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• The quest for new physics:  Energy and Precision Frontiers 

• Two exciting Precision Frontier probes  

• β decays as a probe of new physics at the multi-TeV scale

• Neutrinoless ββ decay and Lepton Number Violation 
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Outline



The quest for            
new physics



The (known) building blocks of nature

The “Standard Model” is a remarkably successful theory,                                      
tested over a wide range of energies (atomic to ~TeV) 

However,  the SM is probably not the whole story…



New physics: why?

No Baryon Asymmetry,  no Dark Matter,  no Dark Energy,  no Neutrino Mass                         
Origin of families, Strong CP problem, Higgs naturalness, Unification,…

Addressing these puzzles requires new physics

X
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1/Coupling 

Λ

vEW

Unexplored

• Where is the new physics? Is it Heavy? Is it Light & weakly coupled?

New physics: where?

~ 250 GeV

(mproton ~ 1 GeV) 

Standard 
Model
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1/Coupling 

Λ

vEW

Energy Frontier
(direct access to UV d.o.f)

• Two approaches 

New physics: how?

• Where is the new physics? Is it Heavy? Is it Light & weakly coupled?
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Λ

vEW

Precision Frontier
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New physics: how?

• Where is the new physics? Is it Heavy? Is it Light & weakly coupled?
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New physics: how?

• Where is the new physics? Is it Heavy? Is it Light & weakly coupled?
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(direct access to light d.o.f.)
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1/Coupling 

Λ

vEW

Energy Frontier
(direct access to UV d.o.f)

Precision Frontier
(indirect access to UV d.o.f)

• Two approaches,  both needed to pin down BSM dynamics (content and 
symmetries of LBSM) and answer open questions

- EWSB mechanism
- Direct access to heavy particles 
- ... 

New physics: how?

• Where is the new physics? Is it Heavy? Is it Light & weakly coupled?

- L and B non conservation  
- CP violation  (w/o flavor)
- Flavor violation: quarks,  leptons
- Precision tests sensitive to      

multi-TeV scale force mediators
- Light and weakly coupled particles: 

neutrino properties,  dark sectors, 
… 

(direct access to light d.o.f.)
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I will discuss β and ββ decays as probes of                          
BSM weak interactions and L# non-conservation, respectively 

- EWSB mechanism
- Direct access to heavy particles 
- ... 

1/Coupling 

Λ

vEW

Energy Frontier
(direct access to UV d.o.f)

Precision Frontier
(indirect access to UV d.o.f)

New physics: how?

• Where is the new physics? Is it Heavy? Is it Light & weakly coupled?

- L and B non conservation  
- CP violation  (w/o flavor)
- Flavor violation: quarks,  leptons
- Precision tests sensitive to      

multi-TeV scale force mediators
- Light and weakly coupled particles: 

neutrino properties,  dark sectors, 
… 

(direct access to light d.o.f.)



Beta decays as a probe of 
new physics

Up quark 

W boson

Down quark

Up quark 

W boson

New virtual 
particle Down quark
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• Beta decays have played a central role in the development of the SM 

• Nowadays: tool to challenge the SM & probe possible new physics

12

n
p

e-

νe
_

β-decays in the SM and beyond



Fermi, 1934

p

n

ν

e

Current-current,       
parity conserving

Fermi scale: 
Λ = GF-1/2 ~ 250 GeV

GF

_
Fermi’s theory of beta decays (n → p e νe):                      

Postulate new local interaction in terms of “light” 
degrees of freedom (n,p,e,νe):   H ~ GF pΓn eΓνe

Coupling constant GF ≡ 1/Λ2  determined by fitting 
the “slow” beta decay rates ⇒                                 

point to mass scale Λ >> mn~ GeV

_ _

β-decays: historic perspective



Fermi, 1934

p

n

ν

e

Current-current,       
parity conserving

Lee and Yang,  1956

Parity conserving: 
VV,  AA,  SS,  TT ...

Parity violating:   VA, SP, ... 
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GF

β-decays: historic perspective

Lee and Yang:                            
use most general Lorentz-

invariant interaction

Fermi scale: 
Λ = GF-1/2 ~ 250 GeV
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?
GF

β-decays: historic perspective

Lee and Yang:                            
use most general Lorentz-

invariant interaction

Fermi scale: 
Λ = GF-1/2 ~ 250 GeV

Experiment: parity is violated!                          
(but could be VA, SP, …) 

C-S Wu



Fermi, 1934

p

n

ν

e

Current-current,       
parity conserving

Lee and Yang,  1956

Parity conserving: 
VV,  AA,  SS,  TT ...

Parity violating:   VA, SP, ... 

p
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ν

e

?
GF

Differential decay distributions 
depend on structure of currents

Model diagnosing! 
Fermi scale: 

Λ = GF-1/2 ~ 250 GeV

β-decays: historic perspective



Fermi, 1934
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Current-current,       
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Parity violating:   VA, SP, ... 
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Glashow,  
Salam,  

Weinberg

W
uL

dL

νL

eL
Embed in non-abelian  
chiral gauge theory,            

predict neutral currents

Marshak & Sudarshan,
Feynman & Gell-Mann 1958

It’s  (V-A)*(V-A) !!

“V-A was the key” 
S. Weinberg

GF

Fermi scale: 
Λ = GF-1/2 ~ 250 GeV

β-decays: historic perspective



Fermi, 1934

p

n

ν

e

Current-current,       
parity conserving

Lee and Yang,  1956
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Embed in non-abelian  
chiral gauge theory,            

predict neutral currents

Marshak & Sudarshan,
Feynman & Gell-Mann 1958

It’s  (V-A)*(V-A) !!

“V-A was the key” 
S. Weinberg

GF

Fermi scale: 
Λ = GF-1/2 ~ 250 GeV

Lessons:  nuclear beta decays were able to

• “Detect” physics originating at  Λ= GF-1/2 ~250 GeV

• Point to key features of the underlying interactions,                              
that led to the formulation of the Standard Model

β-decays: historic perspective
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 GF(β) ~ g2Vij/Mw2 ~ GF(μ) Vij  ~1/v2 Vij
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β-decays: current perspective
• In the SM,  W exchange  ⇒  universality relations

Cabibbo-Kobayashi-Maskawa Lepton Flavor Universality (LFU)

Cabibbo Universality 
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β-decays: current perspective
• In the SM,  W exchange  ⇒  universality relations

WR, H+,  
leptoquarks,  

Vector-Like quarks, 
Z’, SUSY,…
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β-decays: current perspective
• In the SM,  W exchange  ⇒  universality relations

Ten effective couplings

E << Λ εΓ ~ εΓ ~ (v/Λ)2   ~
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β-decays: current perspective
• In the SM,  W exchange  ⇒  universality relations

Ten effective couplings

E << Λ εΓ ~ εΓ ~ (v/Λ)2   ~

• BSM effects can spoil  universality.  Precision of 0.1-0.01% probes Λ > 10 TeV



Cabibbo universality tests

18

Channel-dependent 
effective CKM element

Hadronic matrix 
element

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

Extract Vud=CosθC and  Vus=SinθC  from various decays



Cabibbo universality tests

18

Channel-dependent 
effective CKM element

Hadronic matrix 
element

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

Calculable coefficients BSM effective couplings 

Extract Vud=CosθC and  Vus=SinθC  from various decays



Paths to Vud and Vus

Vud

€ 

0+ → 0+

€ 

n→ peν

€ 

Λ→ peν,...  

€ 

K→π l ν

€ 

K→ µν

€ 

(π ± →π 0eν)

Vus (                       )

19

V V,  A AQuark current
mediating the decay

(Hadronic 
τ decays)

Input from many experiments and theory papers 



The Cabibbo angle “anomaly”

20

• Two ‘anomalies’: 

• ~3σ effect in global fit 
(ΔCKM= −1.48(53) ⨉10-3)

• ~3σ problem in meson 
sector (Kl2 vs Kl3) 

VC-Crivellin-Hoferichter-Moulson  2208.11707 

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

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

Vus

Vud

�����
K`2/⇡`2

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

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

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

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

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

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

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

sponds to (Vus/Vud)K`2/⇡`2 . The unitarity circle is denoted by the black solid
line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

Vus

Vud

�����
K`2/⇡`2

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

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

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

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

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

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

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

sponds to (Vus/Vud)K`2/⇡`2 . The unitarity circle is denoted by the black solid
line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

Vus

Vud

�����
K`2/⇡`2

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

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

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

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

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

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

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

sponds to (Vus/Vud)K`2/⇡`2 . The unitarity circle is denoted by the black solid
line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

Vus

Vud

�����
K`2/⇡`2

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

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

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

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

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

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

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

sponds to (Vus/Vud)K`2/⇡`2 . The unitarity circle is denoted by the black solid
line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-

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

• All discrepancies can be solved  
by R-handed quark currents            
(both ‘ud’ and ‘us’):   εR  , εR(s)

• CKM elements extracted from 
vector (axial) channels are 
shifted by  1+εR  (1-εR)

The Cabibbo angle “anomaly”



ments by almost 0.5�, an e↵ect that would increase further for
the 0.2% scenario. In this case, the significance of the tension
in �(3)

CKM, the measure directly derived from kaon decays, would
increase or decrease by more than 1�, demonstrating that a new
precision measurement of the Kµ3/Kµ2 branching fraction really
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ified, possible BSM interpretations become much more robust,
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constant [114, 115], in the context of lepton flavor universal-
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This shows that the proposed measurement would have a signif-
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non-vanishing value of ✏R is mainly driven by the �-decay ob-
servables, while the goal of the new Kµ3/Kµ2 input would be
a conclusive answer to the question whether or not further
strangeness right-handed currents need to be invoked. Here,
the sensitivity of �✏R to the di↵erent scenarios reflects similar
changes in �(3)

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

less constraining and are not reported in Fig. 2. In particular, ✏R
can be determined from the comparison of the experimentally
measured axial charge � = gA/gV and its value computed in
lattice QCD [28, 127, 128], up to a recently uncovered electro-
magnetic correction [129]. This results in ✏R = �0.2(1.2)%.
Similarly, assuming a high-scale origin for the right-handed
couplings and writing the operator in an SU(2) ⇥ U(1) invariant
form, one obtains constraints from associated Higgs production
at the few-percent level [125].
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non-vanishing value of ✏R is mainly driven by the �-decay ob-
servables, while the goal of the new Kµ3/Kµ2 input would be
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increase or decrease by more than 1�, demonstrating that a new
precision measurement of the Kµ3/Kµ2 branching fraction really
has the potential to either resolve or substantially corroborate
the tension between the K`2 and K`3 CKM-element determina-
tions. Once the experimental situation in the kaon sector is clar-
ified, possible BSM interpretations become much more robust,
as we discuss in the subsequent section.
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newed interest in possible BSM explanations [107, 108], in-
cluding interpretations in terms of vector-like quarks [109–
111] and leptons [112, 113], as modifications of the Fermi
constant [114, 115], in the context of lepton flavor universal-
ity [116–121], and even allowing for a correlation with di-
electron searches at the LHC [122, 123]. Here, we illustrate
the impact of our proposed Kµ3/Kµ2 measurement via the con-
straints on right-handed currents [32, 124–126], which can not
only address the tension between � and kaon decays, but also
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icant impact on revealing or further constraining right-handed
charged currents involving strange quarks. In particular, the
non-vanishing value of ✏R is mainly driven by the �-decay ob-
servables, while the goal of the new Kµ3/Kµ2 input would be
a conclusive answer to the question whether or not further
strangeness right-handed currents need to be invoked. Here,
the sensitivity of �✏R to the di↵erent scenarios reflects similar
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CKM as observed in Table 1.
We note here that other probes of ✏R and �✏R are currently

less constraining and are not reported in Fig. 2. In particular, ✏R
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lattice QCD [28, 127, 128], up to a recently uncovered electro-
magnetic correction [129]. This results in ✏R = �0.2(1.2)%.
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straints on right-handed currents [32, 124–126], which can not
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2.5σ effectΛR ~ 5-10 TeV

VC-Crivellin-Hoferichter-Moulson  2208.11707 

• A measurement of BR(K→πμν)/BR(K→μν) at 0.2% level (possible at NA62, 
CERN) will corroborate or rule out the presence of R-handed effects

• CKM unitarity test is a very competitive and compelling probe of multi-TeV 
scale physics well in the LHC era!



Neutrinoless 
double beta decay 
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• For certain even-even nuclei (48Ca, 76Ge,136Xe, …),  single β decay is 
energetically forbidden → ββ decay!

Double beta decay

M. Goppert 
Mayer, 1935

• 2νββ is the rarest process ever observed, with T1/2 ~ 1021 years                  
(first observation in 1987)    
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Neutrinoless double beta decay?

27

• Yes, if neutrinos are massive Majorana particles (i.e. their own antiparticles)  

E. Majorana, 1937

This is just 
ν(R), which 
mixes with 
ν(L) via mass 

insertion

ν(L)
p

S

ν(R)
p

S

W. H. Furry, 1939



Neutrinoless double beta decay?
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• Yes, if neutrinos are massive Majorana particles (i.e. their own antiparticles)  

“Subject to the usual limitations on 
the meaning of such language, one 
can say that a (virtual) neutrino is 

emitted together with one 
of the electrons and reabsorbed 

when the other electron is emitted. ”

mM
ν(L)

ν(R)

W. H. Furry, 1939



Neutrinoless double beta decay?
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• Yes, if neutrinos are massive Majorana particles (i.e. their own antiparticles)  

“Subject to the usual limitations on 
the meaning of such language, one 
can say that a (virtual) neutrino is 

emitted together with one 
of the electrons and reabsorbed 

when the other electron is emitted. ”

mM
ν(L)

ν(R)

• Key point: in 0νββ Lepton Number changes by two units.                                   νM 
Majorana ν exchange is just one possible mechanism. Furry understood this: 

“The Majorana form of the theory is not the only one that permits this new form of 
disintegration […].   The Majorana theory provides, so to speak, a canonical form.”

W. H. Furry, 1939
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• Yes, if neutrinos are massive Majorana particles (i.e. their own antiparticles)  

“Subject to the usual limitations on 
the meaning of such language, one 
can say that a (virtual) neutrino is 

emitted together with one 
of the electrons and reabsorbed 

when the other electron is emitted. ”

mM
ν(L)

ν(R)

W. H. Furry, 1939

• Modern viewpoint on Lepton Number Violation:

u

e−

e−

d

d

u

GF

GF

mee

νe

νe

u

e−

e−

d

d

u

but also

Exchange of heavier 
neutrinos or other 

Majorana particles.  At 
low-energy induce six-
fermion operator ~1/Λ5 
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Significance of 0νββ

• Demonstrate that neutrinos are their 
own antiparticles (Majorana fermions) 

• Establish L non-conservation,  key 
ingredient to generate the baryon 
asymmetry via leptogenesis 

• B-L conserved in SM → 0νββ = new physics, with far-reaching implications 

Shechter-Valle 1982

Fukujita-Yanagida 1987



• Several international  “ton-scale” experiments with different isotopes and 
technologies under way, with sensitivity up to T1/2 ~1028 yr

The quest is on…

29

2.2.1 CUPID625

The CUORE Upgrade with Particle Identification (CUPID) [100] is a future upgrade to the Cryo-626

genic Underground Observatory for Rare Events (CUORE), a multinational collaborative effort to627

detect lepton number violation through the 0⌫�� of 130Te. Approximately one-third of the insti-628

tutions in CUPID are U.S. universities and national laboratories involving faculty, students, and629

research scientists across the United States, with responsibilities in management, remote monitor-630

ing and operations, detector design and R&D, sensor testing, software development, and modeling631

detector performance.632

The baseline design for CUPID features an array of 1596 scintillating crystal bolometers and 1710633

light detectors, each instrumented with germanium neutron transmutation doped (NTD) sensors,634

and organized into 57 towers. While the current design is based on a full complement of Li2MoO4635

(LMO) crystals, one of the key scientific features of the detector design is the ability to flexibly636

incorporate multiple isotopes. The new detector will be installed in an upgraded cryostat at Gran637

Sasso National Laboratories (LNGS), taking advantage of the existing infrastructure and facilities638

developed for use in CUORE.639

CUPID builds on the success of the CUORE, CUPID-0, CUPID-Mo, and CROSS experiments,640

including years-long, stable operation of the CUORE detector at base temperatures on the order of641

10 mK. In addition to the current work on CUPID, a future, ton-scale version of the CUPID concept,642

Figure 8: Photos of some of the current generation of 0⌫�� experiments described in this report.
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2νββ

0νββ

(Ee1 + Ee2)/Q
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• 0νββ searches @ T1/2 >1027-28 yr will have broad sensitivity to LNV mechanisms
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1/Coupling 

Λ

vEW

High-scale see-saw

0νββ physics reach

Left-Right SM
RPV SUSY

...

Light sterile ν’s

• 0νββ searches @ T1/2 >1027-28 yr will have broad sensitivity to LNV mechanisms

Λχ ~ GeV

kF ~ 100 MeV

T1/2  ∝ (mW/Λ)A  (Λχ/mW)B  (kF/Λχ)C

SMEFT LEFT Chiral EFT

• Multi-scale problem best tackled 
through ‘end-to-end’ EFT: only chance 
to achieve controllable uncertainty

• Synergy of  EFT, Lattice QCD,  and 
first-principles nuclear structure  

Snowmass white paper 2203. 21169 and refs therein



• Majorana mass generated by exchange of heavy particles, such as heavy 
neutrinos that are neutral under all SM charges (=sterile)

31

High-scale seesaw

x x
MR-1

νL νR νL

MR-1

νR
yy

mν ~ y2 vEW2 MR-1 ~ eV

MR →1015 GeV 

νR

νL

Naturally small ν mass
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High-scale seesaw
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• Majorana mass generated by exchange of heavy particles, such as heavy 
neutrinos that are neutral under all SM charges (=sterile)
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High-scale seesaw

x x
MR-1

νL νR νL

MR-1

νR
yy  1) CP- and L- violating 

out-of-equilibrium 
decays of heavy  νRi  ⇒ nL

  2) EW sphalerons  ⇒ nB = # nL

Baryogengesis via Leptogenesis

mν ~ y2 vEW2 MR-1MR >> vEW

0νββ mediated by light neutrinos

d

d

d

u

u
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Discovery potential / target

• 0νββ can be predicted in terms of  ν mass parameters:  Γ∝|M0ν|2 (mββ)2
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Discovery potential / target

• 0νββ can be predicted in terms of  ν mass parameters:  Γ∝|M0ν|2 (mββ)2

Unitary mixing in CC vertex               
(Pontecorvo-Maki-Nakagawa-Sakata): 

3 angles (known), 1+2  phases (unknown)

W

νi=1,2,3

eα=e,μ,τ 

Uei
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Discovery potential / target

• 0νββ can be predicted in terms of  ν mass parameters:  Γ∝|M0ν|2 (mββ)2

mlightest2 = ?

NORMAL SPECTRUM INVERTED SPECTRUM

Mass ordering still 
not fixed by 

oscillation data



Inverted Ordering
Normal 

Ordering

Bands: unknown 
Majorana phases
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Discovery potential / target

• 0νββ can be predicted in terms of  ν mass parameters:  Γ∝|M0ν|2 (mββ)2



Inverted Ordering
Normal 

Ordering

Bands: unknown 
Majorana phases

Assuming current range for matrix elements, discovery @ ton-scale possible for 
inverted spectrum or mlightest > 50 meV

KamLAND-Zen 2203.02139
Assume range for 

nuclear matrix 
elements from 

different nuclear 
calculations  

Ton scale
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Discovery potential / target

Beyond ton scale target

Natural (but challenging!) beyond ton-scale target is mββ ~ meV

• 0νββ can be predicted in terms of  ν mass parameters:  Γ∝|M0ν|2 (mββ)2



Cosmology 

• High scale seesaw implies falsifiable correlations with other ν mass probes.      
Future data can unravel new LNV sources or physics beyond  “ΛCDM + mν”                         

Tritium β decay0νββ decay

34
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Cosmology 

• High scale seesaw implies falsifiable correlations with other ν mass probes.      
Future data can unravel new LNV sources or physics beyond  “ΛCDM + mν”                         

Tritium β decay0νββ decay

34

KATRINProject8
Ton scale Ton scale

Planck 
1807.06209

(95% CL limit)

Diagnosing power

Assessing the discovery potential and 
diagnosing power needs improved matrix 

elements, with quantified uncertainty! 

Engel-Menendez 1610.06548

Γ∝|M0ν|2 (mββ)2 



New insights from EFT

• Transition operator to leading order 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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• Transition operator to leading order 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

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

d u

d u

νM 

UV divergence ∝ (mNC/4π)2 ~1/Q2

• Required by renormalization of nn→pp amplitude in presence of strong interactions  

+ + +…
C ~ 4π/(mNQ)   

LO strong potential

π C 



Impact on nuclear matrix elements

• NN data (ann+app-2anp) determine 
C1+C2, confirming LO scaling

• Chiral+isospin symmetry    
relate gν to one of two I=2   
e.m. couplings (hard γ’s & ν’s)  

36
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O(1) impact on m.e.                   
and mββ extraction
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e.m. couplings (hard γ’s & ν’s)  
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  VC, W. Dekens, J. de Vries, M. Graesser, E. Mereghetti,  S. Pastore, U. van Kolck  1802.10097

ML

ML+MS

ML-MS

Jokiniemi-Soriano-Menendez,  2107.13354 

• Assuming gν~(C1+C2)/2  → 
O(1) impact on m.e.                   
and mββ extraction

Several approaches to determine gν 

• Dispersive approach 

• Large-NC arguments point to  gν~(C1+C2)/2  
Tuo  et al.  1909.13525;    

Detmold, Murphy 2004.07404
Davoudi, Kadam,  

2012.02083 

Richardson, Shindler, Pastore, 
Springer, 2102.02814

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

• Lattice QCD  — gearing up



Estimating the contact term (1) 

• Useful representation of the amplitude

n p

n p

νM

e− e−

W− (k)W+ (k)

Forward  “Compton” amplitude  
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Forward  “Compton” amplitude  
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High k: QCD OPELow 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) 

38

• 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)  



Estimating the contact term (2) 

38

• 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)  

Good news, while we wait for lattice results and first-
principles calculations in heavier nuclei 
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• New contributions can interfere with mββ or add incoherently,  thus changing  
the interpretation of experimental results in terms of mν

• Observable contributions to 0νββ not directly 
related to the exchange of light neutrinos: 

• Correlated (or precursor!) signal at LHC:  pp →ee jj 

d

d

u

u

e

e

LNV from multi-TeV scale physics

mββGF2/Q2  ~ 1/Λ5

(if mββ ~ 0.1 eV and Λ~TeV)

( Λ~MνR ~MWR)
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Concluding comments

1/Coupling 

M

vEW

• Illustrated impact through two examples:

• Precision frontier experiments offer powerful 
ways to search for new physics

• β decays as a precision electroweak test

• CKM unitarity test sensitive to new physics in multi-TeV range.                      
Discovery window exists well into the LHC era

• 0νββ decay and lepton number violation

• Ton-scale searches have great discovery potential — we simply don’t know 
origin of neutrino mass and scale Λ associated with LNV   

• Theory progress through synergy of EFT,  lattice QCD,  and nuclear structure  



Thank you!

A drawing by              
Bruno Touschek


