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We show the discrepancy between the isospin-rotated eþe− → ηπ−πþ cross section—measured by
various collaborations—and the Belle τ− → ηπ−π0ντ spectrum, which cannot be explained by heavy new
physics nonstandard interactions. We give for the first time the framework needed to study these beyond the
standard model contributions in three-meson tau decays.
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I. INTRODUCTION

In the very accurate isospin symmetry limit, the eþe− →
hadrons cross section is related to the spectral function
of semileptonic tau decays (see, e.g., Ref. [1]). Beyond
tests of this property, based on the conservation of the
vector current (CVC), it gave rise to tau-based evaluations
of the leading-order hadronic vacuum polarization
(HVP;LO) contributions to the muon g-2 [2–9], aμ ¼
ðgμ − 2Þ=2. However, uncertainties associated to isospin-
breaking effects relating both observables are currently
too large to make this determination competitive with
the one using hadronic eþe− cross section data [10–17].
Notwithstanding, checking the consistency between
σðeþe− → hadronsÞ and exclusive hadron tau decay data
is still motivated by the tension exhibited by lattice QCD
evaluations [18–20] of aHVP;LO

μ and the eþe−-based data-
driven extraction [10]. Depending on which number is
compared to the experimental average of the recent FNAL
measurement [21] and the final result from the BNL
experiment [22], new physics significance varies sizeably,
between barely one and slightly more than four standard
deviations.
In this work, we study the discrepancy—which goes

beyond isospin breaking effects—between both sets of data

(eþe− and τ) for the exclusive ηππ channels, and show that
it cannot be explained by heavy new physics.
The isovector component (I ¼ 1) of the eþe− → ηπþπ−

cross section data can be converted to the decay
distribution in τ− → ηπ−π0ντ decays using the approximate
CVC, which becomes exact in the isospin symmetry
limit [1,23–26]:

dΓðτ− → ηπ−π0ντÞ
dQ2

¼ fðQ2Þσðeþe− → ηπþπ−ÞjI¼1ðQ2Þ;

fðQ2Þ ¼ G2
FjgVudj2SEW
ð2πÞ5Mτ

π

4α2

�
M2

τ

Q2
− 1

�
2
�
1þ 2

Q2

M2
τ

�
Q6;

ð1Þ

with Q2 ¼ m2
ηππ the invariant mass squared of the ηππ

system and SEW ¼ 1.0201ð3Þ [27] the short-distance
electroweak radiative correction. We note that gVud differs
from Vud by possible nonstandard effects (see Sec. II).
Using Eq. (1), Belle [28] data on τ− → ηπ−π0ντ decays

are seen to be incompatible with eþe− → ηπ−πþ measure-
ments published by DM2 [29], ND [30], CMD2 [31],
BABAR [32], SND [33–35], and CMD3 [36]. We use
the best fits obtained in Refs. [37,38] to the eþe− →
ðη=π0Þπþπ− data for the Standard Model prediction. Since
possible heavy new physics effects are negligible compared
to the photon exchange driving these processes, a possible
discrepancy between the isospin-rotated eþe− → ηπþπ−

cross section and the τ− → ηπ−π0ντ decay rate [1,23–25]
(besides small isospin breaking effects) could in principle
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be due to nonstandard interactions (NSI) modifying the
latter. Thanks to the limits set on possible NSI in semi-
leptonic tau decays [39–47] we will show that this seeming
CVC violation is incompatible with other hadron tau
decays data. Belle-II will improve the measurement of
this tau decay channel [48], as understanding semileptonic
tau decays with eta mesons is required to search for second-
class currents and heavy new physics through the discovery
of the τ− → π−ηð0Þντ decays [39,49,50]. The rest of the
paper is structured as follows: in Sec. II we briefly recall
the formalism encoding nonstandard interactions in
semileptonic tau decays. In Sec. III we derive the
τ− → ηπ−π0ντ decays amplitude, in the Standard Model
and including the NSI (involving new hadron contribu-
tions, which we account for). In Sec. IV we study the
possible effects of NSI on the observables of interest,
and show that the discrepancy between eþe− and τ data

cannot be explained by heavy new physics, according to
the NSI bounds. We conclude in Sec. V. The Appendix
summarizes the setting in which structure-dependent
contributions were evaluated.

II. EFFECTIVE FIELD THEORY ANALYSIS
OF NSI IN SEMILEPTONIC TAU DECAYS

We consider the most general effective field theory
description of τ− → udντ decays,1 assuming massless
purely left-handed neutrinos [39–47] (see, e.g.,
Refs. [51–61] for other semileptonic processes involving
light quarks within this framework), which only rests on
the SUð3ÞC ×Uð1Þ local gauge symmetry below the
electroweak scale. For later convenience we introduce
ϵV ≔ ϵL þ ϵR and ϵA ≔ −ϵL þ ϵR, so that the relevant
Lagragian at dimension six is

L ¼ −
GF

gVudffiffiffi
2

p fτ̄γμð1 − γ5Þντ · ½ūγμð1 − γ5Þdþ ūγμðϵτV þ ϵτAγ5Þd�

þ τ̄ð1 − γ5Þντ · ūðϵτS − ϵτPγ5Þdþ 2ϵτT τ̄σ
μνð1 − γ5Þντ · ūσμνdg þ H:c:; ð2Þ

where GFVud ¼ GF
gVudð1þ ϵeVÞ [61]. We neglect higher-

dimensional operators, suppressed by powers of Mτ=Λ,
since current limits on the ϵi coefficients [39–47] corre-
spond to Λ ∼OðTeVÞ (under the weak-coupling hypoth-
esis). As we only computeCP-conserving observables,2 the
ϵi coefficients are taken real. They are translated straight-
forwardly [51,58] into the SMEFT [66,67] couplings. For
vanishing ϵi, the SM is recovered. We will work in the MS
scheme at a scale of μ ¼ 2 GeV.

III. τ − → ηπ −π0ντ AMPLITUDE

We will assign momenta as3 τ−ðPÞ → ντðp1Þηðp2Þ×
π−ðp3Þπ0ðp4Þ and use Kumar kinematics [68],4 so that
the outermost integration variable, ðP − p1Þ2 ¼
ðp2 þ p3 þ p4Þ2, gives us Q2 ¼ m2

ηππ , whose distribution
was measured by Belle [28].

A. Hadronization: Standard Model and beyond

In the Standard Model, the τ− → ηπ−π0ντ decay
amplitude is

M ¼ −
GFffiffiffi
2

p Vud

ffiffiffiffiffiffiffiffiffi
SEW

p
uντ γ

μð1 − γ5ÞuτHμ; ð3Þ

where Hμ encodes the hadronization into the three final-
state mesons (h1 ¼ η; h2 ¼ π−; h3 ¼ π0 in our case and
with our conventions). Lorentz invariance determines the
most general decomposition of Hμ to be

Hμ ¼ hh1ðp2Þh2ðp3Þh3ðp4ÞjðV − AÞμj0i
¼ FA

1 ðQ2; s2; t03ÞVμ
1 þ FA

2 ðQ2; s2; t03ÞVμ
2

þ iFV
3 ðQ2; s2; t03ÞVμ

3 þ FA
4 ðQ2; s2; t03ÞQμ; ð4Þ

where the chosen set of independent Lorentz structures is

Vμ
1 ¼

�
gμν −

QμQν

Q2

�
ðp2 − p4Þν;

Vμ
2 ¼

�
gμν −

QμQν

Q2

�
ðp3 − p4Þν;

Vμ
3 ¼ εμαβγpα

2p
β
3p

γ
4; Qμ ¼ ðp2 þ p3 þ p4Þμ;

s2 ¼ ðQ − p2Þ2; t03 ¼ ðp2 þ p4Þ2; ð5Þ

and the relevant form factors (Fi; i ¼ 1;…; 4) are driven by
either vector or axial-vector currents (as indicated by their

1Hadronic interactions will be considered in the next section.
2See, e.g., Refs. [42,62–65] for studies of CP violation in τ →

KSπντ decays within this low-energy effective field theory.
3Unlike Ref. [68], we do not use Q as the momentum of the

decaying particle, since this corresponds to the invariant mass of
the ηππ system in our notation.

4In Ref. [69] it was shown that the kinematics adopted in, e.g.,
Ref. [25] is not appropriate when tensor interactions are consid-
ered, as the factorization of the lepton and hadron parts (with the
latter only depending on three independent invariants, which can
be written in terms of the meson momenta) no longer holds.
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superscript, V=A) and carry quantum numbers of pseudo-
scalar (F4), vector (F3), or axial-vector (F1;2) degrees of
freedom. Very approximate G-parity conservation by the
strong interactions5 produces vanishing axial-vector form
factors in this channel, in such a way that—to an excellent
accuracy—the dynamics of the considered decays are
driven solely by the vector form factor, F3, which will
be taken from the best fits of Refs. [37,38].
As explained, FA

1;2;4 vanish in the limit of G-parity
conservation. We will however compute the isospin-
breaking contributions to these form factors given by scalar
resonance exchanges. Our motivation to include these
subleading effects only for the scalar mesons contributions
is twofolded: on the one hand isospin-violating f0 − a0
mixing is enhanced with respect to other isospin breaking
effects by the approximate degeneracy of these states
and their comparable value to the kaon-antikaon thresholds
[70]. On the other hand, Belle-II shall measure the dimeson

mass spectra6 in τ− → ηπ−π0ντ decays and a theoretically
motivated parametrization of scalar meson exchanges in
these processes will benefit their analysis. In this way, we
will construct the hadronic input needed for NSI contri-
butions to the considered decays.
There are three possible contributions with intermediate

scalar resonances (all of them in the axial-vector current),
one per channel. Schematically, they are

1. Aμ → a−0 η, with a−0 → π−π0 via ηð0Þ − π0 mixing, in
the s1 channel (Tα

s1 below).
2. Aμ → a00π

−, with a00 → π0ηð0Þ via f0 − a0 mixing, in
the s2 channel (Tα

s2 below).
3. Aμ → a−0 π

0, with a−0 → π−ηð0Þ via ηð0Þ − π0 mixing,
in the s3 channel (Tα

s3 below).
The corresponding scalar resonance exchange contribu-

tions, computed within resonance chiral theory [73] (RχT,
see the Appendix), are

Tα
s1 ¼ pα

2

4
ffiffiffi
2

p
Cqð0Þ

F3

Cqϵπη þ Cq0ϵπη0

M2
a0 − s1 − iMa0Γa0ðs1Þ

cd

�
cd

�
s1
2
−m2

π

�
þ cmm2

π

�
;

Tα
s2 ¼ pα

3

4
ffiffiffi
2

p
Cqð0Þffiffiffi
3

p
F3

ϵa0f0ðs2Þ
M2

a0 − s2 − iMa0Γa0ðs2Þ
cd

�
cd

�
s2 −m2

π −m2
η

2

�
þ cmm2

π

�
;

Tα
s3 ¼ pα

4

4
ffiffiffi
2

p
Cqð0Þ

F3

Cqϵπη þ Cq0ϵπη0

M2
a0 − s3 − iMa0Γa0ðs3Þ

cd

�
cd

�
s3 −m2

π −m2
η

2

�
þ cmm2

π

�
; ð6Þ

where [74] ϵa0f0ðs2Þ ¼ ϵa0f0ðσK0ðs2Þ − σKþðs2ÞÞ=2, with
ϵa0f0 ∼Oð1Þ.7 Short-distance QCD constraints set
4cdcm ¼ F2 [77,78] (with F ∼ 92 MeV) and cm ∼ 3cd is
preferred phenomenologically (see [79] and references
therein). Cqð0Þ are given in terms of the η − η0 mixing
parameters [80]

Cq ≡ 1ffiffiffi
3

p
cosðθ8 − θ0Þ

�
cos θ0
f8

−
ffiffiffi
2

p
sin θ8
f0

�
;

Cq0 ≡ 1ffiffiffi
3

p
cosðθ8 − θ0Þ

� ffiffiffi
2

p
cos θ8
f0

þ sin θ0
f8

�
; ð7Þ

and επη¼ð9.8�0.3Þ×10−3 and επη0 ¼ ð2.5� 1.5Þ × 10−4

[50]. We will take the numerical values for Cqð0Þ from
Ref. [81] (see also Ref. [82]): Cq ¼ 0.69� 0.03 and
Cq0 ¼ 0.60� 0.03, obtained in the chiral limit.
The Γa0ðsiÞ energy-dependent width is given by [50]

Γa0ðsiÞ ¼ Γa0ðM2
a0Þ

�
si
M2

a0

�
3=2 hðsiÞ

hðM2
a0Þ

; ð8Þ

with (σPQðsiÞ¼ λ1=2ðsi;m2
P;m

2
QÞ=s×Θðsi−ðmPþmQÞ2Þ is

a kinematical factor and λða; b; cÞ ¼ ða − b − cÞ2 − 4bc)

hðsiÞ ¼ σK−K0ðsiÞ þ 2cos2ϕηη0

�
1þ Δπ−η

si

�
2

σπ−ηðsiÞ

þ 2sin2ϕηη0

�
1þ Δπ−η0

si

�
2

σπ−η0 ðsiÞ; ð9Þ

5G parity is built from C parity and isospin symmetry. For
consistency, ignoring the effect of the F1;2;4 form factors requires
to describe F3 in the isospin symmetry limit.

6Unexpectedly, Belle [28] found a disagreement between their
measured π−π0 spectra and the Monte Carlo event generator
[71,72], validated with precise previous data on the weak pion
vector form factor.

7Tα
s2 has been obtained assuming, for simplicity, that f0ð980Þ

is a pure octet state. If it comes from the mixing of the octet and
singlet f states, then the corresponding mixing coefficient can be
absorbed in the constant ϵa0f0 , which we will fix to unity for
definiteness. This and other ambiguities present in the description
of the scalar mesons (like possible tetraquark components [75]
and more complicated mixing pattern [76]) prevent us from
attempting to derive the real part of the meson-meson loops,
which should be present in the a0 propagators in Eq. (6) to fulfill
analyticity.
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ΔPQ ¼ m2
P −m2

Q and ϕηη0 ¼ ð41.4� 0.5Þ° [83]. Mass and
on-shell width of the a0 resonance will be taken from the
PDG [75]. Scalar contributions in Eq. (6) can be written in
terms of the FA

1;2;4 form factors using

pμ
2 ¼

Qμ

2Q2
ðQ2 − s1 þm2

ηÞ þ
2Vμ

1

3
−
Vμ
2

3
;

pμ
3 ¼

Qμ

2Q2
ðQ2 − s2 þm2

πÞ −
Vμ
1

3
þ 2Vμ

2

3
;

pμ
4 ¼

Qμ

2Q2
ðs1 þ s2 −m2

η −m2
πÞ −

Vμ
1

3
−
Vμ
2

3
: ð10Þ

For consistency—as scalar resonance contributions
are included—axial-vector current contributions induced
from τ− → π−π0π0 decays coming from π0 − η mixing
need to be accounted for as well. This is done following
Refs. [84–86] (including also the KKπ cuts [87] into the
energy-dependent Γa1). The overall factor ϵ2πη suppresses
strongly this contribution, which does not introduce any
additional free parameter.
Beyond the Standard Model, the vector and axial-vector

matrix elements (corresponding to the d̄γμu and d̄γμγ5u
quark currents) can be written in terms of the fFigi¼1;…;4

form factors (we omit their dependence on Q2, s1, s2
below)

Hμ
V ¼ iFV;NSI

3 Vμ
3;

−Hμ
A ¼ FA;NSI

1 Vμ
1 þ FA;NSI

2 Vμ
2 þ FA;NSI

4 Qμ; ð11Þ
which are defined by the currents

Hμ
ðV=AÞ ¼ ϵðV=AÞhηπ−π0jd̄γμð1; γ5Þuj0i: ð12Þ

We can relate the previous terms with the hadronization in
Eq. (3) with the relation

Hμ ¼ Hμ
NSI þHμ

L; ð13Þ
where HL contains all SM interactions and Hμ

V=A ∈ HNSI.
The (pseudo)scalar matrix elements can be related to the
former using Dirac equation. This shows the vanishing of
the hadron matrix element of the scalar current, while the
pseudoscalar one (for the d̄γ5u quark current) can be related
to Hμ

A, which is defined as

HP ¼ ϵPhηπ−π0jd̄γ5uj0i; ð14Þ
yielding

HP ¼ FA
4Q

2

mu þmd
: ð15Þ

We will finally address the hadronization of the tensor
current (hηπ−π0jd̄σμνuj0i) for which we will employ chiral

perturbation theory [88] with tensor sources [89]. The
leading contribution in the chiral counting is given in
terms of a single coupling constant, Λ2, which can be
determined from the lattice [90] to be Λ2 ¼ ð11.1�
0.4Þ MeV [43]. In terms of it, the hadron matrix element
for the tensor current is

Hμν
T ¼ i

Λ2Cqffiffiffi
2

p
F3

ϵμναβðp3αp2β − p2αp3βÞ: ð16Þ

B. Decay amplitude

The τ− → ηπ−π0ντ decay amplitude can be written8

M ¼ MSM þMV þMA þMP þMT;

¼ −
GF

gVud
ffiffiffiffiffiffiffiffiffi
SEW

pffiffiffi
2

p ½LμðHμ þ ϵVH
μ
V þ ϵAH

μ
AÞ

− ϵPLHP þ 2ϵTLμνHμν�; ð17Þ

where the following lepton currents were introduced

L ¼ uðp1Þð1þ γ5ÞuðPÞ; Lμ ¼ ūðp1Þγμð1 − γ5ÞuðPÞ;
Lμν ¼ ūðp1Þσμνð1þ γ5ÞuðPÞ: ð18Þ

Using the Dirac equation, LμQμ ¼ MτL is obtained. This,
together with Eq. (15), allows the convenient rewriting
ϵALμH

μ
A − ϵPLHP ¼ ϵALμH0μ

A, where

H0μ
A ¼ Hμ

A −
ϵP
ϵA

FA
4Q

2Qμ

Mτðmu þmdÞ
; ð19Þ

which in turn allows us to recast Eq. (17) as

M ¼ MSM þMV þMA0 þMT;

¼ −
GF

gVud
ffiffiffiffiffiffiffiffiffi
SEW

pffiffiffi
2

p ½LμðHμ þ ϵVH
μ
V þ ϵAH0μ

AÞ

þ 2ϵTLμνHμν�; ð20Þ

which we have used to compute the observables presented
in the following section. We provide Supplemental Material
[91] with the analytic results for the different contributions
to jMj2, for which we used FeynCalc [92–94].

IV. CVC PREDICTION OF THE τ − → ηπ −π0ντ
DECAY RATE AND NSI

For our isospin-rotated prediction of the τ− → ηπ−π0ντ
decays in absence of new physics we will use the CVC

8Although the effect of the short-distance radiative electro-
weak corrections encoded in SEW affects only the SM contribu-
tion, we approximate it as a global factor in the equation below.
Its accuracy is sufficient for our precision and renders simpler
expressions.
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relation [see Eq. (1)], with eþe− → ηπþπ− given by the
best fit solutions of Refs. [37,38] (see also Ref. [95]).
Specifically, Fit 4 in Ref. [37] and Fit II in Ref. [38],
respectively. The amplitudes were calculated using RχT
[73] and confronted with the latest high statistics exper-
imental measurements of eþe− → ηπþπ− cross sections up
to 2.3 GeV, including those of BABAR [32], SND [33,35],
and CMD3 [36]. By isospin rotation, the prediction of the
invariant mass spectrum of τ− → ηπ−π0ντ decays is given
in Fig. 1. It can be seen that the prediction from eþe− →
ηπþπ− is quite different from that of the Belle data [28],
especially in the region of 0.9–1.4 GeV. The τ → ηπ−π0ντ
branching ratio is ð1.71� 0.13Þ × 10−3, using the Fit II in
Ref. [38], and ð1.55� 0.18Þ × 10−3 from Fit 4 of Ref. [37].
The PDG quotes ð1.39� 0.07Þ × 10−3 instead, from which
our previous numbers are 2.2 and 0.8σ away, respectively.
Meanwhile, eþe− → ηπþπ− data are considered much
more accurate and trustworthy. Hence, it would be rather
important for Belle-II to improve the measurement of this
decay channel in the future.
The effects of NSI are constrained thanks to the most

recent determination (in agreement with previous ones) of
these couplings [47], yielding

0
BBB@

ϵτL − ϵeL þ ϵτR − ϵeR
ϵτR
ϵτP
ϵτT

1
CCCA ¼

0
BBB@

2.4� 2.6

0.7� 1.4

0.4� 1.0

−3.3� 6.0

1
CCCA × 10−2; ð21Þ

with the correlation matrix

Cϵ ¼

0
BBB@

1 0.87 −0.18 −0.98
1 −0.59 −0.86

1 0.18

1

1
CCCA: ð22Þ

In our numerical analysis we used 2500 points9 gen-
erated randomly following a Gaussian distribution using

FIG. 2. Invariant mass spectrum of the τ− → ηπ−π0ντ transi-
tion. The purple stripe is the error band obtained from the
Gaussian variation of parameters at each bin, the solid purple line
represents the mean of the distribution.

FIG. 3. Comparison between the spectra obtained using the
complete amplitude (purple line) with the NSI turned off (green
line) and the Belle data (pale blue dots). The difference between
both lines can be slightly appreciated only near the peak.

FIG. 1. The prediction of τ− → ηπ−π0ντ from eþe− → ηπþπ−
amplitudes. The black solid line is calculated from Fit II of
Ref. [38] and the red dashed line is from Fit 4 of Ref. [37]. The
cyan band describes the uncertainty obtained by a combined
statistics of the error band of Fit II in Ref. [38] and the difference
between the red and black lines. Belle data are represented by
purple dots.

9This amount of points was chosen to obtain a kurtosis near
to 3, getting K ¼ 3.17, which guarantees their distribution is
Gaussian.
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the parameters and errors in Eq. (21) and the correlation
matrix of Eq. (22). The vector form factor in Ref. [25] was
used in the following.
We also computed the invariant mass mηππ spectrum for

which we again used a Gaussian variation of the param-
eters, generating 2500 points at each bin of the spectrum,
shown in Fig. 2.
When comparing the result of the total differential decay

width to that obtained only from the SM contribution to the
amplitude and the Belle spectrum, shown in Fig. 3, we
confirm that the possible NSI contribution is undetectable
with current data. In Fig. 4 we show a close up of the region
where both curves of Fig. 3 differ a bit more.

We also obtained the contributions to the decay width
from the different terms in the squared amplitude, this is,
pure V, A, P, T, SM terms or only one of the interference
terms among them, in turn. This is shown in Fig. 5 in a
logarithmic scale. In Fig. 6 we show all such contributions,
except for the pure SM one, in a normal scale. For most of
the phase space the interference of the SM with the vector
nonSM interaction dominates. At low invariant masses
there is a small window where the SM-tensor and SM-axial
interferences overcome it slightly. It is also seen that the
SM-tensor interference dominates near the end point. It
must be noted, however, that the tensor effects at high
invariant masses may be smaller than depicted, as we are
using for this form factor only the leading order contribu-
tion in the chiral expansion. Going beyond this approxi-
mation should—in particular—reduce the effects shown
for the SM-tensor interference at high mηππ . These results
can be used to study possible new physics effects in the
τ− → ηπ−π0ντ decays with future improved data.

V. CONCLUSIONS

We have studied whether the discrepancy between
isospin-rotated σðeþe− → ηπþπ−Þ and dΓðτ−→ηπþπ0ντÞ=
dmηππ data can be explained by heavy new physics beyond
the SM. Within an effective field theory approach for
the NSI (assuming left-handed neutrinos), and using the
boundsobtainedpreviouslyonthecorrespondingnewphysics
couplings, we have shown that it is impossible to explain this
tensionbetweeneþe− andτdatabyheavynewphysics.Future
measurement of the τ decay channel at Belle-II will shed light
on the origin of this controversy. As a byproduct of our
analysis, we have developed the formalism needed to study
NSI in three-meson taudecays (see theSupplementalMaterial
[91]), which can be useful for other decay channels where
hadronization is more complicated.

FIG. 4. Enlargement of Fig. 3 in the small region where the data
differ.

FIG. 5. Different contributions to the differential decay width,
shown in a logarithmic scale. Because of this, some of them
cannot be shown in this figure, since interference terms are
negative in certain regions of the invariant mass range. The color
code follows: pure SM (dark green), SM-V (dark blue), SM-A
(red), SM-T (black), A-V (lilac), V-T (green), A-T (purple), jVj2
(pale blue), jAj2 (yellow), jTj2 (orange).

FIG. 6. Same contributions from Fig. 5, without the SM
contribution. The color code is the same as in the previous figure.
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APPENDIX: BRIEF OVERVIEW OF RESONANCE
CHIRAL THEORY

In this appendix we recapitulate briefly the framework
in which the model-dependent contributions have been
evaluated [25,37,38], RχT [73]. See, for instance Ref. [96]
for further details.
Resonances are added as explicit degrees of freedom to

the χPT Lagrangian, which is enlarged by terms including
them,10 where the χPT chiral tensors also appear. The
symmetries determining the Lagrangian operators are the
chiral one for the lightest pseudoscalar mesons (which are

pseudo-Goldstone bosons) and unitary symmetry for the
resonances, SUð3ÞL ⊗ SUð3ÞR → SUð3ÞV and Uð3ÞV ,
respectively, for the three lightest quark flavors. The
expansion parameter of RχT is the inverse of the number
of colors [97], where the leading order corresponds to tree
level diagrams with an infinite tower of mesons per
quantum number [97,98] (the most important subleading
correction comes from finite resonance widths).
Symmetries do not restrict the coupling values, so these

should in principle be determined phenomenologically.
However, assuming that the theory with resonances can
interpolate between the chiral and parton regimes, Green
functions in RχT need to comply with the known (from the
corresponding operator product expansion) QCD short-
distance behavior. This determines or relates some of the
couplings, increasing the predictivity of RχT. At the same
time, this requirement tightly constrains contributions from
operators with high-order chiral tensors. Complementarily,
the number of resonance fields is limited by the process at
hand (via the number of initial and final statemesons, towhich
exchanged resonances couple). Altogether, this restricts, in
practice, the number of operators of the RχT Lagrangians in
the large-NC limit. The minimal interactions with (pseudo)
scalar and (axial) vector resonances are given by [73]

LV ¼ FV

2
ffiffiffi
2

p hVμνf
μν
þ i þ i

GVffiffiffi
2

p hVμνuμuνi;

LA ¼ FA

2
ffiffiffi
2

p hAμνfμν− i;

LS ¼ cdhSuμuμi þ cmhSχþi;
LP ¼ idmhPχ−i; ðA1Þ

see Ref. [73] for further details.
Recent applicationsofRχT includeRefs. [8,38,45,46,81,99–

103], mostly focused on tau decays and hadronic contribu-
tions to the muon g-2.
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[19] M. Cè, A. Gérardin, G. von Hippel, R. J. Hudspith, S.
Kuberski, H. B. Meyer, K. Miura, D. Mohler, K. Ottnad, P.
Srijit et al., arXiv:2206.06582.

[20] C. Alexandrou, S. Bacchio, P. Dimopoulos, J. Finkenrath,
R. Frezzotti, G. Gagliardi, M. Garofalo, K. Hadjiyiannakou,
B. Kostrzewa, K. Jansen et al., arXiv:2206.15084.

[21] B. Abi et al. (Muon g − 2 Collaboration), Phys. Rev. Lett.
126, 141801 (2021).

[22] G.W. Bennett et al. (Muon g − 2 Collaboration), Phys.
Rev. D 73, 072003 (2006).

[23] Y. S. Tsai, Phys. Rev. D 4, 2821 (1971); 13, 771(E) (1976).
[24] V. Cherepanov and S. Eidelman, Nucl. Phys. B, Proc.

Suppl. 218, 231 (2011).
[25] D. Gómez Dumm and P. Roig, Phys. Rev. D 86, 076009

(2012).
[26] P. Roig, Ph.D. thesis, University of Valéncia, 2010 [arXiv:
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