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• Physics motivation and Effective Field Theory (EFT) analysis of:  

• Neutrinoless double beta decay 

• (Single) beta decays of neutron and nuclei 

Outline 

Beta decays as 
probes of new physics

Up quark 

W boson

Down quark

Up quark 

W boson

New virtual 
particle Down quark

10Unifying theme: end-to-end EFT approach, from the scale of new 
physics down to hadronic / nuclear energies 



Lepton Number Violation
&

Neutrinoless double beta decay 



0νββ decay
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Potentially observable only 
in certain even-even nuclei  
(76Ge, 100Mo,136Xe, …) for 
which single beta decay is 
energetically forbidden

ΔL=2

2νββ

0νββ

(Ee1 + Ee2)/Q

Observation ⇒  BSM physics, with far reaching implications 

Establish LNV,  key ingredient 
to generate baryon 

asymmetry via leptogenesis 

Demonstrate Majorana 
nature of neutrinos 

(neutrino=antineutrino)                                                                   

  (B-L conserved in the the SM)

See morning talks by 
F. Bellini & J. Holt
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1/Coupling 

Λ

vEW

High-scale see-saw

0νββ physics reach

Left-Right SM
RPV SUSY

...

Light sterile ν’s
[neutrino portal] 

• 0νββ searches @ T1/2 >1027-28 yr will have broad sensitivity to mechanisms of Lepton Number Violation (LNV)

? ?
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1/Coupling 

Λ

vEW

High-scale see-saw

0νββ physics reach

Left-Right SM
RPV SUSY

...

Light sterile ν’s
[neutrino portal] 

• 0νββ searches @ T1/2 >1027-28 yr will have broad sensitivity to mechanisms of Lepton Number Violation (LNV)

Λχ ~ GeV

kF ~ 100 MeV

• Given the widely-separated scales, the impact of 
0νββ searches and the relation to other probes 
of  LNV is best  analyzed through a tower of EFTs  
that connect the LNV scale Λ to nuclear scales, 
with controllable uncertainties 

See Snowmass white paper 2203. 21169 and refs therein
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• at LO: nucleon axial, vector, scalar, pseudoscalar and tensor form
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M. Doi, T. Kotani, E. Takasugi, ‘85,
H. Pas, M. Hirsch, H. V. Klapdor-Kleingrothaus, S. G. Kovalenko, ‘99.
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• current and potentials: perturbative expansion in Q/⇤�
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2. estimate the couplings
3. write down 0⌫�� currents

n

n p

p
e

e
 VI=2 Nuclear 

potential

d

d

u

u

e

e
L L

H H

H

νL

ed

u

y y

A. Kobach 1604.05726 • ΔL=2, ΔB=0 operators appear only at odd dimension

• Insertions of small dimensionless (Yukawa) coupling can make dim=5,7,9 
operators equally important for Λ~ TeV   

• νR with mass < Λ can be included in the framework Dekens et al. 2002.07182 
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‘End-to-end’ EFT framework

Weinberg’79
 Babu-Leung ’01 

…
Lehman  1410.4193  

Graesser 1606.04549
Liao and Ma 2007.08125 

Full or simplified model is needed to study the cosmological 
implications of LNV or collider signatures (if  Λ~ TeV)

For low-energy probes such as 0νββ,  it’s much more convenient to 
match to EFT and do the analysis ‘once and for all’
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Weinberg ’79. ’90. ’91

Map ΔL=2 interactions onto  π, N  operators, organized according to     
power-counting  in Q/Λχ  (Q ~ kF ~ mπ) →    NN transition operators Vnn→pp
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Chiral EFT
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⇣
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• current and potentials: perturbative expansion in Q/⇤�
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Chiral EFT

J =

O(1) O

⇣
Q2

⇤2
�

⌘

• current and potentials: perturbative expansion in Q/⇤�

• iterate potentials to find bound states (non perturbative)

Goals

1. write down O
�
� , Q�

�0

2. estimate the couplings
3. write down 0⌫�� currents

n

n p

p

e

e
 Vnn→pp Half-life (T1/2)76Ge 76Se

Tower of EFTs   + 

hadronic & nuclear 
matrix elements T1/2 ~ (mW/Λ)A  (Λχ/mW)B  (kF/Λχ)C

Controllable uncertainties: 



ν

High scale LNV

Λ  
(>> TeV)

E

Λχ 
 (~GeV)

kF, mπ

vew , MW
dim5

dim3

ν

L L

H H

y y • LNV originates at very high scale (Λ >> v) → dominant 
low-energy remnant is Weinberg’s dim-5 operator:  

• Below the weak scale this is just the neutrino Majorana mass 
(mββ ~ wee v2/Λ),  but let’s not forget QCD! 

• 0νββ mediated by active νM with potential Vnn→pp with 
long- and short-range components proportional to mββ 

d u

d u

νM 

… and other 
tree-level and 

loop-level 
mechanisms  

p

n

n

p
 Vnn→pp 
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Insights from EFT

• Transition operator to leading order (LO) in Q/Λχ   (Q~kF~mπ,  Λχ~GeV)

  VC, W. Dekens, J. de Vries, M. Graesser, E. Mereghetti,  S. Pastore, U. van Kolck  1802.10097

gν  

νM 
‘Usual’ νM exchange ~1/kF2 ~1/Q2 

Coulomb-like potential  

VC,  W. Dekens,  E. Mereghetti, A. Walker-Loud, 1710.01729
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‘New’:  short-range coupling gν ~1/Q2 

d u

d u

νM 
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‘New’:  short-range coupling gν ~1/Q2 

d u

d u

νM 

UV divergence ∝ (mNC/4π)2 ~1/Q2

• LO scaling is required by renormalization of nn→pp amplitude in presence of strong interactions  

+ + +…
C ~ 4π/(mNQ)   

LO strong potential

π C 



Impact of leading-order contact term 

10

• gν estimated through dispersive analysis,  with ~30% uncertainty 
(validated with ΔI=2  NN electromagnetic coupling)

• Provided ‘synthetic data’ for the nn→pp amplitude to be 
used to fit gν with regulators used in nuclear calculations 

Λ= 2 fm-1

Λ= 20 fm-1

Contact term

Long-range

Total (synthetic data)  

[1] VC, Dekens, deVries, Hoferichter, Mereghetti,  2012.11602,   2102.03371
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• gν estimated through dispersive analysis,  with ~30% uncertainty 
(validated with ΔI=2  NN electromagnetic coupling)

• Provided ‘synthetic data’ for the nn→pp amplitude to be 
used to fit gν with regulators used in nuclear calculations 

Λ= 2 fm-1

Λ= 20 fm-1

Contact term

Long-range

Total (synthetic data)  

[1] VC, Dekens, deVries, Hoferichter, Mereghetti,  2012.11602,   2102.03371

[2] Wirth, Yao, Hergert,  2105.05415        [3]  Belley et al, 2307.15156           [4]  Belley et al,   2308.15634 

• Contact term fitted to synthetic data [2] and used in ab-
initio calculations in 48Ca [2], 130Te [3], 136Xe, [3],   76Ge [4]:  
enhances matrix elements by ~40% [Ge] and >50% [Te, Xe]    

See talk by Jason Holt for details 
and implications on mββ 
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  Overall uncertainties still sizable but improvable! 
Progress requires theoretical activity at the interface of 

EFT, lattice QCD, and nuclear structure 
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Hadronic matrix elements for �L = 2

n p
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e
-

e
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2. L
(6,7)
�L=2

• still long distance
• at LO: nucleon axial, vector, scalar, pseudoscalar and tensor form

factors

M. Doi, T. Kotani, E. Takasugi, ‘85,
H. Pas, M. Hirsch, H. V. Klapdor-Kleingrothaus, S. G. Kovalenko, ‘99.

well determined hadronic input

ν

• Higher dim operators arise in well motivated models. 
Can compete with Dim=5 operator if  Λ~ O(1-10 TeV) 

• New mechanisms at the hadronic scale:  need appropriate 
chiral EFT treatment

• 31 operators up to dimension 9

11

Renromalization requires a contact terms at the same order as pion-range 

• Not including pion- and short-range effects leads to factor 
~ (Q/Λχ)2 ~1/100 reduction in sensitivity to new physics! 

VC,  W. Dekens,  J. de Vries, M. Graesser, E. Mereghetti  [1806.02780]



Phenomenological interest 

12

New contributions can add incoherently or interfere with mββ, significantly 
affecting the interpretation of experimental results

VC,  W. Dekens,  J. de Vries,  M. Graesser,  E. Mereghetti,  1708.09390

• TeV-scale LNV induces contributions to 0νββ not directly related to the exchange of light neutrinos, 
within reach of planned experiments
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Up quark 
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Down quark

Up quark 
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New virtual 
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Precision beta decays 
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uig Vij
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u
εL,R   

εS,P,T   

 GF(β) ~ GF(μ) Vij  ~1/v2 Vij

14

β decays in the SM and beyond

Lepton Flavor Universality (LFU)

Cabibbo Universality 

• In the SM,  mediated by W exchange  ⇒  only “V-A”;   Cabibbo universality;   lepton universality

• New physics can spoil universality relations.  Precision of 0.1-0.01% probes Λ > 10 TeV

• Focus on Cabibbo universality test (1st row CKM unitarity)



The Cabibbo angle “anomaly”
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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

0.960 0.965 0.970 0.975
0.220

0.222

0.224

0.226

0.228

V

us

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-

2

Vus

Vud

 K→
 μν 

/ π→
 μν 

 

(0.22%)

K→ πlν (0.25%)

unitarity0+ → 0+ (0.031%)
Neutron (0.043%)

ΔCKM = |Vud|2 + |Vus|2 - 1

Test
Test
Test
Test
Test
Test

� = G
2

F ⇥ |Vij|
2
⇥ |Mhad|

2
⇥ (1 +�R)⇥ Fkin

1

VC-Crivellin-Hoferichter-Moulson  2208.11707  
[and refs therein, including FLAG21]
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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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bands correspond to V0+!0+
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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].

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
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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 [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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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-

2

Vus

Vud

 K→
 μν 

/ π→
 μν 

 

(0.22%)

K→ πlν (0.25%)

unitarity0+ → 0+ (0.031%)
Neutron (0.043%)

ΔCKM = |Vud|2 + |Vus|2 - 1

VC-Crivellin-Hoferichter-Moulson  2208.11707  
[and refs therein, including FLAG21]



The Cabibbo angle “anomaly”

16

Test
Test
Test
Test
Test
Test

� = G
2

F ⇥ |Vij|
2
⇥ |Mhad|

2
⇥ (1 +�R)⇥ Fkin

1

• Expected experimental improvements: 

• neutron decay  

• pion beta decay (PIONEER @PSI)

• new Kμ3/Kμ2 BR measurement at NA62

• Further theoretical scrutiny  

• Lattice QCD: K→π vector f.f. , rad. corr. for Kl3

• EFT for radiative corrections neutron and nuclei,                          
with precision goal ~ 2-3 ⨉ 10-4 

• …

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-
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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
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situation depicted in Fig. 1: on the one hand, there is a ten-
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sion, arising entirely from meson decays, is due to the fact that
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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-
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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.
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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
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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) =
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Non-perturbative matching 

Perturbative matching

1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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freedom. In the case at hand the effective theory is constructed by integrating out the W field

only. The matching procedure which gives the values of C1 and C2 proceeds in three steps

[61]. The explicit three steps presented below are sufficient for the subsequent summation of

the leading logarithms or equvalently for the leading term of the RG improved perturbation

theory. We will generalize these steps in the next section in order to be able to include also

the NLO term in this expansion.

Here we go:

Step 1: Calculation of Afull

The current-current diagrams of fig. 15 (a)–(c) and their symmetric counterparts, give for

the full amplitude Afull to O(αs) (mi = 0, p2 < 0):

Afull =
GF√

2
V ∗

csVud

[(

1 + 2CF
αs

4π
(
1

ε
+ ln

µ2

−p2
)

)

S2 +
3

N

αs

4π
ln

M2
W

−p2
S2

−3
αs

4π
ln

M2
W

−p2
S1

]
(5.23)

Here:

S1 ≡ ⟨Q1⟩tree = (s̄αcβ)V −A(ūβdα)V −A (5.24)

S2 ≡ ⟨Q2⟩tree = (s̄αcα)V −A(ūβdβ)V −A (5.25)

are just the tree level matrix elements of Q1 and Q2. A few comments should be made.

• We use the term “amplitude” in the meaning of an “amputated Green function” (multi-

plied by ”i”). Correspondingly operator matrix elements are amputated Green functions

with operator insertion. Thus gluonic self energy corrections on external legs are not

included.

W

g

(a)

Wg

(b)

W g

(c)

Figure 15: One-loop current-current diagrams in the full theory.

• For simplicity we have chosen all external momenta p to be equal and set all quark

masses to zero. As we will see below this choice has no impact on the coefficients Ci.
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a) b) c) d)

f) g) h) i)

e)

j)

FIG. 1: Diagrams contributing to the matching between �PT and /⇡EFT at O(✏0�). Single, double, wavy and dashed lines
denote, respectively, leptons, nucleons, photons and pions. Dots denote interactions from the lowest order chiral Lagrangians

L
p2
⇡ and L

p
⇡N , while diamonds on a pion line represent insertions of Le2p0

⇡ .

FIG. 2: Diagrams contributing to the matching between �PT and /⇡EFT at O(✏�). Circled dots denote interactions from the

NLO chiral Lagrangian L
p2

⇡N , while diamonds on a nucleon line represent insertions of Le2p0

⇡N . All other notation is as in Fig. 1.

Numerical impact — We now estimate the numerical

impact of the various corrections beginning with �(0,1)
em .

Existing lattice data indicate that gA has a mild m⇡ de-

pendence [10], and we set g
(0)

A = gA = 1.27. Using the
physical masses of charged and neutral pions, the average
nucleon mass mN = 938.9 MeV, and F⇡ = 92.4 MeV, we
obtain Z⇡ = 0.81. The NLO LECs c3 and c4 have been
extracted from pion-nucleon scattering [31, 32]. They
show a sizable dependence on the chiral order at which
the fit to ⇡-N data is carried out (stabilizing between
N2LO and N3LO). In an EFT without explicit � degrees
of freedom, they are dominated by virtual � contribu-
tions and thus anomalously large. We then obtain

c3|NLO
= �3.61(5)GeV�1

, c4|NLO
= 2.17(3)GeV�1

c3|N2LO
= �5.39(5)GeV�1

, c4|N2LO
= 3, 62(3)GeV�1

.

c3|N3LO
= �5.67(6)GeV�1

, c4|N3LO
= 4.35(4)GeV�1

.

(12)

With this input, we obtain
↵

2⇡
�(0)

em
2 {0.25, 0.65} · 10�2

, (13)

↵

2⇡
�(1)

em
2 {1.15, 1.85} · 10�2

, (14)

↵

2⇡
�(1)

em
= {1.15, 1, 70, 1.85} · 10�2

, (15)

where the range in �(0)

em is obtained by setting Ĉ⇡(µ) = 0
and varying µ between mN/2 and mN . The range in

�(1)

em by taking NLO or N3LO extractions of c3,4 [32] (the
N2LO results would give 1.7 · 10�2). While the NLO
correction is somewhat larger than the LO correction,
we stress that this is not the full correction because of
the counter term contribution Ĉ⇡. Combining LO and
NLO corrections, we estimate a correction to gA at the
percent level

�gA/g
(0)

A =
↵

2⇡
�(0+1)

em
2 {1.4, 2.5} · 10�2

. (16)

This shift due to isospin breaking has no impact on the
current first-row CKM discrepancy as the most accurate
determination of gA is extracted from experiments, where
these corrections are automatically included. comment
on future work on isospin-breaking nuclear corrections?
The correction does have a big impact on first-principle
lattice-QCD computations of neutron � decay. Present
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only considered the asymptotic and elastic contributions
to Eq. (11), i.e. inserting a complete set of states in
between every current and retaining only the nucleon.
Assuming isospin symmetry then leads to a vanishing
contribution for the three-point function [15]. Recogniz-
ing diagrams i1, j1, a2, . . . in Fig. 1 to correspond to an
explicit treatment of these vertex corrections, the results
presented here expand upon the simplified approach of
Ref. [15] to find much larger than anticipated isospin-
breaking corrections.

Numerical impact — We now estimate the numerical
impact of the various corrections, starting with our main
new finding, i.e., the electromagnetic shift to � = gA/gV .
Including BSM contributions, the relation between the
experimentally extracted � and the (isosymmetric) QCD
axial charge is given by [9]

� = g
QCD

A

⇣
1 + �

(�)
RC

� 2Re(✏R)
⌘
, (12)
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deed indicate that gA has a mild m⇡ dependence [11, 42].
The NLO LECs c3 and c4 have been extracted from pion-
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NLO correction is somewhat larger than the LO one, we
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we have set the counter term contribution ĈA � ĈV to
zero. In addition, in an EFT without explicit � degrees
of freedom, c3 and c4 are dominated by � contributions
and thus anomalously large. Combining the corrections,
we estimate a correction to � at the percent level,
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This shift has no impact on the current first-row CKM
discrepancy because the most accurate determination
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we have set the counter term contribution ĈA � ĈV to
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explicit treatment of these vertex corrections, the results
presented here expand upon the simplified approach of
Ref. [15] to find much larger than anticipated isospin-
breaking corrections.

Numerical impact — We now estimate the numerical
impact of the various corrections, starting with our main
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Figure 3: HBChPT diagrams contributing to the anomalous dimension of gV and to �̃RC at two loop.
Only the first two diagrams give rise to terms in the �̃1 enhanced by ⇡

2 [100]. These diagrams also give
rise to the leading ↵
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2 behavior captured by the nonrelativistic Fermi function.

We thus arrive to our final form for the di↵erential decay rate:
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Compared to state-of-the-art analyses of neutron decay in the literature (see e.g. Ref. [38]), our result (104)
amounts to replacing the relativistic Fermi function [53, 109–111, 124–127] with the nonrelativistic one,
F0 ! FNR. While we arrived at this result by constructing the relevant terms of the amplitude in the
EFT framework, one could also argue for this replacement along the following lines. First, recall that
the leading corrections to the phase space coming from the distortion of the electron wavefunction in the
Coulomb field of the proton is usually captured by the function [53]

F0(�) =
2

1 + �
F (�) = 4(2Ee�R)2(��1)

e
⇡y

|�(� + iy)|2

(�(1 + 2�))2
, y =

↵

�
, � =

p
1� ↵2. (105)

This form is obtained by solving the Dirac equation for an electron moving in the charge distribution
of a uniformly charged sphere of radius R [53], but corresponds to a rescaling of the solution of the
Dirac equation for a point-like proton, F (�), evaluated not at the origin, where the wavefunction diverges
logarithmically, but at the “nucleon radius” R. R corresponds to a mass scale much larger than me, and
e↵ectively acts as a UV regulator. So we see that while F0(�) coincides with FNR(�) at one-loop level, F0

includes a dependence on the UV regulator via the logarithms of R that first appear at O(↵2). Expanding
F0 in series of ↵, one obtains

F0(�) = FNR (�)
⇥
1� ↵

2 (�E � 3 + ln(2EeR�)) +O(↵4)
⇤
. (106)

The dependence on the UV regulator R ⇠ 1/µ does not match the µ-dependence of gV (µ) in the MS�
scheme presented so far. In dimensional regularization, indeed, the lnR term in Eq. (106) corresponds to
a UV singularity that appears in the first two diagrams in Fig. 3, when we consider only the contribution
arising from picking the two nucleon poles. This is only one piece of the full anomalous dimension �̃1. In
order not to double-count large logarithms, one should set the logarithmic term in F0 to zero when using
the RGEs to evaluate the large logarithms as we do here. The remaining O(↵2) terms in Eq. (106) are
incomplete and beyond the accuracy of our calculation, which allows us to drop them and replace the
relativistic Fermi function F0 by its nonrelativistic counterpart FNR.
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• (gA/gV)  gets %-level corrections proportional to the pion EM mass splitting, 100x larger than previous estimate
5

FIG. 2: Overview of the required shift to lattice QCD de-
terminations of gA and comparison with current experimen-
tal determination of �. The bottom panel shows the shift
and increased uncertainty in magenta with corrected val-
ues. The keys in the figure are FLAG21 [21], CalLat19 [22],
PNDME18 [42], PDG21 [6], PERKEO3 [23], UCNA [45].

of � is at present obtained from experiments, where
these corrections are automatically included. The correc-
tion does have a big impact when comparing with first-
principles lattice QCD computations of neutron � decay.
Present lattice calculations of gA work in the isospin limit
without QED, but Eq. (15) shows these results cannot be
directly compared to the experimentally extracted value
of gA without subtracting the newly identified isospin-
breaking radiative corrections in this Letter.

In Fig. 2 we show the significance of the correction �
(�)
RC

in comparing lattice QCD calculations with the state-of-
the-art experimental determination of �. Compared to
the most precise individual lattice calculation [22], our
radiative corrections corresponds to a 2.7� shift and a
more modest ⇠ 1� shift in the conservative FLAG’21
average [21]. �

(�)
RC

generally improves the agreement be-
tween lattice QCD and experimental determination of
� and is essential if one wishes to obtain robust ranges
(or constraints) on right-handed currents. For example,
assuming existing central values and an increased lattice-

QCD precision, the neglect of radiative corrections (�(�)
RC

)
would wrongfully point to BSM physics at O(1TeV).

Isospin-breaking corrections to the weak magnetism do
translate into explicit spectral changes (see the appendix
for the full di↵erential decay rate). Relative corrections
of O(10�4) occur in the SM predictions of both a, the
�-⌫ angular correlation, and A, the �-asymmetry. These
are comparable to anticipated experimental precision in
the coming decade within the context of CKM unitarity
tests [12]. Even larger relative changes (O(0.1%)) can
occur due to cancellations in the leading-order SM pre-
diction, such as in nuclear mirror systems used in com-

plementary |Vud| determinations [46]. An extension of
this e↵ort to nuclear systems is deemed crucial and fits
within rejuvenated superallowed e↵orts [5, 47]. On the
other hand, the induced tensor coupling cT produces a
shift to the Fierz term and the neutrino-asymmetry pa-
rameter B at the level of 10�5, negligible in light of the
expected experimental accuracies.

Conclusions and outlook — By using a systematic ef-
fective field theory approach we have identified and com-
puted novel radiative corrections to neutron �-decay.
The largest correction, at the percent level, can be under-
stood as a QED correction to the nucleon axial charge.
While this does not impact the extraction of Vud from
experiments, it has important consequences for the po-
tential of �-decay experiments to constrain BSM right-
handed currents when comparing the measured value of
� = gA/gV to the first-principles calculation of the same
quantity with lattice QCD. In addition, we have iden-
tified changes in the neutron di↵erential decay rate, in
particular a shift in the �-⌫ angular correlation and the
�-asymmetry, that are relevant for next-generation ex-
periments.

The new shift in the nucleon axial charge depends upon
non-analytic contributions associated with pion loops as
well as analytic short-distance corrections parameterized
by LECs. The LECs that lead to the largest part of
the correction (c3 and c4) are precisely extracted from
pion-nucleon scattering data, but others are presently
unknown leading to a sizable uncertainty in our results.
Lattice QCD can compute the hadronic n ! p amplitude
in the presence of QED [19, 20], which enables a determi-
nation of the unknown LECs. There are subtleties that
must be addressed related to gauge invariance and the
non-factorizable contributions to the renormalization of
the four-fermion operator [48]. QEDM [49], in which the
photon is given a non-zero mass, may simplify the iden-
tification of the matrix element of interest by increasing
the energy gap to the excited state contamination.

Looking beyond neutron decay, it is very possible
that similar-sized corrections a↵ect nuclear �-decay.
The computations in this Letter provide the first step
towards a full EFT treatment of radiative corrections
to the multi-nucleon level. Given the interest in these
low-energy precision tests of the Standard Model and
the existing deviations from first-row CKM unitarity,
it is imperative to accurately determine these radiative
corrections in order to make full use of the anticipated
precision of upcoming experiments.
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Large uncertainty due to unknown LEC that 
could be determined by future lattice calculations 

• Larger radiative correction to decay rate shifts Vud  by -0.013%  [effect due to large NLL ~ α2 Log(mN/me) ] 
VC,  W. Dekens, E. Mereghetti, O. Tomalak,  2306. 03138 



New effects in nuclear decays
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VC,  W. Dekens,, J.de Vries, S. Gandolfi,  M. Hoferichter,  E, Mereghetti,   2405.18469, 2405.18464 

• Hard photons induce NN → NNeν contact interactions   ⇒ `Weak potentials' of O(GFαεχ)  involve two 

currently unknown LECs ⇒  δVud (nuclear structure) ~ 0.00031models → 0.00052EFT

• LECs can be obtained by fitting data, once NME calculations for several isotopes become available

New effects in nuclear decays

kF, mπ
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• Lepton-energy:  corrections 

• NLO vertices:  corrections  
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not very well tested. Our PC follows Ref. [82], but using
the rules of Refs. [83, 84] would demoteAh ' O(GF ↵✏2�),
and the latter scaling was borne out explicitly in calcu-
lations of 3b corrections to nuclear electric dipole mo-
ments [85, 86]. For this reason, we will not explicitly
compute the 3b corrections in this work, but stress that
it would be interesting and important to verify their sizes.
Finally, we also remark on PC estimates for �C . Gen-

eralizing the theorems from Refs. [87–89], it was shown
in Ref. [47] that there are no first-order corrections, and
therefore �C scales with O(↵2). A diagram with two
Coulomb photon exchanges would have two potential
loops, four nucleon propagators, and e4/Q4 from the
photons combining to O(GF↵2m2

N/k2F ), and thus be siz-
able. NLO correction in which the Coulomb exchange
e2/Q2 is replaced by e2/⇤2

� [68, 69] would then appear
at O(GF↵2) and could thus still be relevant. Ultimately,
the counting of such corrections to Coulomb photon ex-
changes depends on the way in which �C is evaluated in
practice, in particular, which corrections are included in
the employed nuclear wave functions.
We conclude our discussion of the PC with a summary

of the main observations, see Ref. [8]:

1. Ultrasoft modes in diagrams 2(b,c) contribute to
the Fermi and Sirlin functions, while corrections be-
yond these functions are suppressed by O(↵✏recoil),
and therefore do not have to be considered.

2. Potential modes in diagram 2(c) scale like O(↵✏/⇡)
and O(↵✏�) relative to LO, and therefore need to
be included.

3. Soft modes first contribute suppressed by O(↵✏2�),
and thus will not be considered.

4. Hard modes generate several relevant contribu-
tions: (i) O(↵) corrections to gV ; (ii) O(↵✏�)
two-nucleon contact terms gNN

V 1,V 2
needed to ab-

sorb divergences induced by potential modes; (iii)
O(↵✏/⇡,↵✏�) e↵ects via the pion mass splitting.

5. There are sizable two-photon-exchange diagrams
that scale as O(↵2) compared to the LO contri-
bution, and thus have to be considered. Potential,
soft, and ultrasoft scalings are relevant for these
contributions.

Accordingly, the dominant contributions to be combined
into �NS can be evaluated as the matrix element of EW
potentials between the initial and final nuclear states,
and these e↵ects will be described in detail in Sec. III,
while the role of ultrasoft contributions will be discussed
further in Sec. IV. O(↵2) corrections are particularly im-
portant to justify the factorization of the decay rate, see
Sec. V. Moreover, the interplay of potential and ultrasoft
modes becomes crucial to obtain regulator-independent
results.

C. Nuclear � decay in EFT

In chiral EFT with dynamical photons and leptons,
the starting point for the calculations of nuclear decay
amplitudes is the Hamiltonian obtained after integrating
out pions and photons with momenta that have soft and
potential scaling, only ultrasoft photons are left as dy-
namical degrees of freedom. The Hamiltonian takes the
schematic form

He↵ = Hnucl +HEM +HEW. (25)

Hnucl contains the nucleon kinetic terms and the strong
interaction potentials, up to a given chiral order. HEM

contains EM interactions

HEM = HQED +
AX

i=1

eAµvµ

✓
1 + ⌧ (i)3

2

◆
+ . . . , (26)

where HQED is the QED Hamiltonian describing interac-
tions of electrons and photons. The last term is the LO
nucleon coupling to ultrasoft photons, with the ellipsis
representing suppressed terms such as magnetic moment
and other recoil terms (see, for example, Ref. [90]). The
EW Hamiltonian is given by

HEW =
p
2GFVud ēL�µ⌫L J

µ
W ,

J
µ
W =

AX

n=1
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µ0
� gA�

µi�(n)i
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⌧ (n)+ +

�
J

2b
�µ

+ . . .

+ �µ0
�
V
0 + E0V

0

E

�
+ �µiVi + pµeVme + . . . (27)

The first two contributions to the weak nuclear current
J

µ
W represent the standard 1b and 2b terms, while the

ellipsis refers to higher-order terms such as weak mag-
netism. The remaining contributions, in the last line
in Eq. (27), represent the weak 2b currents of order
O(↵✏/⇡,↵✏�), also called weak potentials in what follows.
These are induced by integrating out hard, soft, and po-
tential photons, while the ellipsis denotes terms further
suppressed in ✏� and ✏/⇡. Accordingly, the weak nuclear
current J µ

W takes the general form

J
µ
W =

X

i

C(i)
W (µ)

�
J

(i)
W

�µ
(28)

in terms of scale-dependent e↵ective couplings C(i)
W (µ) =

{gV (µ), gA(µ), gNN
V 1,V 2

(µ), . . .} that include EM e↵ects
due to hard, soft, and potential photons multiplying one-

and few-nucleon operators
�
J

(i)
W

�µ
. The matrix elements

of these operators, dressed by ultrasoft photon exchanges
according to Eq. (26), evaluated between initial and final
nuclear states, eventually determine the RC to nuclear �
decays, see Sec. V. In the next two sections, we describe

the derivation of the operators
�
J

(i)
W

�µ
, their matrix el-

ements, and their anomalous dimensions controlling the

evolution of C(i)
W (µ) for qext < µ < kF .
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qq
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• Two unknown LECs   

• Required at  for renormalization 

gNN
V1,V2

𝒪(mπ /mN α)

• Hard photons induce NN → NNeν contact interactions  →   `Weak potentials' of O(GFαεχ,)  involve two 
unknown LECs

• LECs can be obtained by fitting data, once NME calculations for several isotopes become available.  
Dispersive methods and lattice QCD can also be useful

• δVud (nuclear structure) ~ 0.00031 → 0.00052
EFT has identified new correction and (temporarily) increased the uncertainty….

But in the long run it’s the only viable approach to quantify the uncertainties.



Conclusions

EFT is crucial to assess impact of ton-scale 
0νββ searches

• Relates 0νββ to underlying LNV 
dynamics (and collider & cosmology)

• Organizes contributions to hadronic 
and nuclear matrix elements → 
control uncertainties

20

EFT methods can shed light on the ‘Cabibbo angle 
anomaly’ one of few low-energy “cracks” in the SM   

• Seamlessly include next-to-leading logarithmic 
perturbative effects  

• Uncovered new short-range nuclear structure-
dependent effects needed to reach the ~3 ⨉10-4 
precision in Vud

• This  framework may become of interest for 
neutrino-nucleus scattering at low energy 

• EFT is a great tool to connect electroweak and higher scales to nuclear energies, with quantifiable uncertainties 

• Illustrated with two examples 
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Backup:  double beta decay



Estimating the contact term (1) 

• Useful representation of the amplitude

n p

n p

νM

e− e−

W− (k)W+ (k)

Forward  “Compton” amplitude  

22

VC, Dekens, deVries, Hoferichter, Mereghetti,  2012.11602,   2102.03371



Estimating the contact term (1) 

• Useful representation of the amplitude

n p

n p

νM

e− e−

W− (k)W+ (k)

Forward  “Compton” amplitude  

22

High k: QCD OPE
Low k: chiral EFT to NLO

Intermediate k:  resonance contributions 
in     and     , 

πNN intermediate state, … 

VC, Dekens, deVries, Hoferichter, Mereghetti,  2012.11602,   2102.03371



Estimating the contact term (2) 

23

• Determine C1,2  with ~ 30% uncertainty (dominated by intermediate k)

VC, Dekens, deVries, Hoferichter, Mereghetti,  2012.11602,   2102.03371

Dominant uncertainty from 
inelastic channels (NNπ , …):

k

k

π



Estimating the contact term (2) 
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• Determine C1,2  with ~ 30% uncertainty (dominated by intermediate k)

VC, Dekens, deVries, Hoferichter, Mereghetti,  2012.11602,   2102.03371

• Provided ‘synthetic data’ for the nn→pp amplitude at threshold

• First calculation of 48Ca →48Ti with contact fitted to synthetic data ⇒ 

contact term enhances nuclear matrix element by (43±7)%  

Wirth, Yao, Hergert,  2105.05415 

• Validation: C1+C2 ⇒ (ann+app)/2 -anp = 15.5(4.5) fm versus 10.4(2) fm (exp)  



Bounds reflect dependence on Λχ /Λ and  Q/Λχ

What scales are we probing?

Dim 7 in 
SM-EFT

Dim 9 in 
SM-EFT d

d u

u

w

w

d

d u

u

(v/Λ)3

(v/Λ)5

VC,  W. Dekens,  J. de Vries,  M. Graesser,  E. Mereghetti,  1806.02780

24



Phenomenological interest 
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New contributions can add incoherently or interfere with mββ, significantly 
affecting the interpretation of experimental results

• TeV-scale LNV induces contributions to 0νββ not directly related to the exchange of light neutrinos, 
within reach of planned experiments

• TeV-scale LNV may lead to correlated or precursor signal at LHC:  pp →ee jj  
(important to unravel the mechanism)

d

d

u

u

e

e

LHC 0νββ

Classic LRSM example

Peng,  Ramsey-Musolf,  
Winslow, 1508.0444 

…

Keung-Senjanovic ’83

Maiezza-Nemevesek-
Nesti- Senjanovic 

1005.5160

Helo-Kovalenko-Hirsch-
Pas 1303.0899, 1307.4849

Cai, Han, Li, Ruiz 
1711.02180



Hadronic theory developments
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• Leading order hadronic realization of dim-9 operators: 

VC,  W. Dekens,  J. de Vries, M. Graesser,                 E. 
Mereghetti  [1806.02780]

In Weinberg’s counting,             pion-
exchange contribution dominates

Nicholson et al (CalLat), 1805.02634

• Several unknown LO NN contact couplings!  Opportunity for LQCD

 Prezeau, Ramsey-Musolf, Vogel        hep-
ph/0303205 

Renromalization requires a 
contact at the same order!

ππ matrix element known 
from Lattice QCD at <10%

Vergados 1982,  
Faessler, Kovalenko, Simkovic, Schweiger 1996
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Backup:  beta decay



EFT for radiative corrections: why?

28

• Widely separated mass scales play a role in neutron and nuclear beta  decays
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Weak scale

χSB & nucleon mass scale

Pion mass  / hadronic structure

Q value,  nuclear excitations

• Small ratios appear as expansion parameters and arguments of logarithms 

• At the required precision (~10-4), need to keep terms of O(GFɑ),  O(GFɑεχ), O(GFεrecoil),   along with                                          

leading logarithms (LL~ (ɑ ln(ε))n)  and next-to-leading logarithms (NLL ~ ɑ (ɑS ln(εW))n,  ɑ (ɑ ln(ε))n )
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Neutron decay (1): decay rate and Vud 

29

6.2 Total decay rate and extraction of Vud

Upon performing the integration over Ee in Eq. (104), the decay rate can be written as

�n =
G

2
F
|Vud|

2
m

5
e

2⇡3

�
1 + 3�2

�
· f0 ·

�
1 +�f

�
·
�
1 +�R

�
, (107)

where the phase space integral is given by

f0 =

ˆ
x0

1
w(x, x0) dx, w(x, x0) = x (x0 � x)2

p
x2 � 1, (108)

with x0 = E0/me and E0 = 1.292581 MeV, and takes the value f0(x0) = 1.62989. Following standard
practice [38, 53], in Eq. (107) we have lumped the Coulomb (FNR) and recoil terms into an e↵ective
phase-space correction �f , separating the remaining radiative corrections into �R. In this factorization
scheme, the various corrections to the decay rate are defined by

f0 (1 +�f ) =

ˆ
x0

1
w(x, x0)FNR (�(x)) (1 + �recoil (xme)) dx, (109)

1 +�R = [gV (µ�)]
2

✓
1 +

´
x0

1 w(x, x0)FNR (�(x)) (1 + �recoil (xme)) �RC (xme, µ�) dx

f0(1 +�f )

◆
, (110)

where �(x) =
p
1� 1/x2. A few remarks are in order:

• The decay rate in Eq. (107) corresponds to the usual definition adopted in the literature [38], upon
identifying f ⌘ f0(1 +�f ). Therefore, the total shift in the decay rate

�TOT = �1 + (1 +�f )(1 +�R), (111)

which impacts the extraction of Vud, requires specifying both �f and �R. The expressions and
numerical values of �f and �R in our EFT approach di↵er from the results found in the literature
(see Ref. [38] and most recent calculations of �R [1–6, 8]). In what follows, when necessary we will
discuss the origin of the di↵erences.

• For �f , which encodes Coulomb and recoil corrections, we find

�f = 3.573(5)%, (112)

where we estimated the uncertainty to be of the size of Coulomb corrections times recoil cross term.
The di↵erence from the standard result �f = 3.608 ⇥ 10�2 [38] is mainly due to the fact that
we use the nonrelativistic Fermi function, for the reasons discussed above, while Ref. [38] uses the
relativistic Fermi function. We also do not include the corrections induced by modeling the proton
as a uniformly charged sphere of radius Rp ' 1 fm [53]: this is a small e↵ect shifting �f by 0.005%.

• Up to the accuracy of our calculation, the remaining radiative correction �R in our framework is
given by

�R = [gV (µ�)]
2

 
1 +

↵ (µ�)

2⇡

 
3

2
ln

µ
2
�

m2
e

+
5

4
+ ĝ (E0)

!!
� 1, (113)

where µ� ⇠ me and ĝ (E0) = �9.58766 is obtained by averaging the subtracted Sirlin function
ĝ(Ee, E0) over the phase space, according to Eq. (110). At leading order in ↵, the µ�-scale depen-
dence in Eq (113) cancels between the coupling constant gV (µ�) and virtual one-loop contributions,
while higher-order perturbative logarithms from virtual diagrams at scales µ� ⇠ me are small.
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λ=gA/gV 

VC,  W. Dekens, E. Mereghetti, O. Tomalak,  2306. 03138 

to gV (µ� ⇠ me), resumming large next-to-leading logarithms of order ↵
2 ln (mN/me). The resulting

gV (µ� ⇠ me) is directly relevant to the calculation of neutron decay and can be used as input for the
one-body contribution to nuclear decays.

In this work, we have focused on the application to neutron decay. With gV (µ� ⇠ me) at hand, we
combined both virtual and real photon corrections to the decay rate [33, 44, 46] to obtain the e↵ective
phase-space correction �f and the radiative correction �R to the neutron lifetime, see Section 6, and the
relation

|Vud|
2
⌧n

�
1 + 3�2

�
(1 +�f ) (1 +�R) = 5283.321(5) s, (4)

with �f and �R given in Eqs. (109) and (110), respectively. Our definitions for �f and �R di↵er from the
traditional approach both conceptually and numerically. Technically, the bulk of this di↵erence is in shift-
ing all short-distance contributions from �f to �R. �f describes Coulomb-enhanced long-distance con-
tributions and recoil corrections, while �R includes all electroweak and HBChPT short-distance contribu-
tions along with the non-Coulomb radiative corrections in /⇡EFT, as specified in Eqs. (78), (89), and (113).
Numerically, we find

�f = 3.573(5)⇥ 10�2
, (5)

�R = 4.044(24)Had(8)↵↵2
s
(7)↵✏2�(5)µ� [27]total ⇥ 10�2

. (6)

The uncertainty in �f stems from an estimate of mixed recoil times Coulomb corrections. The dominant
sources of uncertainty to �R are given by: the non-perturbative hadronic contributions, associated to
the “�W box” diagram in the standard approach [1–6]; contributions of O(↵↵2

s) not included in our
renormalization group analysis in the LEFT; chiral corrections of ↵✏2�; residual dependence on the /⇡EFT

renormalization scale, varied between me/
p
2 and

p
2me, which is an indicator of the O(↵2) corrections.

A detailed discussion of uncertainties is presented in Sections 5.4 (for gV ) and 6.2 (for the remaining
contributions to �R).

Our result for �f in Eq. (5) di↵ers from the one found in the literature �f = 3.608 ⇥ 10�2 [38] by
�0.035%. This is because in the phase space integration we use the nonrelativistic Fermi function, for the
reasons discussed in Section 6.1, and neglect corrections induced by modeling the proton as a uniformly
charged sphere of radius Rp ' 1 fm [53] (this e↵ect is at the level of 0.005%).

Our result for �R in Eq. (6) exceeds the current value �R = 3.983(27) ⇥ 10�2, compiled in Ref. [8]
by combining the results of [1–6], by about twice the estimated uncertainties. The +0.061% shift in
the central value is almost entirely due to the di↵erent treatment of the next-to-leading logarithmic
terms at the hadronic level, i.e., the terms that scale as ↵

2 ln (mN/me). In both approaches, there is a
contribution of this type coming from the cross term between the one-loop RGE correction to gV , scaling

as ↵

⇡
ln (mN/me), and O

⇣
↵⇡

�

⌘
terms in the Fermi function. In our approach, additional ↵2 ln (mN/me)

large logarithmic corrections arise entirely from the two-loop anomalous dimension contribution to the
RGE (88) for the e↵ective coupling gV (µ�) and produce a positive shift in �R of 0.010%. In the EFT
approach, there are no other sources of large logarithms of the ratio (mN/me) in the matrix element of
the four-fermion operator (1) to O(↵2). In the literature, this class of e↵ects is not associated with the
running of gV , but arises through the negative correction ↵/(2⇡)⇥ � = �0.043%, introduced in Ref. [38]
by adapting the results of Refs. [54, 55].1 The mismatch of the two approaches produces a +0.053% shift
in our results. The remaining di↵erence is due to a combination of the following, individually smaller,
e↵ects: (i) we re-evaluate the “elastic” hadronic contribution, as discussed in Section 5.2, which leads
to a �0.006% shift to �R; (ii) for the next-to-leading logarithmic corrections of O(↵2 ln(MW /mc)), our
result di↵ers from the one in Ref. [38], producing a negative shift of approximately �0.011%; (iii) we do

1
In the standard non-EFT approach, additional terms scaling as ↵2

ln (mN/me) (or ↵2
ln(Rpme) after including finite

nucleon size e↵ects) are included in the relativistic Fermi function, see discussion in Section 6.1, and booked as e↵ective

phase-space corrections appearing in �f . It is worth noting that, for neutron decay, the ↵2
ln(Rpme) terms in the relativistic

Fermi function cancel the corresponding terms in the correction ↵/(2⇡)⇥ � [38].
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6.2 Total decay rate and extraction of Vud

Upon performing the integration over Ee in Eq. (104), the decay rate can be written as
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where the phase space integral is given by

f0 =

ˆ
x0

1
w(x, x0) dx, w(x, x0) = x (x0 � x)2

p
x2 � 1, (108)

with x0 = E0/me and E0 = 1.292581 MeV, and takes the value f0(x0) = 1.62989. Following standard
practice [38, 53], in Eq. (107) we have lumped the Coulomb (FNR) and recoil terms into an e↵ective
phase-space correction �f , separating the remaining radiative corrections into �R. In this factorization
scheme, the various corrections to the decay rate are defined by

f0 (1 +�f ) =

ˆ
x0

1
w(x, x0)FNR (�(x)) (1 + �recoil (xme)) dx, (109)

1 +�R = [gV (µ�)]
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where �(x) =
p

1� 1/x2. A few remarks are in order:

• The decay rate in Eq. (107) corresponds to the usual definition adopted in the literature [38], upon
identifying f ⌘ f0(1 +�f ). Therefore, the total shift in the decay rate

�TOT = �1 + (1 +�f )(1 +�R), (111)

which impacts the extraction of Vud, requires specifying both �f and �R. The expressions and
numerical values of �f and �R in our EFT approach di↵er from the results found in the literature
(see Ref. [38] and most recent calculations of �R [1–6, 8]). In what follows, when necessary we will
discuss the origin of the di↵erences.

• For �f , which encodes Coulomb and recoil corrections, we find

�f = 3.573(5)%, (112)

where we estimated the uncertainty to be of the size of Coulomb corrections times recoil cross term.
The di↵erence from the standard result �f = 3.608 ⇥ 10�2 [38] is mainly due to the fact that
we use the nonrelativistic Fermi function, for the reasons discussed above, while Ref. [38] uses the
relativistic Fermi function. We also do not include the corrections induced by modeling the proton
as a uniformly charged sphere of radius Rp ' 1 fm [53]: this is a small e↵ect shifting �f by 0.005%.

• Up to the accuracy of our calculation, the remaining radiative correction �R in our framework is
given by

�R = [gV (µ�)]
2
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3

2
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2
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m2
e

+
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4
+ ĝ (E0)
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� 1, (113)

where µ� ⇠ me and ĝ (E0) = �9.58766 is obtained by averaging the subtracted Sirlin function
ĝ(Ee, E0) over the phase space, according to Eq. (110). At leading order in ↵, the µ�-scale depen-
dence in Eq (113) cancels between the coupling constant gV (µ�) and virtual one-loop contributions,
while higher-order perturbative logarithms from virtual diagrams at scales µ� ⇠ me are small.
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Figure 2: Diagrams that contribute to �VW in HBChPT are shown. Single lines denote electrons and
neutrinos. The remaining notations are the same as in Fig. 1. In this case, the sources inject zero
momentum. The first two diagrams originate from the LO ⇡N Lagrangian L

p

⇡N
, the last diagram denotes

contributions from L
e
2
p

⇡N`
. Diagrams with the sources coupling to pions do not contribute at this order.

To highlight the UV structure of Eq. (47), we add and subtract the high-energy limit of the hadronic
tensor provided by the operator product expansion (OPE)
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where for the OPE of the relevant currents we use results from Refs. [83, 84], adapted to include the
appropriate color factors [35]. Since our calculation is only accurate at leading logarithm in O(↵↵s),
the O(↵s) correction to the OPE is computed in d = 4. Note that in Eq. (49) we have introduced an
arbitrary scale µ0 to regulate infrared divergences that appear when evaluating the convolution integrals
with TOPE. Performing the relevant integrations, we obtain
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where T denotes the subtracted hadronic tensor, T = T � TOPE. T depends on µ0 in such a way that the
final results are µ0-independent. Finally, note that we are dropping terms of O(↵↵s) that appear without
logarithmic enhancements, because they are beyond the accuracy of our calculation.

Equating Eqs. (45) and (46), we obtain a representation for g9:
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Alternatively, to control the infrared region and see a cancellation of the infrared divergences, we can
introduce the combination T̃ = T �TIR, where TIR is the leading infrared contribution gµ⌫T

µ⌫

IR = i/ (v · q)
and obtain
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4.3 Electroweak coupling constants

We follow the same strategy for the determination of the electroweak coupling constants. In this case, the
operators V1 and V2 receive contributions from the isovector component of the electromagnetic charges,
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6.2 Total decay rate and extraction of Vud

Upon performing the integration over Ee in Eq. (104), the decay rate can be written as
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where the phase space integral is given by

f0 =

ˆ
x0

1
w(x, x0) dx, w(x, x0) = x (x0 � x)2

p
x2 � 1, (108)

with x0 = E0/me and E0 = 1.292581 MeV, and takes the value f0(x0) = 1.62989. Following standard
practice [38, 53], in Eq. (107) we have lumped the Coulomb (FNR) and recoil terms into an e↵ective
phase-space correction �f , separating the remaining radiative corrections into �R. In this factorization
scheme, the various corrections to the decay rate are defined by

f0 (1 +�f ) =

ˆ
x0

1
w(x, x0)FNR (�(x)) (1 + �recoil (xme)) dx, (109)
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where �(x) =
p
1� 1/x2. A few remarks are in order:

• The decay rate in Eq. (107) corresponds to the usual definition adopted in the literature [38], upon
identifying f ⌘ f0(1 +�f ). Therefore, the total shift in the decay rate

�TOT = �1 + (1 +�f )(1 +�R), (111)

which impacts the extraction of Vud, requires specifying both �f and �R. The expressions and
numerical values of �f and �R in our EFT approach di↵er from the results found in the literature
(see Ref. [38] and most recent calculations of �R [1–6, 8]). In what follows, when necessary we will
discuss the origin of the di↵erences.

• For �f , which encodes Coulomb and recoil corrections, we find

�f = 3.573(5)%, (112)

where we estimated the uncertainty to be of the size of Coulomb corrections times recoil cross term.
The di↵erence from the standard result �f = 3.608 ⇥ 10�2 [38] is mainly due to the fact that
we use the nonrelativistic Fermi function, for the reasons discussed above, while Ref. [38] uses the
relativistic Fermi function. We also do not include the corrections induced by modeling the proton
as a uniformly charged sphere of radius Rp ' 1 fm [53]: this is a small e↵ect shifting �f by 0.005%.

• Up to the accuracy of our calculation, the remaining radiative correction �R in our framework is
given by

�R = [gV (µ�)]
2
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where µ� ⇠ me and ĝ (E0) = �9.58766 is obtained by averaging the subtracted Sirlin function
ĝ(Ee, E0) over the phase space, according to Eq. (110). At leading order in ↵, the µ�-scale depen-
dence in Eq (113) cancels between the coupling constant gV (µ�) and virtual one-loop contributions,
while higher-order perturbative logarithms from virtual diagrams at scales µ� ⇠ me are small.
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• To separate hadronic and electroweak contributions to gV (µ�), and to make contact with some of
the previous literature, we provide the fixed-order result
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In the above relations, the explicit dependence on µ0 is canceled by the implicit dependence in

⇤V

Had(µ0). The hadronic physics is included in ⇤V

Had, while the two logarithms in Eq. (114), which
are proportional to the anomalous dimensions, correspond to the ratios between electroweak vs
hadronic and hadronic vs beta-decay scales.

• Our numerical result for �R is
�R = 4.044(27)%, (115)

which, apart from the uncertainty coming from gV discussed in Sect. 5.4, includes a perturbative
uncertainty of 0.005% obtained by varying the scale of the calculation µ� in the range m2

e/2  µ
2
� 

2m2
e. Our result for �R is 0.061% above the most recent evaluation [8] based on Refs. [1–6]. The

sources of this di↵erence are discussed in Section 2. Combining �f and �R in the factorization
scheme of Eq. (107) we obtain

�TOT = 7.761(27)%. (116)

Using the results from Refs. [1–6, 8], one gets �TOT = 7.735(27)%, about one � below our result.
The di↵erence is due to two competing factors in our analysis: a positive shift of +0.061% in �R

and a negative shift of �0.035% in �f .

• As a consistency check on the accuracy of the calculation and the size of cross terms (such as recoil
⇥ electromagnetic corrections), we have performed the phase-space integration in a di↵erent scheme
that does not assume factorization of FNR and �recoil, defined by
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with

�gV = [gV (µ�)]
2
� 1, (118)
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�recoil =
1
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w(x, x0) �recoil (xme) dx. (121)

For the numerical values in this scheme, we find �gV = 5.060(27)%, �C = 3.375%, �RC = �0.969%,
�recoil = 0.173%, leading to�TOT = 7.770%. The latter di↵ers from the factorized result by 0.009%,
consistent with its expected size of O(↵2) and the uncertainties quoted above.

Finally, we extract the CKM matrix element Vud from precise measurements of the neutron lifetime
with our updated calculation of radiative corrections and present the results in Section 2.
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where �(x) =
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1� 1/x2. A few remarks are in order:

• The decay rate in Eq. (107) corresponds to the usual definition adopted in the literature [38], upon
identifying f ⌘ f0(1 +�f ). Therefore, the total shift in the decay rate

�TOT = �1 + (1 +�f )(1 +�R), (111)

which impacts the extraction of Vud, requires specifying both �f and �R. The expressions and
numerical values of �f and �R in our EFT approach di↵er from the results found in the literature
(see Ref. [38] and most recent calculations of �R [1–6, 8]). In what follows, when necessary we will
discuss the origin of the di↵erences.

• For �f , which encodes Coulomb and recoil corrections, we find

�f = 3.573(5)%, (112)

where we estimated the uncertainty to be of the size of Coulomb corrections times recoil cross term.
The di↵erence from the standard result �f = 3.608 ⇥ 10�2 [38] is mainly due to the fact that
we use the nonrelativistic Fermi function, for the reasons discussed above, while Ref. [38] uses the
relativistic Fermi function. We also do not include the corrections induced by modeling the proton
as a uniformly charged sphere of radius Rp ' 1 fm [53]: this is a small e↵ect shifting �f by 0.005%.

• Up to the accuracy of our calculation, the remaining radiative correction �R in our framework is
given by
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where µ� ⇠ me and ĝ (E0) = �9.58766 is obtained by averaging the subtracted Sirlin function
ĝ(Ee, E0) over the phase space, according to Eq. (110). At leading order in ↵, the µ�-scale depen-
dence in Eq (113) cancels between the coupling constant gV (µ�) and virtual one-loop contributions,
while higher-order perturbative logarithms from virtual diagrams at scales µ� ⇠ me are small.
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and a negative shift of �0.035% in �f .
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�recoil = 0.173%, leading to�TOT = 7.770%. The latter di↵ers from the factorized result by 0.009%,
consistent with its expected size of O(↵2) and the uncertainties quoted above.

Finally, we extract the CKM matrix element Vud from precise measurements of the neutron lifetime
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+0.061%

-0.035%

+0.026%

α2 Log(mN/me)

NR vs relativistic Fermi function

CORRECTION COMPARISON with  LITERATURE**
MAIN SOURCE of 

DISCREPANCY

** As compiled in  VC, A. Crivellin, M. Hoferichter, M. Moulson,  2208.11707.   Non-perturbative input in ΔR is the same 

Overall shift of -0.013% in Vud (neutron) compared to previous literature

Both related to the treatment of 
NLL corrections in the hadronic EFT



0+→ 0+ nuclear decay rate 

• EFT-based decay rate formula reorganizes ‘traditional’ corrections in terms of ‘matching and running’ (e.g. Ceff(gV) )

Courtesy of Wouter Dekens 
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• Ultrasoft effects in the matrix element:  and the Fermi function 

• Isospin breaking ,  

• Shape, atomic, and recoil corrections 

• Nuclear structure dependence from by the potentials

δ̃′ R

⟨τ+⟩ ≠ 2

Required input }
} Use  `traditional 

approach’

Known 
analytically

Requires Nuclear 
Matrix Elements 

Decay rate 

Wilkinson ’90,’93; Hardy, Towner ’04,’08,’20; Hayen et al. ’17; 

• C(Ee),  δC, δNS require nuclear structure input: good prospects of using ‘ab initio’ methods   

• Significant new effect is in δNS :  short range potentials associated with currently unknown LECs

~ ~ ~

~



EFT for nuclear decays: impact on Vud

• Exploratory study in 14O →14N decay  (Quantum Monte Carlo calculation of relevant matrix element)

31

• All combined:

Half Life 
14O →14 N

Vud = 0.97364(12)gV
(10)exp(22)f̄(13)δnon−LEC

NS
(44)δLEC

NS
(12)δc

[55]total

• Compatible with traditional approach Vud = 0.97405(37)total
Hardy & Towner, ‘20

Nuclear Matrix Elements 
14O →14 N

 independentEe

pn

e
νe

N N

e
νe

pn

NN

γ

p p
e

νe

pn

• Total: 

• For  gNN
V1,V2 = 1/(4mNF2

π)

• Magnetic/spin-orbit correspond to  
`traditional’   

• Similar result:  

δNS,B

δNS,B = − 1.96(50) ⋅ 10−3

δ(0)
NS = − (1.76+0.11±0.88) ⋅ 10−3

Towner ’94; Hardy, Towner ‘20

Largest uncertainty.   Assumes

LECs can be obtained by fitting data, once NME 
calculations for several isotopes become available.

Dispersive methods and lattice QCD can also be useful 

Residual scale dependence due to missing 
terms of O(α2Z) in the Fermi function 

• All combined:

Half Life 
14O →14 N

Vud = 0.97364(12)gV
(10)exp(22)f̄(13)δnon−LEC

NS
(44)δLEC

NS
(12)δc

[55]total

• Compatible with traditional approach Vud = 0.97405(37)total
Hardy & Towner, ‘20

• To be compared with Towner-Hardy 2020 result (from  14O →14N decay alone):    

(31) from δNS


