± in Pb+Pb: NA49, PRC 66 (2002) 054902

ϕ/π ratio for Ar+Sc is comparable to that in Pb+Pb collisions (where QGP is expected), and much
higher than for p+p interactions

ϕ enhancement over p+p collisions is slightly higher than for kaons in both Ar+Sc and Pb+Pb
reactions, and independent of the collision energy in the considered range
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Evidence of isospin-symmetry violation in kaon production: discussion (I)

Examples of studied effects: NA61/SHINE and others, Nature Communications 16 (2025) 2849

More neutrons than protons in colliding nuclei (included in HRG and UrQMD) – RK reduced for
collisions with Q/B < 1/2, but this effect is insignificant for energies > 10 GeV

At energies > 10 GeV, the mass difference between charged and neutral kaons, leading to
isospin-symmetry breaking (mostly via ϕ-meson decays), increases RK by about 0.03 (isospin
asymmetric decays of ϕ included in HRG, not included in UrQMD)

Influence of a0(980) and f0(980) decays – increase of RK by about 0.5%, and for extreme
assumptions by at most 3% at the highest energy (tested in HRG)

In central collisions Q/B ratio of participants can be higher than the total Q/B in colliding nuclei
(protons tend to be distributed closer to the center of a nucleus Thiel et al., J. Phys. G 46 (2019) 093003) – effect expected
to be small because RK seems to be independent of colliding nuclei size

In Ref. Reichert, Steinheimer, Bleicher, PLB 873 (2026) 140170 Authors introduce a consistent description of e++e− (BESIII), p+p, and
A+A data attributing the observed effect to asymmetric production of u and d quarks in the fragmentation of
the color field (q − q or q − qq). However, "Explaining the large asymmetry in the up- and down-quark
production in the elementary e++e− reactions remains a challenging puzzle to be solved."
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Evidence of isospin-symmetry violation in kaon production: discussion (II)

NA61/SHINE and others, Nature Communications 16 (2025) 2849
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RK = 1.184 ± 0.014 (stat) ± 0.061 (total) for 0–10% Ar+Sc at
√

sNN = 11.9 GeV

The weighted average of all double ratios shown in the figure above is 1.129 ± 0.027 → the
significance (difference between weighted average and unity divided by the uncertainty of weighted
average) of the isospin violation is 4.7σ (χ2

min
/dof ≈ 0.3 may indicate either a correlation between results or an overestimation of the uncertainties)
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