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sw= 10 GeV
cms energy per nucleon pair

Compendium

e This talk will discuss hadron-nucleus and
nucleus-nucleus collisions at center-of-mass
energies of about 10 GeV

* Atthese energies, in particle production®,
iIsospin symmetry is believed to be obeyed

within, say, 3% * total multiplicities,
inclusive spectra, etc...

|. Sputowska

the CERN SPS reports an unexpectedly large
iIsospin symmetry violation of 18+6% in kaon o t Q

production total uncertainty =g

C
* Measurements from other experiments over a =8
wide range of energy are consistent with this ? >

observation

* Nevertheless, the NA61/SHINE experiment at '

* The origin of this effect remains unclear
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, , * Research program
NA61 / S..INE e Detector

/ / * Data analysis
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B NAG1/SHINE — Research progran e —

: : Vs, =5-17127 GeV
Strong Interactions cI;\InI:Is energy per nucleon pair

* study the onset of deconfinement

“in . +C(LBNF) A
* search for the critical point poseo| I | —— =
* measurement of open charm LB HBHBHEEER ..° []
o, Measurements of violation of isospin tars I EEHEN ?\i‘éﬁé“,Al._
. . . . C+C/CH:
" symmetry in multiparticle production 2 040 " -
% Be+Be . . . . . . T lnt+C 5 H A
. . . o 1) p+C(NOVA)
Neutrino and cosmic-ray physics p+Pb EEENE . m
. B HEENE e | M []
* measurements _fOI' neutrino programs 13 20 30 40 75 150 > 134 31 60 120 158 350
(J'PARC, Fel’ml|ab) beam momentum (A GeV/c) beam momentum (GeV/c)

* measurements for cosmic-ray physics
(Pierre-Auger, Telescope Array, lceTop)
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NAG61/SHINE E « Multipurpose fixed-target spectrometer

with unique capabilitites

at CERN SPS « Coverage of the

entire projectile

~13m .
< > cms hemisphere
MTPC-L (and a part of the
L-ToF target hemisphere
Vertex magnet Vertex magnet .
for neutral particles)
F-ToF
Beam counters GAP I IGRC MPSD
and BPDs VD TPC S5 FPSD
MHHH . {l ; - R
Target S3 s4 FTPC-1 FTPC-2/3
* Particle identification
TPC+ToF
e Spectra and total R-ToF ( )
. . MTPC-R
multiplicities:
e, K=, K% K*, ¢, * Heavy quarks: « Correlations,
P, P, A S E L. D° and D° fluctuations,

iIntermittency...
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. Analysis (0-10% central Ar+Sc, Vsyw=11.9 GeV) ST -

- measured points 1000}
— - oms e, L TPC
Tracks of I 1 34 Ehprrive el TPC ficdfimction gyt
charged | [ Poeam=754GeV/e ; o pom soof-
particles : 10° jpositivc charge P —— protons r
g WK —— kaons a00f
- /\/ h\ —— electrons 200'_
0% oo SLAaTIm SR SRR
E > C €[2; eV/e 450
i g @5 o TO F _E_ ﬁTE[[%)Y.;;)O(.}G)V(/}EV/C 00
10 ‘L b <<ff P 304 GeVle 350
: f i a— K|
I .‘-;‘l ) E O 200
e air \/ w@? "N 120
SE: 5 F 4100
0 °F T o
—SE ol i i, PR P SR TR WO T T T TR P 5
08 1 12 S £ 2 8 8 °
Sl I  K* K-: measurements based on
s TPC (y>0) and TPC+ToF (y=0)
) dE/dx dE/dx versus m?
L — * KZ: based on decay topology (V°)
e The results are corrected for
LS E i
0 detector geometrical acceptance,
i reconstruction efficiency, weak
NAG61/SHINE, F. Giacosa, M. Gorenstein et al., 2 i i
Nature Commun. 16 (2025) 2849 . 0.44 0.46 0.48 05 0.52 0.54" decays’ and Secondary InteraCtlonS
NA61/SHINE, Eur. Phys. J. C 84 (2024) 4, 416 MinAx'T) (GeV)

A. Rybicki - MESON 2026, Krakow Unexpectedly large violation of isospin symmetry




_|_
Excess of charged over K 3
neutral kaons — —
results from s-,-,INE K )

: K

Part 1: nucleus-nucleus collisions
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NAG61/SHINE, F. Giacosa, M. Gorenstein et al., Nature Commun. 16 (2025) 2849

central Ar+Sc (1)

: NAG1/SHINE
L Ar+Sc, 0-10%, \[s,,, = 11.9 GeV

N
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII

25 -2 15 -1 -05 0 0.5 1 1.5 2 2.5

y
E-I—p

Uncertainties:
total (stat, syst)

e Ar, Sc nuclei are nearly
charge-symmetric
(valence u = d within 6%)

* We expect:
K-(us)=K°(ds) ued

K- (us)=K°(ds) u«ed
1
L l— w | neglecting
K'+K™_ K +K°_ Ko | cp
2 2 | violation

» Data — excess of charged over
neutral kaons:
K*+K-
5 > K?

* Unexpected violation of flavor
symmetry between u and d quarks

A. Rybicki - MESON 2026, Krakow

Unexpectedly large violation of isospin symmetry



NAG61/SHINE, F. Giacosa, M. Gorenstein et al., Nature Commun. 16 (2025) 2849
central Ar+Sc (1) (2029)

e Ar, Sc nuclei are nearly
charge-symmetric

> 4F (valence u = d within 6%)
g - - NA61/SHINE
© 35:_ L T+ Ar+Sc, 0-10%, \' San = 11.9 GeV e We expect:
3 K*(us)=K°(ds) ued
250 K-(Us)=K°(ds) ued
- l .
oL Kr+ke_ Ko+RD_ | negecting
n 2 2 | violation
1-5__ .................................................
£ » Data — excess of charged over
- neutral kaons:
- 18+6%
0.5/ KK o aty=0
_I 1 1 1 | 1L 11 1 | 1L 11 1 | 1L 11 1 | 1L 11 1 | 1111 | 1L 11 1 | 1111 | 1L 11 1 | 1111 2 S (tOtal unC.:
25 -2 -15 -1 05 0 05 1 15 2 25 stat, syst)
y * Unexpected violation of flavor
Uncertainties:
e y= % Tii (gtgi) symmetry between u and d quarks
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NAG61/SHINE, F. Giacosa, M. Gorenstein et al., Nature Commun. 16 (2025) 2849
central Ar+Sc (1) (2029)

e Ar, Sc nuclei are nearly
charge-symmetric

> 4F (valence u = d within 6%)
g - - NA61/SHINE
© 35:_ L] T+ Ar+Sc, 0-10%, \' San = 11.9 GeV e We expect:
3 i K2 K*(us)=K°(ds) ued
250 K-(Us)=K°(ds) ued
- 1
- W 0 .10 | neglecting
2: K+K=K+K:K° | CP
n 2 2 | violation
1 -5 __ .................................................
£ » Data — excess of charged over
- neutral kaons:
- 18+6%
0.5/ KK o aty=0
_I 1 1 1 | 1L 11 1 | 1L 11 1 | 1L 11 1 | 1 1 \Iglrxlill) | | 1L 11 1 | 1111 | 1L 11 1 | 1111 2 S (tOtal unC.:
25 -2 -15 -1 05 0 05 1 15 2 25 stat, syst)
y * Unexpected violation of flavor
Uncertainties:
e y= % Tii (gtgi) symmetry between u and d quarks
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NAG61/SHINE, F. Giacosa, M. Gorenstein et al., Nature Commun. 16 (2025) 2849

central Ar+Sc (1)

> 4
g - P NA61/SHINE
S 35 § 55 Ar+Sc, 0-10%, \[s,,y = 11.9 GeV
3E ¢ Ky Extrapolation to 4
o5 4.2 + 1.6 (tot)
E additional K* or K-
2
1.5
=
0.5
_IIII|IIII|IIII|IIII|II\\Iglli_il{(l-lI|IIII|IIII|IIII|IIII

25 -2 15 -1 -05

Uncertainties:

total (stat, syst) Y=

0 0.5 1 1.5 2

1 E4pp
: In ( E—pL)

2.5
y

e Ar, Sc nuclei are nearly
charge-symmetric
(valence u = d within 6%)

* We expect:

K-(us)=K°(ds) ued
K-(us)=K°’(ds) u«d
1
W w | neglecting
K'+K™_ K°+K°= Ko | cp
2 2 | violation

» Data — excess of charged over
neutral kaons:

18+6%
K*+K"- 0 aty=0
2 > K (total unc.:
stat, syst)

* Unexpected violation of flavor
symmetry between u and d quarks
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Y. Balkova, T.Su3a for NA61/SHINE, QM2025, EPJ Web Conf. 364 (2026) 11003
central Ar+Sc (2) 2 (2029)

e Ar, Sc nuclei are nearly
charge-symmetric

> AF N (valence u = d within 6%)
2 _F P NA61/SHINE Preliminary
© 3.9 :_ L T+ AI’+SC, 0-10%, \/ Sy = 8.8 GeV e We expect:
3 K-(us)=K°(ds) ued
25F K-(us)=K°(ds) uwd
- 1
— L l— 0 L0 | neglecting
2: K+K:K+K:K° | CP
= 2 2 | violation
1.5 __ .................................................
"l » Data — excess of charged over
- neutral kaons:
= 12+4%
05F KK | o aty=0
= i i | | - l 111 I | T | X - l I | 111 1 I L1 X L1 11 | 111 2 S (tOtal unC.:
O 245 9 05 0 05 1 15 2 25 stat, syst)
y * Unexpected violation of flavor
Uncertainties: E
e y= % Tii (Etgi) symmetry between u and d quarks
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Energy dependence

15
1.4

_ KT+K™

SR

0.7

« HRG; Q/B=Z/A

—— UrQMD; Q/B=0.4
L I L1 L1

Ll
100 10!

102
sy (GeV)

Lol
103

104

See Nature Commun. 16 (2025) 2849 for references and
numerical values used to calculate R, as a function of vs
Updated with 5.02 TeV data point

(original data ALICE, PRC 101 (2020) 044907, and arXiv:2511.10360)

HADES; Ar+KCl; 4n

STAR; Au+Au; y=0

NA49; Pb+Pb; 4w
NA61/SHINE; Ar+Sc; y ~ 0 {
CERES; Pb+Au; y=0

NA35; S+S; 4xn

ALICE; Pb+Pb; y= 0

nature communications
and new 8.8 GeV point

L» preliminary

Deviation data/theory (HRG)
Significance: 4.7¢

Nature Commun. 16 (2025) 2849
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S —
K*,
Results froms /-/,-, INE :zé;

Part 2: hadron-nucleus and proton-proton
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NA61/SHINE, Phys. Rev. D 107 (2023) 062004

7t +C collisions

Ratio of charged-over-neutral kaons as a function of x_(lab) = plp, ___

1-6_ T T T T 1 1 I ¥ T T T T T T | T T T T | [ T T T T 1T 1 I T T 1| I T T T I T T T T
x| K+ 1 K- n-+C at 158 GeVic | [ m~+C at 350 GeVic _
ap Re=—-7%— Vs_=17.3GeV ] [ Vs_=25.7 GeV ]
[ L I . ]
b . i : ¢ i
- ¢ % ¢ ]
1+ = e LI P == = ———— = - = == -)—-;\/\/_/;
—  ——~—~——— —_— T —
%8 § NAG1/SHINE data 17 ]
L -~ EPOS1.99 11 ]
06_— — Sibyll2.3c 1L ]
T ——QGSJetll-04 1t Uncertainties — statistical -
[ EPOS'LH? | | Slystematic —5-10% |

107 10™ 1072 107
p/pbeam p/pbeam
eR =12-13 e failure of models
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NA61/SHINE, Eur. Phys. J. C 84 (2024) 8, 820

p+p collisions

0.08
| NAG61/SHINE K] * The p+p system is highly charge-
Voa = 12.3 GeV K*?K asymmetric (valence u, u, d)
0'06__ KZTK_ * Asignificant charged-over-neutral
> - kaon excess is observed:
= 004 K+KC
- 0
g I > > K2
0_02_— e Can be understood by Quark
- Coalescence:
= K*+3K-
— = = KO
. | : ! , | | ! s
0 ) 0 2 4

J. Stepaniak, D. Pszczel,
Eur. Phys. J. C 83 (2023) 10, 928

Uncertainties:
total (stat, syst)
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] ALICE data,
/ 0.9 <Vsyw< 13 TeV
Ew

——HRG; Q/B=0.4
+ HRG;, Q/B=Z/A

—— UrQMD; Q/B=0.4

| |
102 108

sy (GeV)

|
10!

100

* Is the effect fading out
at very high energies ?

ALICE pp, INEL,\'s = 0.9 TeV

ALICE, EPJC 71 (2011) 1594

W
k3

R
10*

— 1.2 ]
¥ low o @® ALICE pp ]
+|X 115 O ALICE Pb-Pb0-5% =
LN - & ALICE Pb-Pb 0-10% 3
< 1 & ALICE p-Pb 0-5% E
1.05[- 3
TCEN S N SHS— E
0.95 3
0.9F =
0.85[ =
E Courtesy of F. Ercolessi (ALICE‘) ]

0.8 ‘ —_—

1 10

VSyn (TEV)

o 0
5:% <K
~EI»K+
£
%
Og
-
L
| - | - | ‘4}‘4]"—‘?—!_‘?—0—% |
0.5 1 15 2 2.5
P, (GeV/c)
pp 900 GeV:
Eur. Phys. J. C 71 (2011) 1655
Eur. Phys. J. C 71 (2011) 1594
pp 7-13 TeV:

Eur. Phys. J. C 81 (2021) 256
Eur. Phys. J. C 75 (2015) 226

Pb—Pb 2.76 TeV:
Phys. Rev. Lett. 111 (2013) 222301
Phys. Rev. C 88 (2013) 044910

Pb-Pb 5.02 TeV:
Phys. Rev. C 101 (2020) 044907
arXiv:2511.10360

p—Pb 5.02 TeV:
Phys. Lett. B 728 (2014) 25-38
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Bibliography for the following slide:
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Workshop on isospin symmetry violation:
kaons and beyond, Kielce, Oct 23-25, 2025 Finite density

Chiral anomaly
https://indico.cern.ch/event/1557894

White Paper: arXiv:2604.16005,

to appear in EPJA e*+e- data

M. Bonesini et al., EPJC 20 (2001) 553, 13
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https://indico.cern.ch/event/1557894/

World data average {

 No explanation so far § ot e UL

§ PHSD- e .

« Known effects: Rk = 1 within 3—-6% W EPOSE e ]

& SMASHH- o ! g

: : © UrQMDf ¢ : |

* Attempts to fit the exp. data assuming ad hoc g » -
u/d asymmetry at the quark level: = ‘

R B cow by 1, GERERTRER 0 L
09 095 1 1.05 1.1 1.15 1.2

RK
UFQMD -> U/d = 3 = ' ' ' = Kr" P(u):PEd)=3:1
= K~ P(u):P(d)=3:1
R TRlaneny| The modified
SMASH - u/d =1.89 o K mesaan | UrQMD gives a
= FTTN e T+ reasonable
> 03 g ks description of e*+e
—_ (&) 0 (BESIII ]
Quark Coalescence (QC) =» u/d=1.2 8 7 K s p+p and nucleus-
T oa} nucleus data,
* EM effects, final density, chiral anomaly, ... S suggesting a f
— i P common origin for
SpeCUIat'Ve i the observed
asymmetries
0900z 04 06 08 10 1z 14

T. Reichert et al., PLB 873 (2026) 140170,
but see also BESIII, PRL 135 (2025) 151901

A. Rybicki - CPOD 2026, CERN Isospin symmetry violation in NA61/SHINE



Studying isospin symmetry-
violation in NA61/SHINE —
prospects

U

S-=-INE

1]
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NAG61/SHINE prospects (1): pion-carbon collisions

Studies of T+C, T+C collisions as a charge-symmetric ensemble m+C, n+C

- first data already available at 158 GeV/c (Vs_=17.3 GeV)

NAG61/SHINE,

1.6 T T TTT]
N4

Phys. Rev. D 107 (2023) 062004

+ 7 D: i _f_ data

@ . P

s T =
Tc_ @ .j 1:
(Courtesy of i
M. Gazdzicki) 08r
0.6

* Low multiplicity: clean experimental case L

* Essential to clarify whether isospin symmetry violation
is specific to A+A collisions, or is also present in small systems

plpbeam (Adapted from
M. Gazdzicki )

U

S--INE

]
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NAG61/SHINE prospects (2): light ions

Studies of collisions of light, Z/A = 1/2 nuclei:
CERN-SPSC-2023-022

 B+B (A=10)
O+0O (A=16) First data are available at Vs, = 16.8 GeV
Mg+Mg (A=24)

> Vs,,=5.1,7.6,16.8 GeV

- different centralities

Low multiplicities = low systematic uncertainties

Essential for understanding the system-size dependence of
iIsospin symmetry violation
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1. We report an unexpectedly large violation of isospin symmetry (flavor symmetry
between u and d quarks) in the kaon sector of multiparticle production , ,

2. Within large uncertainties, measurements at 2.6 < vVsyy < 200 GeV are

consistent with this observation I N E
3. At 0.9 < Vsyn < 13 TeV, the ratio Rk is consistent with unity (x 0.1) //

4. Apart from the A+A sector, similarly unexpected phenomena seem to appear in
pion-C, and possibly also e*+e collisions --> Here we will contribute with ©*+C, light nuclei

T T T

T

5. Theory: no clear explanation so far 5] o KK
141 7T 2KY | & HADES; ArKCl; 4x
* - *  STAR; Au+Au; y=0

ol i NA49; Pb+Pb; 4n
&L ‘k # 1 * NA61/SHINE; Ar+Sc; y = 0

i ¢ CERES;Pb+Au;y=0

I PR S A
10 ms T ] © NA35;S4+S;4n
0.9 - —HRG; @/B=0.4 1 © ALICE; Pb+Pb; y =0
o8l - HRG; Q/B =Z/A 1
© ——UraMD; Q/B-04
07l ‘

10° 10° o2 108 10¢

sy (GeV)
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1. We report an unexpectedly large violation of isospin symmetry (flavor symmetry
between u and d quarks) in the kaon sector of multiparticle production , ,

2. Within large uncertainties, measurements at 2.6 < vVsyy < 200 GeV are

consistent with this observation I N E
3. At 0.9 < Vsyn < 13 TeV, the ratio Rk is consistent with unity (x 0.1) //

4. Apart from the A+A sector, similarly unexpected phenomena seem to appear in
pion-C, and possibly also e*+e collisions --> Here we will contribute with ©*+C, light nuclei

5. Theory: no clear explanation so far 151 SR o
141 7T 2KY | & HADES; ArKCl; 4x
. . . 1.3 * - *  STAR; Au+Au; y=0
6. This brings potential heavy consequences for our ol 17 At Poirty an
understanding of particle production o L -k H [ ] NSNSy
S I 1ol | | ! | ¢ CERES;PbrAuy =0
T _ _ o _ LR i T """ T o NA35;S+S;4n
It is essential that other experiments join this effort 0.9 T neiame0s L 1 e ALCEPbPEiy -0
with high-precision measurements gj J 0 —uawp;os-04 ]
---> in the kaon sector 100 10’ 10° 0 f0*
Vsyy (GeV)

--------- > for other multiplets, e.g., A*(uuu)/A-(ddd)
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1. We report an unexpectedly large violation of isospin symmetry (flavor symmetry
between u and d quarks) in the kaon sector of multiparticle production , ,

2. Within large uncertainties, measurements at 2.6 < vVsyy < 200 GeV are
consistent with this observation / /

3. At 0.9 < Vsyn < 13 TeV, the ratio Rk is consistent with unity (x 0.1)

4. Apart from the A+A sector, similarly unexpected phenomena seem to appear in
pion-C, and possibly also e*+e collisions --> Here we will contribute with ©*+C, light nuclei

WORKSHOP
ON ISOSPIN SYMMETRY VIOLATION:
KAONS AND BEYOND (ISO-BREAK27)

Around 19-24 April, 2027

5. Theory: no clear explanation so far

6. This brings potential heavy consequences for our

understanding of particle production o

—_> o
It is essential that other experiments join this effort ? - Thank you :)
with high-precision measurements

---> in the kaon sector ORGANISERS:

--------- > for other multiplets, e.g., A**(uuu)/A-(ddd) e

INSTITUTE OF PHYSICS, KATARZYNA GREBIESZKOW

JAN KOCHANOWSKI UNIVERSITY MILENA PIOTROWSKA
KIELCE, UNIWERSYTECKA 7 GRZEGORZ STEFANEK
BUILDING G, LECTURE HALL B
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NAG61/SHINE prospects: studies of Xe+La and high-statistics

Pb+Pb collisions

« Xe+La reactions:

$--@

-> \/S_NN: 5.1,7.6, 8.8, 11.9, 16.8 GeV Note:
« Z+# Al2, excess of neutrons in
* Pb+Pb collisions: ” both reactions
S--INE * needs to be taken into account

>V5,=168GeV [

in theoretical analyses
 BUT: no indication of strong

- data taking to be completed in 2026 dependence on Z/A in compiled

- high statistics (~500 M)

existing data

- detailed study of the excess of charged over neutral kaons
as a function of rapidity, pr, centrality...
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NAG61/SHINE prospects: new ideas

Studies of other isospin multiplets:

> A"/ A*/ A/ A ratios are sensitive to excess of u over d production

- analyzed in the past (NA49)

- can be studied in, e.g., n*+C collisions

U

S--INE

]

Ratio Estimated value
AT /AT | r=1.185£0.029
ATT/AY | 2 =1.404+0.068
ATT/AT | P =1.664£0.120
/20 | r=1.18540.029
It /x| r? =1.404+0.068

7=/ E*0
L L

r=1.185+0.029

F. Giacosa, M. Rohrmoser,
Eur. Phys. J. C 85 (2025) 1058
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_ Isospin violation measurements: E—

NAG61/SHINE versus collider experiments T
N

NA61/SHINE

Collider experiments

Comment

pr coverage starting
from pr= 0 (sharp)

pr coverage starting
from pr = 150 MeV/c

Isospin violation seems concentrated at low pr
(for kaons)

Rapidity coverage
fromy =0
to y = y(beam)

Measurements mainly
aty=0

Isospin violation is visible at any rapidity
(for kaons)

Statistics:
1M-500M

Statistics:
“very large”

Statistics necessary for NA61/SHINE
Nature Communications paper: 1.03 M

Total uncertainty:
4-5%

Total uncertainty:
8-19%

Dominated by systematics
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I K+, K- analySiS NAG61/SHINE, Eur. Phys. J. C 84 (2024) 4, 416
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NAG61/SHINE, F. Giacosa, M. Gorenstein et al., Nature Commun. 16 (2025) 2849

K% measurement

- Result
* Reconstruction ) ye(15.1.0) ) ye(10,05)
based on decay K .
topology o o Ihe
« K¢ decays into 7" and =t~ v e e
with BR = 69.2% ey
* Lorentzian function is T gl : g
used to describe the et T e ST
Signal 15””;_ " aanrouns ) €(0.5,1.0) ) ye(1.0,1.5)
1400 5 T- 2002241 MoV 5 T 1847293 eV
 Corrected for ok ;NJ gr\\\i J
detector geometrical j 2w B %**“*****“*71)
acceptance, F " |
reconstruction oo o SR p—
efﬁCiency, 200;_ ‘% 0 r\ Ar+Sc, 0-10%, {Syy = 11.9 GeV
and secondary i Bl
interactions o S
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Description of the e*+e~, p+p, and

Ar+SC data by the mOdIerd UrQMD mOdel T. Reichert et al., Phys. Lett. B 873 (2026) 140170,

and references therein
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et+e~ (UrQMD) —_— Kg P(u):P(d)=3:1 0.07f p+p (UFQMD) = i° :::;s;;::ii 1 3.5f V“?NN= 11.9 GeV L] K: P(u):P(d)=1:1 T
0.4} VS =3.050 GeV ceee K* P(URP(d)=1:1 Vs =12.3 GeV [ A 0-10% =0 K2 Pu):P(d)=1:1
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e*+e” data: BESIII, Phys. Rev. Lett. 135 (2025) 151901

p+p data: NA61/SHINE, Eur. Phys. J. C 84 (2024) 8, 820

Ar+Sc data: NA61/SHINE, F. Giacosa, M. Gorenstein et al., Nature Commun. 16 (2025) 2849
NA61/SHINE, Eur. Phys. J. C 84 (2024) 4, 416
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_ Theoretical analyses published together with BESIII data ——
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Fig. 6. Normalized differential cross sections of charged and neutral pions (fop) and kaons (bottern) as a function of hadron
momentum in e"+e interactions at 3.050 and 3.671 GeV. Vertical bars denote total uncertainties. The green and red bands
denote the “NPC” (Nonperturbative Physics Collaboration) NNLO calculations [30, 31| with 1o limits, based on a new global
fit including world data [30] and the new BESIII results. The blue band represents the “NPC” NNLO calculation for KS using
K™ fragmentation functions via isospin symmetry. Only the measurements to the right of the dashed lines are used in the fit.

The plots are taken from Ref. [3] and presented in Ref. [32].

Refs. cited in Figure caption:

[3] BESIII, Phys. Rev. Lett. 135 (2025) 151901,
see also:
BESIII, Phys. Rev. Lett. 130 (2023) 231901
[30] J. Gao et al., Phys. Rev. D 110 (2024) 11, 114019
[31] J. Gao et al., Phys. Rev. Lett. 132 (2024) 26, 261903
[32] L. Huang, ISO-BREAK 25 (link)

Plots taken from Ref. [3]

Figure caption taken from White Paper based on the
Workshop on isospin symmetry violation: kaons and
beyond — ISO-BREAK 25, Kielce, Oct 23-25, 2025,

arXiv:2604.16005, to appear in Eur. Phys. J. A (link)
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https://indico.cern.ch/event/1557894
https://indico.cern.ch/event/1557894/contributions/6698145

Isospin symmetry violation - known effects in kaon production (1)

(A) Mass effects within strong interactions

» Different u and d quark masses Source:

— different hadron masses within isospin multiplets
e.g. mg+ = mg- =493.7 MeV and
Mo = M0 = 497.6 MeV

= Ryl 2% O

M. Lewicki, Y. Balkova for NA61/SHINE,
SQM2026, link

> Different kaon masses affect branching ratios:
e.g. $(1020) — K*K~ vs. $(1020) —» K'K"
[(¢p - KTK7)
T(¢ — K'K)
= RgT3% O

Other resonances: ay(980), fy(980)
= Rg T 0.5% (up to 3% for extreme assumptions) O

= 1.45

The mass and Z < N effects are included in popular models:
Hadron-Resonance Gas (HRG) and Ultra-Relativistic Molecular Dynamics (UrQMD) N

A. Rybicki - MESON 2026, Krakow Unexpectedly large violation of isospin symmetry


https://indico.global/event/13943/contributions/142126/attachments/68195/132197/presentation.pdf

Isospin symmetry violation - known effects in kaon production (2)

(B) Uncertainties in weak decays Source:

» The weak interaction do not obey charge symmetry
M. Lewicki, Y. Balkova for NA61/SHINE,

» Charged and neutral kaons have different mean lifetimes: _
SQM2026, link

ct(K*)=ct(K7)~3.7m, ct(K{)~2.7cm

» The results are corrected for losses due to weak decays

> The maximum deviation of Rg from unity due to mean K lifetime uncertainty is:

<0.13% ©
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https://indico.global/event/13943/contributions/142126/attachments/68195/132197/presentation.pdf

Isospin symmetry violation - known effects in kaon production (3)

Source:
(C) Electromagnetic processes do not obey charge symmetry M. Lewicki, Y. Balkova for NA61/SHINE,
because of different electric charges of u and d SQM2026, link

(or charged and neutral kaons).

, 2
» Hadron EM decays and virtual photon decays to kaons are suppressed by a? =~ (%)

O
> EM processes involving total electric charge of nuclei: Z; Z,a?
= Z?-dependence of Ry — Not observed in the data S

> Electromagnetic interactions break isospin symmetry by favoring uu pair creation
over dd pairs
— enhances the production of charged kaons
Quantifying these QED effects (e.g. larger effective u-g coupling, fireball’s Coulomb
potential) requires detailed modeling
(Large QED corrections to QCD gg creation?)

There are no quantitative calculations of the effect. ?
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https://indico.global/event/13943/contributions/142126/attachments/68195/132197/presentation.pdf

NAG61/SHINE data: pions

+§ 2.5~ NA61/SHINE ® 0-10% Ar+Sc, 4n
A 0-20% Be+Be, 4=
ol B inelastic p+p, 4%
| |
1.5 + + +
= /-/-INE | E—— 0 S G S
0.5~ | | | | | | | |

4 6 8 10 12 14 16 18

Vsw (GeV)

NA61/SHINE,

Eur. Phys. J. C 77.10 (2017), 671,

Eur. Phys. J. C 81.1 (2021), [Erratum: Eur.Phys.J.C 83, 90 (2023)], 73,
Eur. Phys. J. C 84.4 (2024), 416.

Plot from arXiv:2604.16005
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NAG61/SHINE, F. Giacosa, M. Gorenstein et al., Nature Commun. 16 (2025) 2849

pr dependence

g 8
S  EoO<y<2 NA61/SHINE
E 7E Ar+Sc, 0-10%, [Syy = 11.9 GeV
g °F * The effect seems to be
s b present at low pr
4= - the “soft QCD” regime
3
.
iE
0 |
X
KT+~ T
Rk = ———— - * jets
2K§) 12: ane
| S— ' . - - > .
0 02 04 06 08 1 12 14 u PQCD
P (GeVic) * efc...
Uncertainties: soft QCD

total (stat, syst)
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