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LECTURE 3
▪ Introduction 

Selection rules for beta decays. Theory for allowed decays. Beta decay of a neutron. 

▪Wigner-Eckart theorem 
Wigner-Eckart theorem and its consequences. 
▪Ab initio theory for weak decays 

Electroweak interaction in the Standard Model. Chiral effective field theory for weak currents. 
Axial-vector quenching puzzle. 
▪Examples of other weak interactions in nuclei  

Muon capture on light nuclei.
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SELECTION RULES

5

A
ZX(Jπi

i ) → A
Z+1 X′￼(Jπf

f ) + e− + ν̄e

Spin change Parity change 

Allowed 
(Fermi or 

Gamow-Teller)
0, 1 No

First forbidden 0, 1, 2 Yes

Second 
forbidden 2, 3 No

Third forbidden 3, 4 Yes

|Ji − Jf | πi ≠ πf?
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Weak current 

𝒥0 = τ[gV(q2)]

J = τ[gA(q2)σ − gP(p2)
q(q ⋅ σ)
q2 + m2

π
+ igM

σ × q
2mN

]
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Can be applied also to other transitions (electron/muon capture on nuclei, …)

Weak current 
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ALLOWED  DECAYSβ

6

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
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ALLOWED  DECAYSβ
▪ Half-life of an allowed  decay can be written as 

                ,          

β

log( ft) = log( f0t1/2) = log( κ
BGT + BF ) κ = 6144(6) s
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Axial-vector coupling constant, 
from the decay of a free neutron
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Axial-vector coupling constant, 
from the decay of a free neutron

  
(conserved vector-current 
hypothesis)

gV = 1
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 DECAY OF A NEUTRONβ

7

n(1
2

+
) → p(1

2

+
) + e− + ν̄e
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▪ Free neutron decays into proton via the 

weak force in ~15 min:
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 DECAY OF A NEUTRONβ
▪ Free neutron decays into proton via the 

weak force in ~15 min:

▪Mass is energy: E = mc2

▪ Conservation of energy

7

n(1
2

+
) → p(1

2

+
) + e− + ν̄e

ΔE = (mi − mf )c2

= (mn − mp − mν − me)c2

≈ (939.565 − 938.272 − 1 × 10−8 − 0.511) MeV
= 0.782 MeV
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 DECAY OF A NEUTRONβ

8

Annu. Rev. Part. Sci. 71, 139 (2021)
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 DECAY OF A NEUTRONβ

▪ Life-time of a neutron 

1
τn

=
G2

F(mnc2)5

2π2ℏ(ℏc)6
V2

ud(1 + 3( gA

gV )2)f(1 + δ′￼R)(1 + ΔR)

8
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 DECAY OF A NEUTRONβ

▪ Life-time of a neutron 

1
τn

=
G2

F(mnc2)5

2π2ℏ(ℏc)6
V2

ud(1 + 3( gA

gV )2)f(1 + δ′￼R)(1 + ΔR)

▪ From recent experimental data 

 τn = 879.4(0.6) s

→ gA = 1.2754(11)

8

Annu. Rev. Part. Sci. 71, 139 (2021)
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WIGNER-ECKART’S THEOREM
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Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
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WIGNER-ECKART’S THEOREM
▪ Spherical tensor: 

An operator  with  components ( -projections)  which 
transforms under a unitary rotation  as 

 

is called a spherical tensor of rank . Here  are Wigner  matrices.

TL 2L + 1 z TL,−L, TL,−L+1, …, TL,L−1, TLL
U(R)

U(R)TLMU†(R) =
L

∑
M′￼=−L

TLM′￼DL
M′￼M(R)

L DL
MM′￼ D

10
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▪ Examples of spherical tensors: , , , , …r σ J YL

▪ Wigner-Eckart’s theorem: 
Let  be a spherical tensor of rank  and  quantum states with good angular 
momentum  and its  projection . Then 

            

TLM L |ξ j m⟩
j z m

⟨ξ′￼ j′￼m′￼|TLM |ξ j m⟩ =
1

2j′￼+ 1
( j m L M | j′￼m′￼)⟨ξ′￼ j′￼∥TL∥ξ j⟩
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WIGNER-ECKART’S THEOREM FOR 
COUPLED TENSOR OPERATORS

11
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WIGNER-ECKART’S THEOREM FOR 
COUPLED TENSOR OPERATORS
▪ Let  and  be commuting angular momentum operators and  the corresponding 

coupled basis. Let  and  be commuting spherical tensors operating in the Hilbert spaces 

spanned by the basis states  and , respectively. Let 

           .

J1 J2 { | j1 j2 j m⟩}

TL1
TL2

{ | j1 m1⟩} { | j2 m2⟩}

TLM = [TL1
TL2

]LM = ∑
M1 M2

(L1 M1 L2 M2 |L M)TL1M1
TL2M2

11
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j′￼1 j′￼2 j′￼

L1 L2 L
⟨ j1∥TL1

∥j′￼1⟩⟨ j2∥TL2
∥j′￼2⟩
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EXAMPLE
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EXAMPLE

▪ The reduced matrix element for the spin operator  can be derived rewriting it as  and 
using the Wigner-Eckart theorem for coupled tensor operators 

 

 

σ σ = [1σ]1

⟨nala
1
2 ; ja∥σ∥nblb

1
2 ; jb⟩ = ⟨nala

1
2 ; ja∥[1σ]1∥nblb

1
2 ; jb⟩

= 2ja + 1 3 2jb + 1
la

1
2 ja

lb
1
2 jb

0 1 1

⟨la∥1∥lb⟩⟨ 1
2 ∥σ∥ 1

2 ⟩

= 6 2ja + 1 2jb + 1δnanb
δlalb(−1)la+jb+

3
2 {

ja jb la
1
2

1
2 1}

12
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Wigner 6j symbol
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WIGNER-ECKART THEOREM
Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
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▪ For a one-body spherical tensor, one can derive 

 , 

where 

Tλμ = ∑
αβ

⟨α |Tλμ |β⟩a†
αaβ =

1

2λ + 1 ∑
ab

⟨a∥Tλ∥b⟩[a†
aãb]λμ

ãα ≡ (−1) ja+mαa−α , a−α = aa,−mα

13
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WIGNER-ECKART THEOREM

Reduced single-particle 
 matrix element
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2λ + 1 ∑
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⟨a∥Tλ∥b⟩[a†
aãb]λμ

ãα ≡ (−1) ja+mαa−α , a−α = aa,−mα

▪ Evaluating electroweak processes (such as  decay) in nuclei, we need to compute nuclear 
matrix elements of the type 
 

β

⟨ξf JjMf |Tλμ |ξiJiMi⟩ = ∑
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GAMOW-TELLER MATRIX ELEMENT
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Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
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GAMOW-TELLER MATRIX ELEMENT

▪ We can apply the Wigner-Eckart theorem to derive a useful form for the reduced Gamow-
Teller matrix element 
 

 , ⟨ξf Jf∥ ∑
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a ∥ξiJi⟩ =
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DO IT YOURSELF:  DECAY OF 6HEβ

15

E
 (
M
eV

)

Atomic number

0+gs

1+gs

3.5078

0.0

6He

6Li

(GT)β
logft=2.9059

6He

Protons Neutrons

0s1/2

0p3/2

0p1/2

6Li

Protons Neutrons

0s1/2

0p3/2

0p1/2

| 6He; 0+ ⟩ =
1

2
[a†

ν0p3/2
a†

ν0p3/2
]0+ |Φ⟩

| 6Li; 1+ ⟩ = [a†
π0p3/2

a†
ν0p3/2

]1+ |Φ⟩

Core
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AB INITIO THEORY FOR WEAK INTERACTIONS
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Brown, Wildenthal, Ann. Rev. Nucl. Part. Sci. 38, 29 (1988)
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STANDARD-MODEL INTERACTIONS

18

Neutelings, Standard Model – TikZ.net

Weinberg, Phys. Rev. Lett. 19, 1264 (1967);  
Ricciardi, “Introduction to Neutrino and Particle Physics: From Quantum Field Theory to the Standard Model and Beyond” (2024)
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STANDARD-MODEL INTERACTIONS

▪ The Standard Model describes 
▪ Strong interaction between 

particles via the exchange of 8 
massless gluons,
▪Weak interaction via the 

exchange of 3 massive bosons, 
and 
▪ Electromagnetic interactions 

via the exchange of 1 massless 
photon

▪ Electromagnetic and weak 
interactions are unified above the 
electroweak scale ≈ 246 GeV

18

Neutelings, Standard Model – TikZ.net

Weinberg, Phys. Rev. Lett. 19, 1264 (1967);  
Ricciardi, “Introduction to Neutrino and Particle Physics: From Quantum Field Theory to the Standard Model and Beyond” (2024)
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▪ Same EFT machinery can be applied to weak currents and nuclear forces 
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χ

▪ Consider two flavours (u and d)

▪ Take pions and nucleons as the degrees of freedom

▪ Use the effective Lagrangian describing interactions between pions and nucleons in the 
presence of external sources 
                , 

where the superscripts refer to the #derivatives and/or insertions of the pion mass

ℒeff = ℒ(2)
π + ℒ(4)
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▪ Use power counting to organize the resulting diagrams into order of importance

19

Krebs, Epelbaum, Meißner, Annals of Physics 378, 317-395 (2017), Park, Marcucci, Schiavilla et al., Phys. Rev. C 67, 055206 (2003)



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

CHIRAL EXPANSION OF CURRENTS

20

Single-nucleon Two-nucleon Three-nucleon

Q-3

Q-1

Q0

Q1

depend on d8,9,18,21,22 parameter-free
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and L1,2 

depend on CT 
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Single-nucleon Two-nucleon Three-nucleon

Q-3

Q-1

Q0

Q1

depend on d2,5,6,15,23 

depend on 
z1,2,3,4

parameter-free
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depend on CT 
(known)

depend on CT 
(known)

Epelbaum, arXiv:1908.09349

Vector 
 Vμ = (V0, V)

Axial-vector 
Aμ = (A0, A)

Systematic expansion of charge (time-like) and current operators
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▪ At the zero-momentum transfer limit, the relevant axial currents up to  are 
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▪ The axial current can be written as  with 

 , 

 , 

J = J1B + Jct
2B + J1π

2B

J1B,i =
gA

2
σiτi

Jct
2B,12 = − d1(σ1τ1 + σ2τ2) − d2(σ1 × σ2)(τ1 × τ2)

J1π
2B,12 = −

gA

2F2
π

σ2 ⋅ k2

k2
2 + mπ2 [2c3τ2k2 + (c4 +

1
4m )τ1 × τ2(σ1 × k2)] + (1 ↔ 2)

21
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QUENCHING PUZZLE RESOLVED 
FROM  FIRST PRINCIPLES

▪ Culprit:
▪ Coupling of the weak force to two nucleons 

(two-body currents)
▪ Strong correlations in the nucleus (that are 

not well described by mean-field approaches)
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EXAMPLE: MUON CAPTURE ON 6LI
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MUON CAPTURE THEORY
Partial muon capture rates expressed as: 

W(Ji → Jf ) =
1

2Ji + 1 (1 −
q

mμ + AM ) q2 ∑
κ,u

|gVMV(κ, u) + gAMA(κ, u) + gMMM(κ, u) + gPMP(κ, u) |2

26
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+ Realistic bound-muon wave functions 
+ Nuclear wave functions from no-core shell model 
+ Approximate two-body currents
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MUON CAPTURE TO GROUND STATE OF HE6

27
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CORRELATIONS WITH OTHER OBSERVABLES

28
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CORRELATIONS WITH OTHER OBSERVABLES
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TAKE-HOME MESSAGES
▪ Most nuclei in the nuclear chart are radioactive 

▪ Chiral effective field theory allows for consistent derivation of nuclear interactions and 
electroweak currents 

▪ Ab initio calculations suggest a solution to the decades-old axial-vector quenching puzzle: 

▪ Two-body currents 

▪ Inclusion of relevant nuclear many-body correlations 

▪ Ab initio no-core shell model describes well muon capture on 6Li (and other light nuclei) 

UP NEXT 
	Lecture 4	   Nuclear probes of physics beyond the standard model

30
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OUTLINE

31

	Lecture 1	  Introduction to ab initio nuclear theory

	Lecture 2	  From nuclear forces to nuclear properties

	Lecture 3  From weak interactions to nuclear observables

	Lecture 4	  Nuclear probes of physics beyond the standard model
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LECTURE 4
▪ Introduction 

Physics in the Standard model and beyond. How atomic nuclei can be used in BSM searches? 
▪Double-beta decay 

What is double-beta decay? What can we learn from it? How is it searched for? 
▪Nuclear matrix elements of double-beta decays  

How are they computed? How can they be improved? 

▪Global neutrino-mass limits from double-beta decays 
How can we obtain global neutrino-mass limits from neutrinoless double-beta-decay searches? 

▪Precision beta-decay searches 
and how we can look for deviations from the standard model.

32
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INTRODUCTION

33
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THE STANDARD MODEL OF PARTICLE 
PHYSICS

34

Neutelings, Standard Model – TikZ.net
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THE STANDARD MODEL OF PARTICLE 
PHYSICS

▪ Particles have antiparticles

▪ E.g. ē− = e+

▪Matter and antimatter are 
created in pairs

▪ e.g. n → p + e− + ν̄e
▪ Separately conserved lepton 

numbers

▪ e.g.   
but 

νe + n → e− + p
νμ + n ↛ e− + p

34

Neutelings, Standard Model – TikZ.net
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PHYSICS BEYOND THE STANDARD MODEL

35
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PHYSICS BEYOND THE STANDARD  MODEL

36

Matter-antimatter asymmetry

In
fl
at

io
n

Pa
rt
ic

le
s 

&
  

an
ti
pa

rt
ic

le
s

Time

de-
t-

e+

m-

ve

vt Vm

u

ve
Vmvt

u
d

t+m+

s

W-

W+

s- - -
- - -
g ZBig Bang

Matter

e-

ve

Vm

A
to

m
s,
 m

o
le

cu
le

s

Vm

e-

ve

Nu
cl

ei

e-

ve

Vm

vt

Ha
d
ro

n
s

uu
d

du
d

u d-

ud-

e-
ve

Vm

vt

vt

vt



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

PHYSICS BEYOND THE STANDARD  MODEL

36

Matter-antimatter asymmetry

In
fl
at

io
n

Pa
rt
ic

le
s 

&
  

an
ti
pa

rt
ic

le
s

Time

de-
t-

e+

m-

ve

vt Vm

u

ve
Vmvt

u
d

t+m+

s

W-

W+

s- - -
- - -
g ZBig Bang

Matter

Annihilation 
e++e-

e-

ve

Vm

vt



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

PHYSICS BEYOND THE STANDARD  MODEL

36

Matter-antimatter asymmetry

In
fl
at

io
n

Pa
rt
ic

le
s 

&
  

an
ti
pa

rt
ic

le
s

Time

de-
t-

e+

m-

ve

vt Vm

u

ve
Vmvt

u
d

t+m+

s

W-

W+

s- - -
- - -
g ZBig Bang

Matter

Annihilation 
e++e-

e-

ve

Vm

vt

Matter Anti- 
matter+



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

PHYSICS BEYOND THE STANDARD  MODEL

36

Matter-antimatter asymmetry

In
fl
at

io
n

Pa
rt
ic

le
s 

&
  

an
ti
pa

rt
ic

le
s

Time

de-
t-

e+

m-

ve

vt Vm

u

ve
Vmvt

u
d

t+m+

s

W-

W+

s- - -
- - -
g ZBig Bang

Matter

Annihilation 
e++e-

e-

ve

Vm

vt

Matter Anti- 
matter+ ?



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi 37

PHYSICS BEYOND THE STANDARD  MODEL
Mysterious neutrinos
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▪ Neutrino: electrically neutral and 
massless lepton (SM)
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oscillate between different flavour states

 Neutrinos must be massive→
37

PHYSICS BEYOND THE STANDARD  MODEL
Mysterious neutrinos

Vogel, Wen, Zhang, Nature Comm. 6, 6935 (2015)

Nobel Price 
in Physics 

2015

Kajita McDonald
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NEUTRINOS ARE MASSIVE – BUT 
WHAT ARE THE MASSES?

38

νe
νμ
ντ

=
Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

ν1
ν2
ν3

Neutrino mixing matrix

Flavor eigenstates Mass eigenstates

Neutrino mass hierarchy 

Cahn, Dwyer, Freedman, Haxton et al., arXiv: 1307.5487
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40
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DOUBLE-BETA DECAY

Beta ( ) decay 

One of the most common 
decays

β−

41

Two-neutrino double-  
 ( ) decay 

Rarest measured decay

β
2νββ

Neutrinoless double-  
 ( ) decay 

Not yet observed

β
0νββ
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WHEN CAN NUCLEI DOUBLE-BETA DECAY?
▪ An atom can lower its energy if its 

nucleus  decaysβ
▪ A nucleus  can  decay if the 

final nucleus  is lower in 
energy

A
ZXN β

A
Z+1YN−1

▪ Some nuclei can  decay to 
 if  decay to  is 

forbidden:

ββ
A
Z+2X′￼N−2 β A

Z+1YN−1

▪  orΔE = Ef − Ei > 0

▪ΔJ ≫ 0

42

Z → 2 Z → 1 Z Z + 1 Z + 2

→
ω

ωω

# Protons
E
n
er
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Energies of isobars with an even A

Qββ
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DOUBLE-BETA-DECAY CANDIDATES

43
Modified from nndc.bnl.gov/nudat3/
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d
un{d

d
un{d

u
u}pd

e→

e→

u
u}pd

W→

ω = ω

W→



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

NEUTRINOLESS DOUBLE-BETA ( ) DECAY0νββ

44

▪ Violates lepton-number conservation
(A, Z ) → (A, Z + 2) + 2e−+2νe

d
un{d

d
un{d

u
u}pd

e→

e→

u
u}pd

W→

ω = ω

W→



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

NEUTRINOLESS DOUBLE-BETA ( ) DECAY0νββ

44

▪ Violates lepton-number conservation
(A, Z ) → (A, Z + 2) + 2e−+2νe

d
un{d

d
un{d

u
u}pd

e→

e→

u
u}pd

W→

ω = ω

W→

L: 0              0          + 2    (-2) 
B: A              A          + 0    (+0)

→
→



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

NEUTRINOLESS DOUBLE-BETA ( ) DECAY0νββ

44

▪ Violates lepton-number conservation
▪ Requires that neutrinos are Majorana 

particles
(A, Z ) → (A, Z + 2) + 2e−+2νe

d
un{d

d
un{d

u
u}pd

e→

e→

u
u}pd

W→

ω = ω

W→

L: 0              0          + 2    (-2) 
B: A              A          + 0    (+0)

→
→



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

NEUTRINOLESS DOUBLE-BETA ( ) DECAY0νββ

44

▪ Violates lepton-number conservation
▪ Requires that neutrinos are Majorana 

particles

▪ If observed,  yearst0ν
1/2 ≳ 1025

(A, Z ) → (A, Z + 2) + 2e−+2νe

d
un{d

d
un{d

u
u}pd

e→

e→

u
u}pd

W→

ω = ω

W→

L: 0              0          + 2    (-2) 
B: A              A          + 0    (+0)

→
→



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

NEUTRINOLESS DOUBLE-BETA ( ) DECAY0νββ

44

▪ Violates lepton-number conservation
▪ Requires that neutrinos are Majorana 

particles

▪ If observed,  yearst0ν
1/2 ≳ 1025

(A, Z ) → (A, Z + 2) + 2e−+2νe

(  years, Age of the Universe  years)t2ν
1/2 ≈ 1020 ≈ 1010 d

un{d

d
un{d

u
u}pd

e→

e→

u
u}pd

W→

ω = ω

W→

L: 0              0          + 2    (-2) 
B: A              A          + 0    (+0)

→
→



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

NEUTRINOLESS DOUBLE-BETA ( ) DECAY0νββ
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▪ Violates lepton-number conservation
▪ Requires that neutrinos are Majorana 

particles

▪ If observed,  yearst0ν
1/2 ≳ 1025

1935

Maria Goeppert-Mayer

2ωεε

1937

Ettore Majorana

Majorana particles

1939

Wendel H. Furry

0ωεε

...

(A, Z ) → (A, Z + 2) + 2e−+2νe

(  years, Age of the Universe  years)t2ν
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un{d

d
un{d

u
u}pd

e→

e→

u
u}pd

W→

ω = ω

W→

L: 0              0          + 2    (-2) 
B: A              A          + 0    (+0)

→
→



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

HOW TO MEASURE  DECAY?ββ

45

Electron energy
#

E
ve

nt
s

QBB

2vBB

0vBB



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

HOW TO MEASURE  DECAY?ββ

45

▪  decay: 2νββ
(A, Z) → (A, Z + 2)+2e−+2ν̄e

Electron energy
#

E
ve

nt
s

QBB

2vBB

0vBB



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

HOW TO MEASURE  DECAY?ββ

45

▪  decay: 2νββ
(A, Z) → (A, Z + 2)+2e−+2ν̄e

→ E2e+E2ν̄ = Qββ

Electron energy
#

E
ve

nt
s

QBB

2vBB

0vBB



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

HOW TO MEASURE  DECAY?ββ

45

▪  decay: 2νββ
(A, Z) → (A, Z + 2)+2e−+2ν̄e

→ E2e+E2ν̄ = Qββ

▪  decay: 0νββ
(A, Z) → (A, Z + 2)+2e−

Electron energy
#

E
ve

nt
s

QBB

2vBB

0vBB



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

HOW TO MEASURE  DECAY?ββ

45

▪  decay: 2νββ
(A, Z) → (A, Z + 2)+2e−+2ν̄e

→ E2e+E2ν̄ = Qββ

▪  decay: 0νββ
(A, Z) → (A, Z + 2)+2e−

→ E2e = Qββ

Electron energy
#

E
ve

nt
s

QBB

2vBB

0vBB



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

HOW TO MEASURE  DECAY?ββ

45

▪  decay: 2νββ
(A, Z) → (A, Z + 2)+2e−+2ν̄e

→ E2e+E2ν̄ = Qββ

▪  decay: 0νββ
(A, Z) → (A, Z + 2)+2e−

→ E2e = Qββ

▪ Good candidate isotope has: 

Electron energy
#

E
ve

nt
s

QBB

2vBB

0vBB



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

HOW TO MEASURE  DECAY?ββ

45

▪  decay: 2νββ
(A, Z) → (A, Z + 2)+2e−+2ν̄e

→ E2e+E2ν̄ = Qββ

▪  decay: 0νββ
(A, Z) → (A, Z + 2)+2e−

→ E2e = Qββ

▪ Good candidate isotope has: 
▪ High natural abundance 

Electron energy
#

E
ve

nt
s

QBB

2vBB

0vBB



Institut für Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

HOW TO MEASURE  DECAY?ββ

45

▪  decay: 2νββ
(A, Z) → (A, Z + 2)+2e−+2ν̄e

→ E2e+E2ν̄ = Qββ

▪  decay: 0νββ
(A, Z) → (A, Z + 2)+2e−

→ E2e = Qββ

▪ Good candidate isotope has: 
▪ High natural abundance 

▪ Large Qββ
Electron energy

#
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QBB

2vBB
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DOUBLE-BETA-DECAY EXPERIMENTS

46

SNOLAB (Canada): 
SNO+ (130Te)

SURF (USA): 
MAJORANA (76Ge) 
LZ-nat (136Xe)

WIPP (USA): 
EXO-200 (136Xe)

LSC (Spain): 
NEXT-100 (136Xe) 
CROSS (100Mo)

Kamioka (Japan): 
KamLAND-Zen (136Xe)

CNJL(China): 
PandaX-III-200 (136Xe)

LNGS (Italy): 
GERDA (76Ge) 
CUORE (130Te) 
CUPID-0 (82Se) 
LEGEND-200 (76Ge)

LSM (France): 
CUPID-Mo (100Mo) 
NEMO-3 (100Mo) 
SuperNEMO-D (82Se)

Current record: 
 years 

KamLAND-Zen: arXiv:2406.11438 [hep-ex]
T0ν

1/2(
136Xe) > 3.8 × 1026
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NEXT-GENERATION EXPERIMENTS

47

SNOLAB (Canada): 
SNO+II (130Te)

Kamioka (Japan): 
KamLAND2-Zen (136Xe)

Yemilab (Korea): 
PandaX-III-200 (136Xe)

LNGS (Italy): 
CUPID (100Mo)

LSM (France): 
SuperNEMO (82Se)

+ LEGEND-1000 (76Ge), XLZD (136Xe), NEXT-HD (136Xe), … 

Goal:  yearsT0ν
1/2 ∼ 1028
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Shickele, Jokiniemi, Belley, Holt,  
Phys. Rev. D 114, 013007  (2026)
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48
Agostini et al., Rev. Mod. Phys. 95, 025002 (2023)
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THE NUCLEAR MATRIX ELEMENTS
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THE NUCLEAR MATRIX ELEMENT

50

M0ν = ⟨Ψ(A)
f |𝒪0ν |Ψ(A)

i ⟩

Operator (nn    pp+2e-)

Initial state wave function 
(a 0+ state)

Final state wave function 
(usually a 0+ state)

H(A)Ψ(A) = E(A)Ψ(A)
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LIGHT-NEUTRINO EXCHANGE

▪ Neutrino potentials 

 , where  

▪ Where the  functions contain contributions from vector (V), axial-vector (A), pseudoscalar (P) 
and magnetic (M) currents 

HX(r) =
2
π ∫ dp p2 jX(pr)

hX(p)
p(p + ⟨E⟩)

X ∈ {F, GT, T}

h

hF = hVV
F

hGT = hAA
GT + hAP

GT + hPP
GT + hMM

GT

hT = hAP
T + hPP

T + hMM
T

51

M0ν
L =

1.2A1/3 fm
g2

A
⟨0+

f |∑
m,n

τ−
mτ−

n [HF(r)1 + HGT(r)σn ⋅ σm + HT(r)Snm] |0+
i ⟩

nn → pp Fermi, Gamow-Teller and  
tensor operators
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Agostini et al., Rev. Mod. Phys. 95, 025002 (2023)
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M0ν = M0ν
L

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)

LO

N
2
LO

CHIRAL EFFECTIVE THEORY OPERATORS 
FOR  DECAY0νββ

( Q
Λχ )

0

( Q
Λχ )
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M0ν
L = M0ν

GT − ( gV

gA )
2

M0ν
F + M0ν

T
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M0ν = M0ν
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AB INITIO NUCLEAR MATRIX ELEMENTS

53
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Yao, Belley, Wirth, Miyagi, Payne, Stroberg, Hergert, Holt, Phys. Rev. C 103, 014315 (2021)
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AB INITIO NUCLEAR MATRIX ELEMENTS

Belley, Payne, Stroberg, Miyagi, Holt, Phys. Rev. Lett. 126, 042502 (2021)
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UNCERTAINTY QUANTIFICATION

55

Ab initio calculations based on consistent Hamiltonians and operators based 
on EFT allow for uncertainty quantificationχ

Belley, Yao, Bally, Pitcher, Engel, et al., Phys. Rev. Lett. 132, 182502 (2024)
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SENSITIVITY ANALYSIS

56

Belley, Pitcher, Miyagi, Stroberg, Holt, Phys. Rev. C 113, 014319 (2026)
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CURRENT STATUS OF THE NUCLEAR 
MATRIX ELEMENTS

57
Gómez-Cadenas et al., La Rivista del Nuovo Cimento 46, 619 (2023)

{Phenomenology

{Ab initio
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CURRENT STATUS OF THE NUCLEAR 
MATRIX ELEMENTS

57
Gómez-Cadenas et al., La Rivista del Nuovo Cimento 46, 619 (2023)

Ranges cover: 
• Different parameters 
• Different nuclear  

interactions  
• …

First NME with  
quantified  
uncertainty 
A. Belley et al.,  
PRL 132, 182502 (2024)

{Phenomenology

{Ab initio
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GLOBAL NEUTRINO-MASS LIMITS

58
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GLOBAL LIMITS FOR MAJORANA MASSES

59

Γ0ν(A, Z )
ln 2

=
1

t0ν
1/2(A, Z )

= g4
AG0ν(A, Z ) |M0ν(A, Z ) |2 (

mββ

me )
2

76Ge 100Mo 130Te
136Xe+ + + = ?

Figure idea stolen from T. Shickele
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GLOBAL LIMITS FOR MAJORANA MASSES

▪ Experiments probe Majorana mass with different isotopes 
▪ How to combine these into global Majorana-mass limits?

59
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COMBINED CONSTRAINTS FOR 
MAJORANA MASSES

60

P(mββ |Data) ∝ ℒ(Data |mββ)π(mββ)

Biller, Phys. Rev. D 104, 012002 (2021)
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MAJORANA MASSES

60

P(mββ |Data) ∝ ℒ(Data |mββ)π(mββ)Likelihood functions from  
current experiments:

Biller, Phys. Rev. D 104, 012002 (2021)

Combined likelihood:

ℒR,Comb =
n

∏
i

ℒR,i

Shickele, Jokiniemi, Belley, Holt, Phys. Rev. D 114, 013007  (2026)
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90% credible interval global limits for mββ
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Nuclear matrix elements
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COMBINED CONSTRAINTS FOR 
MAJORANA MASSES

61
Shickele, Jokiniemi, Belley, Holt, Phys. Rev. D 114, 013007  (2026)

Current best limits

A B  I N I T I O  S T U D I E S  O N  M U O N  C A P T U R E  A N D  R A R E  D E C AYS
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COMBINED CONSTRAINTS FOR 
MAJORANA MASSES
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Shickele, Jokiniemi, Belley, Holt, Phys. Rev. D 114, 013007  (2026)

Next-generation experiments No CUPID-1T
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COMBINED CONSTRAINTS FOR 
MAJORANA MASSES

61
Shickele, Jokiniemi, Belley, Holt, Phys. Rev. D 114, 013007  (2026)

Next-generation experiments With CUPID-1T

A B  I N I T I O  S T U D I E S  O N  M U O N  C A P T U R E  A N D  R A R E  D E C AYS
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PRECISION BETA-DECAY SEARCHES

62
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FORBIDDEN  DECAY OF 16Nβ

63
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PRECISION  DECAY STUDIES FOR BSM PHYSICSβ

64

 

 

Glick-Magid, Gazit, Phys. Rev. D 107, 075031 (2023) 

 

 

 

dΓ ∝ |⟨Ψf∥ĤW∥Ψi⟩ |2 ∝ 1+bF
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1
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T |2 + |C−

T |2

4 |CA |2 )
Glick-Magid, Gazda, Gazit, Forssén, Jokiniemi, Navrátil,  

in preparation
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TAKE-HOME MESSAGES
▪ Our current knowledge on particles in the Universe and interactions between them is based on 

the Standard Model of Particle Physics 

▪ There are some phenomena that the standard model cannot explain: matter-antimatter 
asymmetry of the Universe, neutrino masses, dark matter, … 

▪ Atomic nuclei, forming most of the known Universe, can be used as test laboratories to look for 
physics beyond the standard model 

▪ One can look for deviations from Standard model predictions in processes involving nuclei 

▪ One can look for processes not predicted by the standard model 

▪ Neutrinoless double-beta decay is a hypothetical beyond-standard-model process subject to 
active research worldwide 

▪ One can also look for deviations from the Standard Model in precision beta decay searches 

▪ Beyond-standard-model searches call for reliable ab initio nuclear-theory predictions with 
quantified uncertainties

65
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