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Abstract. An excess of charged versus neutral kaons has been recently reported
by the NA61/SHINE collaboration. Similar excesses were also present in pre-
vious experiments, even if with larger errors. Models for hadron productions
in heavy ion collisions systematically underestimate the measured charge-to-
neutral kaon ratio. In this report, we comment on the role of charge-symmetry
as a specific isospin transformation. In particular, we show that the ensemble
of the initial colliding nuclei being charge-symmetric is sufficient for producing
an equal number of charged and neutral kaons in the isospin-symmetry exact
limit.

1 Introduction

A surprisingly large excess of charged over neutral kaons has been reported in Ar-Sc scatter-
ing by the NA61/SHINE experiment at CERN [1]. As argued in the companion theoretical
paper in Ref. [2], two well established models for heavy ion collisions, the hadron resonance
gas (HRG) and the Ultrarelativistic Quantum Molecular Dynamics (UrQMD) approaches
[4, 5], are incapable of reproducing the experimental data. The HRG and UrQMD theoret-
ical results are systematically smaller than the experimental ones, resulting in a theory-to-
experiment mismatch of almost 5o [2].

The charged-to-neutral kaon ratio is interesting since it quantifies isospin breaking. If an
initial state with two nuclei containing an equal number of protons and neutrons is considered
(Q/B = 1/2), isospin symmetry ‘implies’ an equal number of charged and neutral kaons. In
this work we concentrate on this point. To this end, we make use of charge symmetry, which
is a specific isospin symmetry that interchanges a member of a given isospin multiplet with
(I, I,) with the member (I, —1,), as for instance: p S n, K* 5 K°, K* 5 K-, n* S 7~ etc.
In particular, we show that the initial ensemble of scattering nuclei being charge-symmetry
invariant leads to the prediction that the total charged and neutral kaon multiplicities are
equal.

2 Charge-symmetry for the initial ensemble

The isospin operator i=d, fy, I.) enters into the S U(2) internal rotation described by the
unitary operator U; = ¢/ (with k = 1,2,3): in the fundamental representation, [, = o /2
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where o are the Pauli matrices, according to which the light quark ‘isodoublet’ transforms
as (u,d)’ - Uj(u,d)'. As a consequence, the quark u has eigenvalue I, = 1/2, the quark d
the eigenvalue I, = —1/2 and both quarks carry the eigenvalue /(I + 1) = 3/2 for the operator
12, thus 7 = 1/2. The antiquark doublet (~d, @)" transforms just as the quark one.

Kaons are grouped into the isodoublet (I = 1/2) states (K* = u5, K = d5) and (-K° =
—sd, K~ = sit) that correspond naturally to the underlying isospin doublets (u, d) and (—d, i).
Namely, they transform as (anti)quarks because the s-quark is left invariant by isospin.

Isospin is well conserved in low-energy QCD processes: the particle masses
well reflect isospin symmetry [3], e.g. Mg+ —mp) [ (Mg + myp) = 0.017 and
(mg+ —mgo) [ (mg+ + mgo) =~ —0.004, and the treatment of pion-pion, pion-kaon, pion-
nucleon, and nucleon-nucleon scattering closely follows the predictions of isospin symme-
try [7, 8], see also the low-energy phenomenology within the extended linear sigma model
[9] (for a recent review see Ref. [10]).

A specific isospin transformation, called charge symmetry C; (not be confused with
charge conjugation C that swaps particles in antiparticles) is realized by choosing C; = ¢/
(thus for 8,3 = 0 and 6, = m). For the (anti)quarks and kaon doublets, C; takes the matrix

form
A 0 1

thus interchanging u <> d and it < d, and conversely K* < K° and K~ < K°.

Next, we move to heavy-ion collisions and the related production of kaons. Let us con-
sider, for simplicity, a certain reaction to the production of a single K*: A + A —» K*X,
where X refers to other particles (but no kaons). Let us first assume that the initial state has
total isospin / = 0. This case corresponds to both nuclei having I = 0. Indeed, nuclei usu-
ally appear in the lowest possible isospin state [11]. The corresponding matrix element is
AD = <K+X|S' ocplAA, T = O>, where § ocp refers to the S -matrix of QCD. Isospin sym-

K+X
metry implies that U;ﬁ QCDU ;= S’QCD. Considering the charge transformation U, =€ we
get:

ALy = (K" XIS ocplAA, T = 0) = (K°XIS ocplAA. T = 0) = AD) )

where C;|AA, I =0) = |AA,1=0) and C,|X) = |X> have been used, the latter being the

charge—symmetry rotated ‘rest’. Above, A;ggX is the amplitude for the K°X formation. Thus,
the (approximate) equality A(I?I ¥ = Ai?g % implies that A + A — K°X is equally probable
as A + A - K"X. Extending the reasoning to any reaction involving kaons, one find that
the number of produced K* equals the number of produced K% ((K*) = (K°).). The same
argument applied to the isodoublet pair K~ and K° leads to (K~) = (K°).

Next, we consider a different initial state. For simplicity, for total isospin / = 1 one has

ALy = (KXIS ocplAA T = 1) = — (K°XIS gcplAA, T = 1) = —A") 3)
with €/ |AA, T =1) = —|AA, T =1). Clearly, the opposite sign does not change the final

outcome for the cross-sections: (K*) = (K°) and, analogously, (K™) = (K®) hold also in this
case. This result can be easily generalized to any initial state with definite fixed isospin I = I
with C;|AA, I = L) = (-1 |AA, T = ).

The arguments above do not, however, imply that (K*) = (K°) and (K~) = (K°) hold
in the most general case. As an illustrative example, we consider the following superposed
initial state:

|AA) = ap|AA, I = 0) + a |AA, T =1) . “)
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The amplitude for K*X production is given by

©0) 1

2 0 1
Apayskix = @oAgiy + 1Ay = |Auayskx| = |010A§<2X + OllA(I(RX 5)
Using analogous steps as before:
_ 0) @ _ (0) (1) 2 _ 0) m 2
A|AA)—>K0)~( = aloAKOX + alAKOX = aOAK+X - alAK+X - |A\AA)—>KO)?| = |(}'()AK+X - G',IAK*X
(6)

Because of the different signs |A| AAY>K+X 22 |A| AA)> KO Xiz, implying that the production prob-
abilities for K* and K° are different for the initial state |JAA) of Eq. 4.
At this point, we assume that the initial ensemble is charge-symmetric. That means that
the state
|AA)¢c, = Cr1AA) = a9 |AA, 1 = 0) — a( |AA, T = 1) @)

occurs as often as the [AA) state of Eq. (4). By repeating the previous passages:

2

2 2 2
0 0
'A|AA>C,—>K+X = |010A(sz - alA}llX , }A|AA>C1_>K0X = |00A§<3X + CllA(IQX (8)
Since |AA) and |AA), are equally probable, the final K*X rate is proportional to:
1 2 1 2 2 2
3 |A\AA)—>K+X +3 |A\AA)CI—>K+X = |(10A§?3X + |01A22X , )
where the interference terms disappear and equals the KX production rate:
1 2 1 2 0 |2 1

Thus, upon averaging, the final state K* X appears just as often as K°X. Of course, this result
applies if the initial ensemble is charge-symmetric. This point is well upheld because nuclei
can be well described as clusters of a-particles [12].

These arguments can be repeated for any reaction involving kaons. Upon averaging over
the initial states of a charge-symmetric ensemble guarantees that (K*) = (K®) (and similarly
that (K~) = (K°)). Then, the charged and neutral multiplicities coincide:

(K'Y +(K™) = (K°) + (K°) . (11)

The neutral kaons are not directly measured, since the physical states are the K; and Kj
which, by neglecting the (very) small CP violation, are given by: K5y = (K° ¥ K%)/ V2.
The emerging number of Kg and K is given by: (Ks) = %(KO) + %(I_(O) = (Kp) . The final
expected relation is (K*) + (K~) = 2(Ky ), implying that the ratio

K* K~
e EIHED .

for colliding nuclei in the isospin-symmetric limit. This is why in Refs. [1, 2] the ratio Rg is
studied both experimentally and theoretically.
3 Summary

In this work, we have shown that a charge-symmetric initial ensemble implies an equal num-
ber of charged and neutral kaons in the isospin-exact limit. As a consequence, the ratio Rg
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of Eq. (12) is unity. Violations from this prediction appear because isospin symmetry is not
exact. First of all, the mass of the charged kaons (493.677 MeV) is slightly smaller than
the neutral ones (496.611 MeV), favoring charged kaons. This difference also affects reso-
nance decays. A typical example is the decay of the ¢(1020) meson into kaons, for which
#(1020) — K*K~ is 1.4 times larger than ¢(1020) — K° K°. Yet, the sum of all these effects
leads only to a few percent modification of the relation Rx = 1. At high scattering energies
(Vsnn 2 15 GeV), popular models predict that that Rx =~ 1.05, which is sizably smaller than
the central experimental values (Rg =~ 1.18) of Ref. [1].

In the actual realized experiments the ratio Q/B ~ 0.4 < 1/2. The surplus of neutrons
favors the production of neutral kaons. This effect is small at high energies but becomes
important at small ones (/syy < 10 GeV). The final mismatch of theory and experiment
is quantified in Ref. [2] finding an overall ~ 5o effect. Future efforts to explain this ‘kaon
anomaly’ are needed. On the theoretical side, one may explore models that may contain
strong isospin breaking [13] (a possible role could be played by electromagnetic interaction).
On the experimental side, the realization of experiments with nuclei with Q/B = 1/2 is highly
desirable.

Acknowledgments The author thanks the co-authors of Ref. [2], A. Rybicki, L. Turko,
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