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Precision tests of first-row unitarity of the Cabibbo–Kobayashi–Maskawa matrix currently display two 
intriguing tensions, both at the 3σ level. First, combining determinations of V ud from superallowed β
decays with V us from kaon decays suggests a deficit in the unitarity relation. At the same time, a tension 
of similar significance has emerged between K�2 and K�3 decays. In this Letter, we point out that a 
measurement of the Kμ3/Kμ2 branching fraction at the level of 0.2% would have considerable impact on 
clarifying the experimental situation in the kaon sector, especially in view of tensions in the global fit to 
kaon data as well as the fact that the Kμ2 channel is currently dominated by a single experiment. Such a 
measurement, as possible for example at NA62, would further provide important constraints on physics 
beyond the Standard Model, most notably on the role of right-handed vector currents.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
1. Introduction

Unitarity of the Cabibbo–Kobayashi–Maskawa (CKM) matrix [1,
2] has a long tradition as a precision test of the Standard Model 
(SM). In particular, the first-row unitarity relation,

|V ud|2 + |V us|2 + |V ub|2 = 1, (1)

can be probed with high precision, from a combination of β and 
kaon decays that allow one to reach an uncertainty in V ud and 
V us of a few times 10−4. Given that |V ub|2 � 1.5 × 10−5 [3], its 
role can be largely ignored, and the challenge in testing Eq. (1) lies 
in precision determinations of V ud and V us .

For V ud , superallowed nuclear β decays (0+ → 0+ transitions) 
have long been the primary source of information, reaching an ex-
perimental sensitivity of 1.1 ×10−4 on V ud [4]. This makes nuclear 
corrections to the SM prediction the main source of uncertainty. In 
the recent literature, the discussion has focused on universal cor-
rections from γ W box diagrams [5–11] that apply equally to the 
nuclear case, i.e., to superallowed β decays, as well as to neutron 
decay. A comparative review of these corrections is provided in 
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Appendix A, leading to the values of the respective corrections in 
Eq. (A.8) that we will use in the following. Employing the same 
input as Ref. [4] for all other corrections, this yields

V 0+→0+
ud = 0.97367(11)exp(13)�R

V
(27)NS[32]total, (2)

where the third, nuclear uncertainty from Ref. [12] has also 
been adopted in Refs. [3,4]. Keeping this additional nuclear un-
certainty seems warranted also in view of concerns regarding 
isospin-breaking corrections [13–17], but improving these nuclear-
structure uncertainties may be possible in the future given recent 
advances in ab-initio theory for nuclear β decays [18–20].

An alternative determination of V ud is possible from neutron 
decay [21]. This option is free of nuclear uncertainties but requires 
knowledge of the neutron to proton axial current matrix element. 
The master formula in this case thus requires information on the 
neutron lifetime τn and, in addition, on the nucleon isovector ax-
ial charge λ = g A/gV , which at the relevant precision is extracted 
from experimental measurements of the β asymmetry in polarized 
neutron decay. With current world averages [3], one has

V n, PDG
ud = 0.97441(3) f (13)�R (82)λ(28)τn [88]total, (3)

where the first error arises from the propagation of the uncertainty 
in the phase-space factor f = 1.6887(1) [21]. However, especially 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded by 
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the value of λ carries an inflated uncertainty due to scale factors, 
and we believe that the current best experiments imply more in-
formation than suggested by the global averages. Therefore, using 
only Ref. [22] for τn and Ref. [23] for λ, we find

V n, best
ud = 0.97413(3) f (13)�R (35)λ(20)τn [43]total, (4)

which is getting close to the sensitivity of superallowed β de-
cays (2) if there the nuclear-structure uncertainties are included. 
In the following, we will focus on Eqs. (2) and (4) when discussing 
the state of CKM unitarity, as well as their combination,

V β

ud = 0.97384(26), (5)

as the current most optimistic determination (to good approx-
imation, both numbers can be considered uncorrelated, since 
the errors are dominated by nuclear-structure corrections and 
neutron-decay measurements, respectively). For completeness, we 
also mention the result from pion β decay [24–27]

V π
ud = 0.97386(281)BR(9)τπ (14)�π�

RC
(28)Iπ�

[283]total, (6)

with uncertainty entirely dominated by the branching fraction [24]
(the subleading errors refer to the pion lifetime τπ , radiative cor-
rections [25,27], and the phase-space factor, whose uncertainty 
mainly arises from the pion mass difference). A competitive deter-
mination requires a dedicated experimental campaign, as planned 
at the PIONEER experiment [28].

The best information on V us comes from kaon decays, K�2 =
K → �ν� and K�3 = K → π�ν� . The former is typically analyzed by 
normalizing to π�2 decays [29], leading to a constraint on V us/V ud , 
while K�3 decays give direct access to V us when the corresponding 
form factor is provided from lattice QCD [30]. Details of the global 
fit to kaon decays, as well as the input for decay constants, form 
factors, and radiative corrections, are discussed in Sec. 2, leading 
to

V us

V ud

∣∣∣∣
K�2/π�2

= 0.23108(23)exp(42)F K /Fπ (16)IB[51]total,

V K�3
us = 0.22330(35)exp(39) f+(8)IB[53]total, (7)

where the errors refer to experiment, lattice input for the matrix 
elements, and isospin-breaking corrections, respectively. Together 
with the constraints on V ud , these bands give rise to the situation 
depicted in Fig. 1: on the one hand, there is a tension between 
the best fit and CKM unitarity, but another tension, arising en-
tirely from meson decays, is due to the fact that the K�2 and K�3
constraints intersect away from the unitarity circle. Additional in-
formation on V us can be derived from τ decays [31,32], but given 
the larger errors [33,34] we will continue to focus on the kaon 
sector.

The main point of this Letter is that given the various tensions 
in the V ud–V us plane, there is urgent need for additional infor-
mation on the compatibility of K�2 and K�3 data, especially when 
it comes to interpreting either of the tensions (CKM unitarity and 
K�2 versus K�3) in terms of physics beyond the SM (BSM). In par-
ticular, the data base for K�2 is completely dominated by a single 
experiment [35], and at the same time the global fit to all kaon 
data displays a relatively poor fit quality. All these points could 
be scrutinized by a new measurement of the Kμ3/Kμ2 branching 
fraction at the level of a few permil, as possible at the NA62 exper-
iment. Further, once the experimental situation is clarified, more 
robust interpretations of the ensuing tensions will be possible, es-
pecially regarding the role of right-handed currents both in the 
strange and non-strange sector. To make the case for the proposed 
measurement of the Kμ3/Kμ2 branching fraction, we first discuss 
2

Fig. 1. Constraints in the V ud–V us plane. The partially overlapping vertical bands 
correspond to V 0+→0+

ud (leftmost, red) and V n, best
ud (rightmost, violet). The hori-

zontal band (green) corresponds to V K�3
us . The diagonal band (blue) corresponds to 

(V us/V ud)K�2/π�2 . The unitarity circle is denoted by the black solid line. The 68% C.L. 
ellipse from a fit to all four constraints is depicted in yellow (V ud = 0.97378(26), 
V us = 0.22422(36), χ2/dof = 6.4/2, p-value 4.1%), it deviates from the unitarity 
line by 2.8σ . Note that the significance tends to increase in case τ decays are in-
cluded.

in detail its impact on the global fit to kaon data and the implica-
tions for CKM unitarity in Sec. 2. The consequences for physics 
beyond the SM are addressed in Sec. 3, before we conclude in 
Sec. 4.

2. Global fit to kaon data and implications for CKM unitarity

The current values for V us and V us/V ud given in Eq. (7) are ob-
tained from a global fit to kaon decays [36–39], updated to include 
the latest measurements, radiative corrections, and hadronic ma-
trix elements. In particular, the fit includes data on K S decays from 
Refs. [40–46], on K L decays from Refs. [47–58], and on charged-
kaon decays from Refs. [35,59–72]. Since we focus on the impact of 
a new Kμ3/Kμ2 measurement, e.g., at NA62, we reproduce the de-
tails of the charged kaon fit in Table 1, where, however, the value 
for V us from K�3 decays includes the results obtained for all de-
cay modes, accounting for correlations among them. The extraction 
of V us from K�3 decays requires further input on the respective 
form factors, which are taken in the dispersive parameterization 
from Ref. [73], constrained by data from Refs. [74–80]. This leaves 
form-factor normalizations, decay constants, and isospin-breaking 
corrections in both K�2 and K�3 decays.

For K�2 we follow the established convention to consider the 
ratio to π�2 decays [29] (pion lifetime [64,81–85] and branching 
fraction [86–89] are taken from Ref. [3]), since in this ratio cer-
tain structure-dependent radiative corrections [90,91] cancel and 
only the ratio of decay constants F K /Fπ needs to be provided. 
We use the isospin-breaking corrections from Ref. [92] together 
with the N f = 2 + 1 + 1 isospin-limit ratio of decay constants 
F K /Fπ = 1.1978(22) [93–96], where this average accounts for sta-
tistical and systematic correlations between the results, some of 
which make use of the same lattice ensembles. For K�3 decays we 
use the radiative corrections from Refs. [97–99] (in line with the 
earlier calculations [100,101]), the strong isospin-breaking correc-
tion �SU(2) = 0.0252(11) from Refs. [100,102] evaluated with the 
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Table 1
Fit results for the current global fit as well as variants including a new measurement of the Kμ3/Kμ2 branching fraction, with uncertainty of 
0.5% and 0.2%, respectively, and central value either as expected from the current fit, BR(Kμ3)/BR(Kμ2) = 0.05294(51), or shifted by ±2σ of the 
current fit error. In each channel, the scale factors are given to quantify the tension as originating therefrom [3]. Note that the branching ratios 
for πππ and ππ0π0 are virtually unaffected by the new measurement due to very few correlated ratios with the (semi-) leptonic channels in 
the data base (in cases in which no significant changes occur, only a single entry is given that applies to all columns). The values of V us and 
V us/V ud are extracted using the same input as described in the main text, adding in quadrature all uncertainties given in Eq. (7). �(1,2,3)

CKM are 
defined in Eq. (8), and �(1,2)

CKM are evaluated using V β

ud from Eq. (5).

current fit Kμ3/Kμ2 BR at 0.5% Kμ3/Kμ2 BR at 0.2%

central +2σ −2σ central +2σ −2σ

χ2/dof 25.5/11 25.5/12 31.8/12 32.1/12 25.5/12 35.6/12 35.9/12
p-value [%] 0.78 1.28 0.15 0.13 1.28 0.04 0.03

BR(μν) [%] 63.58(11) 63.58(09) 63.44(10) 63.72(11) 63.58(08) 63.36(10) 63.80(11)

S(μν) 1.1 1.1 1.3 1.4 1.2 1.6 1.7
BR(ππ0) [%] 20.64(7) 20.64(6) 20.73(7) 20.55(8) 20.64(6) 20.78(7) 20.50(10)

S(ππ0) 1.1 1.2 1.3 1.5 1.2 1.5 2.0
BR(πππ ) [%] 5.56(4)

S(πππ) 1.0
BR(Ke3) [%] 5.088(27) 5.088(24) 5.113(25) 5.061(31) 5.088(23) 5.128(24) 5.046(32)

S(Ke3) 1.2 1.2 1.2 1.6 1.3 1.3 1.8
BR(Kμ3) [%] 3.366(30) 3.366(13) 3.394(16) 3.336(27) 3.366(7) 3.411(13) 3.320(18)

S(Kμ3) 1.9 1.2 1.5 2.6 1.1 2.2 3.1
BR(ππ0π0) [%] 1.764(25)

S(ππ0π0) 1.0
τ± [ns] 12.384(15) 12.384(15) 12.382(15) 12.385(15) 12.384(15) 12.381(15) 12.386(15)

S(τ±) 1.2

V us
V ud

∣∣∣
K�2/π�2

0.23108(51) 0.23108(50) 0.23085(51) 0.23133(51) 0.23108(49) 0.23071(51) 0.23147(52)

V K�3
us 0.22330(53) 0.22337(51) 0.22360(52) 0.22309(54) 0.22342(49) 0.22386(52) 0.22287(52)

F K
Fπ

V us
V ud

∣∣∣
K�2/π�2

0.27679(34) 0.27679(31) 0.27651(35) 0.27709(34) 0.27679(30) 0.27634(33) 0.27726(35)

f+(0)V K�3
us 0.21656(35) 0.21662(31) 0.21685(33) 0.21636(35) 0.21667(28) 0.21710(32) 0.21614(34)

�
(1)
CKM

−0.00176(56) −0.00173(55) −0.00162(56) −0.00185(56) −0.00171(55) −0.00151(56) −0.00195(56)

−3.1σ −3.1σ −2.9σ −3.3σ −3.1σ −2.7σ −3.5σ

�
(2)
CKM

−0.00098(58) −0.00098(58) −0.00108(58) −0.00087(58) −0.00098(58) −0.00114(58) −0.00081(58)

−1.7σ −1.7σ −1.9σ −1.5σ −1.7σ −2.0σ −1.4σ

�
(3)
CKM

−0.0164(63) −0.0157(60) −0.0118(62) −0.0202(63) −0.0153(59) −0.0083(62) −0.0233(62)

−2.6σ −2.6σ −1.9σ −3.2σ −2.6σ −1.4σ −3.8σ
N f = 2 + 1 + 1 quark-mass double ratio Q = 22.5(5) and ratio 
ms/mud = 27.23(10), both from Ref. [30] (the value of Q is consis-
tent with Q = 22.1(7) from η → 3π [103] and Q = 22.4(3) from 
the Cottingham approach [104]), and the form-factor normaliza-
tion f+(0) = 0.9698(17) [30,105,106].1 This global fit then defines 
the current baseline result given in Eq. (7) and the first column of 
Table 1. The resulting constraints in the V ud–V us plane are shown 
in Fig. 1, illustrating the tensions among the two kaon bands and 
the V ud determinations from superallowed β and neutron decays 
(commonly denoted by V β

ud , see Eq. (5)). To quantify the tensions 
with CKM unitarity, there are thus several possible variants

�
(1)
CKM = ∣∣V β

ud

∣∣2 + ∣∣V K�3
us

∣∣2 − 1,

�
(2)
CKM = ∣∣V β

ud

∣∣2 + ∣∣V K�2/π�2, β
us

∣∣2 − 1,

�
(3)
CKM = ∣∣V K�2/π�2, K�3

ud

∣∣2 + ∣∣V K�3
us

∣∣2 − 1, (8)

which differ in their BSM interpretation; see Sec. 3. The numerical 
results are also included in Table 1.

With the results shown in Table 1, the impact of a new 
Kμ3/Kμ2 measurement becomes apparent: first, the biggest scale 
factor in the current fit arises in the Kμ3 channel, while the Kμ2
data base is dominated by a single experiment [35]. To date, no di-
rect measurements of the ratio exist apart from the very early ones 
in Refs. [60,110,111], which, however, are not precise enough to be 

1 We use the N f = 2 + 1 + 1 average from Ref. [30], which is dominated by 
Ref. [106]. This value is in agreement with the N f = 2 + 1 average f+(0) =
0.9677(27) [30,107,108], and also marginally with Ref. [109] due to the large asym-
metric error.
3

included in the fit, in such a way that the current value quoted in 
Table 1 derives in a complicated way from the correlations in the 
global fit.

Accordingly, new information on these two channels is para-
mount to resolve or corroborate current tensions, which lead to 
a p-value below 1%. The expected impact is then illustrated by 
the benchmarks in the subsequent columns, showing the result 
of the global fit when adding a hypothetical measurement of the 
Kμ3/Kμ2 branching fraction with a precision of 0.5% and 0.2%, and 
central values as expected from the current fit or shifted by 2σ of 
its error in either direction. The 0.5% and 0.2% precision bench-
marks were chosen because they are within experimental reach. 
The main goal of the NA62 experiment at the CERN SPS is to mea-
sure the branching ratio for the rare decay K + → π+νν̄; to this 
end, the experiment normally runs at high intensity with a dedi-
cated trigger. In order to perform high-precision measurements of 
branching-fraction ratios relevant to first-row CKM unitarity tests, 
the experiment could collect the needed data in a short run with 
a minimum-bias trigger, at low intensity and with special empha-
sis on maintaining data-taking conditions as stable as possible. 
It is likely that with a run of less than two weeks in duration, 
the uncertainty on the measurement of Kμ3/Kμ2 would be domi-
nated by systematics. Estimation of NA62’s systematic sensitivity in 
this channel is beyond the scope of this work; we limit ourselves 
to the observation that the experiment has high-precision track-
ing for both beam and secondary particles, redundant particle-
identification systems, and excellent calorimetry and photon de-
tection. Although NA62 to date has focused on searches for rare 
decays rather than precision measurements of abundant channels, 
in 2013, with the NA48/2 setup even before experimental upgrades 
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to the systems described above, the collaboration measured the 
ratio of branching fractions Ke2/Kμ2 to within 0.4% [112]. More 
recently, NA62 measured the branching fraction for the rare decay 
K + → π+μ+μ− to be 9.15(8) × 10−8, with a systematic contri-
bution to the uncertainty of just 0.32% [113]. We therefore con-
sider 0.5% and 0.2% as relatively straightforward and cautiously 
optimistic benchmarks for an experiment like NA62, noting in par-
ticular that while NA62 is to our knowledge the only running ex-
periment able to make incisive measurements relevant to first-row 
CKM unitarity tests, such measurements are clearly an experimen-
tal possibility and could be proposed at other facilities.

Turning our attention back to Table 1, we see that in case of 
a 2σ shift, already a 0.5% measurement would significantly affect 
the scale factors and alter the extracted CKM matrix elements by 
almost 0.5σ , an effect that would increase further for the 0.2%
scenario. In this case, the significance of the tension in �

(3)
CKM, 

the measure directly derived from kaon decays, would increase 
or decrease by more than 1σ , demonstrating that a new preci-
sion measurement of the Kμ3/Kμ2 branching fraction really has 
the potential to either resolve or substantially corroborate the ten-
sion between the K�2 and K�3 CKM-element determinations. Once 
the experimental situation in the kaon sector is clarified, possible 
BSM interpretations become much more robust, as we discuss in 
the subsequent section.

3. Constraints on physics beyond the Standard Model

The current tension with CKM unitarity has triggered renewed 
interest in possible BSM explanations [114,115], including interpre-
tations in terms of vector-like quarks [116–118] and leptons [119,
120], as modifications of the Fermi constant [121,122], in the con-
text of lepton flavor universality [123–128], and even allowing for 
a correlation with di-electron searches at the LHC [129,130]. Here, 
we illustrate the impact of our proposed Kμ3/Kμ2 measurement 
via the constraints on right-handed currents [34,131–133], which 
can not only address the tension between β and kaon decays, but 
also between K�2 and K�3. This discussion becomes most transpar-
ent in terms of the �(i)

CKM introduced in Eq. (8).
In general, a single parameter is not sufficient to explain both 

tensions, as they are governed by a-priori independent operators, 
and we therefore introduce two parameters εR , ε

(s)
R (or equiv-

alently εR and �εR ≡ ε
(s)
R − εR , normalized as in Ref. [34]) to 

quantify right-handed currents in the non-strange and strange sec-
tors, respectively. Working at first order in ε , the CKM elements 
in Eq. (8) as extracted from the (vector-current mediated) three-
particle decays are contaminated by 1 + ε , the ones from the 
(axial-current mediated) two-particle decays by 1 − ε , resulting in

�
(1)
CKM = 2εR + 2�εR V 2

us,

�
(2)
CKM = 2εR − 2�εR V 2

us,

�
(3)
CKM = 2εR + 2�εR

(
2 − V 2

us

)
. (9)

The corresponding constraints are shown in Fig. 2 and point to 
non-zero values for both εR and �εR . εR can be isolated by taking 
the average of �(1)

CKM and �(2)
CKM, while �εR is obtained from the 

combination

r ≡
(

1 + �
(2)
CKM

1 + �
(3)
CKM

)1/2

=
V us
V ud

∣∣∣
K�2/π�2

V
K�3
us

V β

ud

= 1 − 2�εR . (10)

Using current input from Eqs. (5) and (7), one obtains:

εR = −0.69(27) × 10−3 [2.5σ ],
�εR = −3.9(1.6) × 10−3 [2.4σ ]. (11)
4

Fig. 2. Constraints in the �εR –εR plane from the �(i)
CKM introduced in Eq. (8). The 

bands with positive slope (red) correspond to �(2)
CKM. The bands with small nega-

tive slope (blue) correspond to �(1)
CKM, while the bands with steep negative slope 

(green) correspond to �(3)
CKM. The filled bands reflect the current situation (11), the 

long-dashed ones the +2σ scenario (12), and the short-dashed ones the opposite 
case (13). Note that in each case the three bands essentially overlap by construc-
tion, since V ud , V us , subject to the unitarity constraint, and the BSM contamination 
via �εR , εR , amount to three free parameters. The main impact of the proposed 
new measurement of the Kμ3/Kμ2 branching fraction thus concerns a correspond-

ing shift in the �(3)
CKM band if the ±2σ scenarios were realized.

With a projected measurement of the Kμ3/Kμ2 branching ratio at 
0.2% level at 2σ above the current measurement, the above num-
bers change to

εR = −0.67(27) × 10−3 [2.5σ ],
�εR = −1.8(1.6) × 10−3 [1.1σ ], (12)

while a future measurement at 0.2% with central value 2σ below 
the current one would give

εR = −0.70(27) × 10−3 [2.6σ ],
�εR = −5.7(1.6) × 10−3 [3.5σ ]. (13)

This shows that the proposed measurement would have a sig-
nificant impact on revealing or further constraining right-handed 
charged currents involving strange quarks. In particular, the non-
vanishing value of εR is mainly driven by the β-decay observables, 
while the goal of the new Kμ3/Kμ2 input would be a conclusive 
answer to the question whether or not further strangeness right-
handed currents need to be invoked. Here, the sensitivity of �εR

to the different scenarios reflects similar changes in �(3)
CKM as ob-

served in Table 1.
We note here that other probes of εR and �εR are currently 

less constraining and are not reported in Fig. 2. In particular, εR

can be determined from the comparison of the experimentally 
measured axial charge λ = g A/gV and its value computed in lattice 
QCD [30,134,135], up to a recently uncovered electromagnetic cor-
rection [136]. This results in εR = −0.2(1.2)%. Similarly, assuming 
a high-scale origin for the right-handed couplings and writing the 
operator in an SU(2) × U(1) invariant form, one obtains constraints 
from associated Higgs production at the few-percent level [132].

A similar analysis could be performed in terms of pseudoscalar 
couplings εP , ε(s)

P , which only affect the axial-current induced two-
particle decays via 1 − ε . Accordingly, we have

r = 1 − �εP , �εP = ε
(s)
P − εP , (14)

�
(1)
CKM = 0, �

(2)
CKM = −2�εP V 2

us, �
(3)
CKM = 2�εP

(
1 − V 2

us

)
,

which shows that not all tensions can be explained in terms of a 
pseudoscalar operator.
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4. Conclusions

In this Letter, we have made the case that a new precision 
measurement of the Kμ3/Kμ2 branching fraction would have a 
major impact on clarifying the current tensions in the unitar-
ity relation for the first row of the CKM matrix. As a first step, 
we have presented an update of the global fit to kaon data; see 
Eq. (7), including the most recent measurements, radiative cor-
rections, and hadronic matrix elements. We have also performed 
a comparative review of recent calculations of the γ W box cor-
rections to the β-decay observables, leading to the corrections in 
Eq. (A.8), to obtain up-to-date values for V ud determined from 
superallowed β decays and neutron decay; see Eq. (5) for the 
combined result when retaining only the current best neutron-
decay measurements. Our main results are given in Table 1, where 
we show the impact of the proposed Kμ3/Kμ2 measurement at 
0.5% and 0.2% precision. These results demonstrate that already 
at 0.5% the additional input would be valuable to decide whether 
the current tensions, especially between K�2 and K�3 decays, are 
of experimental origin or point towards BSM effects, while a 0.2%
measurement would have considerable impact on the global pic-
ture: the measure �(3)

CKM, which quantifies the CKM tension if only 
kaon-decay input is used, changes within [−3.8σ , −1.4σ ] when 
the Kμ3/Kμ2 branching fraction is varied by ±2σ around its cur-
rent expectation, and should thus provide a conclusive answer to 
the K�2–K�3 tension. We further studied the BSM implications to-
gether with the β-decay observables, the main conclusion being 
that the proposed measurement would yield a powerful constraint 
on contributions from right-handed currents in the strange sector. 
Experimentally, such a measurement would be possible at NA62, 
presenting a unique opportunity to resolve or corroborate current 
tensions in the precision test of CKM unitarity.
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Appendix A. Radiative corrections to β decays

The determination of V ud from superallowed β decays and neu-
tron decay critically depends on radiative corrections. In particular, 
the universal corrections, �V

R and �R , respectively, have been eval-
uated by several groups in the recent literature [6–11], leading 
to significant changes with respect to the earlier evaluation from 
Ref. [5]. Many aspects of the different evaluations are highly corre-
lated, in such a way that a simple average as proposed in Ref. [4] is 
not adequate. In this appendix, we review and compare the avail-
able calculations and present our best estimate for �V and �R .
R

5

The starting point is the master formula [137]

1 + �R =
[

1 + α

2π

(
ḡ(Em) − 3 log

mp

2Em

)]
(A.1)

×
[

L(2Em,mp) + α

2π
δ + 2�γ W

A

∣∣
Q 2≤Q 2

0

]

×
[

S̃(mp, M Z ) − α

2π
log

MW

M Z
+ 2�γ W

A

∣∣
Q 2≥Q 2

0
+ NLL

]

for the radiative correction in neutron decay, which involves the 
following contributions: Em = 1.292581 MeV is the end-point elec-
tron energy, mp the proton mass, α

2π ḡ(Em) = 0.015035 denotes the 
Sirlin function [138], α

2π δ = −0.00043 emerges as a Coulomb cor-
rection necessary in the factorized form (A.1), and

L(2Em,mp) = 1 + 3α

2π
log

mp

2Em
+O

(
α2) (A.2)

resums the large logarithms below mp . Dropping all these correc-
tions specific to neutron decay, Eq. (A.1) reduces to �V

R ,

1 + �V
R =

[
1 + 2�γ W

A

∣∣
Q 2≤Q 2

0

]
(A.3)

×
[

S̃(mp, M Z ) − α

2π
log

MW

M Z
+ 2�γ W

A

∣∣
Q 2≥Q 2

0
+ NLL

]
.

Next,

S̃(mp, M Z ) = 1 + 3α

2π
log

M Z

mp
+O

(
α2) (A.4)

resums the large logarithms above mp , except for the logarithm 
included in the γ W box correction �γ W

A , because this logarithm 
is taken into account later by including the running of α in the 
evaluation of the DIS region. Therefore, one would incur double 
counting when using the original S(mp, M Z ) from Ref. [137], and 
the corresponding change in the anomalous dimension is indicated 
by the tilde. �γ W

A has been the subject of most of the recent dis-
cussion in the literature. It can be expressed in the form [7,11]

�γ W
A = α

2π

∞∫
0

dQ 2

Q 2

M2
W

M2
W + Q 2

1∫
0

dx F (0)
3

(
x, Q 2) 1 + 2r

(1 + r)2
, (A.5)

with r =
√

1 + 4m2
p x2/Q 2 and the isoscalar structure function F (0)

3

in the normalization of Refs. [3,11] (a factor 4 larger than in 
Refs. [6,7]). In the master formula (A.1) the box contribution is 
separated into low- and high-Q 2 regions by introducing a cut Q 2

0
in Eq. (A.5), to be able to pair each part with the appropriate re-
summation of logarithms. Finally, Eq. (A.1) includes an estimate of 
next-to-leading logarithms, NLL = −0.00010 [137].

Before turning to �γ W
A , we briefly comment on the resumma-

tion of the logarithmic corrections. For S̃(mp, M Z ) we take over the 
formalism from Ref. [137], but use as starting point the MS value 
at the Z -boson mass α̂(M Z )−1 = 127.952(9) [3], which produces

S̃(mp, M Z ) = 1.01682. (A.6)

For the resummation of the infrared logarithms, however, we do 
not rely on current quark masses for q = u, d, s [137], but instead 
switch to a hadronic scheme below mp . In fact, this strategy better 
matches the calculation of the anomalous dimension of the leading 
logarithm, which, above mp , is derived from quark-level diagrams, 
but below relies on loop diagrams with hadronic degrees of free-
dom. We obtain
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Table 2
Various contributions to �γ W

A in units of 10−3. The different columns are based on 
the references as indicated, but modified to correspond to the same conventions as 
far as possible (see main text), in particular, we use Q 2

0 = 2 GeV2 in the separation 
of low- and high-energy parts and include the running of α in the evaluation of the 
DIS region (using the corrections from Ref. [11] where necessary; modified entries 
are indicated by an asterisk and not assigned an uncertainty estimate). The DIS 
contribution enters for Q 2 ≥ Q 2

0 in Eq. (A.1), the rest for Q 2 ≤ Q 2
0 . Note that the 

elastic contribution from Ref. [8] is only integrated up to 1 GeV2, which explains the 
slightly smaller value. The resonance and Regge regions in Refs. [6,7] are separated 
as indicated by Ref. [9]. For Refs. [8,10] the inelastic contributions for Q 2 ≤ Q 2

0 are 
booked in the “Regge” category. This compilation is inspired by Table I in Ref. [11].

[11] [6,7] [9] [8] [10] our estimate

Elastic 1.05(4) 1.06(6) 1.06(6) 0.99(10) 1.06(6) 1.06(6)

Resonance 0.04(1) 0.05(1) 0.05(1) – – 0.04(1)

Regge 0.52(7) 0.51(8) 0.56(9) 0.38∗ 0.46∗ 0.49(11)

DIS 2.29(3) 2.26∗ 2.26∗ 2.24∗ 2.32∗ 2.28(4)

L(2Em,mp)

=
(

α̂(mμ)

α̂(2Em)

)9/4(
α̂(Mπ )

α̂(mμ)

)9/8(
α̂(MK )

α̂(Mπ )

)1(
α̂(mp)

α̂(MK )

)9/10

= 1.02090, (A.7)

where we determined α̂ by conversion from the on-shell scheme 
at me [139]. Numerically, the result is close to L(2Em, mp) =
1.02094 from Ref. [137] (both larger than the leading logarithm 
L(2Em, mp) → 1.02054), but the main difference is conceptual: 
while the scheme of Ref. [137] allows one to smoothly match 
α̂ from the low- and high-energy end at mp , this comes at the 
expense of arbitrarily chosen quark masses. In our scheme, the 
running includes the relevant degrees of freedom in the low- and 
high-energy part of the calculation, with a matching correction 
at mp that converts the two schemes. Including, in addition to 
charged pions and kaons, also ρ and K ∗ in the resummation (A.7)
only leads to marginal changes.

For the γ W box contributions we build upon the summary al-
ready compiled in Ref. [11], which leads to the estimates given 
in Table 2. Since most of the calculations use Q 2

0 = 2 GeV2, we 
use this value for the primary separation, and the comparison be-
tween Q 2

0 = 1 GeV2 and 2 GeV2 from Ref. [11] as an estimate for 
the translation. Similarly, we include the 4% enhancement from 
keeping the Q 2 dependence of α(Q 2) in the evaluation of the DIS 
contribution as quoted in Ref. [11], which in Ref. [8] enters in-
stead as an additional enhancement factor in Eq. (A.1). While there 
is reasonable agreement for the elastic and DIS regions once ex-
pressed in terms of the same conventions, some differences do 
remain in the Regge region of the integral, dominating the final 
uncertainty. To obtain a global estimate, we take in each category 
the naive average of the independent evaluations and assign an un-
certainty that covers the spread in the results, as indicated in the 
last column in Table 2. The remaining uncertainties are then inde-
pendent and can thus be added in quadrature, yielding our final 
estimates (based on Refs. [6–11])

�V
R = 0.02467(27), �R = 0.03983(27). (A.8)
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[24] D. Počanić, et al., Phys. Rev. Lett. 93 (2004) 181803, arXiv:hep -ex /0312030.
[25] V. Cirigliano, M. Knecht, H. Neufeld, H. Pichl, Eur. Phys. J. C 27 (2003) 255, 

arXiv:hep -ph /0209226.
[26] A. Czarnecki, W.J. Marciano, A. Sirlin, Phys. Rev. D 101 (2020) 091301, arXiv:

1911.04685 [hep -ph].
[27] X. Feng, M. Gorchtein, L.-C. Jin, P.-X. Ma, C.-Y. Seng, Phys. Rev. Lett. 124 (2020) 

192002, arXiv:2003 .09798 [hep -lat].
[28] W. Altmannshofer, et al., PIONEER, arXiv:2203 .01981 [hep -ex], 2022.
[29] W.J. Marciano, Phys. Rev. Lett. 93 (2004) 231803, arXiv:hep -ph /0402299.
[30] Y. Aoki, et al., FLAG Flavour Lattice Averaging Group, Eur. Phys. J. C 82 (2022) 

869, arXiv:2111.09849 [hep -lat].
[31] E. Gámiz, M. Jamin, A. Pich, J. Prades, F. Schwab, J. High Energy Phys. 01 

(2003) 060, arXiv:hep -ph /0212230.
[32] E. Gámiz, M. Jamin, A. Pich, J. Prades, F. Schwab, Phys. Rev. Lett. 94 (2005) 

011803, arXiv:hep -ph /0408044.
[33] Y. Amhis, et al., HFLAV, arXiv:2206 .07501 [hep -ex], 2022.
[34] V. Cirigliano, D. Díaz-Calderón, A. Falkowski, M. González-Alonso, A. 

Rodríguez-Sánchez, J. High Energy Phys. 04 (2022) 152, arXiv:2112 .02087
[hep -ph].

[35] F. Ambrosino, et al., KLOE, Phys. Lett. B 632 (2006) 76, arXiv:hep -ex /0509045.
[36] M. Antonelli, et al., FlaviaNet working group on kaon decays, Eur. Phys. J. C 69 

(2010) 399, arXiv:1005 .2323 [hep -ph].
[37] M. Moulson, arXiv:1301.3046 [hep -ex], 2013.
[38] M. Moulson, arXiv:1411.5252 [hep -ex], 2014.
[39] M. Moulson, PoS CKM2016 (2017) 033, arXiv:1704 .04104 [hep -ex].
[40] F. Ambrosino, et al., KLOE, Eur. Phys. J. C 48 (2006) 767, arXiv:hep -ex /0601025.
[41] F. Ambrosino, et al., KLOE, Phys. Lett. B 636 (2006) 173, arXiv:hep -ex /

0601026.
[42] J.R. Batley, et al., Phys. Lett. B 653 (2007) 145.
[43] E. Abouzaid, et al., KTeV, Phys. Rev. D 83 (2011) 092001, arXiv:1011.0127

[hep -ex].
[44] F. Ambrosino, et al., KLOE, Eur. Phys. J. C 71 (2011) 1604, arXiv:1011.2668

[hep -ex].
[45] D. Babusci, et al., KLOE-2, Phys. Lett. B 804 (2020) 135378, arXiv:1912 .05990

[hep -ex].
[46] D. Babusci, et al., KLOE-2, arXiv:2208 .04872 [hep -ex], 2022.
[47] K.G. Vosburgh, T.J. Devlin, R.J. Esterling, B. Goz, D.A. Bryman, W.E. Cleland, 

Phys. Rev. Lett. 26 (1971) 866.
[48] E.J. Ramberg, et al., E731 Phys. Rev. Lett. 70 (1993) 2525.
[49] A. Alavi-Harati, et al., KTeV, Phys. Rev. Lett. 86 (2001) 761, arXiv:hep -ex /

0008045.
[50] M. Adinolfi, et al., KLOE, Phys. Lett. B 566 (2003) 61, arXiv:hep -ex /0305035.
[51] A. Lai, et al., Phys. Lett. B 551 (2003) 7, arXiv:hep -ex /0210053.
[52] T. Alexopoulos, et al., KTeV, Phys. Rev. D 70 (2004) 092006, arXiv:hep -ex /

0406002.
[53] A. Lai, et al., NA48, Phys. Lett. B 602 (2004) 41, arXiv:hep -ex /0410059.
[54] F. Ambrosino, et al., KLOE, Phys. Lett. B 626 (2005) 15, arXiv:hep -ex /0507088.
[55] F. Ambrosino, et al., KLOE, Phys. Lett. B 632 (2006) 43, arXiv:hep -ex /0508027.
[56] F. Ambrosino, et al., KLOE, Phys. Lett. B 638 (2006) 140, arXiv:hep -ex /

0603041.

http://refhub.elsevier.com/S0370-2693(23)00082-5/bib6181219AAEF8EC633BBA98B46B3DA8FDs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib08F6D6D0AC02D3CA50751DA0A676447As1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib98712B5A0F97E44C6A6E62FF85560CE8s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC8F4DB3B3AAB554186CADD11C5EE5D55s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib28DDEF80EA1E72BC0DBED7C78E10A5EDs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib28DDEF80EA1E72BC0DBED7C78E10A5EDs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib05ECBB1F474CCE34D9339DC798594487s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib05ECBB1F474CCE34D9339DC798594487s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib334BC49C8471914E07DC7A75D67EBBEFs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib334BC49C8471914E07DC7A75D67EBBEFs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib79AA25A9A28CE21E38F3FC1A80D9968Fs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib79AA25A9A28CE21E38F3FC1A80D9968Fs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibB57F085882B73F05D8D83E04B1BB9E02s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibB57F085882B73F05D8D83E04B1BB9E02s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib476E4FD11207B0F1A27C77D2D2AC8EC1s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD32808F4025654A59D830CA3D6D127BAs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD32808F4025654A59D830CA3D6D127BAs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibF4742F6DBC072AD8E0214BE517DF488Es1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibE19BA30190D772674C813B064B35ED01s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibE19BA30190D772674C813B064B35ED01s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib0A7BF092D32EE6AD7E6F14ECBDAE94B1s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib0A7BF092D32EE6AD7E6F14ECBDAE94B1s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD1AD936E2162A76D0AA325B86DDCC4C2s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD1AD936E2162A76D0AA325B86DDCC4C2s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibDD03C5D51F2ED7DBFDA8B290EB8201C3s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibDD03C5D51F2ED7DBFDA8B290EB8201C3s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib6A2A2471D2627AD0158CCBAD478C42C4s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib6A2A2471D2627AD0158CCBAD478C42C4s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibF716B3DACD08D049E6A6D473A0C6C308s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib0AF3087D612C86F618A40C1512FCFB1As1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib0AF3087D612C86F618A40C1512FCFB1As1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibB7EB6E6EB6A5DC481FB9FDF0C26AF3ACs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibB7EB6E6EB6A5DC481FB9FDF0C26AF3ACs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib29B5CB9236631A2097AB2F3B22CC3A7As1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib29B5CB9236631A2097AB2F3B22CC3A7As1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib62B9E8961B84F8710420549B4790D831s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib62B9E8961B84F8710420549B4790D831s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibAA3C9AA3E78F5C525160314C210BF846s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibAA3C9AA3E78F5C525160314C210BF846s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibDF5CAFB4913E97C8C17E6032DCB17E7Cs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD6E77F016FD5B108515A4022EA9EA0F7s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD6E77F016FD5B108515A4022EA9EA0F7s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib843923B892A4593A7D0371E264F187C9s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib843923B892A4593A7D0371E264F187C9s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibBAB1EE7491BECAFF799BB46B598E0C2Bs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibBAB1EE7491BECAFF799BB46B598E0C2Bs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib6E4F79AD739E966A43EDF05BA2A13E8Cs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib5882572DCFEB6C02A642877FE195C848s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibF844D1CE51830D010AE848910FC94864s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibF844D1CE51830D010AE848910FC94864s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib04B70521C773ECF5DAA0F7FC9F68F9C2s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib04B70521C773ECF5DAA0F7FC9F68F9C2s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib5955FD764A0C60DF083E7BA55A829F79s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib5955FD764A0C60DF083E7BA55A829F79s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibDE779D2D2CC5D14E9B9BDCC0A42639E5s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib848336D78F13415B044000BB4B47F063s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib848336D78F13415B044000BB4B47F063s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib848336D78F13415B044000BB4B47F063s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib05D81421F15B3F7813E75BCECC3B51FDs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibF1AD21B8E6EE17FA8F302812181DA560s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibF1AD21B8E6EE17FA8F302812181DA560s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA154D9B262CAF7026C0B219862F17CBEs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib0BD8465CCB37FA1643B987D22D95D5CFs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibFB38C9AE5300A3B5E573584B6E907C0Cs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibFB330B7AD2827D5B5D0D5C536CE6759Ds1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC32BFFC395764C2638F4BCF22B840272s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC32BFFC395764C2638F4BCF22B840272s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC21D54F27B0C0254B10949FC452AF54Cs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib75B9467A1742C0C920FF41A75261175Es1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib75B9467A1742C0C920FF41A75261175Es1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibCBF69F32F5CE7D071225178F9E736A38s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibCBF69F32F5CE7D071225178F9E736A38s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib8DCFB2B4FCC85818A3512CFF6D673171s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib8DCFB2B4FCC85818A3512CFF6D673171s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib59B0E6042754D4B785B6AE62097AF06Fs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib2C10168EFF38E70DCDE23F1E4C94EA64s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib2C10168EFF38E70DCDE23F1E4C94EA64s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibCD04764CF9E785619DC56B88997E5C63s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib6B84BC591B0701F775D2A725F054BC87s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib6B84BC591B0701F775D2A725F054BC87s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib2D98E7A89F9673EEC78896360B448421s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibF9547AE891F43C72F585F1C48202C9F5s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib3D6BAABD44F907950FC7925CDC74A5A0s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib3D6BAABD44F907950FC7925CDC74A5A0s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib91D2F8733707A3EA82444A62AD71D893s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibE94B6B19F9F0C0D6F6369F8BFFBF7268s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib249C4B9C7C6A5CE9ADA3E45F912544B4s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC9F3BBFDD109D526CD2E51BD6E156150s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC9F3BBFDD109D526CD2E51BD6E156150s1


V. Cirigliano, A. Crivellin, M. Hoferichter et al. Physics Letters B 838 (2023) 137748
[57] E. Abouzaid, et al., KTeV, Phys. Rev. D 74 (2006) 032004, Erratum: Phys. Rev. 
D 74 (2006) 039905, arXiv:hep -ex /0604035.

[58] A. Lai, et al., NA48, Phys. Lett. B 645 (2007) 26, arXiv:hep -ex /0611052.
[59] V.L. Fitch, C.A. Quarles, H.C. Wilkins, Phys. Rev. 140 (1965) B1088.
[60] L.B. Auerbach, J.M. Dobbs, A.K. Mann, W.K. McFarlane, D.H. White, R. Cester, 

P.T. Eschstruth, G.K. O’Neill, D. Yount, Phys. Rev. 155 (1967) 1505, Erratum: 
Phys. Rev. D 9 (1974) 3216.

[61] R.J. Ott, T.W. Pritchard, Phys. Rev. D 3 (1971) 52.
[62] A.O. Vaisenberg, O.K. Egorov, Z.V. Minervina, E.A. Pozharova, V.A. Smirnitsky, 

M.I. Dayon, S.A. Krylov, Nucl. Phys. B 115 (1976) 55.
[63] T. Usher, M. Fero, M. Gee, N.A. Graf, M. Mandelkern, D. Schultz, J. Schultz, 

Phys. Rev. D 45 (1992) 3961.
[64] V.P. Koptev, et al., JETP Lett. 61 (1995) 877.
[65] K. Horie, et al., KEK-E246, Phys. Lett. B 513 (2001) 311, arXiv:hep -ex /0106006.
[66] A. Sher, et al., Phys. Rev. Lett. 91 (2003) 261802, arXiv:hep -ex /0305042.
[67] A. Aloisio, et al., KLOE, Phys. Lett. B 597 (2004) 139, arXiv:hep -ex /0307054.
[68] J.R. Batley, et al., NA48/2, Eur. Phys. J. C 50 (2007) 329, Erratum: Eur. Phys. J. 

C 52 (2007) 1021, arXiv:hep -ex /0702015.
[69] F. Ambrosino, et al., KLOE, J. High Energy Phys. 01 (2008) 073, arXiv:0712 .

1112 [hep -ex].
[70] F. Ambrosino, et al., KLOE, J. High Energy Phys. 02 (2008) 098, arXiv:0712 .

3841 [hep -ex].
[71] F. Ambrosino, et al., KLOE, Phys. Lett. B 666 (2008) 305, arXiv:0804 .4577 [hep -

ex].
[72] D. Babusci, et al., KLOE KLOE-2, Phys. Lett. B 738 (2014) 128, arXiv:1407.2028

[hep -ex].
[73] V. Bernard, M. Oertel, E. Passemar, J. Stern, Phys. Rev. D 80 (2009) 034034, 

arXiv:0903 .1654 [hep -ph].
[74] O.P. Yushchenko, et al., Phys. Lett. B 581 (2004) 31, arXiv:hep -ex /0312004.
[75] O.P. Yushchenko, et al., Phys. Lett. B 589 (2004) 111, arXiv:hep -ex /0404030.
[76] A. Lai, et al., NA48, Phys. Lett. B 604 (2004) 1, arXiv:hep -ex /0410065.
[77] T. Alexopoulos, et al., KTeV, Phys. Rev. D 70 (2004) 092007, arXiv:hep -ex /

0406003.
[78] F. Ambrosino, et al., KLOE, Phys. Lett. B 636 (2006) 166, arXiv:hep -ex /

0601038.
[79] F. Ambrosino, et al., KLOE, J. High Energy Phys. 12 (2007) 105, arXiv:0710 .

4470 [hep -ex].
[80] J.R. Batley, et al., NA48/2, J. High Energy Phys. 10 (2018) 150, arXiv:1808 .

09041 [hep -ex].
[81] M. Eckhause, R.J. Harris, W.B. Shuler, Phys. Lett. 19 (1965) 348.
[82] M.E. Nordberg Jr., F. Lobkowicz, R.L. Burman, Phys. Lett. B 24 (1967) 594.
[83] D.S. Ayers, A.M. Cormack, A.J. Greenberg, R.W. Kenney, D.O. Caldwell, V.B. El-

ings, W.P. Hesse, R.J. Morrison, Phys. Rev. D 3 (1971) 1051.
[84] A.F. Dunaitsev, Y.D. Prokoshkin, E.A. Razuvaev, V.A. Sergeev, Y.N. Simonov, Yad. 

Fiz. 16 (1972) 524.
[85] T. Numao, J.A. Macdonald, G.M. Marshall, A. Olin, M.C. Fujiwara, Phys. Rev. D 

52 (1995) 4855.
[86] D.A. Bryman, M.S. Dixit, R. Dubois, J.A. Macdonald, T. Numao, B. Olaniyi, A. 

Olin, J.M. Poutissou, Phys. Rev. D 33 (1986) 1211.
[87] D.I. Britton, et al., Phys. Rev. Lett. 68 (1992) 3000.
[88] G. Czapek, et al., Phys. Rev. Lett. 70 (1993) 17.
[89] A. Aguilar-Arevalo, et al., PiENu, Phys. Rev. Lett. 115 (2015) 071801, arXiv:

1506 .05845 [hep -ex].
[90] M. Knecht, H. Neufeld, H. Rupertsberger, P. Talavera, Eur. Phys. J. C 12 (2000) 

469, arXiv:hep -ph /9909284.
[91] V. Cirigliano, H. Neufeld, Phys. Lett. B 700 (2011) 7, arXiv:1102 .0563 [hep -ph].
[92] M. Di Carlo, D. Giusti, V. Lubicz, G. Martinelli, C.T. Sachrajda, F. Sanfilippo, S. 

Simula, N. Tantalo, Phys. Rev. D 100 (2019) 034514, arXiv:1904 .08731 [hep -
lat].

[93] R.J. Dowdall, C.T.H. Davies, G.P. Lepage, C. McNeile, Phys. Rev. D 88 (2013) 
074504, arXiv:1303 .1670 [hep -lat].

[94] A. Bazavov, et al., Phys. Rev. D 98 (2018) 074512, arXiv:1712 .09262 [hep -lat].
[95] N. Miller, et al., Phys. Rev. D 102 (2020) 034507, arXiv:2005 .04795 [hep -lat].
[96] C. Alexandrou, et al., Extended Twisted Mass, Phys. Rev. D 104 (2021) 074520, 

arXiv:2104 .06747 [hep -lat].
[97] C.-Y. Seng, D. Galviz, M. Gorchtein, U.-G. Meißner, Phys. Lett. B 820 (2021) 

136522, arXiv:2103 .00975 [hep -ph].
[98] C.-Y. Seng, D. Galviz, M. Gorchtein, U.-G. Meißner, J. High Energy Phys. 11 

(2021) 172, arXiv:2103 .04843 [hep -ph].
[99] C.-Y. Seng, D. Galviz, M. Gorchtein, U.-G. Meißner, J. High Energy Phys. 07 

(2022) 071, arXiv:2203 .05217 [hep -ph].
[100] V. Cirigliano, M. Knecht, H. Neufeld, H. Rupertsberger, P. Talavera, Eur. Phys. J. 

C 23 (2002) 121, arXiv:hep -ph /0110153.

[101] V. Cirigliano, M. Giannotti, H. Neufeld, J. High Energy Phys. 11 (2008) 006, 
arXiv:0807.4507 [hep -ph].

[102] J. Gasser, H. Leutwyler, Nucl. Phys. B 250 (1985) 517.
[103] G. Colangelo, S. Lanz, H. Leutwyler, E. Passemar, Eur. Phys. J. C 78 (2018) 947, 

arXiv:1807.11937 [hep -ph].
[104] D. Stamen, D. Hariharan, M. Hoferichter, B. Kubis, P. Stoffer, Eur. Phys. J. C 82 

(2022) 432, arXiv:2202 .11106 [hep -ph].
[105] N. Carrasco, P. Lami, V. Lubicz, L. Riggio, S. Simula, C. Tarantino, Phys. Rev. D 

93 (2016) 114512, arXiv:1602 .04113 [hep -lat].
[106] A. Bazavov, et al., Fermilab Lattice, MILC, Phys. Rev. D 99 (2019) 114509, 

arXiv:1809 .02827 [hep -lat].
[107] A. Bazavov, et al., Phys. Rev. D 87 (2013) 073012, arXiv:1212 .4993 [hep -lat].
[108] P.A. Boyle, et al., RBC/UKQCD, J. High Energy Phys. 06 (2015) 164, arXiv:1504 .

01692 [hep -lat].
[109] K.-i. Ishikawa, N. Ishizuka, Y. Kuramashi, Y. Namekawa, Y. Taniguchi, N. Ukita, 

T. Yamazaki, T. Yoshié PACS, Phys. Rev. D 106 (2022) 094501, arXiv:2206 .08654
[hep -lat].

[110] R. Garland, K. Tsipis, S. Devons, J. Rosen, D. Tycko, L.G. Pondrom, S.L. Meyer, 
Phys. Rev. 167 (1968) 1225.

[111] M.E. Zeller, R.P. Haddock, J.A. Helland, J. Pahl, N.T. Dairiki, R.L. Beck, K.M. 
Crowe, M.T. Maung, Phys. Rev. 182 (1969) 1420.

[112] C. Lazzeroni, et al., NA62, Phys. Lett. B 719 (2013) 326, arXiv:1212 .4012 [hep -
ex].

[113] E. Cortina Gil, et al., NA62, J. High Energy Phys. 11 (2022) 011, arXiv:2209 .
05076 [hep -ex].

[114] B. Belfatto, R. Beradze, Z. Berezhiani, Eur. Phys. J. C 80 (2020) 149, arXiv:1906 .
02714 [hep -ph].

[115] A.M. Coutinho, A. Crivellin, C.A. Manzari, Phys. Rev. Lett. 125 (2020) 071802, 
arXiv:1912 .08823 [hep -ph].

[116] K. Cheung, W.-Y. Keung, C.-T. Lu, P.-Y. Tseng, J. High Energy Phys. 05 (2020) 
117, arXiv:2001.02853 [hep -ph].

[117] B. Belfatto, Z. Berezhiani, J. High Energy Phys. 10 (2021) 079, arXiv:2103 .
05549 [hep -ph].

[118] G.C. Branco, J.T. Penedo, P.M.F. Pereira, M.N. Rebelo, J.I. Silva-Marcos, J. High 
Energy Phys. 07 (2021) 099, arXiv:2103 .13409 [hep -ph].

[119] A. Crivellin, F. Kirk, C.A. Manzari, M. Montull, J. High Energy Phys. 12 (2020) 
166, arXiv:2008 .01113 [hep -ph].

[120] M. Kirk, Phys. Rev. D 103 (2021) 035004, arXiv:2008 .03261 [hep -ph].
[121] W.J. Marciano, Phys. Rev. D 60 (1999) 093006, arXiv:hep -ph /9903451.
[122] A. Crivellin, M. Hoferichter, C.A. Manzari, Phys. Rev. Lett. 127 (2021) 071801, 

arXiv:2102 .02825 [hep -ph].
[123] A. Crivellin, M. Hoferichter, Phys. Rev. Lett. 125 (2020) 111801, arXiv:2002 .

07184 [hep -ph].
[124] A. Crivellin, F. Kirk, C.A. Manzari, L. Panizzi, Phys. Rev. D 103 (2021) 073002, 

arXiv:2012 .09845 [hep -ph].
[125] B. Capdevila, A. Crivellin, C.A. Manzari, M. Montull, Phys. Rev. D 103 (2021) 

015032, arXiv:2005 .13542 [hep -ph].
[126] A. Crivellin, M. Hoferichter, Science 374 (2021) 1051, arXiv:2111.12739 [hep -

ph].
[127] A. Crivellin, C.A. Manzari, M. Algueró, J. Matias, Phys. Rev. Lett. 127 (2021) 

011801, arXiv:2010 .14504 [hep -ph].
[128] D. Marzocca, S. Trifinopoulos, Phys. Rev. Lett. 127 (2021) 061803, arXiv:2104 .

05730 [hep -ph].
[129] A. Crivellin, C.A. Manzari, M. Montull, Phys. Rev. D 104 (2021) 115016, arXiv:

2103 .12003 [hep -ph].
[130] A. Crivellin, M. Hoferichter, M. Kirk, C.A. Manzari, L. Schnell, J. High Energy 

Phys. 10 (2021) 221, arXiv:2107.13569 [hep -ph].
[131] V. Bernard, M. Oertel, E. Passemar, J. Stern, J. High Energy Phys. 01 (2008) 

015, arXiv:0707.4194 [hep -ph].
[132] S. Alioli, V. Cirigliano, W. Dekens, J. de Vries, E. Mereghetti, J. High Energy 

Phys. 05 (2017) 086, arXiv:1703 .04751 [hep -ph].
[133] Y. Grossman, E. Passemar, S. Schacht, J. High Energy Phys. 07 (2020) 068, 

arXiv:1911.07821 [hep -ph].
[134] C.C. Chang, et al., Nature 558 (2018) 91, arXiv:1805 .12130 [hep -lat].
[135] R. Gupta, Y.-C. Jang, B. Yoon, H.-W. Lin, V. Cirigliano, T. Bhattacharya, Phys. 

Rev. D 98 (2018) 034503, arXiv:1806 .09006 [hep -lat].
[136] V. Cirigliano, J. de Vries, L. Hayen, E. Mereghetti, A. Walker-Loud, Phys. Rev. 

Lett. 129 (2022) 121801, arXiv:2202 .10439 [nucl -th].
[137] A. Czarnecki, W.J. Marciano, A. Sirlin, Phys. Rev. D 70 (2004) 093006, arXiv:

hep -ph /0406324.
[138] A. Sirlin, Phys. Rev. 164 (1967) 1767.
[139] P.A. Baikov, K.G. Chetyrkin, J.H. Kühn, C. Sturm, Nucl. Phys. B 867 (2013) 182, 

arXiv:1207.2199 [hep -ph].
7

http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD2AC9045C0A86413EBE24EFAFE1A7951s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD2AC9045C0A86413EBE24EFAFE1A7951s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibAC1FB829EBD4509E33FC262BEBFEA030s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib2901A2F1F7A6A46E1157ED43E4C8A05Es1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib330415C39E8CE3DADC4225964A2AE8BCs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib330415C39E8CE3DADC4225964A2AE8BCs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib330415C39E8CE3DADC4225964A2AE8BCs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib09E0822ED7461251640EA167B893E20Ds1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib9C78CD93D885EB0339E424E95A8B791Es1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib9C78CD93D885EB0339E424E95A8B791Es1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib5A25AB0EACA73CB3670F1CE5B4F5ECD3s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib5A25AB0EACA73CB3670F1CE5B4F5ECD3s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib39E34CC73EDAA58107646381C57FE593s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD8947667BDEE96A337293A1C2703C453s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibE27FCE10FB15A7A76E33D1C251CF2185s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibB6193A7FDF02AA07D196DB97FD2811D0s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibBB8D98AA8F1540210046F4D969E08BADs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibBB8D98AA8F1540210046F4D969E08BADs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib8D1BAAF18C5094C08A628827A187F707s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib8D1BAAF18C5094C08A628827A187F707s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib45CE6F6F312BEF5028D5B33F03558D8Bs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib45CE6F6F312BEF5028D5B33F03558D8Bs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib8124749C631730FC3EDAFD7FD3F1CFB3s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib8124749C631730FC3EDAFD7FD3F1CFB3s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib89EA363D0CE2AC2CA21CF197F195A7D9s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib89EA363D0CE2AC2CA21CF197F195A7D9s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA62A60F2F4B8CE3DAB0BFBCFE57F2D1Cs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA62A60F2F4B8CE3DAB0BFBCFE57F2D1Cs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib2A323C10FB619249CC8D848378C65116s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC59791C9285B65476515508CEC8487EEs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib1C73F2DC97A43A5E2E2292B3E49C5CE7s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib5F3731B27DDF6D0E15E70A2F33040191s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib5F3731B27DDF6D0E15E70A2F33040191s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibFBC1C33915E3039859F7543EDB3F1D37s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibFBC1C33915E3039859F7543EDB3F1D37s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibE8DF37EE9FA896CD877247A5451AE3ABs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibE8DF37EE9FA896CD877247A5451AE3ABs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA8CB482A245A6A937A442448345C5A0Es1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA8CB482A245A6A937A442448345C5A0Es1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibE9B2C44CFECAB893E79E5C37F20CB14Es1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib081E03CADED208FCB90D93DAEF6BDD55s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD985ABA2AA0800F54028DBA99C884B41s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD985ABA2AA0800F54028DBA99C884B41s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib37BBB3C4401C7EEC006C3E373D87F648s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib37BBB3C4401C7EEC006C3E373D87F648s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibB3B35A683BA4DFE7FA88D08D5E65464Bs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibB3B35A683BA4DFE7FA88D08D5E65464Bs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib4B9611BCDC981E8027EC8F01C26318D6s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib4B9611BCDC981E8027EC8F01C26318D6s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib58FDDCC89ED24424C5568046F05200DAs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibE3CA1AD910D6F3793785E6912A414C2Bs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib726E5B203B4E226CD1754B8FAECEF584s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib726E5B203B4E226CD1754B8FAECEF584s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib68CC8C9867971ED8BE81F796863406FBs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib68CC8C9867971ED8BE81F796863406FBs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib58438FE1B1B7B8A18A9B69021E0F5F8Bs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC3B65DC21ADD2EEA5AAEBFA2D32E7AA9s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC3B65DC21ADD2EEA5AAEBFA2D32E7AA9s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC3B65DC21ADD2EEA5AAEBFA2D32E7AA9s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib1C7600F7F12E4AFF8FE2C50F2C0439C5s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib1C7600F7F12E4AFF8FE2C50F2C0439C5s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib55F200EA3C0737F8DB7B0ED072EF6FEEs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib74282F83096E8615A084ECDAF1B6AA8Bs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibACFB077BACAC0BD18DA79DA3D155A337s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibACFB077BACAC0BD18DA79DA3D155A337s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib75035BE2F0B3AAB2686412C9B5FF9EFFs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib75035BE2F0B3AAB2686412C9B5FF9EFFs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib496DA5DFDAB4E41E7ACA28C7CE563350s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib496DA5DFDAB4E41E7ACA28C7CE563350s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD546ABEA11A7E9B6E99E61ECB33E721Fs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD546ABEA11A7E9B6E99E61ECB33E721Fs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibCA98B128E3778677ED7D8469F739BD04s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibCA98B128E3778677ED7D8469F739BD04s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib115B78EFE468554269E4141B0DCB3B83s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib115B78EFE468554269E4141B0DCB3B83s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib3FDE06961CD2BBFA11C32A5F4756A587s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib7F703C24187A62DD2A403421449F69F3s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib7F703C24187A62DD2A403421449F69F3s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA7E1C9A1C3EEEEFA687474247C349D4Cs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA7E1C9A1C3EEEEFA687474247C349D4Cs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib90E37FF676AE1959924B9A00F88BEBD1s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib90E37FF676AE1959924B9A00F88BEBD1s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib83C6945E09B78F4D75B180822834EA13s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib83C6945E09B78F4D75B180822834EA13s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib9E75EF0B2C9F616A05D18AC49E20D398s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibFC3886C2F310BB6899DBE5531655E206s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibFC3886C2F310BB6899DBE5531655E206s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib997B666994E567F26BA7C300CFDC5639s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib997B666994E567F26BA7C300CFDC5639s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib997B666994E567F26BA7C300CFDC5639s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib8369F627EAEA98A4415693C30A4D9407s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib8369F627EAEA98A4415693C30A4D9407s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib3FEE2063CBE824A8DBDA49302EA4E39As1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib3FEE2063CBE824A8DBDA49302EA4E39As1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC0A432D0FB79564D2AAB53E1D5314C5Ds1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC0A432D0FB79564D2AAB53E1D5314C5Ds1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC516AA7BA85D6992CEAF1650DF786ADEs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC516AA7BA85D6992CEAF1650DF786ADEs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib1152F9F80A6578794B2003CA0DBB5311s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib1152F9F80A6578794B2003CA0DBB5311s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib9124F4946B0C2C945AAB0C5C49166FFCs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib9124F4946B0C2C945AAB0C5C49166FFCs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD25BDF3FC95A179A6BD3D6E4A39F4BEBs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD25BDF3FC95A179A6BD3D6E4A39F4BEBs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib939335FF2F6A8DD71A5C35701611FDAAs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib939335FF2F6A8DD71A5C35701611FDAAs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib668E3F83B64BBE27A9E6520DC474C550s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib668E3F83B64BBE27A9E6520DC474C550s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA69DF2A6E8E74A320F60909A601CE7FDs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA69DF2A6E8E74A320F60909A601CE7FDs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib3A4B0DE6455F3F9E4127B489AAE1CBDAs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibE142AE76CB5C29DF141074987F5B09DDs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibB973CFE1249822EA07CA0857238F6B6As1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibB973CFE1249822EA07CA0857238F6B6As1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC677626E230742B9215C0F4A6FCD734Fs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibC677626E230742B9215C0F4A6FCD734Fs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib98BDA20D1C4C0E105B2FD1A978B1CB3Bs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib98BDA20D1C4C0E105B2FD1A978B1CB3Bs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA4D57E6D6F07369AD638DA847BDE415Ds1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA4D57E6D6F07369AD638DA847BDE415Ds1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib1B1F2ECD1521BE41C218A5A883A33663s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib1B1F2ECD1521BE41C218A5A883A33663s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibEA991172731D262C27F9C5D161D18368s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibEA991172731D262C27F9C5D161D18368s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib035450BD7BE4F865744D550C451B6EAEs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib035450BD7BE4F865744D550C451B6EAEs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibB4F06FF71702BEE0DDAFC92F9E4994DEs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibB4F06FF71702BEE0DDAFC92F9E4994DEs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib1B604665FEF37136E27C7E6A88ADCB0As1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib1B604665FEF37136E27C7E6A88ADCB0As1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib8296A0C09A7B51BBC4F5AEBD3C07E89Es1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib8296A0C09A7B51BBC4F5AEBD3C07E89Es1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibE3E275212A6DB7F9509272F3D4922CBAs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibE3E275212A6DB7F9509272F3D4922CBAs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD15F858D63A896B444071E77DC9D02B5s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD15F858D63A896B444071E77DC9D02B5s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib83E1E429052A6401F569655C1A656C55s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA5331741FA7D497D34A1BD09F3CA451Cs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibA5331741FA7D497D34A1BD09F3CA451Cs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD302683C1285FAABE774A869644779EFs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bibD302683C1285FAABE774A869644779EFs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib19D9D60FF057F5CA332F01D4888F8C22s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib19D9D60FF057F5CA332F01D4888F8C22s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib311303C462A754530346B87001A382FDs1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib42CCC06E227A73F05092479749B87C91s1
http://refhub.elsevier.com/S0370-2693(23)00082-5/bib42CCC06E227A73F05092479749B87C91s1

	Scrutinizing CKM unitarity with a new measurement of the Kμ3/Kμ2 branching fraction
	1 Introduction
	2 Global fit to kaon data and implications for CKM unitarity
	3 Constraints on physics beyond the Standard Model
	4 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Radiative corrections to β decays
	References


