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Talk Layout -

J NA61/SHINE Experiment at CERN

J Charged particle identification

 Isotopic Symmetry Breaking in Ar+Sc Collisions

(J Some sources of the detected Isospin Symmetry Breaking
 Predictions? Possible additional experimental studies.

J Workshop on isospin symmetry violation: kaons and
beyond (ISO-BREAK 25), Kielce on October 23-25, 2025

https://indico.cern.ch/event/1557894/contributions/
6698122/
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SHINE = SPS Heavy lon and Neutrino Experiment

<-Strong interaction

<>The onset of deconfinement

F Lake Geneva <>Search for the critical point
Large Hageoi ‘Callider 2 s o -y <> Measurement for open charm

27 km long '+ Fe) = r'éﬁs - TR o R <>Measurements for neutrino
150 d d - ~£ - o : 5 R - -ty A .
= ?gijun 7 o T e e programs (J-park and Fermilab)
NAM’SH'NE e <-Cosmic ray physics

‘ <>lsospin symmetry violation

CERN Accelerator Complex

Vo e

13

“GERN LAB2 *

& o S =% Beams for NA61/SHINE Experiment:
g;’f;?ﬁ,’;ﬁ;,‘_ S R R Hadion beans.

v : v p (400 Gev/e

v Secondarym, K, p (13-350 GeV/c)

lon beams;

v Ar Xe Pb (13-150A GeV/e)

v Secondary Be (13-1504 GeV/c) (from Pb fragmentatgon)

[1] NA61/SHINEdetector overview,
https://indico.cern.ch/event/1174830/contributions/5174346/

attachments/2567605/4426948/na61_det.pdf G.Feofilov
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SHINE = SPS Heavy lon and Neutrino Experiment

~ m

- »
MTPC-L
L-ToF
Vertex magnet Vertex magnet
)J )J F-ToF
Beam counters GAP I IG'RC MPSD
and BPDs VD TPC s FPSD
&M-- Jr--- - R ---
Target S3 ﬁ sS4 W FTPC-2/3
data rate:
MTPC-R pl’G-LSZ ~100Hz
Fixed target experiment in the North area of SPS at CERN: post-LS2 ~1000 Hz

yitracking efficiency: > 95%

*Iarge acceptance: full forward c.m.s. hemisphere, down to pp = 0
*particle identification: dE/dz in Time Projection Chambers, Time of Flight
*centrality: forward energy in Projectile Spectator Detector(s)

*ion (Be. Ar, Xe, Pb) and hadron (. K. p) beams, various targets including liquid H, and water
at, K*, Kg, K*, p, A, ¢, =, D°, spectra, correlations, fluctuations, HBT, intermittency. ..

* Vertex Detector for open charm measurements

* Double-wall He beam-pipe inside the VTPC1 and VTPC2
[1] NA61/SHINEdetector overview, G.Feofilov 5

https://indico.cern.ch/event/1174830/contributions/5174346/attachments/2567605/4426948/na61_det.pdf



Example of St.Petersburg State University
technologies for NA61(SHINE)

» Left: Extra-thin double-wall He beam pipe
installed in 2012 in the gas volume between two
field cages in the VTPC-1 of NA61(SHINE). The
same in VTPC-2

» This He beam pipe reduces the background
interactions in the VTPCs by about a factor of 10.

-] S— LHT wTRC
E E fmngu ﬂ A 75 1= L [ S——
f I~ i ’ : : +
- P Lair ! 20092010 ArCO,
10? §_ nan  dowaerus 2011 halium
- 1 3 i:
10° =
]
100
10}
I i I !l i ; I |E i |§| Ll I

1 1 1 1 1 1 :I 1 1 1 1 1 1 1 1 I 1 Il 1 1
-1.?1]0 -650 600 -550 =500 -450 400 =350 =300
fitted vertex z [cmy]

NAG61/SHINE facility at the CERN SPS: beams and detector system,
2014 JINST 9 PO6005; dei:d0.1088/1748-0221/9/06/P06005 6
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Charged particle identification
by energy loss measurement in set of TPCs[1]

Py €[0.40;0.45) GeVic
Poram=13AGeV/fe -
negative charge

10° Ep £ [15.85; 19.95) GeVic

10°E

dE/dx (MIP)

10° 0%

10

| Pn=lSOAGYVe

OILOV. —
TTT

3 i T2 T3 6 T
1 dE/dx (MIP)

p (Gevie) p (GeVie) The dE/dx distributions for negatively

charged particles in a selected pT

bin produced in central Ar+Sc collisions

at 75AGeV/c. Solid line -- fits by a sum of
Contributions from different particle types

[1] NA61/SHINE Collaboration, Measurements of n+, K£,p and anti-p spectra in 40Ar+45Sc

collisions at 13A to 150A GeV/c, Eur. Phys. J. C 84, 416 (2024).
https://doi.org/10.1140/epjc/s10052-024-12602-2 G.Feofilov 7

Distribution of charged particles in dE/dx -- p plane



Charged particle identification

by ToF measurements [1]

> 14F pmm=30A GeVie > 14F pmm=30A GeV/ie 0’
Q 1af C 12k
= T T F
1+ lE P
08 08} 0

I S e 510 I S e 510
p (GeV/c) p (GeV/e)

p[GeV/c]

c2 2
m2 — (Cp)2 ( Ltgf _ 1)

L — length of trajectory

p[GeV/c]

Figure 9: Distribution of particles in the plane laboratory momentum and mass squared derived using time-of-flight
measured by ToF-R (right) and ToF-L (left) produced in central Ar+Sc collisions at 304 GeV/c. The lines show the

expected mass squared values for different hadron species.

[1] NA61/SHINE Collaboration, Measurements of n+, K£,p and anti-p spectra in 40Ar+45Sc

collisions at 13A to 150A GeV/c, Eur. Phys. J. C 84, 416 (2024).
https://doi.org/10.1140/epjc/s10052-024-12602-2 G.Feofilov
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Charged particle identification by ToF — dE/dx

Eur. Phys. J. C (2024) 84:416

measurements [1]

Page 13054 416

Fig. 11 Example of the

tof — dE /dx fit (Eq. 4) oblained
in a single bin (2 < p < 3 GeVe
and 05 «< pr «< 0.6 GeVk) for
positively charged particles in
central Ar+Sc collisions at
30A GeVie

1] NA61/SHINE Collaboration, Measurements of n+, K+,p and anti-p spectra in 40Ar+45Sc

04 09 1 11 %2 13 94 15 16 17 18
AL RALLE LRl La e LA LRl R LRl aa e i

dE/dx (MIP)

+  measured points 1000f-

— fitted function m:_
—— pions i
—— protons e
—— kaons 400
—— electrons

200_

4

lotttar P
IlYIllIl..IIl L |
I

f

T § % E O °

p €[2;3)GeVie
P.E£[0.5; 0.6) GeVic
P304 GeVie

ollisions at 13A to 150A GeV/e, Eur. Phys. J. C 84,416 (2024).
1ttps://doi.org/10.1140/epjc/s10052-024-12602:2. iloy



Identification of weakly decaying neutral particles
by VO topology and energy loss measurement in set of TPCs[1]

Tt

Decay topology for K decay :
Left: Example of VO topology as for K% decaying into two pions.
Right: Two reconstructed-VO decays in NA61/SHINE spectrometer. -

Yellow points are TPC clusters and blue lines represent two reconstructed VO decays.

TPC clusters belonging to VO daughter tracks are marked as blue point

Wojciech Bryliski Thesis, Study of K% meson production in central Ar+Sc
collisions at SPS energies, Warsaw University of Technology, PhD, Submitted: 2023, Defended: 2023-07-12

https://repository.cern/records/5fv5z-ez421

G.Feofilov 10



nature communications 8

Article https://doi.org/10.1038/s41467-025-57234-6

Evidence of isospin-symmetry violation in
high-energy collisions of atomic nuclei

Received: 6 March 2024 The NA61/SHINE Collaboration*, F. Giacosa ®'2, M. Gorenstein ® >4,
R. Poberezhniuk @345 & S. Samanta®®

Accepted: 14 February 2025

e
Strong interactions preserve an approximate isospin symmetry between up (u)
and down (d) quarks, part of the more general flavor symmetry. In the case of K
meson production, if this isospin symmetry were exact, it would result in equal
numbers of charged (K* and K) and neutral (K° and K°) mesons produced in
collisions of isospin-symmetric atomic nuclei. Here, we report results on the
relative abundance of charged over neutral K meson production in argon and
scandium nuclei collisions at a center-of-mass energy of 11.9 GeV per nucleon
pair. We find that the production of K" and K~ mesons at mid-rapidity is
(18.4 + 6.1)% higher than that of the neutral K mesons

....The significance of the flavor-symmetry violation beyond the known effects is 4.7c when

the compilation of world data with uncertainties quo(t;ergegmg\he experiments is used. 11



Evidence of isospin-symmetry violation in kaon production:
new data by NA61/SHINE[1]

NAG61/SHINE, PRD 107 (2023) 062004 NAG1/SHINE and others, Nature Communications 16 (2025) 2849
16— 7 T T >~4_ > 4 —
K'+K n +C at 158 GeVlc B .F - NAG1/SHINE k<) - NAG1/SHINE Proliminary
Ry = —— S 35 5% Ar+Sc, 0-10%, |5, = 11.9 GeV S 350 A+Sc.0-10%, 5,788 GeV
141 K 2 K() Ny - " A C % K+K
* 3 i1k s a2
1.2+ ] + * A C = { K:
L 25 o
155

OB 3 NAG1/SHINE data ] E

-- EPOS1.99 1=

— Sibyli2.3c E
OB qGSJenoa b 05

— EPOS-LHC =

107 10" &.5 2 15 -1 05 0 05 1 15 2 25
/
P/Pueam

5) = (KY) (ds) and
(K™) (us) = ( ) (ds); neglecting small CP violation (Kg) = 3 (K°) + (fo) (K?)

(ED+(K ) (KOHHEKD)

@ For exact isospin symmetry (m, = mg) and collisions of Z = N nuclei (K™) (u

@ Therefore expected R =

(KO)+(E") — 2(Kg)
@ In both cases of #~+C and central Ar+Sc collisions, the measured values of Ri differ from the
respective expectations

Small, Intermediate-Size, and Heavy-lon Systems at SPS Energies, report at the 18" Workshop on

Particle Correlations and Femtoscopy, 19 May 2026, Budapest, Hungary
https://indico.cern.ch/event/1679596/contributions/

G.Feofilov 12



Evidence of isospin-symmetry violation in kaon production:
world and new data by NA61/SHINE
for Ar+Sc at VsNN-8.8 GeV|[1]

NA61/SHINE and others, Nature Communications 16 (2025) 2849 + new preliminary Ar+Sc point at ,/syy = 8.8 GeV

K KT K')+K)

1.5} | @) 2
1.4 - 1 = HADES; Ar+KCl; 4n
1.3 v * <+ * STAR; Au+Au; y=0

1 © NA49; Pb+Pb; 4n
NA61/SHINE; Ar+Sc; y = 0

1.2

X L
T 44

| + CERES; Pb+Au; y ~ 0
107 oo T’ """ 1 o NA3S5;S+4S; 4n
0.9 —HRG; @/B=04 1 e ALICE; Pb+Pb; y~0
os - HRG; Q/B=ZA -
[ —— UrQMD; Q/B = 0.4
. sl L PR L
0'71 0° 10! 1o2 103 10*

Vs (GeV)

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

@ Combining measurements, gives 5.3¢ significance of the isospin-symmetry violation beyond the
known effects

[1] Antoni Marcinek (for NA61/SHINE Collaboration), Strange and Non-Strange Particle Production in
Small, Intermediate-Size, and Heavy-lon Systems at SPS Energies, report at the 18t Workshop on
Particle Correlations a nd Femtoscopy, 19 May 2026, Bud ﬁESt Hungary

https://indico.cern.ch/event/1679596/contributions/ 3



Violation of charge-symmetry invariance by known effects.

Running quark masses [1]

1Py = 33

Mass m =2.16 £ 0.07 MeV  Charge = & ¢ I, = +%
my,/myg = 0462 £ 0.020

E 1Py = 13

Mass m =470 £007 Mev Charge = -3¢ I, = —%
me/my = 17=22
= (my, + my) /2 =349 £0.07 MeV

1Py = o(3h)

Mass m =93.5 £ 08 MeV  Charge = —F ¢ Strangeness = —1
(mg={m, + md)-":):’/[md - my)= 27'3318:13

» These are the values of the "running” quark masses defined in the MS (Modified Minimal
Subtraction) scheme at renormalization scale u=2GeV[1].

» The masses of up and down quarks, m,=2.16 £ 0.07 MeV and m,=4.70 £ 0.07 MeV[1]
are much smaller than the QCD scale, Ay

» The different quark masses lead to different masses of charged and neutral kaons.

[1] Navas, S. et al. Review of particle physics. Phys. Rev. D 110, 030001 (2024).

G.Feofilov 14



Effects of different masses of charged and neutral kaons?

» The difference in the masses of the d and u quarks: A=4.7-2.16=2.54 MeV,

» Accordingly, the relative magnitude of the differences in the masses of kaons is
small: mK*=mK- = 493.7 MeV, mK°=mK%=497.6 MeV-> the difference leads to an
increase of R, resulting from direct kaon production by about 0.02.

» The influence of this mass difference on R, was quantified using the statistical
HRG model --by removing resonances from the particle list of HRG. It was
numerically verified that HRG for Q/B = 1/2 and with exact isospin symmetry
gives R, = 1, as expected[1]

» Role of resonances: ¢(1020) meson decays about 1.45 more frequently into
charged kaons than neutral ones (This large difference is because the ¢(1020)
mass is just above the kaon-kaon thresholds). Including the kaon production
from resonance decay increases R, by about 0.03 [1].

» Role of decay of resonances a,(980) and f,(980)--one gets an increase of R, by
about 0.5%. The account of electromagnetic interaction between K* and K~ in
this decay leads to the increase of R, by at most 3% at the highest collision
energy[1]. See the next slide 2>

[1] The NA61/SHINE Collaboration., Giacosa, F., Gorenstein, M. et al.
Evidence of isospin-symmetry violation in high-energy collisions of atomic nuclei. Nat Commun 16, 2849 (2025).
https://doi.org/10.1038/s41467-025-57234-6

G.Feofilov 15



Effects of different quark masses in HRG

and in UrQMD[1]

0.8

07 ..
10°

Fig. 3: The charged-to-neutral kaon ratio Ry

\\

HRG; Q/B = 0.4
HRG; Q/B = ZIA

—=— UrQMD; Q/B = 0.4
Ll MR AT

T | T WA
10!

sl N
102 10°
Vs (GeV)

as a function of collision energy.

*

o)

e ¢ ¢ e

HADES; Ar+KCl; 4=
STAR; Au+Au; y= 0
NA49; Pb+Pb; 4x
NA61/SHINE; Ar+Sc; y= 0
CERES; Pb+Au; y~ 0
NA35; S+S; 4n

ALICE; Pb+Pb; y~ 0

» The account of electromagnetic interaction
between K* and K~ in this decay leads to
the increase of R, by at most 3% at the
highest collision energy[1].

[1]The NA61/SHINE Collaboration., Giacosa, F., Gorenstein, M. et al.
Evidence of isospin-symmetry violation in high-energy collisions of atomic nuclei.
Nat Commun 16, 2849 (2025). https://doi.org/10.1038/s41467-025-57234-6

G.Feofilov 16



Violation of charge-symmetry invariance by known effects

. . . [ LN | T """'I- rorrrrT TorrrTT]
» Electromagnetic interaction between K* and K~ 15 -
slightly increases the mass of K* (both 141 1 = HADES; Ar+KCl; 4
constituents u and s have positive charge), but 131 1 1 * STAR;Au+Au;y=0
1 0 1.2 1 © NA49; Pb+Pb; 4n
sllght!y decreases the mass of K -(the &0 % H + 1 o NAGI/SHINE; Ar+Sc; y = 0
constituents d and s have opposite charges).[1] ! ol I + CERES; Pb+Au; y~ 0
I I HRGQ/BMT """ 1 © NA35;8+S;4n
— . . 0.9 - » (G ] ALICE; Pb+Pb; y ~ 0
» The uTand dd pairs creation in strong oal . HRG;QB=ZA ] Y
processes may be affected by electromagnetic ~ ,t V. .., . ToSYOMDiaB-04
. . . . 100 10! 102 10° 104
interactions due to different electric charges of 0 0 J—o 0 0
Syy (GeV)

up and down quarks. This leads to a different
phase space for their production, favoring uu_

pairs and thus the charged kaons [1].

» Both HRG model and UrQMD show the decrease of R, (<1)
at energies below Vs,~7 GeV

[1] The NA61/SHINE Collaboration., Giacosa, F., Gorenstein, M. et al. Evidence of isospin-symmetry violation in high-energy collisions of atomic nuclei.
Nat Commun 16, 2849 (2025). https://doi.org/10.1038/s41467-025-57234-6

G.Feofilov 17



Effects of R, deviation from 1 in pp and AA collisions
within the similarity approach (BMLZ) [1,2]
in the case of isospin-symmetry conservation at quark level.

Q It is shown in [1,2] that “the ratio of charged-to- il T
neutral kaon cross sections R =(K*+K~)/2K°, calculated 1.8 T e
within the similarity approach, including the gluon < « 16F / o
transverse momentum dependence (TMD) at low i NASS (5:5)

. . ./Q\ NA49 (Pb+Pb)
QCD scales, and using the Lund model in the form of .‘:_f
v

lllllllll:

% <4 > H o

NAGE1 (Ar+Sc)

) . 1.2 :— STAR (Au+Au)
the MC generator PYTHIA, is above 1 at energies Vs X:
up to 20 GeV, even in the case of isospin-symmetry - ]
conservation.” [2] 0.3 ]

Q “It decreases to 1, when the energy rises to a few TeV 0.6% ““i'o — ]6 — 1(1)‘ — '“"1"04
(ALICE data). The reason for this is related to the /s, [GeV]
dynamics of kaon production”. [2]

Figure 2: The ratio Rxg = 5“%“;, as a function of /s calculated within the similarity

“« : . .
D Th IS energy be h avior Of RK d oes pra ctica | Iy not a.pproach termed BMLZ for ArSc collisions [12] (blue line) and the Lund model [5] (yellow
d e pe nd on th e sort Of bea m or ta I’get" ] [2] line-for PbPb). The experimental data are taken from [6].

» A.V. Guskov, G.I. Lykasov, A.l. Malakhov and A.A. Zaitsev: “Calculations do not
contradict to the world data at Vs,,= 6-40 GeV and Vs,,= 3 TeV.”[1]

» However, the values of R, at NICA energy domain are growing with the decrease
of vs,,, -- contrary to the HRG model and UrQMD (!) - see in the previous slide.

[1] A.V. Guskov, G.I. Lykasov, A.l. Malakhov and A.A. Zaitsev, “K-meson production and isospin-symmetry in pp and AA collisions”, PoS(QCDEX2025)018,
QCD at the Extremes (QCDEX2025), 1-5 Sept 2025

[2] A.V. Guskov, G.I. Lykasov, A.l. Malakhov, A.A. Zaitsev , “Isospin-symmetry in pp and AA collisions”,
June 10, 2026, arXiv:2606.10707v1 G.Feofilov 18



Effects of R, deviation from 1 in pp and AA collisions
within the similarity approach (BMLZ) [1-3]
in the case of isospin-symmetry conservation at quark level.

T

gluon congributions 2T ' ' ]

- - ] 8 L —e— BMLZ(ArSc) calc. 2

,'g R A, =1582+0.359 ' PbPb PYTHIA .

> C,=0.179 + 0.009 o ¢ ALIGE (PbePb) - 7

v a < L6 B CERES (PbsAu) 1

g 1 A,=2561+0.000 (.:%] N A NA35(S+S) N

s C, = 0.227 £ 0.000 ; L4 MR

R C NA61 (Ar+Sc) b

<3 s =11.9 GeV F 1.2 STAR (Au+Au) ]

-1 2 C ]

107" =140 SA -

N F I ]

quark 0.8F 3
contributions «”] \ 06: ) . ) ]
_, PR 2 iias NPT

107 \ ‘ 2 3 4
= N 10 10 100 10
N I I T P B I P I U IR E Vs. [GeV1
0 02 04 06 0.8 1 12 14 16 18 2 22 24 Figure 2: The ratio Rx = 3“%&, as a function of \/5 calculated within the similarity
pT [GeVic] approach termed BMLZ for ArSe collisions [12] (blue line) and the Lund model [5] (yellow
line-for PbPb). The experimental data are taken from [6].
Figure 1 [1]:

“The inclusive pT spectrum of K%=1/2(Kantik%) produced in - 3 A.V. Guskov, G.I. Lykasov, A.l. Malakhov and A.A.
collisions Ar+Sc at Vsy,=11.9 GeV and y=0 calculated within Zaitsev: “Calculations do not contradict to the world

the similarity approach called as BMLZ [5]; black dashed and .
blue dashed-dotted lines are the quark and gluon data at Vs,,= 6-40 GeV and VsNN= 3 TeV."[1]

contributions, respectively.”
----"The NA61/SHINE experimental data...”

---??? Data are different fromm NA61 HEP Data!
--- Both in “Y” and “X” points !

[1] A.V. Guskov, G.I. Lykasov, A.l. Malakhov and A.A. Zaitsev, “K-meson production and isospin-symmetry in pp and AA collisions”, PoS(QCDEX2025)018, QCD at the
Extremes (QCDEX2025), 1-5 Sept 2025

[2] A.V. Guskov, G.I. Lykasov, A.l. Malakhov, A.A. Zaitsev , “Isospin-symmetry in pp and AA collisions”,

June 10, 2026, arXiv:2606.10707v1

[3] G.I. Lykasov, A.l. Malakhov, A.A. Zaitsev, Eur.Phys. J. A60, 239 (2024). G.Feofilov 19



oo n < 8r
= N A,=1582+0359 | © E NA61/SHINE
% - C,=0.179+ 0.009 E 7E- Ar+Sc, 0-10%, \Syy=11.9 GeV
= g o e
) u&ﬁ: _+
£ 5 =2
0
= K
]04 EI_ N : S
[ 3
I Sp_TS [GeV/c],dn/dpS_TS [(GeV/c)$™M-1}S], total un\certainty + total unce?tainty
0.15,3.0679,0.17348,-0.17348 2
0.45,4.236,0.39454,-0.39454
1 0—2 | 0.75,2.1955,0.23242,-0.23242
= 1.05,0.95172,0.19497,-0.19497 1
- 1.35,0.30093,0.045827,-0.045827
sy b b b b b by b Iy byl Ll 0 | | ) ) | . . . | | | |
0 02040608 1 12 14 186 18 2 22 24 v T
p, [GeVic] oC 1.4
Figure 1: 12
1t . . . . .

BMLZ and our Modified UrQMD results

for Ar+Sc

Vs =11.9 GeV:
pT spectra

“The inclusive pT spectrum of KOs=1/2(K0+antiK0)
produced in collisions Ar+Sc at v=11.9 GeV and y=0
calculated within the similarity approach called as BMLZ
[5]; black dashed and blue dashed-dotted lines are the

quark and gluon contributions, respectively. The NA61/
SHINE experimental data...”..

G.Lykasov et al. results for Ar+Sc
---CTPaHHO? ---??? Data are different from
HEP ! Both in “Y” and “X” points

0 0.2 0.4 0.6 0.8 1 1.2 1.4
P, (GeVlic)

Figure 2: Comparison of transverse momentum spectrum of neutral (

) with the averaged spectrum of charged (K+ and K.) mesons

in the 10% most central Ar+Sc collisions at SNN 11.9 GeV.

The bottom panel shows the ratio of the two distributions, as defined in Eq.
(2). The meaning of the total uncertainties drawn is the same as in Fig. 1.
“Both distributions are integrated over the rapidity range O<y<2.”20
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Violation of charge-symmetry invariance by known effects

» A model of the space-time evolution of the pair creation is needed
to quantify the effect.
» New experimental checks are needed

[1] The NA61/SHINE Collaboration., Giacosa, F., Gorenstein, M. et al. Evidence of
isospin-symmetry violation in high-energy collisions of atomic nuclei. Nat Commun
16, 2849 (2025). https://doi.org/10.1038/s41467-025-57234-6

G.Feofilov
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Violation of charge-symmetry invariance
- novel explanation[1]:

» Quite recently, the UrQMD approach has been modified by including
violation of isospin symmetry [1] by the parametrized string breaking:

it brings as three times more probable to produce uU pair than a dd one;

» Remarkably, in this way, the ratio R, is also corretly described for data on
kaon productions in e+e- and pp scattering[1].

> See the next slide =

[1] Tom Reichert, Jan Steinheimer, and Marcus Bleicher. Explanation of the
observed violation of isospin symmetry in relativistic nucleus-nucleus
reactions. Phys. Lett. B, 873:140170, 2026.
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Violation of charge-symmetry invariance
- novel explanation [1]:

0-5 T T T T T T
— K P{U):P(d)=3:1
— K Pu):P(d)=3:1
e*+e~ (UrQMD) — K2 P(u):P(d)=3:1
0.4k VS =3.050 GeV eene K* P(U):P(d)=1:1 |
snun K~ Plu):P(d)=1:1
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Fig. 1. [Color online] Momentum distributions of K* (red) K~ (black) and
Kg = (K" + K%)/2 (blue) in e*¢~ annihilations at /5 = 3.050 GeV. The dotted
lines show the standard parametrization of the color field fragmentation param-
eters, the full lines show the refitted parameters which allow for an asymmetry
between up- and down-quark production in the color field. The symbols show
the experimental data by BESIII [9,10].

[1] Tom Reichert, Jan Steinheimer, and Marcus Bleicher. Explanation of the observed violation of

0-08 T T T T T
— K P(u):P(d)=3:1
m— KD P(u):P{d)=3:1
sem K* Pu)P(d)=1:1 -
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Fig. 2. [Color online] Rapidity distributions of K* (red) and K§ = (K” + K%)/2
(blue) in proton+ proton collisions at /s = 12.3 GeV. The dotted lines show the
standard parametrization of the color field fragmentation parameters, the full
lines show the refitted string fragmentation parameters. The symbols show the
experimental data by the NA61/SHINE experiment [11,12].

isospin symmetry in relativistic nucleus-nucleus reactions. Phys. Lett. B, 873:140170, 2026
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Violation of charge-symmetry invariance
- novel explanation [1]:

4-0 T T T T
K* P(u):P(d)=3:1
YOAr+45Sc (UrQMD) K2 P(u):P(d)=3:1
351 Vsun = 11,9 GeV === K* P{u):P(d)=1:1 ]
0-10% mmm K§ P(u):P(d)=1:1
3.0- L @ K* (NAG1/SHINE) |
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Fig. 3. [Color online] Rapidity distributions of K* = (K* + K7)/2 (red) and
K¢ = (K + R%)/2 (blue) in 0-10% central Ar +Sc collisions at /5y = 11.9GeV.
The dotted lines show UrQMD calculations with the standard parametrization of
the color field fragmentation parameters, the full lines show the UrQMD results
using the refitted string parameters. The error band in the calculation is due
o the estimation of the centrality (( N, 4q) = 60 — 64 representing 10% cen-
tral collisions). The symbols show the experimental data by the NA61/SHINE
experiment [1,16].
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Fig. 4. [Color online] Comparison of the refitted simulations with the world
data on the ratio Ry = (K* + K7)/(K° + R"). The dotted lines shows UrQMD
calculations for central Au+Au reactions with the standard parametrization
of the color field fragmentation parameters, the full lines show UrQMD re-
sults using the refitted string fragmentation parameters. We further show the
URQMD results for Ar+Sc collisions (circles) because Ar+ Sc has a larger pro-
tons/neutron ratio than Au+Auw. The black squares show the experimental data
in nucleus-nucleus collisions (taken from the compilation in Adhikary[16]).

[1] Tom Reichert, Jan Steinheimer, and Marcus Bleicher. Explanation of the observed violation of
isospin symmetry in relativistic nucleus-nucleus reactions. Phys. Lett. B, 873:140170, 2026
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Our preliminary results on modification of the UrQMD code
“UrQMD(3:1)”

following the ideas of [1]
on 3:1 probability to produce uti pair vs. dd one

and some relevant “ UrQMD(3:1)” predictions

in the fixed target collisions
for Ar+Sc, 12C+12C and Xe+W

[1] Tom Reichert, Jan Steinheimer, and Marcus Bleicher. Explanation of the
observed violation of isospin symmetry in relativistic nucleus-nucleus reactions.
Phys. Lett. B, 873:140170, 2026
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Default and our Modified UrQMD preliminary results
for Ar+Sc Vs, =11.9 GeV:

pT spectra
Kaon pr spectra, |y| <0.50 Kaon pr spectra, |y| < 1.00
100 4
100 .
3 )
Ei } 1071
S :
1072 ;
5
1072
10-3 1 Ard40+Sc45, sqrt(s_NN)=11.9 GeV, collider mode, Ng,:= 446, 361
O.IO 0.I5 1.I0 1-I5 2j0 2f5 Ard0+Sc45, sqrt(s_NN)=11.9 GeV, collider mode, modified, Ne,+ = 446, 365
pr [GeVv/c] 10-3 A
0.0 0.5 1.0 15 2.0 25
Our UrQMD (default) results for Ar+Sc . pr [(Gevic]
Our modified UrQMD(3:1) results for Ar+Sc

P(u):P(d)=3:1 (Preliminary)

»“Soft” part (< 2 GeVc) of pT spectra of kaons appears to be different as calculated
by the modified UrQMD in case of P(u):P(d)=3:1
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Default and our Modified UrQMD preliminary results
for Ar+Sc Vs, =11.9 GeV:

LK* +K7)KE

R(pr)

Ry (pT)

Kaon ratio, |y| <1.00

Kaon ratio, |y| <0.50

1.15 - Ard0+5Sc45, sqrt(s_NN)=11.9 GeV, collider mode, modified, Ne,: = 446, 365
. Ard0+Sc45, sqrt(s_NN)=11.9 GeV, collider mode, Ng,: =446, 361

—?— c:.s(K++K—I)/K2 | . . ; -3 ;.ZT;Ea:i—)/Kg
pr [GeVic] 0.0 0.5 1.0 N 15 2.0 25
Our UrQMD (default) results foe Rk(pT) Our “UrQMD(3:1)” results of R, (pT)
In Ar+Sc at Vs, =11.9 GeV for Ar+Sc with P(u):P(d)=3:1 (Preliminary)

»Considerable effect of Isotopic Symmetry breaking is observed in R, in pT spectra
ratious predicted by the modified UrQMD in case of P(u):P(d)=3:1 in the “soft” part (<
1.5 GeVc) of spectra 6 Feofilov



Default and our Modified UrQMD preliminary results
for Ar+Sc at Vs,=11.9 GeV

Ratios of rapidity distributions

Isospin ratio Re(y) =2(K* +K~)/K2

Isospin ratio Re(y) =2(K* +K~)/K2 135 - --- isospin symmetry (R¢=1)
1.20 A Fe iy Fes ) : central window +1.00
- ===_1sospin symmetry (Rx = _
central window +1.00 —F— Re=3(K* +K7)/KS
- Re=3K* +K7)KS 1.30 A
1.15 4
1.25
1.10 1
120
< >
‘2 1.05 4 E
o
1.15
1.00
1.10
0.95 A
1.05
0.90 - Ard0+5c45, s_NN = 11.9 GeV, collider mode, unmodified, Ne,: = 446, 361
’ 100 Ar40+Sc45, s_NN = 11.9 GeV, collider mode, modified, Ng,: = 446, 365
-3 -2 -1 0 1 2 3 T T T T T T T
y -3 -2 -1 0 1 2 3

y

Our “UrQMD(3:1)” results for Ar+Sc
P(u):P(d)=3:1. (Preliminary)

»The shape of “Modified UrQMD(3:1)” rapidity distribution appears to be different from
the default UrQMD

Our UrQMD (default) results for Ar+Sc
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Default and our Modified UrQMD preliminary results for
symmetric (Q/B=0.5) 12C+12C collisions,
--an example at Vs,,=34 GeV:
Ratios of rapidity distributions

Isospin ratio Rg(y) = 2(K* +K =) /K2
1.40 A —=~ isospin symi y (Rk=1)
dow +1.00

Isospin ratio RK(y) =1(K* +K7)/K?
1.100 A --- isospin symmetry (Rx=1) 1.25 A
ntral window +1.00

cel
Re=LK* +K~)K? 3
1.075 4 At 2 1.20 1

1.050 A

1.025 A

Rk(y)

V, fixed-target mode, modified, Ney: = 450k

A C12+C12, 34.1 GeV, 3 b Nevt =
1.000 100 ]
—20 -15 -10 -05 0.0 05 10 15 2.0
0.975 - y
0.950 -

C12+C12, 34.1 GeV, fixed-target mode, unmodified, Ne,t = 450k

0.925 4

0.5 140 145 2.0

v Our “UrQMD(3:1)” results for 12+12C
Our UrQMD (default) results P(u):P(d)=3:1

» Considerable effect of Isotopic Symmetry Breaking is predicted by
the “Modified UrQMD (3:1)” in ratios of rapidity distributions for
the case of 12+12 C collisions at Vs =34 GeV

» Figure is preliminary, statistics-here is to be improved 29



dN/dpr [(Gev/c)™]

Default and our Modified UrQMD results for 12C+12C -- an
example at Vs,,=34 GeV:
pT spectra

Kaon pr spectra, |y — yem| < 0.50

Kaon pr spectra, |y — yem| < 1.00
1071 5
1072 g 1072 1
103 g 103
10_4 E 1074 - . oo
12¢4+12, 34.1 GeV, fixed target, Ney: = 450k 0o 0s Lo Ls 20 25
10-5 - pr [GeVvic]
0.0 05 10 15 2.0 25
pr [GeVi/c]
Our “UrQMD(3:1)” results for 12+12C
Our UrQMD (default) results P(u):P(d)=3:1 (Preliminary)

»  “Soft” part (<1/5 GeVc) of pT spectra of kaons in two versions of the UrQMD is different
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KT +KT)KS

R(pr) =

2.5 1

N
<)
L

1.5

1.0

Default and our Modified UrQMD results
for 12C+12C -- an example at Vs =34 GeV:

Kaon ratio, |y — yem| < 0.50

12C+12C, 34.1 GeV, fixed target, Ngy¢ = 450k

In
N

=
<]

LK* +K™)KS

R(pr) =

+5% band

-Yfﬁwwﬂ\w\r

—3— 0.5(K* +K~)/K2

0.0 0.5

Our UrQMD (default) results

1.0

pr [GeV/c]

Ry (pT)

Kaon ratio, |y — yem| < 1.00

1.4+

C12+C12, 34.1 GeV, fixed-target mode, modified, Ne,: = 450k

+5% band
—3$— 05(K* +K~)/K2

0.0 0.5 1.0 1.5
pr[Gev/c]

2.0 25

Our “Modified UrQMD(3:1)” results

for 12+12C with P(u):P(d)=3:1

» Considerable effect of Isotopic Symmetry Breaking is predictedby the
modified UrQMD in case of P(u):P(d)=3:1 for 12+12 C collisions at
Vsy=34 GeV in the “soft” part (<1/5 GeVc) of pT spectra of kaons
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UrQMD results at NICA energy at Vs,=2.9 GeV
in case of non-symmetric system (Q/B<0.5):
Xe+W 0-10% central collisions class

Kaon ratio, |y| <1.00 Kaon ratio, |y| <1.00
4.0 1 _ ) o B
Xe124+W184, sqrt(s_NN) = 2.9 GeV, fixed-target, unmodified, Ny = 450k 8- Xel24+W184, sqrt(s_NN) = 2.9 GeV, fixed-target, modified, Ng,: = 450k
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< /1\] "
4

1.0 +--- e e e s Tf 1 e e R

0.5 0 +5% band

+5% band —3— 0.5(K* +K~)/K2
004 —# O5(K* +K~)K2 : : : . . T
0.0 0.5 1.0 1.5 2.0 25
0.0 0.5 1.0 1.5 2.0 2.5 pr [GeV/c]
pr [GeV/c] "
A\
UrQMD(default) UrQMD(3:1)

» MMpwn sHeprumn Xe+W cToNKHOBEHMI Vs, =2.9 GeV B reHepaTope cobbIThiA

“UrQMD(3:1)” y»e HeT KBapK-rNHOOHHbIX CTPYH, a MAYT Npoueccbl ¢ 06pa3oBaHMeM U
pacnagom pe3oHaHCOoB.
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>

Summary

Unexpected excess of charged-over-neutral kaon production in m™+C and Ar+Sc
collisions was observed by NA61/SHINE at SPS, thus confirming the earlier
world data

This indicates the violation of isospin symmetry at the level of

significance 5.30 beyond the known effects

>

Explanation of the observed violation and the fundamental understanding on
the base of different (3:1) probabilities of uu and dd quark pairs production in
the color field, proposed in [Phys. Lett. B, 873:140170, 2026], requires both
additional experimental checks and theoretical efforts.

Our Modified UrQMD(3:1) preliminary results for non-symmetric Ar+Sc,
Xe+W and for symmetric 12C+12C collisions show also that the level of
violation of isospin symmetry could be different:

(i) for “soft” and”hard “ parts of pT spectra,
(ii) for rapidity distributions of R, values at midrapiidity and at large rapidity,
(iii) For different collision energies.

New experimental high statistic tests of R, are required in the extended
rapidity regions both for symmetric (Q/B=1/2) and non-symmetric

(Q/B<1/2) nucleus-nucleus collisions.
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1)

2)

3)

NAG61/SHINE

NAG61/SHINE facility at the CERN SPS: beams and detector

system, (NA61 Collaboration), N. Abgrall(Geneva U.et al.JINST

9 (2014) P06005, e-Print: 1401.4699, DOI:
10.1088/1748-0221/9/06/P06005

Measurements of nitnt, KK+, p and p'p~ spectra in
40Ar+45Sc40Ar+45Sc collisions at 13A to 150A Ge V /

c Ge V /c, (NA61/SHINE Collaboration), H. Adhikary(

Jan Kochanowski U. et al., Eur.Phys.J.C 84 (2024) 4, 416, e-
Print: 2308.16683, DOI: 10.1140/epjc/s10052-024-12602-2

Evidence of isospin-symmetry violation in high-energy

collisions of atomic nuclei, (NA61/SHINE Collaboration),

H. Adhikary(Jan Kochanowski U., et al., Nature Commun. 16
(2025) 1, 2849, e-Print: 2312.06572, DOI:
10.1038/s41467-025-57234-6
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