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 GF(β) ~ g2Vij/Mw2 ~ GF(μ) Vij  

• CC processes the SM are mediated by  W exchange between L-handed fermions  ⇒  universality relations 

Lepton  flavor universality

Cabibbo universality          
(Quark-Lepton universality) 

Rare pion decays:  weak universality and beyond 
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• Rare pion decays offer a theoretically ‘clean’ way to test the SM universality relations

• Precise exp. + theory may reveal BSM effects from heavy new physics

• Direct sensitivity to light new particles (sterile neutrinos, axion-like, Majoron…)   
    π± →π0e±ν

π →eν

(β) (β) 



Outline 

• Resource:  theory talks at the 2022 Rare Pion Decay Workshop 

https://indico.cern.ch/event/1175216/timetable/#20221006.detailed



• The Standard Model baseline:   theoretical status of   

• Re/μ(π) =  𝝘(π →eν(γ)) / 𝝘(π →μν(γ))  

• 𝝘(π± →π0e±ν(γ))

• Rare π decays as a probe of new physics: 

• Sensitivity to light and weakly coupled particles (brief) 

• Impact on lepton flavor universality tests

• Impact on Cabibbo universality test (‘active’ anomaly) 

Outline 

Beta decays as 
probes of new physics

Up quark 

W boson

Down quark
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New virtual 
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The Standard Model baseline



• Helicity suppressed the SM (V-A structure),  
zero if me→ 0 

• Despite involving a hadron, this ratio can be 
predicted with high precision.  Why?

⇒

 π- 

e-

⇒

νe  
_

Re/μ(π) = 𝝘(π →eν(γ)) / 𝝘(π →μν(γ)) in the SM

W±

π±
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• Fπ  drops in the  e/μ ratio → hadronic structure dependence appears only through EM corrections

Theoretical analysis of Re/μ(π)

P = (π,K)

• Organize calculation in EFT (ChPT):

the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
e

m2
µ

(
m2
P −m2

e

m2
P −m2

µ

)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
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µ

(
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P −m2

e
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P −m2

µ

)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where
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)2
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Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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• Fπ  drops in the  e/μ ratio → hadronic structure dependence appears only through EM corrections

Theoretical analysis of Re/μ(π)

P = (π,K)

• Organize calculation in EFT (ChPT):

the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
e

m2
µ

(
m2
P −m2

e

m2
P −m2

µ

)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
e

m2
µ

(
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P −m2
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µ

)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
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(
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)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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• NLO correction ↔ point-like mesons (Kinoshita 59)

No contact (LEC):
contribution cancels 

in the ratio! 
π

e

ν

γ

the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
e

m2
µ

(
m2
P −m2

e

m2
P −m2

µ

)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
e

m2
µ

(
m2
P −m2

e

m2
P −m2

µ

)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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Use RGE to resum large IR logs (Marciano and Sirlin 1993)

the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
e

m2
µ

(
m2
P −m2

e

m2
P −m2

µ

)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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Theoretical analysis of Re/μ(π)

P = (π,K)

the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
e

m2
µ

(
m2
P −m2

e

m2
P −m2

µ

)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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• Structure dependence appears at NNLO in ChPT! 

2) O(e2p4) Low Energy Constant (LEC:, 
estimated within large-NC inspired 
resonance model (satisfying QCD s.d. 
constraints).  Small contribution to final 
result,  largest uncertainty 

1) One- and two-loop diagrams  ⇒ 

model-independent 
single and double logs 

3) Str. Dep. Real photon emission, not  
helicity suppressed   

O(p4) LECs
fixed by charge radii 

and π → l ν γ π

e

ν

γ

the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
e

m2
µ

(
m2
P −m2

e

m2
P −m2

µ

)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
e

m2
µ

(
m2
P −m2

e

m2
P −m2

µ

)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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Theoretical analysis of Re/μ(π)

P = (π,K)

the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a !rst approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to W!ν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective !eld theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ # 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
e

m2
µ

(
m2
P −m2

e

m2
P −m2

µ

)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence !rst appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually de!nes the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → !ν̄!γ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one !nds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a !nal result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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Marciano-Sirlin, 1993, PRL  → 
VC-Rosell  0707.3439, PRL

PIENU Coll. , PRL 2015
PDG 2020

Theory Experiment

Theory result provides robust baseline for 
new physics searches.                                               

Might be further improved in the next 
decade through lattice QCD+QED
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Physics Case 1: Test LFUV at precision of theory
• Lepton Flavor Universality test in

This just demands to be tested better!  A clean generic way to look 
for new physics.    Theory vs Experiment in high precision test.

Will be (by far) the most precise test of Lepton Flavor Universality

15 x worse than theory

4
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A next-generation rare pion 
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Pion beta decay

• Phase space
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Pion beta decay

• Vector form factor at t=0, controlled by isospin and its breaking

Behrends-Sirlin 1962 VC-Neufeld-Pichl  hep-ph/0209226,  EPJC

• Phase space
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Pion beta decay
• Decay rate

• Radiative corrections:  Current algebra → ChPT to O(e2p2) → Lattice QCD 

Sirlin 1978
VC-Neufeld-Pichl  2002, EPJC

Desxotes-Genon Moussallam 2005, EPJC
Passera et al., 2011

Feng, Gorchtein, Jin, Ma, Seng , 2003.09798, PRL



Pion beta decay

• Current extraction of  Vud 

• 0.3% uncertainty dominated by BR = 1.036(6)x10-8

• Next largest uncertainty from phase space!       

• For reference, the current best determination is                                                            

PIBETA Coll. ,  hep-ex/031230, PRL
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Scrutinizing CKM unitarity with a new measurement of the Kµ3/Kµ2 branching fraction

Vincenzo Ciriglianoa, Andreas Crivellinb,c, Martin Hoferichterd, Matthew Moulsone

aInstitute for Nuclear Theory, University of Washington, Seattle WA 91195-1550, USA
bPaul Scherrer Institut, 5232 Villigen PSI, Switzerland
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Abstract

Precision tests of first-row unitarity of the Cabibbo–Kobayashi–Maskawa matrix currently display two intriguing tensions, both at
the 3� level. First, combining determinations of Vud from superallowed � decays with Vus 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.

1. Introduction

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

|Vud |
2 + |Vus|

2 + |Vub|
2 = 1, (1)

can be probed with high precision, from a combination of � and
kaon decays that allow one to reach an uncertainty in Vud and
Vus of a few times 10�4. Given that |Vub|

2
' 1.5 ⇥ 10�5, its role

can be largely ignored, and the challenge in testing Eq. (1) lies
in precision determinations of Vud and Vus.

For Vud, superallowed nuclear � decays (0+ ! 0+ transitions)
have long been the primary source of information, reaching an
experimental sensitivity of 1.1 ⇥ 10�4 on Vud [3]. This makes
nuclear corrections to the SM prediction the main source of un-
certainty. In the recent literature, the discussion has focused on
universal corrections from �W box diagrams [4–10] that apply
equally to the nuclear case, i.e., to superallowed � decays, as
well as to neutron decay. A comparative review of these cor-
rections is provided in Appendix A, leading to the values of
the respective corrections in Eq. (A.7) that we will use in the
following. Employing the same input as Ref. [3] for all other
corrections, this yields

V0+!0+
ud = 0.97367(11)exp(13)�R

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

where the third, nuclear uncertainty from Ref. [11] has also
been adopted in Refs. [3, 12]. Keeping this additional nu-
clear uncertainty seems warranted also in view of concerns
regarding isospin-breaking corrections [13–15], but improving
these nuclear-structure uncertainties may be possible in the fu-
ture given recent advances in ab-initio theory for nuclear � de-
cays [16–18].

An alternative determination of Vud is possible from neutron
decay [19]. This option is free of nuclear uncertainties but re-
quires knowledge of the neutron to proton axial current matrix
element. The master formula in this case thus requires infor-
mation on the neutron lifetime ⌧n and, in addition, on the nu-
cleon isovector axial charge � = gA/gV , which at the relevant
precision is extracted from experimental measurements of the
� asymmetry in polarized neutron decay. With current world
averages [12], one has

Vn, PDG
ud = 0.97441(3) f (13)�R (82)�(28)⌧n [88]total, (3)

where the first error arises from the propagation of the uncer-
tainty in the phase-space factor f = 1.6887(1) [19]. However,
especially the value of � carries an inflated uncertainty due to
scale factors, and we believe that the current best experiments
imply more information than suggested by the global averages.
Therefore, using only Ref. [20] for ⌧n and Ref. [21] for �, we
find

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

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

V�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 � decay [22–25]

V⇡ud = 0.9739(29), (6)
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Rare pion decays as      
a probe of new physics



BSM sensitivity
• What kind of new physics are rare pion decays probing?

• Light and weakly coupled? Heavy?
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BSM sensitivity
• What kind of new physics are rare pion decays probing?

• Light and weakly coupled? Heavy?

Standard 
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Decreasing Coupling Strength 
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π+ → e+ + ?



Sensitivity to light new physics
• There is sensitivity to a variety of new particles / interactions 

Signals
⇡+ ! ?

a

e+

e� ⌫

e+

A0
µ

⌫

⌫⌫

e+

'
⌫

⌫

⌫
e+ N

e+

Axion
Gauge
boson

Majoron Sterile
neutrinos

Displaced?

Look forward to discoveries of light particles at PIONEER!

14
14From Jeff Dror’s talk at Rare Pion Decay workshop



• Sensitivity to sterile neutrino mass & mixing 

Sterile neutrinos

Bryman and Shrock, 1904.06787, 1909.11198,  PRD

• π→eν4 provides strongest bounds on |Ue4|2  for mν4 ~1-140 MeV

• PIONEER improvement:  order of magnitude

Re/μ(π) assuming 
bounds on Uμ4 
from peak searches  

Peak searches

Shrock 1980-81

ν4

e
π+ Ue4



• Recent study of general lepto-philic axion 

Axion-like particles
Altmanshofer-Dror-Gori 2209.00665,  PRL

Projection assumes 
BR (π → aeν)~10-11

4

⇤e

[GeV]
⇤e

[GeV]

FIG. 2. The bounds on the coupling gee of leptophilic ALPs interacting with electrons. For comparison, we also plot
⇤e ⌘ me/gee on the right axes. The gray regions are ruled out by know constraints from the BaBar experiment [40],
searches in electron beam dumps [5–8], electron g � 2 [41, 42], supernova [32], and meson FCNCs [43–45]. Searches
for leptonic charged meson decays are shown in blue (pions) [46] and red (kaons) [47], while searches for rare W
boson decays are shown in olive. Dashed lines indicate a rough potential sensitivity with dedicated searches at the
PIONEER experiment [48], kaon factories [49], and at the Large Hadron Collider, as described in the main text.
Constraints from leptonic charged meson decays in the CHARM proton beam dump are shown in yellow [50]. Left:
A weak-preserving interaction where only the right-handed electron interacts with the ALP (model WP). Right: A
weak-violating interaction of a pseudoscalar ALP (model WV).

for weak-violating ALPs and are depicted in yellow
in Fig. 2 (Right).

W+ BOSON DECAY

ALPs can be radiated in leptonic W boson decays
resulting in W

+
! `

+
⌫`a. The decay rate is negli-

gible for weak-preserving ALPs but is relatively en-
hanced by m

2
W /m

2
` for weak-violating ALPs, mak-

ing it a powerful probe of leptophilic ALPs. The
channel is particularly important at ALP masses
above 10.2 GeV, the threshold for production at
BaBar [40], where the only competing bounds are
from LEP. This e↵ect has been noted in the context
of muonphilic gauge bosons [61].

In the limit where all final state particles can be
approximated as massless, and focusing on the weak-
violating interaction in Eq. 3, the branching ratio is

B(W+
! `

+
⌫`a)

B(W+ ! e+⌫)
=

3

1024⇡2

m
2
W

m
2
`

(g`` � ḡ`` + g⌫`)
2
,

(9)
where, as for the charged meson decays, we nor-
malized to a well-known two-body process. To our
knowledge, there have not been dedicated searches
for this decay mode. As a conservative bound, we
require this mode not to contribute at a detectable
level to the total W width �W = 2.085± 0.042 [62].

This gives the 95% confidence interval bound in olive
in Fig. 2 (Right). A dedicated analysis may dramat-
ically improve the sensitivity, given that searches for
other rare W decays by CMS reach branching ratios
of the order of O(10�6) [63, 64]. As a benchmark,
we show a branching ratio of 10�5 in Fig. 2 (Right).

DISCUSSION AND APPLICATIONS

We revisited the theory behind leptophilic axion-
like particles. Our primary insight is the rewriting of
the ALP interactions through Eq. (3), which high-
lights the role of the enhanced charged current inter-
action. This separates two distinct classes of ALPs
depending on how SM fields are charged under the
underlying PQ symmetry: weak-preserving or weak-
violating. Weak-violating ALPs arise from both
renormalization-group flow and from integrating out
new electroweak-charged degrees of freedom. Inter-
estingly, the often considered pseudoscalar interac-
tion for the ALP, @µa(¯̀�µ

�5`), is of weak-violating
form. Such ALPs can be produced with amplitudes
enhanced by energy/lepton mass, providing a wealth
of new experimental opportunities.

In this context, we derived new bounds on
ALP couplings to electrons from leptonic decays of
charged pions and kaons, the W boson, and from

2

where L = (`, ⌫`) is the SU(2)-doublet and H de-
notes the SM Higgs boson.

The impact of the leptophilic-ALP interactions is
best understood by integrating the Lagrangian by
parts and writing it as an axion multiplying the di-
vergence of the PQ current. There are three types
of contributions to the divergence to leading order
in the axion couplings:

@µj
µ
PQ = g``(¯̀i�5`) (3)

+
e
2

16⇡2m`


ḡ`` � g`` + g⌫`

4s2W
W

+
µ⌫W̃

�,µ⌫

+
ḡ`` � g``(1� 4s2W )

2cW sW
Fµ⌫Z̃

µ⌫
� g``Fµ⌫ F̃

µ⌫+

ḡ``(1� 4s2W )� g``(1� 4s2W + 8s4W ) + g⌫`

8s2W c
2
W

Zµ⌫Z̃
µ⌫

�

+
ig

2
p
2m`

(g`` � ḡ`` + g⌫`)(¯̀�
µ
PL⌫)W

�
µ + h.c. ,

where sW is the sine of the weak mixing angle.
The first, Yukawa-like, term drives most of ALP

phenomenology and has been extensively studied in
the literature. This coupling is often wrongly stated
as the only physical term. This claim is only valid if
one neglects the weak interactions that render each
coupling in Eq. (1) physical.

The second set of terms is generated through the
chiral anomaly and has been studied in the context
of flavor-changing meson decays into ALPs (see, e.g.,
Refs. [12, 16–18]). In UV complete ALP models,
the anomaly terms containing weak gauge bosons
have additional contributions from the shift of the
measure under a chiral rotation and studying any
process using these terms is sensitive to the specific
UV completion [36–38].

The final contribution to the divergence can be
used to set stringent bounds on ALPs, but has re-
ceived far less attention in the literature. [39] It is
a key component of our work. The corresponding
4-point interaction term of the ALP with a lepton,
neutrino, and W boson is absent if the current re-
spects electroweak symmetry. As we will show, in
its presence, there is an (energy/m`) enhancement
in amplitudes involving W bosons. Note that the
interactions of neutral gauge bosons conserve at the
classical level separately left-handed charged lepton
number, right-handed charged lepton number, and
neutrino number and thus there are no analogous
terms with photons or Z bosons. Also note that, up
to anomaly terms, there are only two physical cou-
plings in the leptophilic ALP Lagrangian. This is
a consequence of lepton number conservation at the
classical level.
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FIG. 1. Diagrams for the decay of a charged meson (P+)
to an ALP (a), lepton (`), and neutrino (⌫`) using the
interactions in Eq.(3). (A) relies on the standard ¯̀�5`
vertex. (B) uses the enhanced weak-violating vertex.

LEPTONIC MESON DECAYS

The interactions in Eq. (3) imply that there
are unappreciated experimental avenues capable of
probing leptophilic ALPs. One is the charged meson
(P±) decay P

±
! `

±
⌫`a with the two leading order

diagrams depicted in Fig. 1. Comparing the coe�-
cients in front of the ¯̀�5` and (¯̀�µ

PL⌫`)W�
µ terms

in Eq. (3), we expect that if m`/mP ⌧ 1, diagram
(B) will generically be the dominant contribution to
the decay rate. In a weak-preserving theory, diagram
(B) vanishes, and only diagram (A) will contribute.
In either case, the bounds from charged meson de-
cays are a powerful probe of the leptophilic-ALP pa-
rameter space.

To present the result of our calculation, we nor-
malize the P

+
! `

+
⌫`a branching ratio to a well-

measured leptonic decay of the same charged meson
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⌫`0 . In the ratio, all CKM matrix ele-

ments and meson decay constants cancel. In the
limit m` ⌧ mP , we find
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GeV-scale effective Lagrangian
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Non-interfering terms with 
‘wrong’ neutrino flavor

Probing LFU with Re/μ(π)

ΛA ~ 5.5 TeV
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• BSM axial-current contribution



Non-interfering terms with 
‘wrong’ neutrino flavor

Probing LFU with Re/μ(π)

ΛP ~ 330 TeV

• BSM pseudoscalar contribution 

• Not helicity suppressed!

• LFU violation ↔  [εP]αα ≠ 𝜅 mα 

• Marginalizing w.r.t.  εPex
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2GFVud ē�µPL⌫e N̄ (gV vµ � 2gASµ) ⌧

+
N + ...

1

@  μ = 2 GeV

ΛP ~ 10 TeV
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Probing LFU with Re/μ(π)
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2GFVud ē�µPL⌫e N̄ (gV vµ � 2gASµ) ⌧

+
N + ...

1

@  μ = 2 GeV

ΛP ~ 10 TeV



Re/μ(π)  vs other probes of LFU
• Comparison possible within a given class of models

• Instructive example:  LFU violation in vertex corrections, probed by decays of  W, 𝜏, K, π                          

ei

νi

3.1. Effective Field Theory
We now consider NP effects parameterized by effective interactions.

3.1.1. Modi!edW!ν couplings. All observables discussed in this review are sensitive to mod-
i!edW couplings to leptons. To investigate their effects, we therefore use the parameterization9

L ⊃ −i g2√
2
!̄iγ

µPLν jW −
µ

(
δi j + εi j

)
+ h.c., 31.

where i, j= e,µ, or τ ; δij is the Kronecker delta; and the SM SU(2)L gauge coupling g2 is recovered
in the limit ϵij → 0. Here we have neglected possible effects of the PMNS (Pontecorvo–Maki–
Nakagawa–Sakata) matrix that drop out in the limit of vanishing neutrino masses. Furthermore,
below we disregard "avor-violating couplings (εij, with i %= j) because they are tightly bounded
by radiative lepton decays ! → !′γ and lead to effects in LFUV observables that do not interfere
with the SM and are thus suppressed. Note that in Equation 31 we simply parameterize the BSM
effect by εij but do not consider the SU(2)L gauge invariance in SM EFT, which we discuss in
Section 3.1.4.

For the phenomenological analysis, note that all LFUV observables (encoded in direct ratios)
depend, at leading order, on differences ϵaa − ϵbb (a %= b), while the de!cit in !rst-row CKM uni-
tarity, related to the determination of Vud, is to a good approximation sensitive only to ϵµµ (31).
In order to extract Vud from beta decays, the Fermi constant determined from the muon lifetime
(100) is needed:

1
τµ

=
(GL

F )2m5
µ

192π3 (1 + )q)(1 + εee + εµµ )2. 32.

Here GL
F is the Fermi constant appearing in the Lagrangian (excluding BSM contamination), and

)q subsumes the phase space,QED, and EW radiative corrections.Therefore, the Fermi constant
measured in muon decay and extracted under the SM assumption (GF) is related to the one at the
Lagrangian level as

GF = GL
F (1 + εee + εµµ ). 33.

Thus,

V β
ud = V L

ud
(
1 − εµµ

)
, 34.

where V L
i j denotes CKM matrix elements without any BSM contamination, which by de!nition

ful!lls CKM unitarity, and V β
ud is the CKM element extracted from beta decays within the SM.

Taking into account that !rst-row and -columnCKMunitarity relations are very much dominated
byVud, being by far the biggest element of the CKMmatrix, we !nd that to a good approximation

εµµ ≈ 0.00098 ± 0.00027, 35.

which re"ects the corresponding 3.7σ tension.
We can now reparameterize the NP effects by writing

εee−εµµ, εττ−εµµ, and εµµ, 36.

such that differences are direct measures of LFU and are constrained by the corresponding ratios.
As a result, we can perform a global !t in the ϵττ − ϵµµ versus ϵee − ϵµµ plane, which is uncorrelated

9In the conventions of Reference 95, we have 1 + ϵii − ϵjj = gi/gj or, equivalently, gi = gj(1 + ϵii − ϵjj), where
i, j = e, µ, or τ .
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Re/μ(π)  vs other probes of LFU
• Comparison possible within a given class of models

• Instructive example:  LFU violation in vertex corrections, probed by decays of  W, 𝜏, K, π                          

ei

νi

3.1. Effective Field Theory
We now consider NP effects parameterized by effective interactions.

3.1.1. Modi!edW!ν couplings. All observables discussed in this review are sensitive to mod-
i!edW couplings to leptons. To investigate their effects, we therefore use the parameterization9

L ⊃ −i g2√
2
!̄iγ

µPLν jW −
µ

(
δi j + εi j

)
+ h.c., 31.

where i, j= e,µ, or τ ; δij is the Kronecker delta; and the SM SU(2)L gauge coupling g2 is recovered
in the limit ϵij → 0. Here we have neglected possible effects of the PMNS (Pontecorvo–Maki–
Nakagawa–Sakata) matrix that drop out in the limit of vanishing neutrino masses. Furthermore,
below we disregard "avor-violating couplings (εij, with i %= j) because they are tightly bounded
by radiative lepton decays ! → !′γ and lead to effects in LFUV observables that do not interfere
with the SM and are thus suppressed. Note that in Equation 31 we simply parameterize the BSM
effect by εij but do not consider the SU(2)L gauge invariance in SM EFT, which we discuss in
Section 3.1.4.

For the phenomenological analysis, note that all LFUV observables (encoded in direct ratios)
depend, at leading order, on differences ϵaa − ϵbb (a %= b), while the de!cit in !rst-row CKM uni-
tarity, related to the determination of Vud, is to a good approximation sensitive only to ϵµµ (31).
In order to extract Vud from beta decays, the Fermi constant determined from the muon lifetime
(100) is needed:

1
τµ

=
(GL

F )2m5
µ

192π3 (1 + )q)(1 + εee + εµµ )2. 32.

Here GL
F is the Fermi constant appearing in the Lagrangian (excluding BSM contamination), and

)q subsumes the phase space,QED, and EW radiative corrections.Therefore, the Fermi constant
measured in muon decay and extracted under the SM assumption (GF) is related to the one at the
Lagrangian level as

GF = GL
F (1 + εee + εµµ ). 33.

Thus,

V β
ud = V L

ud
(
1 − εµµ

)
, 34.

where V L
i j denotes CKM matrix elements without any BSM contamination, which by de!nition

ful!lls CKM unitarity, and V β
ud is the CKM element extracted from beta decays within the SM.

Taking into account that !rst-row and -columnCKMunitarity relations are very much dominated
byVud, being by far the biggest element of the CKMmatrix, we !nd that to a good approximation

εµµ ≈ 0.00098 ± 0.00027, 35.

which re"ects the corresponding 3.7σ tension.
We can now reparameterize the NP effects by writing

εee−εµµ, εττ−εµµ, and εµµ, 36.

such that differences are direct measures of LFU and are constrained by the corresponding ratios.
As a result, we can perform a global !t in the ϵττ − ϵµµ versus ϵee − ϵµµ plane, which is uncorrelated

9In the conventions of Reference 95, we have 1 + ϵii − ϵjj = gi/gj or, equivalently, gi = gj(1 + ϵii − ϵjj), where
i, j = e, µ, or τ .
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Figure 2
(a) Global !t in the ϵττ − ϵµµ versus ϵee − ϵµµ plane, including K, π , and τ decays, quantifying LFU in the
charged current. (b) Global !t in the C##νν

23,NP −C##νν
12,NP versus C##νν

13,NP −C##νν
12,NP plane from leptonic τ and

muon decays. Uncertainties are shown for 1σ (dark blue) and 2σ (light blue). Abbreviations: LFU, lepton
"avor universality; NP, new physics.

with ϵµµ, taking into account all LFU ratios discussed above (including correlations among them).
Figure 2a shows the result. In this depiction, while the hypothesis of LFU in the charged cur-
rent is compatible with data at the 2σ level, we observe a slight preference for negative values of
ϵee − ϵµµ.

3.1.2. Four-lepton operators. It is clear that four-lepton operators enter only purely leptonic
decays. Furthermore, because (in the limit of vanishing masses of the !nal-state leptons) only left-
handed vector operators with the same "avor structure as the SM lead to interference with the
SM in these decays, we can focus on them and write

L4# = −g22
2m2

W
C##νν
f i #̄ f γµPL#iν̄iγ µPLν f , 37.

where C##νν
f i = 1 +C##νν

f i,NP. The effects of C##νν
f i,NP are similar to those of modi!ed W#ν couplings,

and we can consider the three parameters C##νν
12,NP, C

##νν
13,NP −C##νν

12,NP, and C
##νν
23,NP −C##νν

12,NP. However,
in this case C12 not only is determined from the CAA but also has an impact on the global EW !t
because it modi!es the determination of the Fermi constant from muon decay (101, 102). In fact,
they turn out to prefer opposite signs:

C##νν
12,NP

∣∣
CAA ≈ 0.00098 ± 0.00027, and

C##νν
12,NP

∣∣
EW ≈ −0.00067 ± 0.00033.

38.

BothC##νν
13,NP −C##νν

12,NP andC
##νν
23,NP −C##νν

12,NP are determined from the ratios of rates τ → µνν/τ → eνν,
τ → µνν/µ → eνν, and τ → eνν/µ → eνν, while all ratios involving mesons remain unaffected.
Therefore, we !nd the global !t shown in Figure 2b.

3.1.3. Two-quark–two-lepton operators. Concerning two-quark–two-lepton operators, both
left-handed vector operators and scalar ones are relevant because they interfere with the SM

80 Bryman et al.
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• Global fit [except for B decays]: 
Bryman,  VC, Crivellin, Inguglia, 

2111.05338, ARNPS

PIONEER will have strong impact on  
the horizontal scale in this plot SM

https://arxiv.org/abs/2111.05338


LFU hint in CC b→c decays

The present hints align well together, but it is too soon to claim
victory...

INCLUSIVE AND HADRONIC RESULTS

19

Inclusive tag:  
Hadronic tag:  

Combined:  

For the inclusive tag, significance of the result 
- wrt null hypothesis is 3.6�  

- wrt SM is 3.0� 
For the hadronic tag, significance of the result 
- wrt null hypothesis is 1.1�  

- wrt SM is 0.6� 
For the combination, significance of the result 
- wrt null hypothesis is 3.6� 

- wrt SM is 2.8�

BF = [2.8 ± 0.5 ± 0.5] � 10�5
BF = [1.1+0.9+0.8�0.8�0.5] � 10�5

BF = [2.4 ± 0.5+0.5�0.4] � 10�5

NEW

First evidence of the  decayB+ � K+��̄
Overall compatibility is good �2/ndf = 4.3/4

Home-cooked comparison

*
*

Belle reports 
  only upper  
  limits. 
  We calculate 
  BF ourselves

*
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R
D

(∗) ≡
B(B̄ → D

(∗)
τ−ν̄τ )

B(B̄ → D
(∗)
#−ν̄")

Tree-level
process

b
c

τ−

ν̄τ

W−

→ !ν

0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4R
(D

*)

Bigi 16, Gambino 19

Bordone 19

 = 1.0 contours2χ∆

World Average
 0.014± 0.026 ±R(D) = 0.339 
 0.010± 0.010 ±R(D*) = 0.295 

 = -0.38ρ
) = 28%2χP(

σ3

LHCb15

LHCb18

Belle17

Belle19 Belle15

BaBar12

Average

HFLAV
2021

3.4σ

discrepancy

LHCb, 1711.05623: RJ/ψ ≡
B(Bc → J/ψτν̄τ )

B(Bc → J/ψµν̄µ)
= 0.71± 0.17± 0.18 (1.7σ) R

SM

J/ψ ≈ 0.26 − 0.28

LHCb, 2201.03497: RΛ0
b
→Λ+c

= 0.242 ± 0.026 ± 0.040 ± 0.059 R
SM

Λ0
b
→Λ+c

≈ 0.324 ± 0.004

BUT
Γ(B → D (∗)µν)

Γ(B → D (∗)eν)

∣

∣

∣

∣

gµ
ge

∣

∣

∣
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• However, for light 
lepton flavors: 

Jung-Straub 1801.01112

• 3σ deviation from LFU in CC decays involving tau vs light lepton flavors 

• Can be explained by a 
number of models,  e.g. 
leptoquarks with 
specific flavor couplings



The b→s LFU anomalies are ~ goneA            Summary
Violations of

Lepton Flavour
Universality

RH ≡

∫ q2
max

q2
min

dΓ(B→H µ+µ−)

dq2
dq2

∫ q2max

q2
min

dΓ(B→H e+e−)

dq2
dq2

SM
= 1 ± O(10−2) QED corrections

→ !+!−

V. Gligorov, ICHEP 2022

0 1 2 3 4 5 6

q2 >*H92/c4@

0.6

0.8

1.0

1.2

1.4

R
X

/+&E SULYDWH FRPSLODWLRQ

RK∗0 /+&E >3K\V�5HY�/HWW�����������@
RK /+&E >1DW�3K\V�����������������@
RK0

6
/+&E >3K\V�5HY�/HWW�����������@

RK∗+ /+&E >3K\V�5HY�/HWW�����������@
RpK /+&E >-+(3�������������@

0 5 10 15 20

q2 >*H92/c4@

0.6

0.8

1.0

1.2

1.4

R
X

%�IDFWRULHV SULYDWH FRPSLODWLRQ

RK∗0 %HOOH >3K\V�5HY�/HWW�����������@
RK∗0 %DU%DU >3K\V�5HY�'����������@

RK %HOOH >3K\V�5HY�/HWW�����������@
RK %DU%DU >3K\V�5HY�'����������@

Precision dominated by LHCb, Belle 2 will be able to independently verify with ~10ab-1.  
Will be interesting to see the eventual impact of the parked CMS dataset.

Credit for script: Sebastian Schmitt

A. Pich Lepton Flavour Universality 16

Violations of
Lepton Flavour
Universality

RH ≡

∫ q2
max

q2
min

dΓ(B→H µ+µ−)

dq2
dq2

∫ q2max

q2
min

dΓ(B→H e+e−)

dq2
dq2

SM
= 1 ± O(10−2) QED corrections

→ !+!−

V. Gligorov, ICHEP 2022

0 1 2 3 4 5 6

q2 >*H92/c4@

0.6

0.8

1.0

1.2

1.4

R
X

/+&E SULYDWH FRPSLODWLRQ

RK∗0 /+&E >3K\V�5HY�/HWW�����������@
RK /+&E >1DW�3K\V�����������������@
RK0

6
/+&E >3K\V�5HY�/HWW�����������@

RK∗+ /+&E >3K\V�5HY�/HWW�����������@
RpK /+&E >-+(3�������������@

0 5 10 15 20

q2 >*H92/c4@

0.6

0.8

1.0

1.2

1.4

R
X

%�IDFWRULHV SULYDWH FRPSLODWLRQ

RK∗0 %HOOH >3K\V�5HY�/HWW�����������@
RK∗0 %DU%DU >3K\V�5HY�'����������@

RK %HOOH >3K\V�5HY�/HWW�����������@
RK %DU%DU >3K\V�5HY�'����������@

Precision dominated by LHCb, Belle 2 will be able to independently verify with ~10ab-1.  
Will be interesting to see the eventual impact of the parked CMS dataset.

Credit for script: Sebastian Schmitt

A. Pich Lepton Flavour Universality 16



Test
Test
Test
Test
Test
Test

� = G
2

F ⇥ |Vij|
2
⇥ |Mhad|

2
⇥ (1 +�R)⇥ Fkin

1

Cabibbo universality tests

26

CKM element Hadronic matrix 
element

Radiative corrections:
(α/π)~ 2.⨉ 10-3  and smaller effects 

Extract Vud=cosθC and  Vus=sinθC  from total decay rates



Test
Test
Test
Test
Test
Test

� = G
2

F ⇥ |Vij|
2
⇥ |Mhad|

2
⇥ (1 +�R)⇥ Fkin

1

Cabibbo universality tests

26

CKM element Hadronic matrix 
element

Radiative corrections:
(α/π)~ 2.⨉ 10-3  and smaller effects 

Extract Vud=cosθC and  Vus=sinθC  from total decay rates

Unitarity test 

Test
Test
Test
Test
Test
Test

|Vud|
2 + |Vus|

2 + |Vub|
2 = 1 +�CKM

�CKM ⌘ |Vud|
2 + |Vus|

2 + |Vub|
2
� 1 = 0

L/⇡ = �
p
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with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
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

Vus

Vud

�����
K`2/⇡`2

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

VK`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. To-
gether with the constraints on Vud, these bands give rise to the
situation depicted in Fig. 1: on the one hand, there is a ten-
sion between the best fit and CKM unitarity, but another ten-
sion, arising entirely from meson decays, is due to the fact that
the K`2 and K`3 constraints intersect away from the unitarity
circle. Additional information on Vus can be derived from ⌧
decays [29, 30], but given the larger errors [31, 32] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], 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 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity 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 uni-
tarity

The current values for Vus and Vus/Vud given in Eq. (7) are
obtained from a global fit to kaon decays [34–37], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
KS decays from Refs. [38–44], on KL decays from Refs. [45–
56], and on charged-kaon decays from Refs. [33, 57–70]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
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Figure 1: Constraints in the Vud–Vus plane. The partially overlapping vertical
bands correspond to V0+!0+

ud (leftmost, red) and Vn, best
ud (rightmost, violet). The

horizontal band (green) corresponds to VK`3
us . The diagonal band (blue) corre-

sponds to (Vus/Vud)K`2/⇡`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 yel-
low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. 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 ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].
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on Vus/Vud, while K`3 decays give direct access to Vus when the
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sion, arising entirely from meson decays, is due to the fact that
the K`2 and K`3 constraints intersect away from the unitarity
circle. Additional information on Vus can be derived from ⌧
decays [29, 30], but given the larger errors [31, 32] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], 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 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.
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The current values for Vus and Vus/Vud given in Eq. (7) are
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to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
KS decays from Refs. [38–44], on KL decays from Refs. [45–
56], and on charged-kaon decays from Refs. [33, 57–70]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
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Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. 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 ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
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certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].
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Unveiling R-handed quark currents?

ments by almost 0.5�, an e↵ect 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 1�, demonstrating that a new
precision measurement of the Kµ3/Kµ2 branching fraction really
has the potential to either resolve or substantially corroborate
the tension between the K`2 and K`3 CKM-element determina-
tions. Once the experimental situation in the kaon sector is clar-
ified, 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 re-
newed interest in possible BSM explanations [107, 108], in-
cluding interpretations in terms of vector-like quarks [109–
111] and leptons [112, 113], as modifications of the Fermi
constant [114, 115], in the context of lepton flavor universal-
ity [116–121], and even allowing for a correlation with di-
electron searches at the LHC [122, 123]. Here, we illustrate
the impact of our proposed Kµ3/Kµ2 measurement via the con-
straints on right-handed currents [32, 124–126], which can not
only address the tension between � 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 su�cient to explain both

tensions, as they are governed by a-priori independent oper-
ators, and we therefore introduce two parameters ✏R, ✏(s)

R (or
equivalently ✏R and �✏R ⌘ ✏(s)

R � ✏R, normalized as in Ref. [32])
to quantify right-handed currents in the non-strange and strange
sectors, respectively. Working at first order in ✏, the CKM ele-
ments in Eq. (8) as extracted from the (vector-current mediated)
three-particle decays are contaminated by 1 + ✏, the ones from
the (axial-current mediated) two-particle decays by 1 � ✏, re-
sulting in

�(1)
CKM = 2✏R + 2�✏RV2

us,

�(2)
CKM = 2✏R � 2�✏RV2

us,

�(3)
CKM = 2✏R + 2�✏R

�
2 � V2

us
�
. (9)

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

CKM and �(2)
CKM, while �✏R is obtained

from the combination

r ⌘

0
BBBBB@

1 + �(2)
CKM
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1
CCCCCA

1/2

=

Vus
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����
K`2/⇡`2
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V�ud

= 1 � 2�✏R. (10)

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

✏R = �0.69(27) ⇥ 10�3 [2.5�],

�✏R = �3.9(1.6) ⇥ 10�3 [2.4�]. (11)

With a projected measurement of the Kµ3/Kµ2 branching ratio
at 0.2% level at 2� above the current measurement, the above

Figure 2: Constraints in the �✏R–✏R plane from the �(i)
CKM introduced in Eq. (8).

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

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

slope (green) correspond to �(3)
CKM. The filled bands reflect the current situa-

tion (11), the long-dashed ones the +2� scenario (12), and the short-dashed
ones the opposite case (13). Note that in each case the three bands essentially
overlap by construction, since Vud , Vus, subject to the unitarity constraint, and
the BSM contamination via �✏R, ✏R, amount to three free parameters. The main
impact of the proposed new measurement of the Kµ3/Kµ2 branching fraction
thus concerns a corresponding shift in the �(3)

CKM band if the ±2� scenarios
were realized.

numbers change to

✏R = �0.67(27) ⇥ 10�3 [2.5�],

�✏R = �1.8(1.6) ⇥ 10�3 [1.1�], (12)

while a future measurement at 0.2% with central value 2� be-
low the current one would give

✏R = �0.70(27) ⇥ 10�3 [2.6�],

�✏R = �5.7(1.6) ⇥ 10�3 [3.5�]. (13)

This shows that the proposed measurement would have a signif-
icant impact on revealing or further constraining right-handed
charged currents involving strange quarks. In particular, the
non-vanishing value of ✏R is mainly driven by the �-decay ob-
servables, 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 �✏R to the di↵erent scenarios reflects similar
changes in �(3)

CKM as observed in Table 1.
We note here that other probes of ✏R and �✏R are currently

less constraining and are not reported in Fig. 2. In particular, ✏R
can be determined from the comparison of the experimentally
measured axial charge � = gA/gV and its value computed in
lattice QCD [28, 127, 128], up to a recently uncovered electro-
magnetic correction [129]. This results in ✏R = �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 [125].

A similar analysis could be performed in terms of pseu-
doscalar couplings ✏P, ✏(s)

P , which only a↵ect the axial-current
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111] and leptons [112, 113], as modifications of the Fermi
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ity [116–121], and even allowing for a correlation with di-
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the impact of our proposed Kµ3/Kµ2 measurement via the con-
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strangeness right-handed currents need to be invoked. Here,
the sensitivity of �✏R to the di↵erent scenarios reflects similar
changes in �(3)

CKM as observed in Table 1.
We note here that other probes of ✏R and �✏R are currently

less constraining and are not reported in Fig. 2. In particular, ✏R
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measured axial charge � = gA/gV and its value computed in
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magnetic correction [129]. This results in ✏R = �0.2(1.2)%.
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tions. Once the experimental situation in the kaon sector is clar-
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increase or decrease by more than 1�, demonstrating that a new
precision measurement of the Kµ3/Kµ2 branching fraction really
has the potential to either resolve or substantially corroborate
the tension between the K`2 and K`3 CKM-element determina-
tions. Once the experimental situation in the kaon sector is clar-
ified, possible BSM interpretations become much more robust,
as we discuss in the subsequent section.
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newed interest in possible BSM explanations [107, 108], in-
cluding interpretations in terms of vector-like quarks [109–
111] and leptons [112, 113], as modifications of the Fermi
constant [114, 115], in the context of lepton flavor universal-
ity [116–121], and even allowing for a correlation with di-
electron searches at the LHC [122, 123]. Here, we illustrate
the impact of our proposed Kµ3/Kµ2 measurement via the con-
straints on right-handed currents [32, 124–126], which can not
only address the tension between � and kaon decays, but also
between K`2 and K`3. This discussion becomes most transpar-
ent in terms of the �(i)
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strangeness right-handed currents need to be invoked. Here,
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ments by almost 0.5�, an e↵ect 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 1�, demonstrating that a new
precision measurement of the Kµ3/Kµ2 branching fraction really
has the potential to either resolve or substantially corroborate
the tension between the K`2 and K`3 CKM-element determina-
tions. Once the experimental situation in the kaon sector is clar-
ified, possible BSM interpretations become much more robust,
as we discuss in the subsequent section.
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The current tension with CKM unitarity has triggered re-
newed interest in possible BSM explanations [107, 108], in-
cluding interpretations in terms of vector-like quarks [109–
111] and leptons [112, 113], as modifications of the Fermi
constant [114, 115], in the context of lepton flavor universal-
ity [116–121], and even allowing for a correlation with di-
electron searches at the LHC [122, 123]. Here, we illustrate
the impact of our proposed Kµ3/Kµ2 measurement via the con-
straints on right-handed currents [32, 124–126], which can not
only address the tension between � 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 su�cient to explain both
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With a projected measurement of the Kµ3/Kµ2 branching ratio
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CKM introduced in Eq. (8).
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CKM, while the bands with steep negative
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CKM. The filled bands reflect the current situa-

tion (11), the long-dashed ones the +2� scenario (12), and the short-dashed
ones the opposite case (13). Note that in each case the three bands essentially
overlap by construction, since Vud , Vus, subject to the unitarity constraint, and
the BSM contamination via �✏R, ✏R, amount to three free parameters. The main
impact of the proposed new measurement of the Kµ3/Kµ2 branching fraction
thus concerns a corresponding shift in the �(3)

CKM band if the ±2� scenarios
were realized.

numbers change to

✏R = �0.67(27) ⇥ 10�3 [2.5�],

�✏R = �1.8(1.6) ⇥ 10�3 [1.1�], (12)

while a future measurement at 0.2% with central value 2� be-
low the current one would give

✏R = �0.70(27) ⇥ 10�3 [2.6�],

�✏R = �5.7(1.6) ⇥ 10�3 [3.5�]. (13)

This shows that the proposed measurement would have a signif-
icant impact on revealing or further constraining right-handed
charged currents involving strange quarks. In particular, the
non-vanishing value of ✏R is mainly driven by the �-decay ob-
servables, 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 �✏R to the di↵erent scenarios reflects similar
changes in �(3)

CKM as observed in Table 1.
We note here that other probes of ✏R and �✏R are currently

less constraining and are not reported in Fig. 2. In particular, ✏R
can be determined from the comparison of the experimentally
measured axial charge � = gA/gV and its value computed in
lattice QCD [28, 127, 128], up to a recently uncovered electro-
magnetic correction [129]. This results in ✏R = �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 [125].

A similar analysis could be performed in terms of pseu-
doscalar couplings ✏P, ✏(s)

P , which only a↵ect the axial-current
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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 su�cient to explain both

tensions, as they are governed by a-priori independent oper-
ators, and we therefore introduce two parameters ✏R, ✏(s)

R (or
equivalently ✏R and �✏R ⌘ ✏(s)

R � ✏R, normalized as in Ref. [32])
to quantify right-handed currents in the non-strange and strange
sectors, respectively. Working at first order in ✏, the CKM ele-
ments in Eq. (8) as extracted from the (vector-current mediated)
three-particle decays are contaminated by 1 + ✏, the ones from
the (axial-current mediated) two-particle decays by 1 � ✏, re-
sulting in

�(1)
CKM = 2✏R + 2�✏RV2

us,

�(2)
CKM = 2✏R � 2�✏RV2

us,

�(3)
CKM = 2✏R + 2�✏R

�
2 � V2

us
�
. (9)

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

CKM and �(2)
CKM, while �✏R is obtained

from the combination

r ⌘

0
BBBBB@

1 + �(2)
CKM

1 + �(3)
CKM

1
CCCCCA

1/2

=

Vus
Vud

����
K`2/⇡`2

VK`3
us

V�ud

= 1 � 2�✏R. (10)

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

✏R = �0.69(27) ⇥ 10�3 [2.5�],

�✏R = �3.9(1.6) ⇥ 10�3 [2.4�]. (11)

With a projected measurement of the Kµ3/Kµ2 branching ratio
at 0.2% level at 2� above the current measurement, the above

Figure 2: Constraints in the �✏R–✏R plane from the �(i)
CKM introduced in Eq. (8).

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

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

slope (green) correspond to �(3)
CKM. The filled bands reflect the current situa-

tion (11), the long-dashed ones the +2� scenario (12), and the short-dashed
ones the opposite case (13). Note that in each case the three bands essentially
overlap by construction, since Vud , Vus, subject to the unitarity constraint, and
the BSM contamination via �✏R, ✏R, amount to three free parameters. The main
impact of the proposed new measurement of the Kµ3/Kµ2 branching fraction
thus concerns a corresponding shift in the �(3)

CKM band if the ±2� scenarios
were realized.

numbers change to

✏R = �0.67(27) ⇥ 10�3 [2.5�],

�✏R = �1.8(1.6) ⇥ 10�3 [1.1�], (12)

while a future measurement at 0.2% with central value 2� be-
low the current one would give

✏R = �0.70(27) ⇥ 10�3 [2.6�],

�✏R = �5.7(1.6) ⇥ 10�3 [3.5�]. (13)

This shows that the proposed measurement would have a signif-
icant impact on revealing or further constraining right-handed
charged currents involving strange quarks. In particular, the
non-vanishing value of ✏R is mainly driven by the �-decay ob-
servables, 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 �✏R to the di↵erent scenarios reflects similar
changes in �(3)

CKM as observed in Table 1.
We note here that other probes of ✏R and �✏R are currently

less constraining and are not reported in Fig. 2. In particular, ✏R
can be determined from the comparison of the experimentally
measured axial charge � = gA/gV and its value computed in
lattice QCD [28, 127, 128], up to a recently uncovered electro-
magnetic correction [129]. This results in ✏R = �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 [125].

A similar analysis could be performed in terms of pseu-
doscalar couplings ✏P, ✏(s)

P , which only a↵ect the axial-current

4

ments by almost 0.5�, an e↵ect 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 1�, demonstrating that a new
precision measurement of the Kµ3/Kµ2 branching fraction really
has the potential to either resolve or substantially corroborate
the tension between the K`2 and K`3 CKM-element determina-
tions. Once the experimental situation in the kaon sector is clar-
ified, 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 re-
newed interest in possible BSM explanations [107, 108], in-
cluding interpretations in terms of vector-like quarks [109–
111] and leptons [112, 113], as modifications of the Fermi
constant [114, 115], in the context of lepton flavor universal-
ity [116–121], and even allowing for a correlation with di-
electron searches at the LHC [122, 123]. Here, we illustrate
the impact of our proposed Kµ3/Kµ2 measurement via the con-
straints on right-handed currents [32, 124–126], which can not
only address the tension between � 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 su�cient to explain both

tensions, as they are governed by a-priori independent oper-
ators, and we therefore introduce two parameters ✏R, ✏(s)

R (or
equivalently ✏R and �✏R ⌘ ✏(s)

R � ✏R, normalized as in Ref. [32])
to quantify right-handed currents in the non-strange and strange
sectors, respectively. Working at first order in ✏, the CKM ele-
ments in Eq. (8) as extracted from the (vector-current mediated)
three-particle decays are contaminated by 1 + ✏, the ones from
the (axial-current mediated) two-particle decays by 1 � ✏, re-
sulting in

�(1)
CKM = 2✏R + 2�✏RV2

us,

�(2)
CKM = 2✏R � 2�✏RV2

us,

�(3)
CKM = 2✏R + 2�✏R

�
2 � V2

us
�
. (9)

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

CKM and �(2)
CKM, while �✏R is obtained

from the combination

r ⌘

0
BBBBB@

1 + �(2)
CKM

1 + �(3)
CKM

1
CCCCCA

1/2

=

Vus
Vud

����
K`2/⇡`2

VK`3
us

V�ud

= 1 � 2�✏R. (10)

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

✏R = �0.69(27) ⇥ 10�3 [2.5�],

�✏R = �3.9(1.6) ⇥ 10�3 [2.4�]. (11)

With a projected measurement of the Kµ3/Kµ2 branching ratio
at 0.2% level at 2� above the current measurement, the above

Figure 2: Constraints in the �✏R–✏R plane from the �(i)
CKM introduced in Eq. (8).

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

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

slope (green) correspond to �(3)
CKM. The filled bands reflect the current situa-

tion (11), the long-dashed ones the +2� scenario (12), and the short-dashed
ones the opposite case (13). Note that in each case the three bands essentially
overlap by construction, since Vud , Vus, subject to the unitarity constraint, and
the BSM contamination via �✏R, ✏R, amount to three free parameters. The main
impact of the proposed new measurement of the Kµ3/Kµ2 branching fraction
thus concerns a corresponding shift in the �(3)

CKM band if the ±2� scenarios
were realized.

numbers change to

✏R = �0.67(27) ⇥ 10�3 [2.5�],

�✏R = �1.8(1.6) ⇥ 10�3 [1.1�], (12)

while a future measurement at 0.2% with central value 2� be-
low the current one would give

✏R = �0.70(27) ⇥ 10�3 [2.6�],

�✏R = �5.7(1.6) ⇥ 10�3 [3.5�]. (13)

This shows that the proposed measurement would have a signif-
icant impact on revealing or further constraining right-handed
charged currents involving strange quarks. In particular, the
non-vanishing value of ✏R is mainly driven by the �-decay ob-
servables, 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 �✏R to the di↵erent scenarios reflects similar
changes in �(3)

CKM as observed in Table 1.
We note here that other probes of ✏R and �✏R are currently

less constraining and are not reported in Fig. 2. In particular, ✏R
can be determined from the comparison of the experimentally
measured axial charge � = gA/gV and its value computed in
lattice QCD [28, 127, 128], up to a recently uncovered electro-
magnetic correction [129]. This results in ✏R = �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 [125].

A similar analysis could be performed in terms of pseu-
doscalar couplings ✏P, ✏(s)

P , which only a↵ect the axial-current

4

ments by almost 0.5�, an e↵ect 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 1�, demonstrating that a new
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has the potential to either resolve or substantially corroborate
the tension between the K`2 and K`3 CKM-element determina-
tions. Once the experimental situation in the kaon sector is clar-
ified, possible BSM interpretations become much more robust,
as we discuss in the subsequent section.
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the impact of our proposed Kµ3/Kµ2 measurement via the con-
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only address the tension between � and kaon decays, but also
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• Does the R-handed current explanation survive after taking into account high energy data? 
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ρ
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ρ
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moment operators,

µ
d

dµ
CeB

pr
=

1

16π2

[

4g1Nc (yu + yq)C
(3)
lequ
prst

[Yu]ts

]

+ . . .

µ
d

dµ
CeW

pr
=

1

16π2

[

−2g2NcC
(3)
lequ
prst

[Yu]ts

]

+ . . .

µ
d

dµ
CuB

pr
=

1

16π2

[

4g1(ye + yl)C
(3)
lequ
stpr

[Ye]ts

]

+ . . .

µ
d

dµ
CuW

pr
=

1

16π2

[

−2g2C
(3)
lequ
stpr

[Ye]ts

]

+ . . . , (5.6)

where . . . denotes contributions from other operators, and yi are the U(1) hypercharges.

Eq. (5.6) is an example of non-zero mixing between “tree” and “loop” operators. Eq. (5.6)

cannot be cancelled by other terms, since there are no redundant operators in the basis we

use. The operator Q(3)
lequ can be Fierzed into scalar form (α is a color index),

Q(3)
lequ = (l̄jpσµνer)εjk(q̄

k
sσ

µνut) = −4(l̄jper)εjk(q̄kαs uαt)− 8(l̄jpuαt)εjk(q̄
kα
s er)

= −4Q(1)
lequ − 8(l̄jpuαt)εjk(q̄

kα
s er) (5.7)

and can be generated by the tree-level exchange of (3,2, 7/6) scalars, i.e. those with the

quantum numbers of a leptoquark doublet. Tree-level exchange of leptoquarks and heavy

(1,2, 1/2) scalars with H-field quantum numbers can generate any combination of Q(1)
lequ and

Q(3)
lequ.

6 λ,λ2,λy2 Contributions to the L(6) Anomalous Dimension Matrix

The computation of the λ,λ2,λy2 anomalous dimensions has some subtleties. An example

is the graph in Fig. 4 which generates, in addition to the QH! and QHD operators, the

EOM operator EH! of Eq. (3.1). Eq. (3.2) eliminates EH! in terms of our standard basis of

operators, so Fig. 4 contributes to the running of the H6 coefficient CH , as well as the ψ2H3

coefficients CuH , CdH and CeH , and to the running of the dimension four SM coefficients in

Eq. (4.4). Fig. 4 is an example of how terms get shuffled around by the EOM. Fig. 4 has only

external H fields, but contributes to the running of the ψ2H3 operators.

The equations presented below are not the complete RGE, but only the λ,λ2,λy2 terms.

The remaining terms are lengthy, and will be given a subsequent publication. The evolution

of the H6 coefficient is

µ
d

dµ
CH =

1

16π2
[
108λCH − 160λ2 CH! + 48λ2 CHD

]
+

8λ

16π2
η1 +

8λ

16π2
η2 (6.1)

where η1,2 are given in Eq. (4.5). The diagonal CH − CH term 108λ/(16π2) has a large

numerical coefficient, and is independent of the normalization chosen for the H6 operator,
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εR  

• εR   originates from SU(2)xU(1) invariant vertex corrections

• Can be generated by WL-WR mixing in Left-Right symmetric models  or by exchange of vector-like  quarks



High Energy constraints on εR are weak

Contributes to associated Higgs + W production at the LHC

εR εR

H

W

W

q

q’

Current LHC results 
allow for to εR ~ 5%       

S. Alioli,  VC,  W. Dekens, J. de Vries, E. Mereghetti  1703.04751 

33

Contribute tp  pp →  eν+X  at the LHC

LHC:  pp → eν + X 

mT(GeV)

VC, Graesser, Gonzalez-Alonso  

1210.4553


Alioli-Dekens-Girard-Mereghetti 1804.07407 

Gupta et al. 1806.09006


…

  1706.06786
εR

New contribution has same 
shape as the SM W exchange  

→ weak sensitivity 
W
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An explicit model? 

• Vector-like quarks: 

dR uR

W
H H

QLQL

~
Belfatto-Trifinopoulos 2302.14097

• It can not only fix the Cabibbo angle anomaly, but also the W-mass anomaly (CDF result ~7σ larger than SM)

• Testable at the High Luminosity LHC and FCC

W, Z, γ W, Z, γ

QL



• Rare pion decays enable stringent tests of the universality of weak interactions, probing 
new physics from very high scale as well as light and weakly coupled particles 

• PIONEER will explore unconstrained parameter space in several models involving particles 
that are light and very weakly coupled:  dedicated analyses? 

• 10x improvement in Re/μ(π) = 𝝘(π →eν(γ)) / 𝝘(π →μν(γ)) will probe very high effective 

scales, up to ΛP ~ 30-1000 TeV and ΛA  ~ 30 TeV 

• 3x improvement in πβ can help diagnose BSM origin of the Cabibbo angle anomaly (CAA).                   
A ~20x improvement will provide Vud with smallest theory uncertainty

Conclusions & Outlook
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Backup



Paths to Vud and Vus

Vud

€ 

0+ → 0+

€ 

n→ peν

€ 

Λ→ peν,...  

€ 

K→π l ν

€ 

K→ µν

€ 

(π ± →π 0eν)

Vus (                       )
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V V,  A AQuark current
mediating the decay

(Hadronic 
τ decays)

Input from many experiments and many theory papers 

(Mirror transitions)



Paths to Vud and Vus
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Comment1:  Modern approaches to rad. corr. build upon Sirlin current algebra formulation from the ’60 & ‘70s  
 New wave of   “inner” radiative corrections (n, nuclei) initiated by dispersive analysis of Seng, Gorchtein, Patel, 

Ramsey-Musolf  2018,  all the way to very recent lattice QCD calculation by Ma et al, 2308.16755

(Hadronic 
τ decays)

2

Figure 1: Feynman diagrams corresponding to the amplitude
in (4) which contribute at order O(↵/⇡) to neutron � decay
and are sensitive to the hadronic scale.

We summarize in this Letter the essential features of our
analysis that lead us to these values, and defer details to
an upcoming longer paper [21].

Among the various contributions atO(↵/⇡) to the neu-
tron � decay amplitude, Sirlin established [22] that the
only one sensitive to the hadronic scale is the part in the
�W box amplitude (Fig. 1),

MV A = 2
p
2e2GFVud

Z
d4q

(2⇡)4



ūe(k)�µ(/k � /q +me)�⌫PLv⌫(k)

q2[(k � q)2 �m2
e]

M2
W

q2 �M2
W

Tµ⌫
V A

�
, (4)

involving the nucleon matrix element of the product of
the electromagnetic (EM) and the axial part of the weak
charged current

Tµ⌫
V A =

1

2

Z
d4x eiqxhp(p)|T [Jµ

em(x)J
⌫
W,A(0)]|n(p)i . (5)

After inserting the nucleon matrix element parametrized
in terms of the P -odd invariant function Tµ⌫

V A =
i✏µ⌫↵�p↵q�

2p·q T3 into the amplitude (4), the correction to the

tree level amplitude is expressed as [22]

⇤V A
�W =

↵

8⇡

Z 1

0
dQ2 M2

W

M2
W +Q2

⇥

Z i
p

Q2

�i
p

Q2

d⌫

⌫

4(Q2 + ⌫2)3/2

⇡MQ4
T3(⌫, Q

2) (6)

where after Wick rotation the azimuthal angles of the
loop momentum have been integrated over and the re-
maining integrals have been expressed in terms of Q2 =
�q2 and ⌫ = (p · q)/M . With negligible error, we assume
a common nucleon massM in the isospin symmetric limit
and we work in the recoil-free approximation. This con-
tributes to the nucleus-independent EWRC as

�V
R = 2⇤V A

�W + . . . , (7)

where the ellipses denote all other corrections insensitive
to the hadronic scale.

Marciano and Sirlin estimate ⇤V A
�W by phenomenolog-

ically treating the ⌫-integral FM.S.(Q2) ⌘
R
d⌫ . . . in the

second line of (6) as a function of Q2, and parametriz-
ing it piecewise over three domains: in the short distance
domain Q2 > (1.5 GeV)2, the leading term in the OPE
corrected by high order perturbative QCD is used; in
the long distance domain Q2 < (0.823 GeV)2, the elas-
tic nucleon with dipole form factors is used with a 10%
uncertainty; and at intermediate scales (0.823 GeV)2 <
Q2 < (1.5 GeV)2, an interpolating function inspired by
VMD is used and is assigned a generous 100% uncer-
tainty. Performing the integration over Q2 in (6) yields
their value of �V

R quoted above.
Our evaluation of ⇤V A

�W begins by first separating the
invariant amplitude T3 with respect to isosinglet and

isotriplet components of the EM current T3 = T (0)
3 +T (3)

3 .

Crossing symmetry implies T (0)
3 is odd under ⌫ ! �⌫

while T (3)
3 is even. Since the ⌫ integration measure in

(6) is odd, only T (0)
3 contributes to ⇤V A

�W . We then

write a dispersion relation in ⌫ for T (0)
3 , taking into ac-

count the physical sheet singularities. Poles at ⌫B =
±Q2/(2M) correspond to the elastic single-nucleon in-
termediate state, and branch points at ⌫⇡ = ±(m2

⇡ +
2Mm⇡ + Q2)/(2M) correspond to single pion produc-

tion thresholds. We identify the discontinuity of T (0)
3

across the cut as the �W -interference structure function,

4⇡F (0)
3 (⌫, Q2) = T (0)

3 (⌫ + i✏, Q2) � T (0)
3 (⌫ � i✏, Q2), so

that the dispersion relation reads

T (0)
3 (⌫, Q2) = �4i⌫

Z 1

0
d⌫0

F (0)
3 (⌫0, Q2)

⌫02 � ⌫2
. (8)

where F (0)
3 contains both the elastic and inelastic contri-

butions. No subtraction constant appears since T (0)
3 is an

odd function of ⌫. Only I = 1/2 intermediate states con-
tribute because the EM current is isoscalar. After insert-
ing (8) into (6), performing the ⌫-integral, and changing
the integration variable ⌫0 ! Q2/(2Mx) we obtain

⇤V A
�W =

3↵

2⇡

Z 1

0

dQ2

Q2

M2
W

M2
W +Q2

M (0)
3 (1, Q2), (9)

where M (0)
3 (1, Q2) is the first Nachtmann moment of the

structure function F (0)
3 [23, 24]

M (0)
3 (1, Q2) =

4

3

Z 1

0
dx

1 + 2r

(1 + r)2
F (0)
3 (x,Q2), (10)

and r =
p
1 + 4M2x2/Q2. To estimate ⇤V A

�W , we require

the functional form of F (0)
3 depending on x and Q2, or

equivalently, W 2 = M2 + (1� x)Q2/x and Q2.
We draw attention to the fact that (9) relates [MS]’s

phenomenological function to the first Nachtmann mo-
ment

FM.S.(Q
2) =

12

Q2
M (0)

3 (1, Q2) , (11)
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Abstract

Precision tests of first-row unitarity of the Cabibbo–Kobayashi–Maskawa matrix currently display two intriguing tensions, both at
the 3� level. First, combining determinations of Vud from superallowed � decays with Vus 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.

1. Introduction

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

|Vud |
2 + |Vus|

2 + |Vub|
2 = 1, (1)

can be probed with high precision, from a combination of � and
kaon decays that allow one to reach an uncertainty in Vud and
Vus of a few times 10�4. Given that |Vub|

2
' 1.5 ⇥ 10�5, its role

can be largely ignored, and the challenge in testing Eq. (1) lies
in precision determinations of Vud and Vus.

For Vud, superallowed nuclear � decays (0+ ! 0+ transitions)
have long been the primary source of information, reaching an
experimental sensitivity of 1.1 ⇥ 10�4 on Vud [3]. This makes
nuclear corrections to the SM prediction the main source of un-
certainty. In the recent literature, the discussion has focused on
universal corrections from �W box diagrams [4–10] that apply
equally to the nuclear case, i.e., to superallowed � decays, as
well as to neutron decay. A comparative review of these cor-
rections is provided in Appendix A, leading to the values of
the respective corrections in Eq. (A.7) that we will use in the
following. Employing the same input as Ref. [3] for all other
corrections, this yields

V0+!0+
ud = 0.97367(11)exp(13)�R

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

where the third, nuclear uncertainty from Ref. [11] has also
been adopted in Refs. [3, 12]. Keeping this additional nu-
clear uncertainty seems warranted also in view of concerns
regarding isospin-breaking corrections [13–15], but improving
these nuclear-structure uncertainties may be possible in the fu-
ture given recent advances in ab-initio theory for nuclear � de-
cays [16–18].

An alternative determination of Vud is possible from neutron
decay [19]. This option is free of nuclear uncertainties but re-
quires knowledge of the neutron to proton axial current matrix
element. The master formula in this case thus requires infor-
mation on the neutron lifetime ⌧n and, in addition, on the nu-
cleon isovector axial charge � = gA/gV , which at the relevant
precision is extracted from experimental measurements of the
� asymmetry in polarized neutron decay. With current world
averages [12], one has

Vn, PDG
ud = 0.97441(3) f (13)�R (82)�(28)⌧n [88]total, (3)

where the first error arises from the propagation of the uncer-
tainty in the phase-space factor f = 1.6887(1) [19]. However,
especially the value of � carries an inflated uncertainty due to
scale factors, and we believe that the current best experiments
imply more information than suggested by the global averages.
Therefore, using only Ref. [20] for ⌧n and Ref. [21] for �, we
find

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

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

V�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 � decay [22–25]

V⇡ud = 0.9739(29), (6)
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Abstract

Precision tests of first-row unitarity of the Cabibbo–Kobayashi–Maskawa matrix currently display two intriguing tensions, both at
the 3� level. First, combining determinations of Vud from superallowed � decays with Vus 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.

1. Introduction

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

|Vud |
2 + |Vus|

2 + |Vub|
2 = 1, (1)

can be probed with high precision, from a combination of � and
kaon decays that allow one to reach an uncertainty in Vud and
Vus of a few times 10�4. Given that |Vub|

2
' 1.5 ⇥ 10�5, its role

can be largely ignored, and the challenge in testing Eq. (1) lies
in precision determinations of Vud and Vus.

For Vud, superallowed nuclear � decays (0+ ! 0+ transitions)
have long been the primary source of information, reaching an
experimental sensitivity of 1.1 ⇥ 10�4 on Vud [3]. This makes
nuclear corrections to the SM prediction the main source of un-
certainty. In the recent literature, the discussion has focused on
universal corrections from �W box diagrams [4–10] that apply
equally to the nuclear case, i.e., to superallowed � decays, as
well as to neutron decay. A comparative review of these cor-
rections is provided in Appendix A, leading to the values of
the respective corrections in Eq. (A.7) that we will use in the
following. Employing the same input as Ref. [3] for all other
corrections, this yields

V0+!0+
ud = 0.97367(11)exp(13)�R

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

where the third, nuclear uncertainty from Ref. [11] has also
been adopted in Refs. [3, 12]. Keeping this additional nu-
clear uncertainty seems warranted also in view of concerns
regarding isospin-breaking corrections [13–15], but improving
these nuclear-structure uncertainties may be possible in the fu-
ture given recent advances in ab-initio theory for nuclear � de-
cays [16–18].

An alternative determination of Vud is possible from neutron
decay [19]. This option is free of nuclear uncertainties but re-
quires knowledge of the neutron to proton axial current matrix
element. The master formula in this case thus requires infor-
mation on the neutron lifetime ⌧n and, in addition, on the nu-
cleon isovector axial charge � = gA/gV , which at the relevant
precision is extracted from experimental measurements of the
� asymmetry in polarized neutron decay. With current world
averages [12], one has

Vn, PDG
ud = 0.97441(3) f (13)�R (82)�(28)⌧n [88]total, (3)

where the first error arises from the propagation of the uncer-
tainty in the phase-space factor f = 1.6887(1) [19]. However,
especially the value of � carries an inflated uncertainty due to
scale factors, and we believe that the current best experiments
imply more information than suggested by the global averages.
Therefore, using only Ref. [20] for ⌧n and Ref. [21] for �, we
find

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

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

V�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 � decay [22–25]

V⇡ud = 0.9739(29), (6)
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Abstract

Precision tests of first-row unitarity of the Cabibbo–Kobayashi–Maskawa matrix currently display two intriguing tensions, both at
the 3� level. First, combining determinations of Vud from superallowed � decays with Vus 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.

1. Introduction

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

|Vud |
2 + |Vus|

2 + |Vub|
2 = 1, (1)

can be probed with high precision, from a combination of � and
kaon decays that allow one to reach an uncertainty in Vud and
Vus of a few times 10�4. Given that |Vub|

2
' 1.5 ⇥ 10�5, its role

can be largely ignored, and the challenge in testing Eq. (1) lies
in precision determinations of Vud and Vus.

For Vud, superallowed nuclear � decays (0+ ! 0+ transitions)
have long been the primary source of information, reaching an
experimental sensitivity of 1.1 ⇥ 10�4 on Vud [3]. This makes
nuclear corrections to the SM prediction the main source of un-
certainty. In the recent literature, the discussion has focused on
universal corrections from �W box diagrams [4–10] that apply
equally to the nuclear case, i.e., to superallowed � decays, as
well as to neutron decay. A comparative review of these cor-
rections is provided in Appendix A, leading to the values of
the respective corrections in Eq. (A.7) that we will use in the
following. Employing the same input as Ref. [3] for all other
corrections, this yields

V0+!0+
ud = 0.97367(11)exp(13)�R

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

where the third, nuclear uncertainty from Ref. [11] has also
been adopted in Refs. [3, 12]. Keeping this additional nu-
clear uncertainty seems warranted also in view of concerns
regarding isospin-breaking corrections [13–15], but improving
these nuclear-structure uncertainties may be possible in the fu-
ture given recent advances in ab-initio theory for nuclear � de-
cays [16–18].

An alternative determination of Vud is possible from neutron
decay [19]. This option is free of nuclear uncertainties but re-
quires knowledge of the neutron to proton axial current matrix
element. The master formula in this case thus requires infor-
mation on the neutron lifetime ⌧n and, in addition, on the nu-
cleon isovector axial charge � = gA/gV , which at the relevant
precision is extracted from experimental measurements of the
� asymmetry in polarized neutron decay. With current world
averages [12], one has

Vn, PDG
ud = 0.97441(3) f (13)�R (82)�(28)⌧n [88]total, (3)

where the first error arises from the propagation of the uncer-
tainty in the phase-space factor f = 1.6887(1) [19]. However,
especially the value of � carries an inflated uncertainty due to
scale factors, and we believe that the current best experiments
imply more information than suggested by the global averages.
Therefore, using only Ref. [20] for ⌧n and Ref. [21] for �, we
find

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

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

V�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 � decay [22–25]

V⇡ud = 0.9739(29), (6)
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Determination of Vud from neutron decay

PDG 2022

Master formula Czarnecki, Marciano, Sirlin 2018

|Vud |
2⌧n(1 + 3g2

A)(1 +�RC) = 5099.3(3) s

with radiative corrections �RC

,! need lifetime ⌧n and asymmetry � = gA/gV

PDG average especially for gA includes large scale factors

M. Hoferichter (Institute for Theoretical Physics) Status and prospects of the first-row CKM unitarity test October 7, 2022 4
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Comment 2: neutron decay is beginning to provide very competitive δVud

τn



• General case

εT(s):  suppressed 
by mlept/mK

εS(s) :  shifts the slope of the scalar form factor,  
at levels well below EXP and TH uncertainties

Corrections to Vud and Vus
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• a-π0 mixing induces the decay π+ → aeν
• Would affect Ecal distribution in PIENU and the γγ opening angle distribution in PIBETA 

Axion-like particles

Altmanshofer-Gori-Robinson 1909.00005

νe
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Quite complementary to 
beam dump experiments
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