
P
o
S
(
C
D
2
0
2
4
)
0
0
1

I and IV violation in effective field theories and

applications to (-meson decays

Bastian Kubis0,∗

0Helmholtz-Institut für Strahlen- und Kernphysik (Theorie) and Bethe Center for Theoretical Physics,

Universität Bonn, 53115 Bonn, Germany

E-mail: kubis@hiskp.uni-bonn.de

The quest for sources of the simultaneous violation of � and �% symmetry was popular in the

1960s, but has since been neglected for a long time. We revisit the operators that break � and

�% for flavor-conserving transitions in both the Standard Model effective field theory and the

low-energy effective field theory, which subsequently can be matched to light-meson physics

using chiral perturbation theory. As applications, we discuss in particular the �-odd Dalitz plot

asymmetries in [ → 3c, but also decays with dilepton pairs in the final state, such as long-distance

contributions to the rare semileptonic decays [ → c0ℓ+ℓ− as well as asymmetries in [ (′) → Wℓ+ℓ−

and [ (′) → c+c−ℓ+ℓ− .

The 11th International Workshop on Chiral Dynamics (CD2024)

26–30 August 2024

Ruhr University Bochum, Germany

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives

4.0 International License (CC BY-NC-ND 4.0) All rights for text and data mining, AI training, and similar technologies for

commercial purposes, are reserved. ISSN 1824-8039 . Published by SISSA Medialab. https://pos.sissa.it/

mailto:kubis@hiskp.uni-bonn.de
https://pos.sissa.it/


P
o
S
(
C
D
2
0
2
4
)
0
0
1
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1. Patterns of discrete symmetry breaking and ( and (′ mesons

The lightest flavor-neutral mesons, the [ and the [′, are ideal labs for a plethora of symmetry

tests. With the exception of parity, they have the quantum numbers of the vacuum, �� (�%�) =

0+(0−+). The lighter of the two, the [ with "[ = 547.86 MeV, is largely a (pseudo-) Goldstone

boson of spontaneously broken chiral symmetry. The smallness of its width, Γ[ = 1.31 keV, can

be understood as many of its decay modes, strong or electromagnetic, are forbidden at leading

order due to %, �, �%, isospin/�-parity, or angular momentum conservation [1]. The heavier

[′, "[′ = 957.78 MeV, is no Goldstone boson due to the * (1)� anomaly, however its width,

Γ[′ = 196 keV, is still much smaller than those of, e.g., the l(782) or q(1020) vector resonances

of comparable masses.

Decays of [ and [′ mesons can test physics both within the Standard Model (SM) and beyond.

For an overview of stringent SM tests, as well as searches for physics beyond the SM (BSM) in

the form of weakly-interacting new light particles (dark photons, protophobic or leptophobic gauge

bosons of new * (1) symmetries, light Higgs-like scalars, axion-like particles), we refer to the

review Ref. [2] and references therein. In these proceedings, we concentrate on tests of discrete

symmetries, in particular searches for possible new sources of�% violation. As the [ and [′ mesons

are � and % eigenstates, their decays are a flavor-conserving laboratory for such symmetry tests,

with little or no SM background. The different possible classes of violation and conservation of

�, %, and ) (always assuming �%) to be conserved) are enlisted in Table 1. While the Standard

Model weak interactions are in class IV, violating all three discrete symmetries separately, they are

in many circumstances close to class I, violating � and % maximally, with �% almost conserved.

The interactions of class II, %-odd and )-odd, but conserving �, comprise the QCD \-term and

other possible higher-dimensional terms that are closely related to the physics of electric dipole

moments (EDMs), and therefore typically constrained so tightly that they will remain outside the

reach of light-meson-decay experiments in the foreseeable future.

In the rest of this article, we concentrate on class III, )- and �-odd, but %-even interactions,

which have been much less explored until rather recently. As the flavor-neutral light pseudoscalars

[ (′) , c0 are eigenstates of � with eigenvalues � = +1, any decay that involves these mesons only,

together with an odd number of photons, is directly a test of �-conservation. Examples of such �-

forbidden [ decays are listed in Table 2. However, searching for such rigorously�-forbidden decays

class violated conserved interaction

0 �, %, ) , �%, �) , %) , �%) strong, electromagnetic

I �, %, �) , %) ) , �%, �%) (weak, with no KM phase or flavor mixing)

II %, ) , �%, �) �, %) , �%)

III �, ) , %) , �% %, �) , �%)

IV �, %, ) , �%, �) , %) �%) weak

Table 1: Possible classes I–IV of interactions that violate discrete spacetime symmetries, assuming �%)

invariance. Table taken from Ref. [2].
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Channel Branching ratio Note Ref.

[ → 3W < 1.6 × 10−5 [3]

[ → c0W < 9 × 10−5 Violates angular momentum conservation or gauge invariance [4]

[ → c04+4− < 7.5 × 10−6 �, �%-violating as single-W process [5]

[ → c0`+`− < 5 × 10−6 �, �%-violating as single-W process [6]

[ → 2c0W < 5 × 10−4 [7]

[ → 3c0W < 6 × 10−5 [7]

Table 2: �-violating [ decay modes with experimental upper limits. Table adapted from Ref. [2].

may not be advantageous, as we expect all BSM effects to be parametrically strongly suppressed, and

any corresponding decay rates will hence be quadratically small. This is different for observables

that are generated as interference effects between �-conserving SM amplitudes and �-odd BSM

physics, which will typically manifest themselves in the form of various asymmetries. We will

discuss such asymmetry effects repeatedly in the following sections.

2. I and IV violation for light mesons: a hierarchy of effective field theories

Effective operators on the quark level corresponding to class III have already been written

down in the 1990s. They appear at mass dimension seven and involve both four-quark or fermion–

gauge-boson operators such as [8–10]

1

Λ3
k̄ 5 W5�⃗

⃗

`k 5 k̄ 5 ′W
`W5k 5 ′ ,

1

Λ3
k̄ 5f`a_0k 5�

`_
0 �a_ . (1)

However, the theory framework in which these are to be understood has not been made very clear

at the time. As these operators involve fermion helicity flips as mediated by the Higgs vacuum

expectation value (vev) E in the SM, they are actually of mass dimension eight when formulated in

terms of fields invariant under the SM symmetry group, the Standard Model effective field theory

(SMEFT). In other words, the scale 1/Λ3 in Eq. (1) ought to be re-interpreted rather as E/Λ4 when

matching the low-energy effective field theory (LEFT) below the electroweak scale to SMEFT.

In Ref. [11], where the hierarchy of effective theories for �-odd interactions has been thoroughly

investigated from SMEFT via LEFT to the hadronic realization in chiral perturbation theory, cf.

Fig. 1, it was therefore advocated to retain, in the LEFT framework, both chirality-breaking operators

of dimension seven scaling as E/Λ4, and chirality-conserving operators of dimension eight ∝ 1/Λ4.

An important loop-hole in this argument has been pointed out most recently in Ref. [12], where

it was demonstrated that the four-quark operator in Eq. (1) can also be generated from a,-exchange

diagram involving a dimension-6 �-odd ,@̄@ vertex. While the resulting LEFT operator is the

same, it changes its scaling with the BSM scale and the Higgs vev according to

E

Λ4
−→ E

Λ2

1

"2
,

∝ 1

EΛ2
. (2)
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BSM physics p � � ? ?

SMEFT � > p � �EW SU(3)C × SU(2)L × U(1)Y

Li, Qi, li, ui, di,

H, G, A, Z, W ±

LEFT �EW > p � �
�

SU(3)C × U(1)Q �, �, �, G, A

�PT �
�

> p SU(3)R × SU(3)L × U(1)Q �, A, �, �

Figure 1: Hierarchy of different effective field theories operating at different scales, based on different gauge

groups and involving different sets of degrees of freedom. Figure taken from Ref. [11].

In this way, �-odd interactions can be routed in dimension-6 SMEFT operators, and appear on a

comparable footing as the %-odd, �-even EDM operators beyond the \-term (such as quark EDMs

etc. [13, 14]). This makes the search for these effects much more promising. To what extent also the

other LEFT operators investigated in Ref. [11] can be thus promoted to lower orders in the SMEFT

counting remains to be investigated.

For the last step towards an effective theory usable directly in the decays of light mesons, the

LEFT operators, formulated in terms of quark, lepton, and massless gauge fields, needs to be matched

to chiral perturbation theory [11]. This is achieved in terms of the external-source method [15]:

LEFT operators are introduced as spurion fields, either violating chirality (∝ _ (†) ) in analogy to

the way quark masses are introduced as explicit chiral symmetry breakers, or conserving chirality

(∝ _!,'), much as quark charges are introduced to take care of the effects of hard photons [16]. An

example for the hadronization of the leading (four-quark) LEFT operator into the chiral field * is

given by

2
(0)
kj

EΛ2
k̄�⃗

⃗

`W5k j̄W
`W5j −→

2
(0)
kj

EΛ2
86

(0)
1

〈

_�`*
† + _†�`*

〉〈

_!�
`*†* + _'�`**†〉 + . . . , (3)

where each LEFT operator corresponds to a string of chiral operators of increasing dimension in

the low-momentum expansion, and we only display one example term. The matrices _ (†) , _!,'
need to be chosen in accordance with the flavor structure k, j of the four-fermion operator.

3. Dalitz plot asymmetries in ( → 000+0− and related decays

Testing�-odd interactions via interference effects (instead of via rates of decays that are strictly

possible only if � is violated) is particularly favorable for decays with large branching fractions.

For this reason, it has been suggested to search for � violation in Dalitz plot asymmetries in

[ → c0c+c− [17], one of the dominant [ decay modes. Analogous suggestions have subsequently

also been made for [′ three-body decays, [′ → [c+c− and [′ → c0c+c− , with the rationale that

these are partly sensitive to underlying short-distance operators of different isospin [18].

The possible symmetry breaking patterns in [ → c0c+c− are most easily understood by noting

that it manifestly breaks �-parity. As the strong and electromagnetic interactions preserve charge
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conjugation invariance, isospin breaking is the source thereof in the SM; with electromagnetic

effects strongly suppressed [19–21], this makes [ → 3c an ideal process to extract information

on the light quark mass difference <D − <3 [22] (cf. also references therein), far less affected by

electromagnetic effects than the extraction from meson masses (see Ref. [23] for recent work on the

latter). Once we allow for BSM effects, two additional amplitudes that break �-invariance can be

added, either conserving or breaking isospin, such that the full decay amplitude is written as

M2 (B, C, D) = M 6�
0
(B, C, D) + bM�

1 (B, C, D) +M 6�
2
(B, C, D) , b =

(

"2
 + − "2

 0

)

QCD

3
√

3�2
c

, (4)

where the subscripts denote the total isospin of the three-pion final state, and b parametrizes the

isospin breaking in the SM amplitude. The three amplitudes can individually be analyzed in terms

of Khuri–Treiman equations [24]. These integral equations resum pion–pion rescattering effects

in the final state to all orders. To this end, the amplitudes are decomposed into so-called single-

variable amplitudes (SVAs) according to reconstruction theorems [17, 25, 26] (cf. also Ref. [27] for

analogous decompositions in  → 3c decays) up to (and including) %-waves:

M�
1 (B, C, D) = F0(B) + (B − D) F1(C) + (B − C) F1(D) + F2(C) + F2(D) −

2

3
F2(B) ,

M 6�
0
(B, C, D) = (C − D) G1(B) + (D − B) G1(C) + (B − C) G1(D) ,

M 6�
2
(B, C, D) = 2(D − C) H1(B) + (D − B) H1(C) + (B − C) H1(D) − H2(C) + H2(D) , (5)

where the subscripts denote the corresponding two-pion isospin (which in turn identifies the angular

momentum uniquely via Bose symmetry). While M�
1
(B, C, D) is even under the exchange c+ ↔ c−

that corresponds to C ↔ D, M 6�
0,2

are odd. The SVAs can be written as inhomogeneous Omnès

solutions

A� (B) = Ω� (B)
(

%=−1(B) +
B=

c

∫ ∞

4"2
c

dG

G=
sin X� (G) Â� (G)
|Ω� (G) | (G − B)

)

, (6)

A ∈ {F ,G,H}, where the Omnès functions Ω� (B) are given in terms of the corresponding pion–

pion phase shifts X� (B), and the subtraction polynomials %=−1(B) comprise the free parameters of

the dispersion-theoretical amplitude representation. It was found [18] that a minimal subtraction

scheme for M�
1

depends on three (real) constants; it allows us to fit data for [ → c+c−c0 [28]

and [ → 3c0 [29] very well, as well as to fulfill constraints from chiral perturbation theory

at O
(

?4
)

[22, 30]. Employing strictly analogous assumptions on the amplitude behavior, justified

phenomenologically for the SM part, it can be shown [18] thatM 6�
0,2

both depend on one single (real)

subtraction constant each, which can be matched unambiguously onto leading Taylor invariants:

M 6�
0
(B, C, D) = 8 60 (B − C) (D − B) (C − D) + O

(

?8
)

, M 6�
2
(B, C, D) = 8 62 (C − D) + O

(

?4
)

. (7)

WhileM 6�
2

starts atO(?2) in the chiral expansion,M 6�
0

is, for symmetry reasons, strongly suppressed

to O(?6) [12, 18].

It is important to understand precisely how the generation of �-odd observables works as an

interference of SM and BSM, or �-even and �-odd amplitudes. Obviously, any such signal is

proportional to
∑

�=0,2

Re
(

M�
1 M 6�∗

�
+M�∗

1 M 6�
�

)

. (8)
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We therefore conclude the following:

1. As hermiticity of the amplitudes enforces the relative factor of 8 in the �-odd amplitudes, cf.

Eq. (7), compared to the SM decay amplitude, no Dalitz plot asymmetry can be generated at

tree level, as the interference (8) vanishes.

2. As a result, in strict analogy to what is well known as a requirement to cause �% rate asym-

metries in the weak interactions, only different strong phases generate �-odd asymmetries

in [ → c0c+c− . Because the observable effect is proportional to such phase differences,

it seems advisable to employ the pion–pion phases exactly, rather than approximate them

perturbatively in one-loop chiral perturbation theory, as this is known to be of insufficient

accuracy phenomenologically to describe the Dalitz plot in the SM [30].

3. Formally, if we rewrite all amplitudes in the chiral expansion,

M�
1 = M� (2)

1
+M� (4)

1
+ O

(

?6
)

,

M 6�
2
= 8

(

M̃ 6� (2)
2

+ M̃ 6� (4)
2

)

+ O
(

?6
)

, M 6�
0
= O

(

?6
)

, (9)

where the additional superscripts in brackets denote the chiral order, and both M� (2)
1

and

M̃ 6� (2)
2

are real, the interference term can be approximated as

∑

�=0,2

Re
(

M�
1 M 6�∗

�
+M�∗

1 M 6�
�

)

= 2M̃ 6� (2)
2

ImM� (4)
1

− 2M� (2)
1

Im M̃ 6� (4)
2

+ O
(

?8) . (10)

We see that the leading interference involves both the imaginary part of the well-known SM

one-loop amplitude [30] and the one of the one-loop �-odd � = 2 amplitude. Omitting one

of the two terms, as suggested in Ref. [12], is not justified by the chiral expansion.

The effective coupling constants 60,2 can be constrained from KLOE Dalitz plot data [28],

60 = −2.8(4.5) GeV−6, 62 = −9.3(4.6) × 10−3 GeV−2, which restricts � violation to the permille

level. While the kinematical dependence of the two�-odd amplitudes and their different interference

patterns can clearly not be resolved (all �-/�%-violating signals vanish within 1–2f), the small

phase space severely reduces the sensitivity to the isoscalar amplitude M 6�
0

[17, 18]: the natural

theoretical expectation from chiral power counting would be |60/62 | ∼ 1 GeV−4.

In principle, this kinematic suppression could be partially overcome in the decay [′ → c0c+c− ,

in which one would expect � violation to be caused by the same fundamental operators; indeed, the

relative theoretical sensitivity to 60 would be enhanced by about two orders of magnitude compared

to [ → c0c+c− [18]. However, as this is a comparably rare decay (B([′ → c0c+c−) ≈ 3.6×10−3),

an analysis of � violation based on the existing data by BESIII [31] is currently not too promising.

This is different for [′ → [c+c− [32], for which a Khuri–Treiman analysis of the SM amplitude

is available already [33]. In this case, the SM decay conserves isospin, while a �-odd contribution

would change the isospin by 1. Charge asymmetries in the [′ → [c+c− Dalitz plot therefore

test a BSM operator of different isospin, independent of the ones constrained in [ → c0c+c− . A

dispersive analysis of the corresponding amplitudes has also been performed [18], and while the

resulting constraints are not quite as strong yet, � violation is also restricted to the percent level in

this channel.
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η

ℓ+

ℓ−

π0

η

π0

π+

π−

ℓ−

ℓ+

Figure 2: �-conserving two-photon mechanism for the decay [ → c0ℓ+ℓ− (left), and discontinuity of the

�-odd [ → c0W∗ transition form factor (right), given by the �-odd [c0 → c+c− %-wave (red) and the pion

vector form factor (blue).

4. Correlating ( → 000+0− and ( → 00ℓ+ℓ−

Of the �-odd [ decay modes listed in Table 2, the seemingly simplest, [ → c0W (∗) , is compli-

cated by the fact that, as a consequence of gauge invariance and angular momentum conservation

alone, it is still forbidden for real photons. This can be seen from the corresponding matrix element

〈c0(:) | 9` (0) |[(?)〉 = −8
[

@2(? + :)` − ("2
[ − "2

c)@`
]

�[c0 (@2) (11)

(cf. the similar, although flavor-changing, decays  → cℓ+ℓ− [34, 35]), which vanish for real

photons @2
= 0. Potential nonvanishing, �-odd transitions can therefore only be assessed

in the corresponding dilepton decays [ → c0ℓ+ℓ− , for which, however, a �-conserving two-

photon exchange forms an irreducible SM background; cf. Fig. 2 (left). The corresponding SM

branching ratios have been recalculated recently [36], B([ → c04+4−) = 1.36(15) × 10−9 and

B([ → c0`+`−) = 0.67(7) × 10−9 (as well as similar orders of magnitude for [′ → c0ℓ+ℓ− and

[′ → [ℓ+ℓ−), based on a vector-meson-dominance model for the corresponding two-photon decays

and phenomenologically viable transition form factors. These are to be compared to the current

experimental upper limits, B([ → c04+4−) < 7.5× 10−6 [5] and B([ → c0`+`−) < 5× 10−6 [6].

Evidence for a �-odd signal can hence only be claimed if measured branching ratios significantly

exceed the theoretical SM prediction, or in the nowadays rather unlikely case that interference effects

between �-even and �-odd mechanisms allow us to observe Dalitz plot asymmetries in differential

decay distributions.

Long-distance contributions to the isovector component of the transition form factor �
(1)
[c0 can

be reconstructed dispersively, based on the two-pion intermediate state [cf. Fig. 2 (right)], according

to [37]

�
(1)
[c0 (@2) = 8

48c2

∫ ∞

4"2
c

dG f3
c (G)�+∗c (G)

5[c0 (G)
G − @2

, (12)

where �+c is the pion vector form factor, and 5[c0 denotes the �-odd %-wave projection of the

[c0 → c+c− amplitude. This relation is analogous to the one between the l → c0 transition form

factor and the l → 3c decay amplitude in the SM [38]. Continuation to the second Riemann sheet

of the complex @2 plane allows us to extract �-odd d-meson coupling constants and relate them

to the [ → c0c+c− coupling constants 60,2 in a model-independent way. Isoscalar long-distance

contributions �
(0)
[c0 due to l-exchange can then be estimated using (* (3) symmetry and vector-

meson dominance. The resulting theoretical limits on the [ → c0ℓ+ℓ− branching ratios, based on

7
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isovector isovector + isoscalar experiment

B([ → c04+4−) < 20 · 10−6 < 29 · 10−6 < 7.5 · 10−6 [5]

B([ → c0`+`−) < 7.2 · 10−6 < 10 · 10−6 < 5.0 · 10−6 [6]

Table 3: Predicted upper limits on[ → c0ℓ+ℓ− branching ratios, due to isovector as well as isovector plus

isoscalar �-odd long-distance contributions, compared to the experimental upper limits.

the [ → 3c Dalitz plot analysis, are summarized in Table 3. We note that the experimental upper

limits are already more rigorous than the theoretical estimates; this is largely due to the fact that

the isoscalar coupling 60 is only badly constrained from the Dalitz plot analysis, see the discussion

in the previous section, but is not similarly suppressed in its impact on the transition form factor.

As a result, this relation can be used to constrain |60 | (slightly) more rigorously. Similar relations

have also been worked out for �-odd [′ transition form factors [37], where, however, interferences

with short-ranged effects such as direct �-odd photon couplings or leptonic operators have been

neglected so far.

5. Dalitz plot asymmetries in ((′) → $ℓ+ℓ−

Within the Standard Model, the decays [ (′) → Wℓ+ℓ− are described in terms of the (singly-

virtual) transition form factors �[ (′) W∗W (@2) ≡ �[ (′) W∗W∗ (@2, 0), which are in general defined via the

matrix element

8

∫

d4G 48@1G 8
〈

0
�

�)
{

9` (G) 9a (0)
}�

� [ (′) (@1 + @2)
〉

= n`aUV@
U
1 @

V

2
�[ (′) W∗W∗ (@2

1, @
2
2) . (13)

These have been extensively studied dispersively in the context of hadronic light-by-light contribu-

tions to the muon’s anomalous magnetic moment (see, e.g., Refs. [39, 40] and references therein).

Similar to the case of [ → c0c+c− , �-odd effects could be observed by studying charge asym-

metries in the Dalitz plot distribution of the three-particle final state; again, this observable is an

interference effect between (SM) �-even and (BSM) �-odd amplitudes.

A �-odd contribution to this decay can be induced by the dimension-7 quark–lepton operator

O (3)
ℓk

≡ 2 (3)
ℓk

ℓ̄W`W5ℓ k̄�⃗

⃗

`W5k , (14)

where also alternative terms appearing at dimension 8 have been investigated [41]. The leading

chiral realization of O (3)
ℓk

occurs at O(?4), a possible operator being given by

-
(3)
ℓk

=
E

Λ4
6
(3)
1
2
(3)
ℓk

8
〈

(

_�a*̄
† 5 `a
'

− _†�a*̄ 5 `a!
)

−
(

5
`a

'
�a*̄_

† − 5
`a

!
�a*̄

†_
)

〉

ℓ̄W`W5ℓ . (15)

This leads to a �-odd BSM matrix element for [ (′) → W(_, @)ℓ+(?+)ℓ− (?−) of the form

MBSM ∝ (?− + ?+)a
[

D̄(?−)W`W5E(?+)
]

(

@`Y(_)†a − @aY(_)†`
)

. (16)
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Figure 3: Dalitz plot asymmetries for [ → W4+4− (top left), [ → W`+`− (top right), [′ → W4+4− (bottom

left), and [′ → W`+`− (bottom right). Figures taken from Ref. [41].

Observable Dalitz plot asymmetries are again generated by the interference of �-odd with

�-even amplitudes, which, once more, would vanish for tree-level amplitudes with no additional

final-state-interaction phase. As in this case, the �-odd operator is local, such interferences scale

with the imaginary parts of the transition form factors [41],

Re
(

MBSMM†
SM

)

∝ Im �[ (′) W∗W (@2) . (17)

Because these are precisely the basis of dispersion-theoretical analyses, they are very well under-

stood [42–44]; what is more, in this context only the imaginary parts accessible within the physical

decay region are relevant and not those of higher intermediate states necessary for a complete re-

construction of the real part [39, 40]. As a result, the imaginary parts are dominated by the two-pion

intermediate state; the three-pion spectral function can be approximated to excellent precision by

the narrow l(782) resonance, which only plays a role for the [′ decay:

Im �[ (′) W∗W (@2) = @2

96c

(

1 − 4"2
c

@2

)3/2
(

�+c (@2)
)∗
5
[ (′)

1
(@2) +

�[ (′) WWF[ (′)lW"
3
lΓl

("2
l − @2)2 + "2

lΓ
2
l

, (18)
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ℓ+ℓ−

η
(′)

ℓ+ℓ−

ℓ−

ℓ+

ℓ

Figure 4: Kinematical variables for the semileptonic four-body decays [ (′) → c+c−ℓ+ℓ− .

where 5
[ (′)

1
(@2) denotes the %-wave projection of the [ (′) → c+c−W amplitude, �[ (′) WW =

�[ (′) W∗W∗ (0, 0), and F[ (′)lW are weight factors for the l pole that can be extracted from l → [W

and [′ → lW [2]. The resulting contributions to the four possible Dalitz plot asymmetries are

depicted in Fig. 3, where the different scaling of the [ and the [′ decays needs to be noted. We

observe the following consequences of these asymmetries being proportional to the transition form

factors’ imaginary parts [41]:

1. As both the d(770) and the l(782) resonances occur within the physical decay region of the

[′ decays, while only the (nonresonant) low-energy tail of the pion–pion continuum provides

an imaginary part in the case of the [, asymmetries for the [′ → Wℓ+ℓ− decays are larger by

several orders of magnitude.

2. As the SM amplitude is dominated by the photon pole, and hence the Dalitz decay with an

4+4− final state by very low dilepton invariant masses (the region below the c+c− threshold

where the transition form factor is real), the asymmetries are also significantly larger for the

dimuon final state than for the electron–positron one.

3. Finally, note that no such �-odd asymmetries can be generated for the Dalitz decay of the

neutral pion c0 → W4+4− , as in that case, the dilepton masses always stay below the c+c−

cut.

There is, therefore, a clear hierarchy in sensitivity between the different % → Wℓ+ℓ− decays when

searching for �-odd effects in the Dalitz plot distributions.

6. Asymmetries in ((′) → 0+0−ℓ+ℓ−

The richer decay kinematics of the semileptonic four-body decays [ (′) → c+c−ℓ+ℓ− , cf. Fig. 4,

allow for a multitude of different discrete symmetry tests. It has been suggested a long time ago to

search for �% violation via asymmetries in the angular distribution q between the dipion and the

dilepton planes, based on a %-odd,�-even four-quark operator [45] that induces a sin 2q dependence.

This can, however, be very rigorously constrained indirectly by EDM measurements [2], way beyond

what will be testable experimentally in the foreseeable future [46]. Alternative, scalar, %-odd, �-

even operators that evade EDM constraints to some extent [47] induce a different �%-odd signal

10
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∝ sin q [48], which also ought to be tested and constrained in future high-statistics [ and [′ decay

facilities. Asymmetries alternatively proportional to sin 2q and sin q are known to correspond to

indirect and direct �% violation in related  ! decays [49].

The alternative symmetry breaking pattern investigated in this article, based on %-even, �-

odd interactions, add yet more possibilities to define and investigate [ (′) → c+c−ℓ+ℓ− decay

asymmetries [41]. To begin with, the SM decay amplitude, traditionally parametrized in terms of

vector-meson-dominance models, is now also available in a dispersive representation [48]. At low

energies relevant for decay kinematics, the dependence on the dipion (B) and dilepton (Bℓ) invariant

masses squared factorizes to very good precision [50],

F (B, Bℓ) ∝ 5
[ (′)

1
(B)�̄ (Bℓ) , (19)

where 5
[ (′)

1
(B) denotes the same [ (′) → c+c−W %-wave amplitude as in the previous section, and

�̄ (Bℓ) was parametrized as a dipole form based on d and d′ resonance contributions in Ref. [48];

cf. Refs. [39, 40] for more elaborate schemes. Both 5
[ (′)

1
(B) and �̄ (Bℓ) have branch cuts in their

respective variables starting at 4"2
c .

�-odd quark–lepton operators now can induce different types of asymmetries [41]:

1. A �-odd lepton asymmetry \ℓ ↔ \ℓ + c requires interference with a nonvanishing Im �̄ (Bℓ),
which is only allowed for the [′ decays, as only here, the two-pion threshold in the dilepton

invariant mass can be reached, which is equivalent to the four-(charged-)pion decays being

kinematically allowed [51].

2. Alternatively, the �-odd pion asymmetry \c ↔ \c + c is generated by Im 5
[ (′)

1
(B), which,

for the same reason discussed in Sec. 5, is much larger for [′ decays, hence resulting in a

much increased sensitivity to the underlying BSM operators. In fact, this last mechanism is

the same as the �-odd %–�-wave interference that can also be tested with a real photon in

the final state in [ (′) → c+c−W [11, 52].

Our conclusion is that future experiments ought to be open-minded to test as many different

symmetry-breaking BSM scenarios in parallel as possible, without making model assumptions that

dismiss some of the scenarios discussed here out of hand.

7. Summary

Decays of [ and [′ mesons allow for a vast range of different physics investigations, both

within the Standard Model and beyond. Here we have focused on possible new patterns of discrete

symmetry violation, in particular those that violate �% by breaking �, but preserving %, as electric

dipole moments set very rigorous limits on % and �% violation in [ (′) decays. As a recurring

theme, we have emphasized the importance of strong final-state-interaction phases: because BSM

effects are expected to be small by all means, it is advantageous to search for SM–BSM interference

effects through asymmetry measurements, rather than for rates of �-odd processes alone that will

be doubly suppressed in small BSM parameters. SM–BSM interferences, however, necessarily

require imaginary parts due to rescattering to be observable.

11
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We have established a dispersive framework to investigate charge asymmetries in [ (′) →
c0c+c− and [′ → [c+c− Dalitz plots, which take all pairwise rescattering of final-state mesons

into account via the Khuri–Treiman formalism. Subtraction constants can be matched onto chiral

perturbation theory in a consistent manner, and it is understood how to select the relevant number

of independent parameters also for the BSM amplitudes. It is known that a perturbative treatment

of final-state interactions is insufficient phenomenologically for [ → 3c, and it is necessary to treat

such rescattering effects consistently in the interfering SM and BSM amplitudes.

Dispersion relations allow us to relate the �-odd [ → c0c+c− amplitude to long-distance

effects in the single-photon [ → c0ℓ+ℓ− decays, fixing the isovector part unambiguously. Flavor-

symmetry arguments and vector-meson dominance help to also constrain the isoscalar contributions

to some extent. These decays also have a SM,�-even, background from two-photon exchange, which

is, however, loop suppressed and very small. In some cases, constraints from these semileptonic

decays are competitive with those extracted from the hadronic Dalitz plot asymmetries.

Other semileptonic [ (′) decays have also been investigated for potential �-odd observables, in

particular [ (′) → Wℓ+ℓ− and [ (′) → c+c−ℓ+ℓ− . The SM mechanisms for these decays are well-

studied due to their relevance to hadronic contributions to (6−2)`; in particular the imaginary parts

of the corresponding transition form factors, which once more are prerequisites for nonvanishing

�-odd interference effects, are extremely tightly fixed in a model-independent way. The theoretical

knowledge on these SM form factors ought to be used as a leverage to constrain BSM operators with

the best possible accuracy. For reasons of phase space and resonant enhancement of the imaginary

parts involved, [′ decays show much larger sensitivities in this respect than their [ counterparts.

New experimental results from facilities such as the JLab Eta Factory [2], REDTOP [53], or a

super [ factory at HIAF [54], making optimal use of these theoretical advances, are eagerly awaited.
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