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Outline

1. The nontrivial emergence of isopsin symmetry in QCD.

2. Kaon isospin anomaly: brief recall.

3. Discussions

4. Why do we really need Q/B=1/2

5. Conclusions
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Heisenberg (1932): the nucleon

Proton and neutron merge into the nucleon

Masses very similar.
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Wigner (1932): isotopic spin, thus isospin
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Nucleon doublet: I=1/2

A specific isospin transformation is the so-called charge transformation:
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Yukawa (1932) and Kemmer (1939): 

isospin triplet I=1
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Kaons form isospin doublets, just as the 

nucleon
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Isospin is an approximate symmetry of QCD

• Mesonic multiplets (nucleon doublet, pion trioplet, kaon

doublets). 

• Reactions: Isospin is conserved in strong interactions 

Example: (I=Iz=1)

• Isopsin 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 breaking



Is it that simple? 

Masses of u and  are not equal

Ratio is far from unity!

Why do we have isospin symmetry at the hadronic level?
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Why isospin work/1 generic hadronic multiplet
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Constituent quark models, NJL model, BS eqs, …

Answer 1: the QCD scale 𝛬QCD protects isospin symmetry.



Why isospin work/2: kaon masses
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Answer 2: the  s-quark mass protects the isospin symmetry.



Why isopsin work/3 isoscalar-pseudoscalar

Francesco Giacosa
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In Nature: decoupling of the pion from the two  . 

If cA=0, the pion would mix with N 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 symmetry.
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Nucleus-nucleus collion with equal numbers of 

protons and neutrons

Iz = 0 (typically also I =0 for each nucleus, thus total isospin also vanishing)

Oxygen-16 Oxygen-16
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Heavy-ion collisions

At the freeze-out, the emission of hadrons is well described by e.g. thermal models. 

C. Shen, U. Heinz, 

Nucl. Phys. News 25 

(2015) 2, 6-11 
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Expected kaon multiplicities

Charge symmetry applied to an ensemble of initial states 

for Q/B=1/2 and isospin-symmetric limit
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Experimental results (NA61/SHINE plus others)

Note, however, most experiments have Q/B < 0.5 
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Experiment vs theory (HRG): ratio 

The exp/th missmatch is 4.7σ.



Considerations

• HRG approach(es)

• UrQMD approach

• Electromagnetic effect

• The ratio Q/B (Pauli blocking, nucleon distributions…)

• The importance of Q/B=1/2 data in the future
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HRG, isospin breaking, the phi meson

This is a delicate threshold effect (even if the interaction is isospin symmetric)



RK in HRG, Q/B=1/2



RK in HRG, Q/B=0.4



Other resonances

• Other resonances, such as a0(980) and f0(980) increase 

charged/neutral kaon ratio, but only a bit. 

• We tried to include heavier states as well

• But, even including all of them, it was not possible to get 

RK close to the measured data 



RK in HRG, Q/B=0.4, effect of a0(980)/f0(980)



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 over d-dbar

ones by a factor 3. 

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


Electromagnetic effects 

• Obviously, e.m. interaction breaks isospin symmetry.

• It is α^2 suppressed.

• My own test with charged kaon emission from a0(980): 

small effect.

• S. Mrówczyński reported on the topic: small effect (?)



The importance of Q/B

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.
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Asymmetry of quark pairs in proton
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Q/B_effective

Is Q/B_effective (for interacting nucleons) equal to the 

nominal Q/B?
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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.



Neutron skin

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]].
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figure 30

Chapter 6

https://link.springer.com/chapter/10.1007/978-981-16-2289-2_6/figures/30
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Clusters of alpha particles



Optimal candidates for future experiments: 

O and Mg 

Francesco Giacosa
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Both Z and N are even and relatively small,

homogeneous distribution of protons and neutrons 

seems well-suited. 



Consequences of isospin breaking

Predictions of the quark-coalescence model (Q/B=1/2)

Giacosa, F., Rohrmoser, M.: Isospin kaon anomaly and its consequences

Eur.Phys.J.C 85 (2025) 9, 1058 arXiv:2504.02113 [nucl-th]

See also: Stepaniak, J., Pszczel, D.: 

On the relation between S and charged kaon yields in proton-proton collisions  EPJC 83 2023 10 928 

arXiv:2305.03872 [hep-ph]



Discussion with M. Bleicher about K*(892)

• K*(892): isospin breaking implies that one should get 

more charged than neutral vector kaons.

• But… charged K*(892) decays twice more often into 

neutral kaons than charged kaons.

• This would partly cancel the effect, reducing RK. To get 

the measured RK, the isospin breaking should be even 

larger.

• Even more puzzling… 
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35



Pion-Carbon: ongoin analysis

Francesco Giacosa
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NA61/SHINE , pi- C measurement,

PRD 107 (2003) 062004

Coalescence approach (2504.02113)

In order to have

One would need



A similar puzzle but with a clear resolution:

D mesons

More neutral than charged mesons.

The explanation is simple: vector D* 

mesons break isospin.



D-mesons: what is going on here

Slide from W. Brylinski, NA61/SHINE



Conclusions

No explanation of the isospin kaon anomaly

electron-positron experiment at BESIII: more 

charged than neutral. Why?

Strong modification of HRG: but how? We sould

not spoil where it works.

Check other reactions and other isospin 

partners

Soon vs2 of 

2312.07176 [nucl-th]

with all details

Francesco Giacosa
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https://arxiv.org/abs/2312.07176
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Toward a simple ‘quark counting’ model

• Provided the large isospin-symmetry breaking is true, 

two questions 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…

• What about a sum over many small effects? All phi-f0-a0

etc effects would lead to the measured results.

• Eventually a combination of both QED and many small 

contributions… 



Quark recombination model: references



Valence and sea quarks



Kaon probabilities
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The a0(980) and f0(980)
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Popular theoretical approaches

• HRG (hadron resonance 
gas approach) 

• UrQMD (Hadron-String 
transport model, fully 
integrated Monte Carlo 
simulation of nucleus-
nucleus simulations)



‘Grundschulmathematik’ leads to: 



From RK to RtildeK

2504.02113

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



Proton-proton results: isospin ok

2504.02113



Nucleus-nucleus results for RtildeK:

constant but not 1

This is 6.4 σ away from 1. 

2504.02113



Nucleus-nucleus results for RK: 

constant, not 1, and compatible with RtildeK

2504.02113



Predictions



Predictions



Pion-nucleus scattering

antiquarks in the initial state

This is the case for pion-carbon. 

(In fact for π+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:  

See NA61/SHINE

PRD 107 (2023) 062004

Where RK is about 1.2



RtildeK for (anti)quarks u and d



Most general case
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Summary and conclusions

• A simple quark-counting scheme valid for any Q/A shows: 

proton-proton data agree with isospin symmetry, 

but nucleus nucleus do not. 

• This model reproduces data for a large isospin breaking (about 20% 

more u than d quarks from QCD vacuum)

• In the future: scattering of nuclei with Z = N = A/2 highly desired.

• Study ratios of other isospin multiplets (nucleons, hyperons) 

• Predictions for 
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More on the resonance ϕ(1020)
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PDG-inspired: Decrease error so to get a chi^2/dof = 1

Procedure assumes the errors are overestimated. 

Rescaling
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HRG for Q/B=1/2

If we enforce isospin symmetry to be exact, RK = 1 for any energy. 
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HRG: Effects on RK due to Q/B 



Why do we need Q/B=1/2

If more neutrons are present, there can be nuclear 

reactions absorbing neutral kaons.

(ongoing discussion involving , , …)

No details yet ☺

Also in this case, Q/B=1/2 eliminates this problem.
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(Q/B)eff is larger than what expected…



Kielce, UJK, ISOBREAK 25

https://indico.cern.ch/event/1557894/
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Why do we need Q/B=1/2

Q/B < 0.5 makes the symmetry argument less clean. 

One may account for it in models (HRG, coalescence) 

But … 

RK = 1 is a a prediction of charge-symmetry, which 

requires an equal number of protons and neutrons.

Having nuclei with Q/B=1/2 provides a direct test without 

modelling…

Francesco Giacosa
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