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Introduction LJ (
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* Isospin symmetry is an approximate symmetry of strong
interactions. It originates from nearly degeneracy of u
and d quarks.

« Deviations appears in tiny mass differences (proton,
neutron, or neutral and changed pions) and suppressed
decay widths.

 What about particle productions in nuclear
collisions (and beyond)? Is isospin symmetry still
fulfilled at the same degree of accuracy?



Heisenberg (1932): the nucleon LJ (
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A nucleon is either a proton
or a neutron as a component

of an atomic nucleus

o
O

nucleus nucleons

Proton and neutron merge into the nucleon.
Masses very similar.



Wigner (1937): isotopic spin, thus isospin
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neutron
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PDG masses: nucleons U (
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[7] 0Py = 13H)

Mass m = 1.0072764665789 + 0.0000000000083 u
Mass m = 938.27208943 + 0.00000029 MeV [2]

[~] 1Py = 1(3+)

Mass m = 1.0086649161 + 0.0000000004 u
Mass m = 939.5654219 + 0.0000005 MeV [2]
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Isospin transformation. Nucleon doublet: 1=1/2 LJ (
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(7)=o(2)
n T

AN

O is a 2 x 2 unitary matrix. O = /'3,9,3-0,,._,;/2

A specific isospin transformation is the so-called charge transformation:

" ptmo2 /2
“=e ( ~1 0 )

proton

Then under C: p<——="mn
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Yukawa (1932) and Kemmer (1939): J (
Isospin triplet |=1




PDG masses: pions U (
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16(P)y =17(07)

Mass m = 139.57039 + 0.00018 MeV (S = 1.8)
Mean life 7 = (2.6033 + 0.0005) x 1078 s (S = 1.2)

ct = 7.8045 m
]G(JPC):l—(O—+)
Mass m = 134.9768 £ 0.0005 MeV (S = 1.1)
m_ . —m_ o= 4.5936 + 0.0005 MeV

Mean life 7 = (8.43 + 0.13) x 10~17 s (S = 1.2)
ct = 25.3 nm
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Kaons form isospin doublets, just as the

nucleon

(

P
n

) (

K+ —K©
o ) (e
under C:

p <= n
Kt — K
KY «— K~
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PDG masses: kaons LJ (
Uniwersytet
I(JF) = 4(07)

Mass m = 493.677 + 0.015 MeV [°] (S = 2.8)
Mean life 7 = (1.2380 + 0.0020) x 10~%s (S = 1.8)

(07)

M| =

1(JP) =

50% Ks, 50% K|
Mass m = 497.611 4+ 0.013 MeV (S = 1.2)
1.

Mo — My = 3.934 £ 0.020 MeV (S = 1.6)
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Isospin is an approximate symmetry of QCD J (
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Mesonic multiplets (nucleon doublet, pion triplet, kaon =~
doublets).

Reactions: Isospin is well conserved in strong interactions
Example: (I=1z=1)

p+p—>A+ K" +p
Isospin transformations are a subset of flavor transformations.

Isospin symmetry is good, but not exact. Masses of u and d
not equal (explicit symmetry breaking).
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Example of isospin-symmetry breaking decay LJ (
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EUROPEAN ORGANIZATION FCOR NUCLEAR RESEARCH

CERN-EP/84=27
March 8th, 1984

THE IS0SPIN-VIOLATEING DECAY n' + 3x®

ITHEP!-TISN?-LAPP? Collaboration

m 2
BR(n' + 37°) = 5.2(1 - — 10-3
3
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Isospin-symmetry violation
iIn nuclear collisions (and beyond)

14
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Nucleus-nucleus collion with equal numbers of J (
protons and neutrons
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Z =N = A/)2 Q/B =1/2

Oxygen-16 Oxygen-16

|z = O (typically also | =0 for each nucleus, thus total isospin also vanishing)15



Heavy-ion collisions LJ (
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jet in-medium

t phot bremsstrahlung  jet-plasma .
prompt pho or;f J phg‘rons decay photons

<
o

S
~4
N &
}\‘_’S
»

<
!
3 '

A

collision
overlap zone

re-equilibrium
P pﬁofons C. Shen, U. Heinz,

thermal radiation Nucl. Phys. News 25

(2015) 2, 6-11

made by Chun Shen

At the freeze-out, the emission of hadrons is well described by e.g. thermal models.
16
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Expected kaon multiplicities LJ (
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For an initial ensemble with Q/B=1/2, charge symmetry requires:

(KT) = (K")

3
1

(K7)

17



Well-established theoretical approaches J (
predict RK close to 1
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« HRG (Hadron Resonance Gas) ,7 — Z In Zstable Z In Zres
(see e.g., talk of A. Andronic) k k

+1

‘ .[3
o Zge = v / s n 1t e BT

(2m)3

« UrQMD
(Ultra relativistic Quantum

Molecular Dynamic

Hadron-String transport model, fully
integrated Monte Carlo simulation of nucleus-

nucleus collisions) 18
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Evidence of isospin-symmetry violation in
high-energy collisions of atomic nuclei
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The NABY/SHINE Collaboration®, F. Giacosa @2 M. Gorenstein®3*,
R. Poberezhniuk ®3**% & S. Samanta ®®

™ Check for updates

Strong interactions preserve an ap proximate isospin symmetry between up (u)
and down (d) quarks, part of the more general flavor symmetry. Inthe 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 fD) 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 1.9 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. Although with large
uncertainties, earlier data on nucleus-nucleus collisions in the collision center-
of-mass energy range 2.6 < /S, <200 GeV are consistent with the present
result. Using well-established models for hadron production, we demonstrate
that known isospin-symmetry breaking effects and the initial nuclei containing
more neutrons than protons lead only to a small (few percent) deviation of the
charged-to-neutral kaon ratio from unity at high energies. Thus, they cannot
explain the measurements. The significance of the flavor-symmetry violation
beyond the known effects is 4.7 when the compilation of world data with
uncertainties quoted by the experiments is used. New systematic, high-
precision measurements and theoretical efforts are needed to establish the
origin of the observed large isospin-symmetry breaking.
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Recently, the NAGL/SHINE Collaboration at the CERN SPS reported
evidence of isospin-symmetry violation in high-energy nuclear collisions.
The effect was observed in the relative yields of charged and neutral kaons
and cannot be explained by known sources of isospin-syvmmetry breaking.
In this work, we extend the theoretical and phenomenological aspects of
that studyv. We discuss the historical background and introduee the con-
cepts of isospin transformations and symmetry. lmportantly, we relate
isospin svmmetry to the QCD Havour symmetry, and we present both con-
ceptual and analytical proofs demonstrating the equality of the mean mul-
tiplicities of charged and neutral kaons for an initial ensemble of colliding
systems that is invariant under charge-symmetry transformation.

DOL:10.5506/ APhysPolB.57.3-A5
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|sospin-symmetry violation — kaons and beyond
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Experimental results (NA61/SHINE plus others) LJ (
141
131
12|
1.1}

1.0
0.9

IIII

HRG: Q/B=0.4
« HRG; QB=ZA
—— JrQMD: Q/B = 0.4
| L1 fis—5y

Vs (GeV)

0.8 |
s T
R 1.184+0.061

Note, however, most experiments have Q/B < 0.5

Pl
108
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HADES; Ar+KClI; 41
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

R = 1.115 £ 0.043

R =1.074+0.09
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NAG61/SHINE results as function of y and pT LJ (
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R =1.184=+0.061

4 . B
%‘ = 2 NAS1/SHINE S = NAB1/SHINE
S 35 8 KK Ar4Se, 0-10%, {5, = 110 Gev (%5 e Ar+Sc, 0-10%, {5 = 1.9 GaV
= a = aE
3E ¢ K j_*'f"-i\ g :
25( 5 SE
3 3
15F &
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Nat.comm.16 (2025) 12849 TR I TR T T kel

[ (GaV/c)



Experiment vs theory (HRG): ratio U (

2 ! iy )
1.129040.027.  Zmin/ dOT~0-3 Uwersyit
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L L L L
1.5 - ——weighted average  _ _
I uncertainty .
1.4 | _ -

HK/HRG baseline
I
| |
. \ :
*
=
| |

0 ) ISR S S Y R S i

0.9L 1
e T Nat.comm.16 (2025) 12849
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Vs (GeV)

The exp/th missmatch is 4.70 (and reaches 50 with new #ata)



RKin HRG for Q/B=0.4

1.U0 | . . ’
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More on the resonance ¢(1020)

16UPC) = 017 )

¢(1020)

#(1020) MASS

1J<

Uniwersytet

Jona Kodwanowskiego w Kislaach

VALUE (MeV) EVTS DOCUMENT 1D TECN COMMENT
1019.461+0.016 OUR AVERAGE Mode
M K; K07
r Ki K
¢(1020) WIDTH Fi s 0
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
4.2494-0.013 OUR AVERAGE Error includes scale factor of 1.1.
'I::
2 (m 2 )‘3/ 2
- — — 1M - 2
Ur+r-  Og+r- \ 4 KT _ IK+K- 59
I -0 770 ﬂ'g x m> 3/2 Q’Q -
KYK KOf0 @ 2 KO9RKO
T~ Mo

#(1020) DECAY MODES

Fraction (T';/T)

(49.1 £05 )%
(339 404 )%
(154 404 )%

1.45 4+ 0.03

Confidence level



Not only HRG and UrQMD: more models

World data average |

2 ~ iA+Acolision

3 QC- e |

& PHSDF ° !

- :

~  EPOSK #

& SMASH- ¢
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0N :
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O ;

= Lo, T
09 095 1 105 1.1 1.45 1.2
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White paper: three possibilities LJ (
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(i) The experimental data are incorrect (central values and/or their uncertainties).
(ii) The models are incorrect.

(iii) Data and models are incorrect.

2604.16005
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Not only nuclear collisions: BESIII results LJ (
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er+e - K+ X

= .. 3 Vs = 3.050 GeV
S E ?@§ i ¢ K* this work
8 0.3 - ¢ +é% | ¢ K this work
= - GP o + ¥ K BESIII 2023
M — B! é )

_g ‘% 02 + :i +§¢

2 E B N1

o} r s | I. .-QQ@G
:l M B B |:. - "

PN B | W .1'|4- pK(GeV/C)

0.2 0.4 0.6 0.8 1.0 1.2

M. Ablikim et al [BESIII], Phys. Rev. Lett. 135 (2025), 151901

Charged kaon excess or not?
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Average Multiplicity Ratio

DELPHIE@189 GeV ; —
DELPHI@183 GeV —
DELPHIE161 GeV —_—|
DELPHI@133 Gev | - |
ALEPH+OPAL@Y1.2 GeV -
SLD@S1.2 Gev |—|:|-4
TASSO@34.5 Gev —
TPC@29 GeV l—-|:|—|

TASSOE22 Gev —

TASSO@14 GeV '—[::I—'

BESIG3.05 GeV i

0.0 0.5 T 1.5 2.0 2.5

0
K=/K"
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e~ +D inelastic scattering U (
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<x,0%-=0.57, 5.2 <x,0%>=0.45,4.4 <x,0°->=0.33,3.6 <x,0-=0.30, 4.1 GeV?
<W==2.2 GeV <W==2.5 GeV <W==2.85 GeV <W==3.2 GeV

N

Y ——)

Ty

Fig. 4. The z dependence of the CS/IS violating parameter 6.,  for the favored
FF (top panels) and unfavored FF (bottom panels). From left to right, the panels
are ordered in decreasing values of x (increasing W). The blue (red) solid lines
are constant value fits to §-g;-. The shaded bands are the systematic uncertainty.
The black dashed lines are expectations assuming CS (6.5, = 0). In the last
panels, the magenta band with vertical hatching is the ;. and its uncertainty
from Peng and Ma [25], while the black band with angled hatching is from the
MAP collaboration [46].
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Phys. Lett. B 865 (2025) 139485
H. Bhatt et al (Dutta as c.a.), Flavor dependence of charged pion fragmentation 32
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Step back:
Isospin symmetry from QCD

33
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The QCD Lagrangian LJ (
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Quark: u,d,s and c,b,t R,G,B

= \ntiblue
[ R
g
g =|q° |; i=uds Ny
i i > gt Ind AR o 1 o
B Locp = Z q,; (i D, — m;)q; — ZG“”G
\4; i=1

8 type of gluons (RG,BG,

)
T S e 2
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Flavor symmetry LJ (
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Gluon-quark-antiquark vertex

It is democratic! The gluon couples to each flavor with the same strength

g, > U,q,
UeU@B), >U'U=1

When U(2)v is considered (Nf =2): quark-level isospin symmetry

Francesco Giacosa



Is it that so simple? LJ (
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Masses of u and are not equal (PDG):

m, = 2.16 = 0.07 MeV and myg = 4.70 = 0.07 MeV

My, /mg = 0.462 £ 0.020

Ratio is far from unity!
Why do we have isospin symmetry at the hadronic level?

36
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Why isospin works/1 generic hadronic multiplet LJ (
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Constituent quark models, NJL model, BS egs, ...

m,, =~ my ~ Nocp ~ 250 MeV

T

my — M., X Mg — My,

(My+ —Mmyo) = —0.7+0.8 MeV

Mmyd < Agep

Answer 1: the QCD scale Aqcp protects isospin symmetry.

37
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Why isospin works/2: kaon masses LJ (
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-} -}
M- = M+ X (My, +myg)

2 2
Mo = Mo X (Mg + M)

M+ M., + M . o
K™ _ \/ “ ® — 0.9870 + 0.067 .
Mo Mg + Mg

experimental value 0.99209 + 0.00004.
My.a << Mg ~ Nocp

Answer 2: the s-quark mass protects the isospin symmetry.
38
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Why isospin works/3 isoscalar-pseudoscalar LJ (
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'm..frg X (1M + Mmig) T

9

my . o< (My +mq)+2cx

2
mg . OC Mg +Ca

In Nature: decoupling of the pion from the two n .
If cA=0, the pion would mix with nN and would get a mass of roughly 70 MeV.

We would not have an isospin triplet.

Gross, D.J., Treiman, S.B., Wilczek, F. Light Quark Masses and Isospin Violation

Phys. Rev. D 19, 2188 (1979)
Pisarski, R.D., Wilczek, F. Remarks on the Chiral Phase Transition in Chromodynamics.

Phys. Rev. D 29, 338-341 (1984)

Answer 3: the chiral anomaly protects isospin symmetzy.
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Description of Rk > 1
within models

40



Phys. Lett. B 873 (2026) 140170
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Letter

Explanation of the observed violation of isospin symmetry in relativistic
nucleus-nucleus reactions

Tom Reichert " &b:¢d* Jan Steinheimer ) &P, Marcus Bleicher ) &¢
b ’

_ ® Ar+Sc, P(u):P(d)=3:1
- = Au+Au, P(u):P(d)=3:1
1.4k T T O Ar+Sc, P(u):P(d)=1:1 -
_ === Au+4+Au, P(u):P(d)=1:1
- []]' O A+A (world data)
1.3} i
- 0 T urQMD
. . . m T_ T 0-10%
UrQMD with string with: b : I |
v 0 | [1]
o af . ]
— H__
P(utw)/P(dd) = 3 Sk
1.0 b~ e i w et —-
0.9} 1 -
o.8f - |
100 10T 107 10° 107

vSnn [GeV] 41



SMASH+PYTHIAwith P (u) /P(dd) = 1.89

—K* SMASH MAP
—.K* SMASH Default
¥y K+ NA61 Data
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20

05

0.0

—K~ SMASH MAP
—.K~ SMASH Default
Y K~ NA61 Data

Francesco Giacosa
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Oleskandr Vitiuk, NA61/SHINE and Wroclaw U; see also ISO-BREAK 25 talk
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Quark Coalescence (QC) model LJ (
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Ty + &

P\u) =
( :] Titot




Quark Coalescence (QC) model: references LJ (
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Joanna Stepaniak and Damian Pszczel. On the relation
between K° and charged kaon yields in proton—proton
collisions. Eur. Phys. J. C, 83(10):928, 2023.

M. Bonesini, A. Marchionni, F. Pietropaolo, and
T. Tabarelli de Fatis. On Particle production for high-
energy neutrino beams. Eur. Phys. J. C, 20:13-27, 2001.
As reported in Ref. [25] the model was developed by N.
Doble, L. Gatignon, P. Grafstrom, NA31l Internal note
83 (1990). According to the authors, the formula and its
derivation are due to Horst Wachsmuth.




Kaon probabilities l
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Isospin kaon anomaly and its consequences

Francesco (Giacosa(%, Martin Rohrmoser®

Institwic of Physics, Jan Kochanowski Universily, ul. Uniwersyiocka 7. Kicloe, Poland 2504 . 02 1 1 3
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Simple algebra leads to: LJ (
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(KT)Y+(K™) n,+2a

Jona Kodwanowskiego w Kislaach

(
QK9 T ng+2p

Rk =

1sospin-symmetric limit (o = j3)

Rrk =1 ifn, = ng

Rk <1 for nu < nd

World data average |
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In Exp Q/B <1. From Rk to Rtildek LJ (
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b pe 1-22\ (KT —(K™) ng+2a
: . 1+ % 2 (KY) ng + 23

2504.02113

1sospin-conserved

For pp collisions Q/A =1 <1T{+> - 3 <1T{_> = 4 <I’fg

See J. Stepaniak and D. Pszczel, EPJC 83 2023
2305.03872



Proton-proton results: isospin-symmetry ok LJ (
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15F
By
| TT¥ ‘
10— = e .15'}
'EI.E:
i ¢ Experimental Data
| | ==Ft  2504.02113
5 10 15 20
Vs (GeV] See also: 2305.03872

Ri =1.03040.038.




Nucleus-nucleus collions ' J (

T Uniwersytet

15 I Jono Hodwenowskiego w Kislcach

F"Ki_ ! -1 17
- = HE O] - I

i pr 1

o5l 2504.02113

— Fit
» Experimental Data
0.0 ' T L L1111l L T I Y 1 Lol
0.1 1 10 100 1000

MLGeV]
Rr ~r =1.185+0.029,

r = o/p 1s the u/d-ratio of quarks produced 4o
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QC predictions/1 LJ (
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Hatio Estimated value

Ry = S5 |r = 1.185 £ 0.029
p/n r = 1.185 4+ 0.029

T 7" ——= = 0.986 & 0.004
3 Ve r = 1.185 4+ 0.029
vy r° = 1.404 + 0.068

2504.02113



QC predictions/2 LJ (
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Ratio Estimated value
ATT /AT [r = 1.185 £+ 0.029
ATT/AY 7% = 1.404 £ 0.069
ATT /AT [r? = 1.67T£0.12

2504.02113




Pion-nucleus scattering J (
antiquarks in the initial state
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R = <I(+> T <I{_> Ny + ng + 2«
b (21‘1%)  ng+ ng+ 20

Rg = 1 in the isospin limit (o = )
for n, +ng = nqg + ng.

This is the case for pion-carbon.
(In fact for m+C: n_u = 18+1, n_ubar =0, n_d =18, n_bbar = 1)

But isospin-symmetry is broken.
Hence our predcition for pion-carbon:

TC & See NAB1/SHINE
RT“ = R% © ~ 1.185 4+ 0.029 | rro o7 (2023 062004

- Where RK is about 1.2




Quark Coalescence model: in e+-e-: J (
preliminary result

Uniwersytet

Jona Kodwnowskiego w Ki

dv + by + « o+ q
Ryu = *
Y+ 6;6)"}‘ + 3

Dependence on alfa, beta, gamma
Fits needed (onging work)

Flavor-symmetry limit:
— < _ 3
— — Ry =1
v 43 Y =) Bx=1l+ 5o Rk > 1

Is there indeed an excess of charged kaons in e+-e- collisions?

Quantitative study needed
53
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Discussion
Some brainstorming of the ISO-BREAK 25 paper
2604.16005
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Finite-density effect?
Is ALICE result special?

Almost zero baryonic chemical potential

.

===t T ===l ISAST=RET
1.5 ' -
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10 o = r----' ------- :--; ----------------- {----—
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HADES; Ar+KCl; 4t
STAR; Au+Au; y=0
NA49; Pb+Pb; 41t
NA61/SHINE; Ar+Sc; y =0
CERES; Pb+Au; y =0
NA35; S+S; 4n

ALICE; Pb+Pb; y=0
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Q/B < 1/2, more uubar than ddbar (Pauli)

Asymmetry of quark pairs in proton

Article

L Uniwersytet

Jono Kodhanowskiego w Kislcach

The asymmetry of antimatter in the proton

https://dol.org/10.1038/541586-021-03282-z

Recelved: 2 June 2020

Accepted: 15 December 2020

Published enline: 24 February 2021
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Q/B effective LJ (
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Is Q/B_effective (for interacting nucleons) equal to the
nominal Q/B?

Large nuclei have more neutrons than protons.
In general, inhomogeneous distribution (neutron skin).

Small nuclei with Q/B=1/2 can be understood as alpha
clusters, hence a homogeneous distribution is applicable.

The charge-symmetry argument leading to Rk=1 is
transparent.

Y
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Neutron skin
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UNITEXT for Physics

Alexandre Obertelli
Hiroyuki Sagawa

Modern

Nuclear
Physics

From Fundamentals to Frontiers

p(r) p(r)

n n

r
normal nucleus skin nucleus halo nucleus

@ Springer

Chapter 6

See also: S. J. Novario, D. Lonardoni, S. Gandolfi and G. Hagen,
Trends of Neutron Skins and Radii of Mirror Nuclei from First Principles,

PRL 130 (2023) no.3, 032501[arXiv:2111.12775 [nucl-th]].
26
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https://link.springer.com/chapter/10.1007/978-981-16-2289-2_6/figures/30

Clusters of alpha particles

Uniwersytet

lace el 1 1

a. He-4 = g particle | b. Cluster model for Be-8 nucleus c. Cluster model for C-12 nucleus

Iﬁéa‘xll "~ rotation axis

009 . -
= ” (0000 ™,
® proton N 00,/ ./

@ neutron

257y
L]

L

ARTICLE [‘l) Check for updates
https://doi.org/10.1038/541467-022-29582-0 OPEN

a-Clustering in atomic nuclei from first principles
with statistical learning and the Hoyle state
character

T. Otsuka® 23%, T. Abe® 24, T. Yoshida®®, Y. Tsunoda® 4, N. Shimizu®, N. Itagaki®, Y. Utsuno® 34,
). Vary® 7, P. Maris@® 7 & H. Ueno?

A long-standing crucial question with atomic nuclei is whether or not a clustering occurs
there. An a particle (helium-4 nucleus) comprises two protons and two neutrons, and may be
the building block of some nuclei. This is a very beautiful and fascinating idea, and is indeed
plausible because the « particle is particularly stable with a large binding energy. However,
direct experimental evidence has never been provided. Here, we show whether and how
a(-like) objects emerge in atomic nuclei, by means of state-of-the-art quantum many-body
simulations formulated from first principles, utilizing supercomputers including K/Fugaku.
The obtained physical quantities exhibit agreement with experimental data. The appearance
and variation of the a clustering are shown by utilizing density profiles for the nuclei ber-
yllium-8, -10 and carbon-12. With additional insight by statistical learning, an unexpected
crossover picture is presented for the Hoyle state, a critical gateway to the birth of life.
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Optimal candidates for future experiments: J (
O and Mg — NA61/SHINE program
Uniwersytet

Jono Hodhenowskiego w Kislcach
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Both Z and N are even and relatively small,
homogeneous distribution of protons and neutrons
seems well-suited.

60
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Electromagnetic effects - strong initial fields U(

Uniwersytet

Jono Kodhanowskiego w Kislcach

Appendix A of 2604.16005: J. Rafelski

B(Ar)

50 100

v Snn (GeV)

Fig. 10. The magnetic field in heavy-ion collisions as a function of impact parameter and collision energy at time of hadroniza-
tion, the result courtesy of Chris Grayson, see also Ref. [131].
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Quark-antiquark octet interaction U (

and mass differences Uniwersytet

Appendix B of 2604.16005: S. Mrowczynski

Iy(p) M
I,(p)
10 10
° 5
octet
1 /
05 1 e —
singlet _—
Y _——
1 2 3 4 p [MeV] 05 1 5 10 p [MeV]

Fig. 12. Left: The Gamow factors of dd pair in the singlet and octet state as a function of relative momentum. Right: The
ratios of Gamow factors of w7 and dd quark pairs in the singlet and octet states as a function of relative momentum. The plots

are taken from Ref. [109].
0Z
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Conclusions LJ (
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Isospin-symmetry is broken more than expected
In nuclear collisions
(and possibly beyond)

+

ISO-BREAK 2027 at UJK/Kielce (Poland) planned
Between 19-24 April 2027
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Thanks ©
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Between 19-24 April 2027

ORGANISERS:

Toelasz CzorPOwic2

Marex GaZpzicki

FRANCESCO GIACOSA

INSTITUTE OF PHYSICS, KATARZYNA GREBIGSZKOW

JAN KOCHANOWSK!I UNIVERSITY MILENA PIOTROWSKA
KIELCE, UNIWERSYTECKA 7 GRZEGORZ STEFANEK
BuitoinG G, LECTURE HALL B
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NA61/SHINE experiment

Ar+Sc collisions at /syy = 11.9 GeV

hadron Yields (v =2 0) £ Ggur £ Gy GCiotal Centrality y ranges Ref.
K™ 3.732 £ 0.016 £ 0.148 0.15 0-10% 0.0<y<0.2 [18]
K~ 2.029 £0.012 = 0.069 0.070 0-10% 0.0<y<0.2 [18]
Kg 2433 £0.027 £ 0.102 0.11 0-10% y=0 this analysis
HADES experiment
Ar+KCl collisions at | /syy = 2.6 GeV
hadron Yields (47) &+ Gy T Oy GCiotal Centrality ¥ ranges Ref.
K™ 0.028 £ 0.002 & 0.0014 ') 0.0024 0-35% | extrapolated to 47 [43]
K- 0.00071 + 0.00015 + 0.000032 *) | 0.00015 0-35% | extrapolated to 47 [43]
KS 0.0115 = 0.0005 £ 0.0009 0.0010 0-35% | extrapolated to 47 [44]
STAR (BES I) experiment
Au+Au collisions at /Syy =7.7 GeV
hadron Yields (y = 0) = Ogu £ Oy GCrotal Centrality y ranges Ref.
K™ 20.8 1.7 (0-5% —0.1<y<0.1 [30]
K~ 7.7 0.6 (0-5% —0.1<y<0.1 [30]
KS 1267+ 0.12 £ 0.44 0.46 (0~5% —05<y<05 [31]
STAR (BES I) experiment
Au+Au collisions at /syy = 11.5 GeV
hadron Yields (y /2 0) &+ Ogur £ Opys Oy otal Centrality y ranges Ref.
K™ 25.0 ' 2.5 0-5% —0.1<y<0.1 [30]
K~ 12.3 1.2 0-5% —0.1<y=<0l1 [30]
kY 1593 +-012 + 0458 N80 N—S9% —NS<cveN” [311

Francesco Giacosa
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STAK i BES 1) experiment

Au+Au collisions at /v = 19.6 GeV

hadron Yields (v 2 0) £ Ggg % Gy T ypal Centrality y ranges Eef.
Kt 29.6 29 0-5% —0.1<y< il [30]
K 18.8 1.9 0-3% —01 < y< @l [30]
Ky 20.89 4+ 0.0B + 067 0.67 055 —05<y«03 [31]
STAR (BES I) experiment
Au+Au collisions at /Syy = 27 GeV
hadron Yields (v 0) £ O £ Gy Tyoral Centrality ¥ ranges Ref.
Kt 3l 28 0-5% —0.1 < y= 0.1 [30]
K 226 2.0 055 —0.1 < y= 0l [20]
Ky 2324 4+ 009 £ 070 0.71 0-5% —05< y< 0.5 [31]
STAR (BES 1) experiment
Au+Aun collisions at /5w = 39 GeV
hadron Yields (v 00 & Ogg % Gy T ypal Centrality y ranges Fef.
Kt 320 29 055 —0.1 < y= 0l [20]
K 25.0 23 0-5% —0.1<y< il [ 0]
K" 249 4+01+£ 17 1.7 0-5% —05<y< 03 [31]
MNA 49 experiment
Pb+Pb collisions at , sy = 7.6 GeV
hadron Yields (47) £ 0oy + Ty Tyl Centrality ¥ Tanges Ref.
Kt 520£00x35M 36 0-7.2% | extrapolated 1o dx [440]
K 160+ 0.2 +04 043 0-7.2% | extrapotated 1o dx [440]
Ky 203403+29 29 0-7.2% | extrapotated to dx [42]
MNA 49 experiment
Pb+Pb collisions at /vy = 8.7 GeV
hadron Yields (47) + Gug + T Croal Centrality ¥ Tanges Raf.
Kt 1 +19+3 KX 0-7.2% | extrapotated to dx [41]
K 192 +05L£ 10 L1 0-7.2% | extrapotated to dx [41]
Ky M2+02+34 34 0-7.2% | extrapolated 1o dx [42]
CERES experiment
Pb+Au collisions at /5w = 17.3 GeV
hadron Yields (y = 0) £ 0,0 £ O, Tyl Centrality y ranges Reaf.
K ILEL0625 26 074 y=0 [27]
K 193 +04 2.0 2.0 074 y=0 [27]
Ky 202409+ 1.7 1.9 0-7% y=10 [28,29]
MA 35 experiment
5+5 collisions at ./sww = 194 GeV
hadron Yields (47) £ Gug + G Tyl Centrality ¥ Tanges Ref.
Kt 125 £ 04 £ 03750 0.55 0-25 extrapotated o 4z [38]
K 6.9 £ 0.4 £+ 0.207 (.43 0-2% extrapotated fo 47 [38]
K" 10.5 1.7 0-2% ex trapolated 1o 4% [39]

Francesco Giacosa
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Is then the previous
argumentation wrong?

No.
One needs to average.
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ZARA
e ™

Just as mm Scollguing!

Mone ¢° Ehan ,\(ﬁ
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This is the C-transformed
version fo the previous reaction.

Here, the protons are spectactors
and the neutrons interact.

68



Averaging leads to...

‘/f— betk \MIL'oj Aatso
e %UUMV ?rhlmlj/?f
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Formally:

p= pnlT,) (T,

CpCT = p

69
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Standard UrQMD: Similar results to HRG

Recent UrQMD modification:
Reichert, Steinheimer, Bleicher:

Explanation of the observed violation of isospin
symmetry in relativistic nucleus-nucleus reactions,

e-Print: 2503.10493 [nucl-th]

String fragmentation favors u-ubar quarks (3 times more
probable than d-dbar)

Similar result in SMASH

Francesco Giacosa
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https://arxiv.org/abs/2503.10493

The importance of Q/B LJ (

Uniwersytet
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If there are more neutrons than protons: Q/B<1/2

More neutral kaons are present: Rk should get smaller

However....

Pauli principle implies more u-ubar pairs than d-dbar pairs
from the sea: Rk should get larger.

Which effect is more important?

Having Q/B=1/2 eliminates these issues.

71
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RtildeK for (anti)quarks u and d LJ (
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ng+ng—mny —ng (KT —(K7)
Ny — N (2!{%)

ng +ng+ 2«

ng +ng+ 23

Rx = Ri -

Rx = 1 in the isospin-symimetric limit

valid also for initial states with ne = ns

n.n'sand ¢, KA



QC: Most general case LJ (
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In the most general case with arbitrary n, 4.5 and n; ;-

the quantity Ry reads

B — (ng + a) (ns +v) + (ng+ «) (ns + )
. [:-Hd + S) {ng + "}“:] + (ﬂ'cf + S} (ns n ,.},:] .

However, it cannot be expressed as a function of the three
multiplicities (K1), (K ), and (K2), but it involves sep-
arately (Ko) and (Kp) [38]. This fact is not convenient
because only P{g 1s usually detected. Moreover, even
measuring K would not help, since (neglecting a very
small C'P-breaking) (K?) = (K?), implying that the

multiplicities {K,) and (Ky) cannot be obtained.
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« Compilation of brainstorming ideas from 2604.16005
 HRG: corrections; extension ot out of equilibrium.

« More speculative ideas: chiral anomaly, disoriented
condensates, Pauli blocking, strong transient e.m. fields,



RK in HRG for Q/B=1/2

IV Symmetric - — -
112 i Mass asymmetry in kaons - - -
ol i Asymmetry in ¢(1020) decay - - - - -
11 i :|:l PDG — —
108 | |

X : .

T 106} \ QB=05,S=0
1.04 | §
102 | \"'\'_"\”"- e
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HRG for Q/B=1/2

1.2

1J<

1.1+

HRG, Q/B =0.5 |

— Ry = (KO+K)((K)+E?) |

L— Ry = (P)(n) = ((p)+(P))/((N)+(n))

Uniwersytet
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If we enforce isospin symmetry to be exact, Rk = 1 for any energy. 76



More on the resonance a0(980) LJ
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G PCy _ 1—(n++
a0(980) T = 1T 20(980) DECAY MODES
See the related review(s): _ _
Scalar Mesons below 1 GeV Mode Fraction (I';/T)
30(980) T-MATRIX POLE /5 v nm seen
Note that ' = —2 Im(+/5). r2 K seen
3 o/nw seen

VALUE (MeV) DOCUMENT ID TECN _ COMMENT

(970-1020) — i (30-70) OUR ESTIMATE (see Fig. 64.2 in the review)

da0
1.0

08 Using the PDG average I_{I{/m; = 0.172 #+ 0.019 amounts to the tollowing KK
o overall branching ratio :
9 TRr _ TrRE . _ 'Rk
rtot rﬁ’j{ + r;r'r} + r?r?;’ TR’I{ + T?m
0.2 1 1 _
:1+1“m :1+ 3 =0.15+0.01 .
e Pon/TrE

0.5 1.0 1.5 2.0

HRG: at first, equal amount for charged and neutral kaons.
Including threshold effects, leads to the branching ratio K+ K- /K°K° ~ 1.1
No significant effect on RK



More on the resonances f0(980)
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6(980) fG(JPC) _ 0—-—(0———|—) Jono Kodwenowshiego w Kislcach

See the related review(s):
Scalar Mesons below 1 GeV

f5(980) T-MATRIX POLE /s

Note that I = —2 Im(\/3).

VALUE (MeV) DOCUMENT ID

fo(980) DECAY MODES
Mode Fraction (I';/T)
M o seen
[ KK seen

COMMENT

(980-1010) — i (20-35) OUR ESTIMATE (see Fig. 64.4 in the review)

;(E)/ [F(rm) + F(fi 2]

e ¢ ¢ We do not use the followin

0.524+0.12 9.9k

+0.11
0.75_ 513

0.84+0.02
~ 0.68
0.67+0.09

+0.09
081~ 0.04

0.7840.03

The =x mode dominates.
Similar consideration as for the a0(980) mesons.

Even including threshold effects,
no significant change of RK.



fO/a0 effect

1.08
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QB=05S=0

. ]
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|

- — - fp(980), ap(980) symmetric decay
- - - fp(980), ay(980) asymmetric decay
- - f5(980), ay(980) extremely asymmetric decay
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L f5(980), a,(980) extremely asymmetric decay - - - - ]

" 15(980), a5(980) symmetric decay - — -
fo(980), ag(980) asymmetric decay — - -
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Toward a simple ‘quark counting’ model: J (
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Provided the large isospin-symmetry breaking is true, two
guestions can be asked: why and which are its
consequences.

« ‘Why' is, as usual, a difficult question. Can electromagnetic
interaction enhance K+K-? We argued that this is not the
case. But a systematic study is needed

« What about a sum over many small effects? All phi-fo-ao etc
effects would lead to the measured results.

* More speculative explanations?
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Quark Coalescence model in e+-e-: rough idea LJ (
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