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NA61/SHINE experiment

SHINE = SPS Heavy lon and Neutrino Experiment
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Strong interactions (this talk) Measurements for:
@ study the onset of deconfinement @ neutrino programs (J-PARC, Fermilab)
@ search for the critical point @ cosmic-ray physics (Pierre-Auger,

@ measurement of open charm KASCADE, satellite experiments)
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NA61/SHINE experiment

SHINE = SPS Heavy lon and Neutrino Experiment
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Strong interactions (this talk) Measurements for:
@ study the onset of deconfinement @ neutrino programs (J-PARC, Fermilab)

@ search for the critical point  isospin-symmetry violation @ cosmic-ray physics (Pierre-Auger,
@ measurement of open charm KASCADE, satellite experiments)
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NA61/SHINE detector — unique multi-purpose facility

~13m

Vertex magnet Vertex magnet
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Target s3
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large acceptance: full forward c.m.s. hemisphere, down to pr = 0
particle identification: dE/dx in Time Projection Chambers, Time of Flight

post-LS2 layout

FPSD

data rate:
pre-LS2 ~100 Hz
post-LS2 ~1000 Hz

ion (Be, Ar, Xe, Pb) and hadron (7, K, p) beams, various targets including liquid Hy and water
, K+, K%, K*, p, A, ¢, 2, D°, spectra, correlations, fluctuations, HBT, intermittency. . .

o

o

@ centrality: forward energy in Projectile Spectator Detector(s)
°

o
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System size and energy dependence of the K /7™ ratio
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For Pb+Pb (NA49) sharp peak (horn) due to onset of deconfinement cazzicii, corenstein, acta Phys. pol. B 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 ongoing
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Diagram of high-energy nuclear collisions
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¢(1020) production in 0—10% central Ar+Sc collisions

+/SnN = 8.8GeV /SN~ 12GeV
- UrQl

/SN~ 17 GeV

dn/dy

——. UrQMD 3.4

Angantyr
NA61/SHINE preliminary

UrQMD 3.4 + hydro
NA61/SHINE preliminary

——- UrQMD 3.4

- Angantyr

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

@ None of the considered models matches the experimental data points
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@ First-ever results on hidden strangeness production in intermediate-size systems at CERN SPS
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¢(1020) enhancement

NA61/SHINE, Eur.Phys.J.C 80 (2020) 199
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@ ¢/ ratio for Ar+Sc is comparable to that in Pb+Pb collisions (where QGP is expected), and much
higher than for p+p interactions

@ ¢ 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

Antoni Marcinek (IFJ PAN) News from the strong interaction program of NA61/SHINE Moriond 2025, April 4



Proton intermittency
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NA61/SHINE, EPJC 83 (2023) 881, EPJC 84 (2024) 741

Ar+Sc at 13A-150A GeVk.
® 0-10%: 13A GeV
® 0-10%: 19A GeVk
® 0-10%: 30A GeVk
® 0-10%: 40A GeVE
® 0-10%: 75A GeVk
O 0-20%: 150A GeVc
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Ar+Sc at 13A-150A GeVk.
® 0-10%: 13A GeVe
® 0-10%: 19A GeVE

0-10%: 30A GeVie
® 0-10%: 40A GeVEt
® 0-10%: 75A GeVEt
© 0-20%: 150A GeVe
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At critical point expected power-law scaling
Fy (M) ~ (M?)?

For protons and r = 2, expected ¢ = 5/6

Antoniou et al., PRL 97 (2006) 032002

Cumulative variables sias, cazdzicxi, pLs 252 (1990) 483

Statistically independent points nasisring, eruc 83 2023) 881

No indication of critical point
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Negatively charged hadron intermittency
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@ Preliminary results for 0-20% central Xe+La collisions at \/sny ~ 17 GeV using 2nd, 3rd and 4th-order
scaled factorial moments

@ Presented using AF,.(M). = F.(M) — F,.(1) where F,.(M) and F).(1) are computed with cumulative
variables (similarly to proton intermittency)

@ For uncorrelated particles F.(1) = F,.(M)
@ No signal of critical point in Xe+La at \/syn =~ 17 GeV, lower energies coming soon
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Femtoscopy of like-sign pions
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Preliminary NA61/SHINE results in 0-10%
central Ar+Sc collisions, published 0-20%
central Be+Be reactions eruc ss (2023 919

Femtoscopy analysis using Lévy-type source:
two-particle Bose-Einstein correlation function
C(q) =1+ X-e 198" (¢ = momentum
difference) + correction for Coulomb final state
interaction

The Lévy stability parameter o describes shape
of the source

3D Ising model with random external field
predicts oo = 0.5 & 0.05 at critical point

Rieger, PRB 52 (1995) 6659,
Csorgd, Hegyi, Novak, Zajc, AIP Conf. Proc. 828 (2006) 525

@ Measured a values far from that prediction
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D'+ D’ production in 0—20% central Xe+La collisions at 150AGeV/c

s Models —

12)
yield= 170 + 28 2
2

160 ++ +++ ‘/% = 6.16

uncertainty = V; 2 + syst®

| —=— Data of NAG1/SHINE 0-20% Xe+La at s =16.8 GeV

10"

—2
—e— Data 10

Background (expo)
= Signal (gaus)
o b v b Lo Ly I | | | |

9 2 Datayp; Datapsy Datapyrys PYTHIA PHSD ~ HSD p-Adata AMPT ALCOR SMES

My (GeV) Angantyr scaling with N_

%
T HHH‘

o

1

@ First-ever direct measurement of open charm production in A+A collisions at SPS energies

@ Xe+lLa results corrected using three models: AMPT, PHSD, Pythia/Angantyr
— red band in the right plot indicates the associated uncertainty

@ Soon Pb+Pb results will follow
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Evidence of isospin-symmetry violation in kaon production: NA61/SHINE

NA61/SHINE, PRD 107 (2023) 062004 NA61/SHINE, Nature Communications 16 (2025) 2849
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@ For exact isospin symmetry (u=d) and collisions of Z=N nuclei (K™*) (us
(K~) (us) = (K') (ds); neglecting small GP violation (K2) = 1 (K°)

(KO)+(K—) _ (K)+(K™)

(KK~ 2AKY)

@ In both cases of 77+C at 2 energies and central Ar+Sc at /sny ~ 12GeV, the measured value of
Ry differs from the expectation

) = (K°) (ds) and
+ (&) = (kD)

@ Therefore expected Rx = =1
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Evidence of isospin-symmetry violation in kaon production: world

NA61/SHINE, Nature Communications 16 (2025) 2849
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@ Effect present in data from other experiments, but uncertainties were too large to notice it
@ Combining measurements, gives 4.7¢ significance of the flavor-symmetry violation beyond the known
effects
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NA61/SHINE plans

@ 2022-2025/6 collecting about 500M min. bias Pb+Pb at /sy ~ 17 GeV events to study open charm
production, now under calibration and preliminary analysis

@ In 2024 recorded data sets on 7 +C and 7=~ +C collisions at 158 GeV/c, each reaction about 24M
events to study isospin-symmetry violation in a charge-symmetric ensemble

@ After LS3: Mg+Mg, O+O and B+B to study

o the onset of fireball — system size dependence of K/ ratio
e isospin-symmetry violation in charge-symmetric (Z=N) collisions (Mg+Mg, O+O)

— pilot O+0O data at \/sny = 17 GeV already in 2025
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@ Measured rich collection of spectra studying the onsets of deconfinement and fireball

@ No horn in Xe+La nor in Ar+Sc collisions
e ¢(1020) measurements in Ar+Sc are not reproduced by models, ¢ /7 ratio for Ar+Sc is comparable to that in
Pb+Pb collisions, and much higher than for p+p interactions

@ No sign of the critical point
@ First-ever direct measurement of open charm production in nucleus-nucleus collisions at SPS energies

@ Unexpected excess of charged-over-neutral kaon production in 7~ +C and Ar+Sc collisions
— indication of violation of isospin symmetry 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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Xe+La spectra
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Evidence of isospin-symmetry violation in kaon production: discussion (l)

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

@ More neutrons than protons in colliding nuclei (included in HRG and UrQMD) — R x 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 ¢-meson decays), increases R by about 0.03 (isospin
asymmetric decays of ¢ included in HRG, not included in UrQMD)

@ Influence of a(980) and f;(980) decays — increase of Ry by about 0.5%, and for extreme
assumptions by at most 3% at the highest energy (tested in HRG)

@ In central collisions /B ratio of participants can be higher than the total )/ B in colliding nuclei
(protons tend to be distributed closer to the center of a nucleus e etal, u. prys. 6 46 2019 093003) — effect expected
to be small because Ry seems to be independent of colliding nuclei size

IN Ref. reicner, steinheimer, Bisioher, anxivzsos. 10203 AUthOrS introduce a consistent description of eTe~ (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 or ¢ — 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 (ll)

NA61/SHINE, Nature Communications 16 (2025) 2849
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@ Ry =1.184 + 0.014 (stat) + 0.061 (total) for 0-10% Ar+Sc at /sy = 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 VIO|atI0n IS 470' (Xrain /dof & 0.3 may indicate either a correlation between results or an overestimation of the uncertainties)
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K* /K ratio and time between freeze-outs: introduction

. i @ The K*(892)° lifetime (1 ~ 4 fm/c) is comparable with
_/.’K"' -< expected time between freeze-outs
K @ Some resonances may decay inside the fireball; momenta
. n of their decay products can be modified due to elastic
K scatterings — they will be lost by experimental
reconstruction
K T @ This causes suppression of the observed K* yield
K @ Assuming no regeneration processes, the time between
freeze-outs can be determined from:
K K* K" a
= — - e T
Chemical Kinetic K kinetic — A+A K chemical — p+p
freeze-out freeze-out STAR, PRC 71 (2005) 064902; Markert et al., AIP CP 631 (2002) 533
—> @ Note: this picture assumes that conditions at chemical
time freeze-out of p+p and A+A are the same

Antoni Marcinek (IFJ PAN) News from the strong interaction program of NA61/SHINE Moriond 2025, April 4



K* /K ratio and time between freeze-outs: results

Preliminary NA61/SHINE K *(892)" results in 0—10% central Ar+Sc collisions

other NA61 data: EPJC 77 (2017) 671, EPJC 80 (2020) 460, EPJC 82 (2022) 322, EPJC 84 (2024) 416; NA49 data: PRC 66 (2002) 054902, PRL 94 (2005) 052301, PRC 84 (2011) 064909
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@ At,/snn ~ 17 GeV, decrease of the K*/ K ratio from p+p to Pb+Pb collisions suggests that
rescattering processes indeed play important role in nucleus-nucleus collisions

@ Ar+Sc ~ Pb+Pb at \/sny =~ 17 GeV

@ Ar+Sc at /sny ~ 12GeV and /syy = 17 GeV are similar

@ No suppression in Ar+Sc at /sy ~ 8.8 GeV
— time between freeze-outs consistent with zero at /sy ~ 8.8 GeV?
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