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with uncertainty entirely dominated by the branching frac-
tion [24] (the subleading errors refer to the pion lifetime ⌧⇡, ra-
diative corrections [25, 27], and the phase-space factor, whose
uncertainty mainly arises from the pion mass di↵erence). A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [28].

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 [29], 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 [30].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

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 [31, 32], but given the larger errors [33, 34] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various 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 [35], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 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 [36–39], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
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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.

KS decays from Refs. [40–46], on KL decays from Refs. [47–
58], and on charged-kaon decays from Refs. [35, 59–72]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
Table 1, where, however, the value for Vus from K`3 decays in-
cludes the results obtained for all decay modes, accounting for
correlations among them. The extraction of Vus from K`3 de-
cays requires further input on the respective form factors, which
are taken in the dispersive parameterization from Ref. [73], con-
strained by data from Refs. [74–80]. This leaves form-factor
normalizations, decay constants, and isospin-breaking correc-
tions in both K`2 and K`3 decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [29] (pion lifetime [64, 81–85] and branch-
ing fraction [86–89] are taken from Ref. [3]), since in this ratio
certain structure-dependent radiative corrections [90, 91] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [92]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [93–96], 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. [97–99] (in line with the earlier calculations [100, 101]),
the strong isospin-breaking correction �SU(2) = 0.0252(11)
from Refs. [100, 102] evaluated with the Nf = 2 + 1 + 1 quark-
mass double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10),
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Quark Mixing & CKM Unitarity

CKM unitarity - measure of completeness of the SM:   
Top-row unitarity constraint 

VV† = 1
|Vud |2 + |Vus |2 + |Vub |2 = 1

Cabibbo: mass and flavor eigenstates  
connected by Cabibbo angle  
Strength of weak interaction is redistributed

θC
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Kobayashi & Maskawa: 3 flavors, CP-violation

|GΔS=0
V | = cos θCGμ

|GΔS=1
V | = sin θCGμ
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The CKM matrix

the measured CKM matrix must be unitary!

1963: Cabibbo proposed a 2*2 matrix to mix the DS=0 and DS=1 charged weak 
current

1973: Kobayashi and Maskawa extended the matrix to 3*3 (the CKM matrix), 
introduced the 3rd generation quarks (Nobel Prize 2008)
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|Vud |2 + |Vus |2 + |Vub |2 = 0.9985(6)Vud
(4)Vus

∼ 10−5∼ 0.95 ∼ 0.05
with uncertainty entirely dominated by the branching frac-
tion [24] (the subleading errors refer to the pion lifetime ⌧⇡, ra-
diative corrections [25, 27], and the phase-space factor, whose
uncertainty mainly arises from the pion mass di↵erence). A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [28].

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 [29], 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 [30].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to
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= 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 [31, 32], but given the larger errors [33, 34] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various 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 [35], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 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 [36–39], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
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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.

KS decays from Refs. [40–46], on KL decays from Refs. [47–
58], and on charged-kaon decays from Refs. [35, 59–72]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
Table 1, where, however, the value for Vus from K`3 decays in-
cludes the results obtained for all decay modes, accounting for
correlations among them. The extraction of Vus from K`3 de-
cays requires further input on the respective form factors, which
are taken in the dispersive parameterization from Ref. [73], con-
strained by data from Refs. [74–80]. This leaves form-factor
normalizations, decay constants, and isospin-breaking correc-
tions in both K`2 and K`3 decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [29] (pion lifetime [64, 81–85] and branch-
ing fraction [86–89] are taken from Ref. [3]), since in this ratio
certain structure-dependent radiative corrections [90, 91] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [92]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [93–96], 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. [97–99] (in line with the earlier calculations [100, 101]),
the strong isospin-breaking correction �SU(2) = 0.0252(11)
from Refs. [100, 102] evaluated with the Nf = 2 + 1 + 1 quark-
mass double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10),
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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.

KS decays from Refs. [40–46], on KL decays from Refs. [47–
58], and on charged-kaon decays from Refs. [35, 59–72]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
Table 1, where, however, the value for Vus from K`3 decays in-
cludes the results obtained for all decay modes, accounting for
correlations among them. The extraction of Vus from K`3 de-
cays requires further input on the respective form factors, which
are taken in the dispersive parameterization from Ref. [73], con-
strained by data from Refs. [74–80]. This leaves form-factor
normalizations, decay constants, and isospin-breaking correc-
tions in both K`2 and K`3 decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [29] (pion lifetime [64, 81–85] and branch-
ing fraction [86–89] are taken from Ref. [3]), since in this ratio
certain structure-dependent radiative corrections [90, 91] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [92]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [93–96], 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. [97–99] (in line with the earlier calculations [100, 101]),
the strong isospin-breaking correction �SU(2) = 0.0252(11)
from Refs. [100, 102] evaluated with the Nf = 2 + 1 + 1 quark-
mass double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10),

2

Kℓ2/πℓ2Kℓ3

0+
−

0+

n
→

pe
ν

Kℓ2 : |Vus /Vud | = 0.23108(23)exp(42)lat(16)IB

Kℓ3 : |Vus | = 0.22330(35)exp(39)lat(8)IB

|V0+−0+

ud | = 0.9737 (1)exp, nucl (3)NS (1)RC[3]total

|V free n
ud | = 0.9743 (3)τn

(8)gA
(1)RC[9]total



Status of Cabibbo unitarity 

4

|Vud |2 + |Vus |2 + |Vub |2 = 0.9985(6)Vud
(4)Vus

∼ 10−5∼ 0.95 ∼ 0.05

Inconsistencies between measurements  
of  and  and SM predictions 

Main reason for Cabibbo-angle anomaly: shift in 

Vud Vus

Vud

with uncertainty entirely dominated by the branching frac-
tion [24] (the subleading errors refer to the pion lifetime ⌧⇡, ra-
diative corrections [25, 27], and the phase-space factor, whose
uncertainty mainly arises from the pion mass di↵erence). A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [28].

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 [29], 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 [30].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

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 [31, 32], but given the larger errors [33, 34] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various 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 [35], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 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 [36–39], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on

0.960 0.965 0.970 0.975
0.220

0.222

0.224

0.226

0.228

Vud
V u

s

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.

KS decays from Refs. [40–46], on KL decays from Refs. [47–
58], and on charged-kaon decays from Refs. [35, 59–72]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
Table 1, where, however, the value for Vus from K`3 decays in-
cludes the results obtained for all decay modes, accounting for
correlations among them. The extraction of Vus from K`3 de-
cays requires further input on the respective form factors, which
are taken in the dispersive parameterization from Ref. [73], con-
strained by data from Refs. [74–80]. This leaves form-factor
normalizations, decay constants, and isospin-breaking correc-
tions in both K`2 and K`3 decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [29] (pion lifetime [64, 81–85] and branch-
ing fraction [86–89] are taken from Ref. [3]), since in this ratio
certain structure-dependent radiative corrections [90, 91] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [92]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [93–96], 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. [97–99] (in line with the earlier calculations [100, 101]),
the strong isospin-breaking correction �SU(2) = 0.0252(11)
from Refs. [100, 102] evaluated with the Nf = 2 + 1 + 1 quark-
mass double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10),

2

Kℓ2/πℓ2Kℓ3

0+
−

0+

n
→

pe
ν

Kℓ2 : |Vus /Vud | = 0.23108(23)exp(42)lat(16)IB

Kℓ3 : |Vus | = 0.22330(35)exp(39)lat(8)IB

|V0+−0+

ud | = 0.9737 (1)exp, nucl (3)NS (1)RC[3]total

|V free n
ud | = 0.9743 (3)τn

(8)gA
(1)RC[9]total
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|Vud |2 =
5024.7 s

τn(1 + 3gA2)(1+ΔV
R)Neutron decay: 2 measurements needed

Vud from neutron decay

RC : bottleneck since 40 years 

Since 2018: DR+data+pQCD+EFT+LQCD 

 uncertainty: factor 2 reduction

ΔV
R

ΔV
R

C-Y Seng et al., PRL 2018; PRD 2019 
A. Czarnecki, B. Marciano, A. Sirlin, PRD 2018 
K. Shiells et al, PRD 2021; L. Hayen PRD 2021 
P-X Ma, X. Feng, MG, L-C Jin, et al 2308.16755

Pre-2018:  Marciano, Sirlin PRL 2006	
Post-2018:  MG, Seng Universe 2023

ΔV
R = 0.02361(38)

ΔV
R = 0.02479(21)

https://arxiv.org/abs/2308.16755
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|Vud |2 =
5024.7 s

τn(1 + 3gA2)(1+ΔV
R)Neutron decay: 2 measurements needed

Vud from neutron decay

PERKEO-III B. Märkisch et al, Phys.Rev.Lett. 122 (2019) 24, 242501

Experiment: factor 3-5 uncertainties improvement; discrepancies in  and τn gA

UCN  F. M. Gonzalez et al. Phys. Rev. Lett. 127 (2021) 162501τ

aSPECT M. Beck et al, Phys. Rev. C101 (2020) 5, 055506; 2308.16170

BL1 (NIST) Yue et al, PRL 111 (2013) 222501

gA = − 1.27641(56)

gA = − 1.2677(28)
3.4σ

τn = 877.75(28)+16
−12

τn = 887.7(2.3)
4σ

RC : bottleneck since 40 years 

Since 2018: DR+data+pQCD+EFT+LQCD 

 uncertainty: factor 2 reduction

ΔV
R

ΔV
R

C-Y Seng et al., PRL 2018; PRD 2019 
A. Czarnecki, B. Marciano, A. Sirlin, PRD 2018 
K. Shiells et al, PRD 2021; L. Hayen PRD 2021 
P-X Ma, X. Feng, MG, L-C Jin, et al 2308.16755

Pre-2018:  Marciano, Sirlin PRL 2006	
Post-2018:  MG, Seng Universe 2023

ΔV
R = 0.02361(38)

ΔV
R = 0.02479(21)

https://arxiv.org/abs/2308.16755
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|Vud |2 =
5024.7 s

τn(1 + 3gA2)(1+ΔV
R)Neutron decay: 2 measurements needed

Vud from neutron decay

PERKEO-III B. Märkisch et al, Phys.Rev.Lett. 122 (2019) 24, 242501

Experiment: factor 3-5 uncertainties improvement; discrepancies in  and τn gA

UCN  F. M. Gonzalez et al. Phys. Rev. Lett. 127 (2021) 162501τ

aSPECT M. Beck et al, Phys. Rev. C101 (2020) 5, 055506; 2308.16170

BL1 (NIST) Yue et al, PRL 111 (2013) 222501

gA = − 1.27641(56)

gA = − 1.2677(28)
3.4σ

τn = 877.75(28)+16
−12

τn = 887.7(2.3)
4σ

RC : bottleneck since 40 years 

Since 2018: DR+data+pQCD+EFT+LQCD 

 uncertainty: factor 2 reduction

ΔV
R

ΔV
R

C-Y Seng et al., PRL 2018; PRD 2019 
A. Czarnecki, B. Marciano, A. Sirlin, PRD 2018 
K. Shiells et al, PRD 2021; L. Hayen PRD 2021 
P-X Ma, X. Feng, MG, L-C Jin, et al 2308.16755

Pre-2018:  Marciano, Sirlin PRL 2006	
Post-2018:  MG, Seng Universe 2023

ΔV
R = 0.02361(38)

ΔV
R = 0.02479(21)

|V free n
ud | = 0.9740 (2)τn

(3)gA
(1)RC[4]total

Single best measurements onlyPDG average
|V free n

ud | = 0.9743 (3)τn
(8)gA

(1)RC[9]total

Future exp coming! RC under control

https://arxiv.org/abs/2308.16755


 from superallowed decaysVud
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ft values: same within ~2% but not exactly!	
Reason: SU(2) slightly broken	
a. RC (e.m. interaction does not conserve isospin)	
b. Nuclear WF are not SU(2) symmetric 	
      (proton and neutron distribution not the same)

Advantages:	
1. Only conserved vector current	
2. 15 measured to better than 0.2%	
3. 5 measured better than  	
4. Internal consistency as a check	
5. SU(2) good —> corrections ~small	
6. We know a lot about nuclei	
7. Only scalar (or vector) BSM accessible

τn

7

“Superallowed” beta decays of I=1, Jp=0+ nuclei

Provides the best measurement 
of V

ud
 :

➢ 23 measured transitions
➢ 15 with ft-precision better 

than 0.23% 

Hardy and Towner, 2020 PRC

m
I
=+1→m

I
=0 m

I
=0→m

I
=-1 

: ft-precision better than t
n
 in

UCNt

Exp.: f - phase space (Q value) 	
t - partial half-life (t1/2, branching ratio)
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Vud extraction: Universal RC and Universal Ft

8

To obtain Vud —> absorb all decay-specific corrections into universal Ft

ft(1 + RC + ISB) = ℱt(1 + ΔV
R) = ft(1 + δ′￼R)(1 − δC + δNS)(1 + ΔV

R)

QED Isospin-breaking Nuclear structure Universal inner
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Average of 14 decays Hardy, Towner 1972 - 2020

|Vud |2 =
2984.43s

ℱt(1+ΔV
R)

~ Measured

|V0+−0+

ud | = 0.9737 (1)exp, nucl (3)NS (1)RC[3]total

Pre-2018: ℱt = 3072.1 ± 0.7 s

PDG 2022: ℱt = 3072 ± 2 s
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|Vπℓ3
ud | = 0.9739 (27)exp (1)RC

Pion decay : theoretically cleanest, experimentally toughπ+ → π0e+νe

|Vud |2 =
0.9799
(1+δ)

Γπℓ3

0.3988(23) s−1

Future exp: 1 o.o.m. (PIONEER @ PSI)

RC to semileptonic pion decay  uncertainty: factor 3 reductionδ

ChPT:    Cirigliano et al, 2003; Passera et al, 2011	
DR + LQCD + ChPT:  Feng et al, 2020; Yoo et al, 2023

δ = − 0.0334(10)LEC(3)HO
δ = 0.0332(1)γW(3)HO

Vud from semileptonic pion decay



RC to beta decay



RC to beta decay: overall setup

11

Tree-level amplitude

Electron carries away energy E < Q-value of a decay

i = n, A(0+) f = p, A′￼(0+)

e±

νe(ν̄e) ∼ Vud

Radiative corrections to tree-level amplitude ∼ α/2π ≈ 10−3

Precision goal for Vud extraction 1 × 10−4

α
2π ( E

Λ
, ln

E
Λ

, …)E-dep RC:

Nuclear scale

Λhad = 300 MeV
Hadronic scale

MZ, MW ∼ 90 GeV
Weak boson scale

me ≈ 0.5 MeV

Qif = Mi − Mf = 1 − 10 MeV

Electron mass

Decay Q-value (endpoint energy)

Λnuc = 10 − 30 MeV

Λ

Energy scales Λ
Universal 

Nuclear structure dependent  
(QCD)

Nucleus-specific

Nuclear structure independent  
(QED)



RC to beta decay: separating scales

12

Generically: only IR and UV extremes feature large logarithms! 
Works by Sirlin (1930-2022) and collaborators: all large logs under control

IR: Fermi function (Dirac-Coulomb problem) + Sirlin function (soft Bremsstrahlung)

9

W

γ ,Zb =

ν

e

h 'h

W

W

γ , ,WZb =

ν

e

h 'h

Z

ν

e

h 'h

W W

ν

e

h 'h

Z

Contributions of these diagrams are either exactly known (by CA) or depend only on UV 
physics which can be computed perturbatively

Radiative Corrections: Modern Treatment

W,Z - loops 
UV structure of SM

Inner RC:  
energy- and model-independent

UV: large EW logs + pQCD corrections

-box: sensitive to all scalesγW

10

γ

ν

e

n p

W

( ) ( ) ν
νν

π
π

NW

W

m
qT

q

q
qm

mqd
c

),(
)2(

Re8Re
2

3
22

22

22

2

4

4
2

m.d
−−

−
= ∫

Nm
qp ⋅

=ν

( ) ),(
2

})0()({
)2(

2
34

4

QT
m

qpi
nJxJTpe

qd

N
AWem

xiq ν
ν

ε
π

βα
µναβ

νµ =∫
⋅

The only piece that depends on physics at hadronic scale is the V*A term in the Wγ−box 
diagram:

Its contribution to Rec (“m.d”: model-dependent) is:

where the forward Compton amplitude is defined as:

q q

Radiative Corrections: Modern Treatment

New method for computing EW boxes: dispersion theory 
Combine exp. data with pQCD, lattice, EFT, ab-initio nuclear
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The only piece that depends on physics at hadronic scale is the V*A term in the Wγ−box 
diagram:

Its contribution to Rec (“m.d”: model-dependent) is:

where the forward Compton amplitude is defined as:

q q

Radiative Corrections: Modern Treatment

New method for computing EW boxes: dispersion theory 
Combine exp. data with pQCD, lattice, EFT, ab-initio nuclear

UV-sensitive -box on free neutron : Sirlin, Marciano, Czarnecki 1967 - 2006  γW ΔV
R

g2
V = |Vud |2 [1 +

α
2π {3 ln

MZ

Mp
+ ln

MZ

MW
+ ãg} + δHO

QED + 2 □γW ]
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where the forward Compton amplitude is defined as:
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UV-sensitive -box on free neutron : Sirlin, Marciano, Czarnecki 1967 - 2006  γW ΔV
R

g2
V = |Vud |2 [1 +

α
2π {3 ln

MZ

Mp
+ ln

MZ

MW
+ ãg} + δHO

QED + 2 □γW ]
Nuclear structure:  

All non-enhanced terms  — only need to ~10%

δNS = 2( □Nucl
γW − □free n

γW )

∼ α/2π ∼ 10−3



 from dispersion relations, LQCD, EFTΔV
R
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Universal RC from dispersion relations

ImTμν
γW = … +

iεμναβpαqβ

2(pq)
FγW

3 (x, Q2)

Interference  structure functionsγW

Figure 4: (Color online) Blue curve: The Wick rotation contour of the ! -integral. Red lines and

dots: Cuts and poles at ! = ! !. Green dot: The pole ! = Ee + |"pe ! "q| ! i#. Purple dots: Possible

positions of the pole ! = Ee ! |"pe ! "q| + i#.

combining the Wick and residue contributions we obtain

Re! b,even
! W (Ee) =

!
2" Ee

1
Mf + (0)

! "

0
dQ2 M 2

W

M 2
W + Q2

! "

" thr

d#!

#!
F3,# (#!, Q2)

"
"

ln

#
#
#
#
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#
#
#
#+

#!

2Ee
ln

#
#
#
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E 2
e

E 2
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#
#
#
#

$

Re! b,odd
! W (Ee) = !

!
2" Ee

1
Mf + (0)
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0
dQ2 M 2
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M 2
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! "

" thr
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#
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#
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#
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2Ee
ln

#
#
#
#
Ee + Emin

Ee ! Emin

#
#
#
#!

#!

Emin

$
, (41)

whereEmin # (#! +
%

#!2 + Q2)/ 2. One Þnds that the even piece is associated toF3,# and

the odd piece toF3,+ . Finally, a small-Ee expansion gives:

Re! b,e
! W (Ee) =

!
"

! "

0
dQ2 M 2

W

M 2
W + Q2

! "

" thr

d#!

#!

#! + 2
%

#!2 + Q2

(#! +
%

#!2 + Q2)2

F3,# (#!, Q2)
Mf + (0)

+ O(E 2
e)

Re! b,o
! W (Ee) =

2! Ee

3"

! "

0
dQ2

! "

" thr

d#!

#!

#! + 3
%

#!2 + Q2

(#! +
%

#!2 + Q2)3

F3,+ (#!, Q2)
Mf + (0)

+ O(E 3
e)

(42)

which recovers Eq.(10) in Ref.[73] upon correcting the typos in the latter. Notice that

we removed the factorM 2
W / (M 2

W + Q2) in ! b,odd
! W because the integral does not probe the

Q2 $ M 2
W region.

Next we study! a
! W , with Eq.(26) as the starting point. Rather than giving the dispersive

representation ofT1,± and T2,± with the full Ee-dependence, we retain only theO(Ee) terms

16

After some algebra

e−ν̄e

n → N* → p

UV large log — model independent (Parton model + pQCD) 
Sensitivity to nonperturbative QCD: inclusive hadron spectrum
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whereEmin # (#! +
%

#!2 + Q2)/ 2. One Þnds that the even piece is associated toF3,# and

the odd piece toF3,+ . Finally, a small-Ee expansion gives:
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which recovers Eq.(10) in Ref.[73] upon correcting the typos in the latter. Notice that

we removed the factorM 2
W / (M 2

W + Q2) in ! b,odd
! W because the integral does not probe the

Q2 $ M 2
W region.

Next we study! a
! W , with Eq.(26) as the starting point. Rather than giving the dispersive

representation ofT1,± and T2,± with the full Ee-dependence, we retain only theO(Ee) terms

16

After some algebra

2-fold integral: depending on  different physical pictures dominate 

Explicit energy dependence quantifiable (earlier was neglected)

Q2

e−ν̄e

n → N* → p

UV large log — model independent (Parton model + pQCD) 
Sensitivity to nonperturbative QCD: inclusive hadron spectrum
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Confirmed by lattice QCD: 
LQCD on pion + pheno: 

LQCD on neutron:

Seng, MG, Feng, Jin, 2003.11264ΔV
R = 0.02477(24)LQCDπ+pheno Yoo et all, 2305.03198

ΔV
R = 0.02439(19)LQCDn Ma, Feng, MG et al 2308.16755



Effective Field Theory: explicit separation of scales	
SM —> LEFT (no H,t,Z,W) —> ChPT —> NR QED	
Formal consistency built in, RGE, transparent error estimation (naturalness)	
Precision limited by matching (LEC) and HO — relies on inputs (e.g. -box from DR)	
To improve: need to go to higher order — new LECs, still tractable?	
At present: order  — realistic to go beyond?

γW

O(α, ααs, α2)

EFT: scale separation for free n

!!
"#$!%$&'(

! (! )
!! (me/mN)

!
)*+,-.+!/,$0! !
)*12,302#+

" = gA/gV

4-+,3*!2%202#+!

5!426 " = # 2GFVud gV(me) øeL#$%L
øNv$&

+N

pn

e%e

!
)#7-#.28
' 2,1/(92.+$,!

.$:1%3#&

Cirigliano et al, 2306.03138

16

Total RC: 	

Total RC from DR:

1 + ΔTOT = 1.07761(27) %

1 + ΔTOT = 1.07735(27) %
Good agreement within errors!



Dispersion Formulation of δNS
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 from dispersion relationsδNS

Figure 4: (Color online) Blue curve: The Wick rotation contour of the ! -integral. Red lines and

dots: Cuts and poles at ! = ! !. Green dot: The pole ! = Ee + |"pe ! "q| ! i#. Purple dots: Possible

positions of the pole ! = Ee ! |"pe ! "q| + i#.

combining the Wick and residue contributions we obtain
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whereEmin # (#! +
%

#!2 + Q2)/ 2. One Þnds that the even piece is associated toF3,# and

the odd piece toF3,+ . Finally, a small-Ee expansion gives:
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which recovers Eq.(10) in Ref.[73] upon correcting the typos in the latter. Notice that

we removed the factorM 2
W / (M 2

W + Q2) in ! b,odd
! W because the integral does not probe the

Q2 $ M 2
W region.

Next we study! a
! W , with Eq.(26) as the starting point. Rather than giving the dispersive

representation ofT1,± and T2,± with the full Ee-dependence, we retain only theO(Ee) terms

16

NS correction reflects extraction of the free box δNS = 2[ □VA, nucl
γW − □VA, free n

γW ]

Same formulas for free neutron and nuclei; 
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which recovers Eq.(10) in Ref.[73] upon correcting the typos in the latter. Notice that

we removed the factorM 2
W / (M 2

W + Q2) in ! b,odd
! W because the integral does not probe the

Q2 $ M 2
W region.

Next we study! a
! W , with Eq.(26) as the starting point. Rather than giving the dispersive

representation ofT1,± and T2,± with the full Ee-dependence, we retain only theO(Ee) terms

16

NS correction reflects extraction of the free box δNS = 2[ □VA, nucl
γW − □VA, free n

γW ]

Same formulas for free neutron and nuclei; 

e−ν̄e

Ai → A* → Af

e−ν̄e

n → N* → p

Differences due to: 

Richer excitation spectrum in nuclei 

Different quantum numbers 
(spin, isospin)



 in ab-initio nuclear theoryδNS

Low-momentum part of the loop: account for nucleon d.o.f. only 
First case study:  in No-Core Shell Model (NCSM) 
Many-body problem in HO basis with separation  and up to 

10C → 10B
Ω N = Nmax + NPauli
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Evaluate the m.e. of nuclear Green’s function

Lanczos continuous fraction method
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M. Gennari, M. Drissi, MG, P. Navratil, C.-Y. Seng, arXiv: 2405.19281
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Ab-initio : numerical resultsδNS
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:

δNS = − 0.406(39) %

δNS = − 0.347(35) %

δNS = − 0.400(50) %

Final result for :10C → 10B
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Compare to Hardy-Towner (old-fashion SM)

(2014)
(2020)

arXiv: 2405.19281
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Ab-initio  in EFT:  
 with Variational Monte Carlo

δNS
14O → 14N
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Compare to Hardy-Towner 2020:

V. Cirigliano et al, arXiv: 2405.18469

Uncertainty:  
assuming unknown  
counter term to be of 
 “natural size”
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Promising avenue: all logs under control and are consistent 
Downside: EFT non-renormalizable —> unknown counter terms external to the theory 
Need extra input (dispersion theory; explicit modeling; fit to data)



Interpretation of Cabibbo Angle Anomaly



Kaon decays and the Cabibbo Angle Anomaly Ð M. Moulson Ð CKM 2023 Ð Santiago de Compostela, 20 September 2023

Status of first-row unitarity

29

= ! 0.00176(56) ! 3.1!

= ! 0.00098(58) ! 1.7!

= ! 0.0174(73) ! 2.4!

3 observables: !! !" !#$! ,"!! !" #! !%!#&" ,"! !%

2 quantities to determine: ! !" , ! !%

3 ways to test unitarity

! ! !  result shows better agreement with unitarity than ! ""  result 
when  !" #$! obtained from beta decays:

= ! 0.0164(63) ! 2.6!

" #"$
CKM uses no information from # decays:

23

CAA summary - 3 anomalies!



Kaon decays and the Cabibbo Angle Anomaly Ð M. Moulson Ð CKM 2023 Ð Santiago de Compostela, 20 September 2023

Constraints on right-handed currents

30

! In SM, !  couples only to LH chiral fermion states
! New physics with couplings to RH currents could explain          

both unitarity deficit and " ! ! #" " "  difference
! Define $# = admixture of RH currents in non-strange sector

% % $# + ! $# = admixture of RH currents in strange sector

From current fit:

$# = ! 0.69(27)! 10! 3 (2.5&)
! $#"= ! 3.9(1.6)! 10! 3 (2.4&)

! !  =!" ! ! != 0 excluded at 3.1 "

Cirigliano  et al.
PLB 838 (2023)

CAA in presence of RH currents
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Summary and Outlook



Summary & Outlook
Cabibbo unitarity deficit at 2-3  observed 
Great improvement in theory in past 5 years (STRONG-2020) 

Nuclear uncertainties under scrutiny:  in ab-initio and EFT 
 &  for 15 decays from  to   

Community effort required! (STRONG-2030?) 

Future neutron experiments:  
UCN , SPECT ( ); PERC, NAB ( ) 

Kaon decays: NA62 (R.I.P. HIKE) 

Cabibbo anomaly interpretable in terms of BSM  

Superallowed decays: bounds on scalar BSM from dataset 
consistency (nuclear theory involved)

σ

δNS
δC δNS

10C 74Rb

τ τ δτn : 0.4 → 0.1s δgA : 4 → 1 × 10−4
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