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Goal of these lectures 
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Introduction to neutrinoless double beta decay (0νββ),  

its significance (nature of neutrino mass & baryon asymmetry), 

and the discovery potential of current experimental searches 

ΔL=2

?



• Significance of neutrinoless double beta decay & connection to big questions 

• Origin and nature of neutrino mass 

• The baryon asymmetry of the universe 

• Discovery potential of  0νββ  — overview

• End-to-end Effective Field Theory for Lepton Number Violation (LNV) and 0νββ
• 0νββ from high-scale see-saw (LNV @ dim 5 = 3 light ν exchange mechanism)

• 0νββ from (multi)TeV-scale dynamics (LNV @ dim 7, 9, …)

• 0νββ from sterile neutrinos

• Conclusions and outlook 
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• The Standard Model encodes our knowledge of nature’s building blocks and interactions,  but it is incomplete!

Context: open questions in subatomic physics
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No Neutrino Mass,  no Baryon Asymmetry,  no Dark Matter,  no Dark Energy                        

X
 Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/

D.Clowe et al.; Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.

 Credit: Fermilab

Addressing these shortcomings requires physics beyond the Standard Model (BSM)
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Macro- and Micro-Cosmos 

Milky Way Subatomic particles

0νββ decay plays a prominent role in 
the quest for new physics by addressing 

two major questions related to  
shortcomings of the Standard Model  

Demonstrate Majorana nature of massive 
neutrinos (neutrino=antineutrino)                 

Shed light on the origin of neutrino mass 

Demonstrate that an excess of matter over antimatter 
can be created in an elementary process                        
Point to baryogengesis via leptogenesis                                        

⇒ ⇒
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Nature of massive neutrinos: 
is the neutrino its own antiparticle? Nuclear 0νββ decay

0νββ decay: significance

How did matter survive                 
the big bang? 

A cosmic mystery        The neutrino and its mysteries 
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Neutrinos
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• Elusive particles:  feel only the weak force,  form a “weak isospin doublet” with electrons

W+

να=e,μ,τ

(e+)α=e,μ,τ V-A current
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Neutrinos
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• Elusive particles:  feel only the weak force,  form a “weak isospin doublet” with electrons

W+

(e+)α=e,μ,τ 

• Massive neutrinos produced in a given interaction (“flavor”) state can “oscillate” into another flavor 
through QM interference  

Uαi

νi=1,2,3

W-

νi l α
-

Figure 2: Absorption of a W boson by a neutrino.

W− and turn into any charged lepton ℓ−α of definite mass. This absorption is
illustrated in Fig. (2). We expect that in analogy with Eq. (4) for the W -quark
couplings, the SM interaction that describes the W -lepton couplings is

LℓνW = − g√
2

∑

α=e,µ,τ

i=1,...,N

ℓLαγ
λUαiνLiW

−
λ − g√

2

∑

α

i

νLiγ
λU †

iαℓLαW
+
λ . (5)

Here, U is an N×N unitary matrix which is the leptonic analogue of the quark
mixing matrix V . The matrix U is referred to as the leptonic mixing matrix.3

If N > 3, then only the top 3 rows of U enter in the W -lepton interaction,
Eq. (5).

The leptonic decays of the W+ are governed by the second term of LℓνW ,
Eq. (5). From this term, we see that when W+ → ℓ+α+ “να”, the neutrino state
|να⟩ produced in association with the specific definite-mass charged lepton ℓ+α
is

|να⟩ =
∑

i

U∗
αi |νi⟩ . (6)

That is, the “flavor-α” neutrino |να⟩ produced together with ℓ+α is a coherent
superposition of the mass-eigenstate neutrinos |νi⟩, with coefficients which are
elements of the leptonic mixing matrix.

What if N is bigger than three? Suppose, for example, that N = 4.
Then, with the elements of the bottom row of U , Ulastrow,i, we can construct
a neutrino state

|νs⟩ ≡
∑

i

U∗
lastrow,i |νi⟩ (7)

which does not couple to any of the 3 charged leptons. This state is called a
“sterile” neutrino, which just means that it does not participate in the SM weak
interactions. It may, however, participate in other interactions beyond the SM
whose effects at present-day energies are too feeble to have been observed.

5
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Image credit: B. Kayser 
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Neutrinos
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• Elusive particles:  feel only the weak force,  form a “weak isospin doublet” with electrons

• Massive neutrinos produced in a given interaction (“flavor”) state can “oscillate” into another flavor 
through QM interference  

KAMLAND Reactor electron anti-neturino survival probability 

L0 = 180 Km
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• Elusive particles:  feel only the weak force,  form a “weak isospin doublet” with electrons

• Massive neutrinos produced in a given interaction (“flavor”) state can “oscillate” into another flavor 
through QM interference  

• Neutrinos have masses and they are tiny compared to other fermion’s masses!

H. Murayama

So what’s the big deal? 
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Neutrino mass = new physics

9

No 
neutrino 

mass

The Standard Model

 We currently don’t even know what’s the quantum mechanical nature of massive neutrinos! 
(= we don’t know what is the form of the neutrino mass term to be added to the SM Lagrangian)

 Credit: CERN

i =1,2,3
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B. Kayser 1984

(a) -- I Lorentz; B, E 

i 
((µ_ v+l (17 v + )) 

t t I 
CPT CPT 

(b) 
Lorentz 

i 
(v _ v+l 

t 
CPT 

FIGURE I (a) The four distinct states of a Dirac neutrino v 0 . (b) The two distinct 
states of a Majorana neutrino vM. 

including its electromagnetic characteristics, and its special and sur-
prising C, P, CP, and CPT properties. Next, we shall show how a 
Majorana neutrino is described in field theory. Then we shall see 
why it is that we do not already know whether neutrinos are Majorana 
or Dirac particles. Finally, we shall discuss the one experimental 
approach that currently shows some promise of settling this matter: 
the search for neutrinoless double beta decay. 

To understand the precise physical difference between a Majorana 
and a Dirac neutrino, let us imagine that there exists a massive 
neutrino v _ with negative helicity (indicated by the subscript), as 
considered at the extreme left of Fig. la. Assuming that the world 
is CPT-invariant, the existence of v _ implies (as Fig. la indicates) 
the existence of its CPT mirror-image, a right-handed antineutrino 
v +. In addition, if v _ is massive, then it travels slower than light, 
so that by travelling sufficiently fast an observer can overtake it. If 
he does, then in his frame the neutrino is going the other way, but 
still spinning the same way as in the original frame. That is, the 
Lorentz transformation to this observer's frame turns v into a 
positive-helicity particle "v + ,'' shown at the extreme right of Fig. 

70 

Dirac: 
4 states

Majorana: 
2 states (ν = ν ) 

Only possible if there no  
internal quantum number 
that flips sign under “C”

(m≠0)

(m≠0)

ν(L)=ν− p

S

ν(R)=ν+

p

S

• Lorentz invariance ⇒ two options: Dirac or Majorana 

Neutrino mass and symmetries 
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Neutrino mass and symmetries 

νL(x):  takes part in weak interactions  νR(x):  no interactions in the SM



+ +

_

10

B. Kayser 1984

(a) -- I Lorentz; B, E 

i 
((µ_ v+l (17 v + )) 

t t I 
CPT CPT 

(b) 
Lorentz 

i 
(v _ v+l 

t 
CPT 

FIGURE I (a) The four distinct states of a Dirac neutrino v 0 . (b) The two distinct 
states of a Majorana neutrino vM. 

including its electromagnetic characteristics, and its special and sur-
prising C, P, CP, and CPT properties. Next, we shall show how a 
Majorana neutrino is described in field theory. Then we shall see 
why it is that we do not already know whether neutrinos are Majorana 
or Dirac particles. Finally, we shall discuss the one experimental 
approach that currently shows some promise of settling this matter: 
the search for neutrinoless double beta decay. 

To understand the precise physical difference between a Majorana 
and a Dirac neutrino, let us imagine that there exists a massive 
neutrino v _ with negative helicity (indicated by the subscript), as 
considered at the extreme left of Fig. la. Assuming that the world 
is CPT-invariant, the existence of v _ implies (as Fig. la indicates) 
the existence of its CPT mirror-image, a right-handed antineutrino 
v +. In addition, if v _ is massive, then it travels slower than light, 
so that by travelling sufficiently fast an observer can overtake it. If 
he does, then in his frame the neutrino is going the other way, but 
still spinning the same way as in the original frame. That is, the 
Lorentz transformation to this observer's frame turns v into a 
positive-helicity particle "v + ,'' shown at the extreme right of Fig. 

70 

Dirac: 
4 states
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Only possible if there no  
internal quantum number 
that flips sign under “C”

(m≠0)

(m≠0)

ν(L)=ν− p

S
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p
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• Lorentz invariance ⇒ two options: Dirac or Majorana 

Neutrino mass and symmetries 

Up to effects of O(mν/Eν), only 
these states participate in SM 

(V-A) weak interactions

ν− = will be pair-produced with e+

ν+ = will be pair-produced with e−
(—)

νL(x):  takes part in weak interactions  νR(x):  no interactions in the SM
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• Lorentz invariance ⇒ two options: Dirac or Majorana 

Neutrino mass and symmetries

Recall: can build two Lorentz-invariant bilinears from spin-1/2 fields 
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m5

⌧

(2⇡)2S

|k| [GeV]

a(|k|) [GeV�1]

LL =

✓
⌫L
eL

◆

L↵

L
=

✓
⌫L
eL

◆↵

L↵

L
=

✓
⌫↵
L

e↵
L

◆

↵, � 2 {e, µ, ⌧}

⌫R

3

Dirac mass: Majorana mass:

m↵� ⌫
↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T
L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

 c = C ̄T

C = i�2�0

 L/R =
1⌥ �5

2
 

m ⌫c
L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

4

m↵� ⌫
↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T
L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

 c = C ̄T

C = i�2�0

 L/R =
1⌥ �5

2
 

m ⌫c
L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

4

m↵� ⌫
↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T
L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

 c = C ̄T = i�2 
⇤

C = i�2�0

 L/R =
1⌥ �5

2
 

m ⌫c
L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

4
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• Lorentz invariance ⇒ two options: Dirac or Majorana 

Dirac mass: Majorana mass:

Neutrino mass and symmetries

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

3

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

3

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

3

Both options written this way clash with the Standard Model particle content and symmetries 
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• Lorentz invariance ⇒ two options: Dirac or Majorana 

Dirac mass: Majorana mass:

x x xHiggs 
triplet …

x x
MR-1…

Spin 1/2 
Gauge ‘singlet’

• Lorentz and weak isospin [SU(2)w] invariance ⇒ need new degrees of freedom 

Neutrino mass and symmetries

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

3

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

3

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

3

 i =

0

BBBB@

`L
eR
qL
uR
dR

1

CCCCA

i

L̄↵ H̃ ⌫↵0R

L =

✓
⌫L
eL

◆

H =

✓
h+

h0

◆
,

H̃ = ✏H⇤ =

✓
h0⇤

�h�

◆
✏ = i�2

`L =

✓
⌫L
eL

◆
e = eR qL =

✓
uL
dL

◆
ui = uiR di = diR ,

' =

✓
'+

'0

◆
,

'̃ = ✏ '⇤ =

✓
'0⇤

�'�

◆
✏ = i�2

Dµ = I @µ � igs
�A

2
GA

µ � ig
�a

2
W a

µ � ig0Y Bµ .

LHiggs � �('†'� v2)2

50

 i =

0

BBBB@

`L
eR
qL
uR
dR

1

CCCCA

i

L̄↵ H̃ ⌫↵0R

L =

✓
⌫L
eL

◆

H =

✓
h+

h0

◆
,

H̃ = ✏H⇤ =

✓
h0⇤

�h�

◆
✏ = i�2

`L =

✓
⌫L
eL

◆
e = eR qL =

✓
uL
dL

◆
ui = uiR di = diR ,

' =

✓
'+

'0

◆
,

'̃ = ✏ '⇤ =

✓
'0⇤

�'�

◆
✏ = i�2

Dµ = I @µ � igs
�A

2
GA

µ � ig
�a

2
W a

µ � ig0Y Bµ .

LHiggs � �('†'� v2)2

50

 i =

0

BBBB@

`L
eR
qL
uR
dR

1

CCCCA

i

L̄↵ H̃ ⌫↵0R

L =

✓
⌫L
eL

◆

H =

✓
h+

h0

◆
,

H̃ = ✏H⇤ =

✓
h0⇤

�h�

◆
✏ = i�2

`L =

✓
⌫L
eL

◆
e = eR qL =

✓
uL
dL

◆
ui = uiR di = diR ,

' =

✓
'+

'0

◆
,

'̃ = ✏ '⇤ =

✓
'0⇤

�'�

◆
✏ = i�2

Dµ = I @µ � igs
�A

2
GA

µ � ig
�a

2
W a

µ � ig0Y Bµ .

LHiggs � �('†'� v2)2

50
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• Lorentz invariance ⇒ two options: Dirac or Majorana 

Dirac mass: Majorana mass:

x x xHiggs 
triplet …

x x
MR-1…

Spin 1/2 
Gauge ‘singlet’

• Lorentz and weak isospin [SU(2)w] invariance ⇒ need new degrees of freedom 

Neutrino mass and symmetries

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

3

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

3

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

3

 i =

0

BBBB@

`L
eR
qL
uR
dR

1

CCCCA

i

L̄↵ H̃ ⌫↵0R

L =

✓
⌫L
eL

◆

H =

✓
h+

h0

◆
,

H̃ = ✏H⇤ =

✓
h0⇤

�h�

◆
✏ = i�2

`L =

✓
⌫L
eL

◆
e = eR qL =

✓
uL
dL

◆
ui = uiR di = diR ,

' =

✓
'+

'0

◆
,

'̃ = ✏ '⇤ =

✓
'0⇤

�'�

◆
✏ = i�2

Dµ = I @µ � igs
�A

2
GA

µ � ig
�a

2
W a

µ � ig0Y Bµ .

LHiggs � �('†'� v2)2

50

 i =

0

BBBB@

`L
eR
qL
uR
dR

1

CCCCA

i

L̄↵ H̃ ⌫↵0R

L =

✓
⌫L
eL

◆

H =

✓
h+

h0

◆
,

H̃ = ✏H⇤ =

✓
h0⇤

�h�

◆
✏ = i�2

`L =

✓
⌫L
eL

◆
e = eR qL =

✓
uL
dL

◆
ui = uiR di = diR ,

' =

✓
'+

'0

◆
,

'̃ = ✏ '⇤ =

✓
'0⇤

�'�

◆
✏ = i�2

Dµ = I @µ � igs
�A

2
GA

µ � ig
�a

2
W a

µ � ig0Y Bµ .

LHiggs � �('†'� v2)2

50

 i =

0

BBBB@

`L
eR
qL
uR
dR

1

CCCCA

i

L̄↵ H̃ ⌫↵0R

L =

✓
⌫L
eL

◆

H =

✓
h+

h0

◆
,

H̃ = ✏H⇤ =

✓
h0⇤

�h�

◆
✏ = i�2

`L =

✓
⌫L
eL

◆
e = eR qL =

✓
uL
dL

◆
ui = uiR di = diR ,

' =

✓
'+

'0

◆
,

'̃ = ✏ '⇤ =

✓
'0⇤

�'�

◆
✏ = i�2

Dµ = I @µ � igs
�A

2
GA

µ � ig
�a

2
W a

µ � ig0Y Bµ .

LHiggs � �('†'� v2)2

50



13

• Lorentz invariance ⇒ two options: Dirac or Majorana 

Dirac mass: Majorana mass:

x x xHiggs 
triplet …

x x
MR-1…

Spin 1/2 
Gauge ‘singlet’

• Lorentz and weak isospin [SU(2)w] invariance ⇒ need new degrees of freedom 

Neutrino mass and symmetries

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

3

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

3

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

C1,2 =

✓
mNC

4⇡

◆2

C̃1,2

C1,2 =

✓
mNC1S0

4⇡

◆2

C̃1,2

g⌫ = C1

3

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

ν ν

x x

Λ~ (y)-2 MR

16

Ex:  Type I see-saw with heavy νR

• Below the weak scale this is just the 
neutrino Majorana mass (mββ ~ wee v2/Λ) 

• 0νββ mediated by active νM with 
amplitude proportional to mββ 

LNV@ dim-5 in the SMEFT

 i =

0

BBBB@

`L
eR
qL
uR
dR

1

CCCCA

i

L̄↵ H̃ ⌫↵0R

L =

✓
⌫L
eL

◆

H =

✓
h+

h0

◆
,

H̃ = ✏H⇤ =

✓
h0⇤

�h�

◆
✏ = i�2

`L =

✓
⌫L
eL

◆
e = eR qL =

✓
uL
dL

◆
ui = uiR di = diR ,

' =

✓
'+

'0

◆
,

'̃ = ✏ '⇤ =

✓
'0⇤

�'�

◆
✏ = i�2

Dµ = I @µ � igs
�A

2
GA

µ � ig
�a

2
W a

µ � ig0Y Bµ .

LHiggs � �('†'� v2)2

50

 i =

0

BBBB@

`L
eR
qL
uR
dR

1

CCCCA

i

L̄↵ H̃ ⌫↵0R

L =

✓
⌫L
eL

◆

H =

✓
h+

h0

◆
,

H̃ = ✏H⇤ =

✓
h0⇤

�h�

◆
✏ = i�2

`L =

✓
⌫L
eL

◆
e = eR qL =

✓
uL
dL

◆
ui = uiR di = diR ,

' =

✓
'+

'0

◆
,

'̃ = ✏ '⇤ =

✓
'0⇤

�'�

◆
✏ = i�2

Dµ = I @µ � igs
�A

2
GA

µ � ig
�a

2
W a

µ � ig0Y Bµ .

LHiggs � �('†'� v2)2

50

 i =

0

BBBB@

`L
eR
qL
uR
dR

1

CCCCA

i

L̄↵ H̃ ⌫↵0R

L =

✓
⌫L
eL

◆

H =

✓
h+

h0

◆
,

H̃ = ✏H⇤ =

✓
h0⇤

�h�

◆
✏ = i�2

`L =

✓
⌫L
eL

◆
e = eR qL =

✓
uL
dL

◆
ui = uiR di = diR ,

' =

✓
'+

'0

◆
,

'̃ = ✏ '⇤ =

✓
'0⇤

�'�

◆
✏ = i�2

Dµ = I @µ � igs
�A

2
GA

µ � ig
�a

2
W a

µ � ig0Y Bµ .

LHiggs � �('†'� v2)2

50
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• Lorentz invariance ⇒ two options: Dirac or Majorana 

Dirac mass:

Violates Le,μ,τ,  conserves L Violates Le,μ,τ  and L  (ΔL=2)•   

Majorana mass:

x x xHiggs 
triplet …

x x
MR-1…

Spin 1/2 
Gauge ‘singlet’

• Lorentz and weak isospin [SU(2)w] invariance ⇒ need new degrees of freedom 

Neutrino mass and symmetries

m↵� ⌫↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T

L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

⌫c = C⌫̄T

m ⌫c

L
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Are these two different spin states of the same particle?

Dirac
4 states: _

ν−ν+
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ν+ν−
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weak interactions
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Majorana ν+ν−2 states:
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A new type of spin=1/2 fermion!

Yes!

A complementary point of view
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For m ≠ 0 the distinction between Dirac and Majorana matters. 
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‘Anti-neutrino’ (ν):  emitted with  e− Right-handed: S· p = +1/2 
_
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interaction 

process
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ν−
p
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If m ≠ 0,

Lorentz boost

Distinguishing Dirac from Majorana? 

For a massive particle, helicity is frame-dependent  ⇒
The emitted massive (anti)neutrino can be in both ν+/− states and hence can transform into both e+ and  e−!  

Majorana 
case

- - - - 
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‘Anti-neutrino’ (ν):  emitted with  e− Right-handed: S· p = +1/2 
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process
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Left-handed: S· p = −1/2 
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p
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If m ≠ 0,

Lorentz boost

Distinguishing Dirac from Majorana? 

Perturbatively, the two helicity states 
mix through mass insertion 

• Weak interactions produce massive  ‘antineutrino’ in both helicity states
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If m ≠ 0,

Lorentz boost

Non-relativistic neutrinos 
• To detect the Majorana signature (e− in final state) 

need to overcome the m/E factor  Avogadro’s number:  double beta decay!

Distinguishing Dirac from Majorana? 

• Weak interactions produce massive  ‘antineutrino’ in both helicity states
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• If neutrinos are Majorana particles, a virtual anti-neutrino can convert into a neutrino and mediate 0νββ

W. H. Furry, 1939 ν−
p

S

ν+
p

S
This is just ν+, which via 

mass insertion turns into ν−

m ν−
ν+

ν− converts into e− in 
the second interaction

“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. ”



0νββ decay is the arbiter
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• If neutrinos are Majorana particles, a virtual anti-neutrino can convert into a neutrino and mediate 0νββ

W. H. Furry, 1939 ν−
p

S

ν+
p

S
This is just ν+, which via 

mass insertion turns into ν−

“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.”

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

m ν−
ν+

ν− converts into e− in 
the second interaction
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• Modern viewpoint on Lepton Number Violation:  
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but also

Exchange of heavier 
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Majorana particles.  At low-
energy induce six-fermion 

operator ~1/Λ5 
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the second interaction
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• If 0νββ decay happens, through quantum mechanical fluctuations a ν+ can convert into ν−  ⇒ hallmark of Majorana ν!

ν+ ν−

Schechter-Valle 1982

m ν−
ν+

ν− converts into e− in 
the second interaction

It’s a two-way arrow: 

Neutrino is a Majorana fermion      ⇒   0νββ decay happens at some rate 
 ⇒  
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Nuclear 0νββ decay

0νββ decay: significance

How did matter survive                 
the big bang? 

A cosmic mystery        



What’s the origin of matter in the universe?
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Equal number of particles and 
antiparticles right after the big bang                 

As the universe expands and cools, 
particle-antiparticle annihilation takes 

over: end up with just radiation!
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Pair creation and annihilation
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p    p 
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The fate of (anti)particles

3 quarks 3 antiquarks

t = 0.000001s   
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The fate of (anti)particles
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Equal number of particles and 
antiparticles right after the big bang                 

As the universe expands and cools, 
particle-antiparticle annihilation takes 

over: end up with just radiation!
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p and p find each other more and more rarely

Equal numbers of 

+ −
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The fate of (anti)particles
t ~ 0.0001 s
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Equal number of particles and 
antiparticles right after the big bang                 

As the universe expands and cools, 
particle-antiparticle annihilation takes 

over: end up with just radiation!

−

+

Annihilation stops:
a few p and p survive! 

Equal numbers of 

+ −

_

The fate of (anti)particles
t = 0.003s,    T = 0.02 mp t ~ 0.003 s

Big Bang 
Nucleosynthesis           

(t ~ 3 min) and the 
Cosmic Microwave 

Background                 
(t ~ 300,000 yr)     

point to η ~ 6 ⨉ 10-10

 η = (nB - nB )/nγ =
_

But cosmological observations 
require a non-zero matter-

antimatter asymmetry!

nB/nγ  =  nB/nγ  ~ 10-18



What’s the origin of matter in the universe?

20

To obtain O(1) protons  per 
cubic meter today, early on need 

a tiny imbalance of       over + −

Equal number of particles and 
antiparticles right after the big bang                 1,000,000,001   1,000,000,000

Matter Antimatter

Credit: H. Murayama
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Avoid complete annihilation?
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cubic meter today, early on need 

a tiny imbalance of       over + −

Equal number of particles and 
antiparticles right after the big bang                 1 0

Matter Antimatter

Credit: H. Murayama

Today

+

Stars, 
galaxies, 

us… 
Today

−

+

Annihilation stops:
a few p and p survive! 

Equal numbers of 
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The fate of (anti)particles
t = 0.003s,    T = 0.02 mp 

+

Sometime before nucleosynthesis a dynamical mechanism 
must have generated a ~ part-per-bilion imbalance, but how?
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Ingredients for a lopsided universe

21

Andrei Sakharov, 1967

Matter Antimatter

1,000,000,001   1,000,000,000

A  →  B   

#1.  Processes that “create matter” [B, L violation]

≠ A  →  B 
_ _

A  →  B   

#2.  “Asymmetrically”  (faster than corresponding antimatter-creating process) [C, CP] 

#3.  “Irreversibly” (faster than matter annihilating inverse process)

≠ B  →  A A  →  B

# of particles − # of antiparticles                           
is different in A and B   

/ /
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Andrei Sakharov, 1967

Matter Antimatter

1,000,000,001   1,000,000,000

A  →  B   

#1.  Processes that “create matter” [B, L violation]

≠ A  →  B 
_ _

A  →  B   

#2.  “Asymmetrically”  (faster than corresponding antimatter-creating process) [C, CP] 

#3.  “Irreversibly” (faster than matter annihilating inverse process)

≠ B  →  A A  →  B

# of particles − # of antiparticles                           
is different in A and B   

The Standard Model doesn’t have all t
he ingredients to

 generate the asym
metry: n

eed new physics
! 

/ /



How does 0νββ decay help?

Andrei Sakharov, 1967

Matter Antimatter

1,000,000,001   1,000,000,000

A  →  B   

#1.  Processes that “create matter”

# of particles − # of antiparticles                           
is different in A and B   

Before:   N + Z nucleons, no antiparticles
After:  N + Z nucleons plus two electrons, no antiparticles

0νββ decay is a matter-creating process!

73

The 2015 Long Range Plan for Nuclear Science

Reaching for the Horizon

Sidebar 5.2: Matter over Antimatter
Why is there more matter than antimatter in the present 

universe?

This question is one of the most compelling in physics, 

and its answer is vital to explaining the fundamental 

origin, evolution, and structure of the nuclear matter that 

we observe today.

By many accounts, the fireball generated during the 

Big Bang was democratic: it contained the same 

number of electrons and quarks (matter) as positrons 

and antiquarks (antimatter). While it is possible that 

something gave the Big Bang a slight preference for 

more matter than antimatter, the subsequent period 

of cosmic inflation—a brief period of rapid spacetime 

expansion in the early universe—would have rendered 

that imbalance imperceptible today. What happened, 

then, to tip the balance in favor of the matter that makes 

up nuclei, stars, and life itself?

Physicists do not yet have a definitive answer, but we do 

know the ingredients for one. According to physicist and 

Nobel Prize winner Andrei Sakharov, the forces in the 

early universe must have violated certain fundamental 

symmetries in ways not seen in the Standard Model. 

Fundamental symmetry tests in nuclear physics are 

looking for evidence of such violation, while nuclear 

theorists are working to relate the results of these tests 

to the matter-antimatter imbalance.

One of the most powerful probes is the experimental 

search for an as-yet unseen property of neutrons, 

protons, electrons, and atoms known as a permanent 

electric dipole moment, or EDM. As indicated in 

Figure 1, its discovery would indicate a violation of time-

reversal symmetry. In many candidates for the new 

Standard Model, this violation is intimately connected 

with the origin of the matter-antimatter imbalance. For 

example, new supersymmetric, time-reversal-violating 

interactions would have generated this imbalance about 

0.000000001 seconds after the Big Bang, while leaving 

observable “footprints” today in the guise of permanent 

EDMs.

Figure 1: If an EDM is observed, then time-reversal transformation (T) 
is not a symmetry of nature: it takes a particle with EDM parallel to the 
spin and transforms it to the same particle with EDM anti-parallel to the 
spin—a different object that does not exist.

Another powerful probe is the search for the 

neutrinoless double beta decay of atomic nuclei (see 

Figure 2 and Sidebar 5.1). The observation of this nuclear 

decay would immediately imply that neutrinos are their 

own antiparticles and indicate a never-before-seen 

breakdown in the balance between leptons and their 

antiparticles. This symmetry violation would point to the 

existence of very heavy cousins of today’s neutrinos 

whose decays in the early universe—possibly well 

before 10 picoseconds after the Big Bang—generated 

the excess of matter over antimatter.

Figure 2: Neutrinoless double beta involves the radioactive decay of a 
nucleus whereby two electrons are emitted without their usual antineutrino 
partners.

Credit: H. Murayama
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This is deeply related to the Majorana nature:                                                  
neutrino = anti-neutrino
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Another powerful probe is the search for the 

neutrinoless double beta decay of atomic nuclei (see 

Figure 2 and Sidebar 5.1). The observation of this nuclear 

decay would immediately imply that neutrinos are their 

own antiparticles and indicate a never-before-seen 

breakdown in the balance between leptons and their 

antiparticles. This symmetry violation would point to the 

existence of very heavy cousins of today’s neutrinos 

whose decays in the early universe—possibly well 

before 10 picoseconds after the Big Bang—generated 

the excess of matter over antimatter.

Figure 2: Neutrinoless double beta involves the radioactive decay of a 
nucleus whereby two electrons are emitted without their usual antineutrino 
partners.

But there’s more!  The same physics could be responsible for both 0νββ decay and for generating 
the matter excess in the universe through the leptogenesis mechanism 

Credit: H. Murayama
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Andrei Sakharov, 1967

Matter Antimatter

1,000,000,001   1,000,000,000
#1.  Processes that “create matter”

#2.  “Asymmetrically”  (faster than corresponding antimatter-creating process) 

#3.  “Irreversibly” (faster than matter annihilating inverse process)

How does 0νββ decay help?

• 0νββ directly address first condition

• Explicit models of Majorana neutrino mass  satisfy the other two 
conditions, as well:  baryogengesis via leptogenesis

Fukugita-Yanagida  1987



• Simple / natural option:  add three R-handed neutrinos νRi (gauge singlets = no interaction)
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The simplest mass model
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The simplest mass model

• Dirac neutrinos:  MR = 0.   Same as quarks & charged leptons , except for tiny (O(10-10)) Yukawa couplings

⇒
Unitary mixing in 
Charged Current 

vertex: 3 angles, 1 phase 

W+

να=e,μ,τ

(e+)α=e,μ,τ V-A current



• Simple / natural option:  add three R-handed neutrinos νRi (gauge singlets = no interaction)

25

The simplest mass model

• Majorana neutrinos:  MR≠ 0 ⇒ L not conserved & 6x6 mass matrix for            :  six Majorana (ν=νc) eigenstates 

• If MR >> vYν: 3 light (νL→νi) and 3 heavy (νR→Ni) eigenstates

φ φ

νR νRYν*

MR-1

Yν†
νL νL

c

Seesaw 
mechanism 

(Type I)



• Simple / natural option:  add three R-handed neutrinos νRi (gauge singlets = no interaction)
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The simplest mass model

• Majorana neutrinos:  MR≠ 0 ⇒ L not conserved & 6x6 mass matrix for            :  six Majorana (ν=νc) eigenstates 

• If MR >> vYν: 3 light (νL→νi) and 3 heavy (νR→Ni) eigenstates

⇒

Unitary mixing in CC               
vertex: 3 angles, 1+2  phases

c

W+

να=e,μ,τ

(e+)α=e,μ,τ 
V-A current



mν ~ y2 vEW2 MR-1 ~ eV

MR →1015 GeV 

N

νL

 y ~ O(1) → 

Seesaw mechanism summary: 

Heavy (Majorana) singlets are introduced to give mass to the light neutrinos in a 
way consistent with Lorentz and weak interaction symmetries

They also provide an avenue to generate the baryon asymmetry…
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Minkowski 1977, 
 Gell-Mann, Ramond, Slanksy  1979, … 

φ φ

νR νRYν*

MR-1

Yν†
νL νL

The simplest mass model
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Early Universe

Heavy neutrinos (N) play key role in 
generating the matter-antimatter asymmetry 

by decaying into (anti)neutrinos and Higgs (H) 
particles ‘asymmetrically’ and ‘slowly’ 

Leptogenesis and 0νββ: a tantalizing connection

 1) CP- and L- violating out-of-equilibrium 
decays of heavy  N  ⇒ nL

  2) Electroweak sphalerons  ⇒ nB = # nL

Baryogengesis via Leptogenesis
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Early Universe

Leptogenesis and 0νββ: a tantalizing connection

Nucleus          

p

e−
n

e−
n p

ν

ν
_

N✖

x

Higgs 
vacuum 

expectation 
value

 In 0νββ decay,  through the lens of 
Quantum Mechanics, we probe within a 

nucleus the same interactions that operated 
in the early universe**

** An anti-neutrino scatters off the Higgs field vacuum expectation value (VEV) 
and becomes N, then N scatters off the Higgs VEV and becomes a neutrino   

Heavy neutrinos (N) play key role in 
generating the matter-antimatter asymmetry 

by decaying into (anti)neutrinos and Higgs (H) 
particles ‘asymmetrically’ and ‘slowly’ 
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Demonstrate that an excess of 
matter over antimatter can be 

created in an elementary process  

Point to baryogengesis via 
leptogenesis

Demonstrate Majorana nature of 
massive neutrinos 

(neutrino=antineutrino)  

A ‘matter-creating’ nuclear 
process whose observation 

would have far reaching 
implications

0νββ decay: summary of significance

A cosmic mystery        The neutrino and its mysteries 

Nuclear 0νββ decay



The quest is on…
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• For certain even-even nuclei (48Ca, 76Ge,136Xe, …),  single β decay is energetically forbidden → ββ decay 

• 2νββ is the rarest process ever observed, with T1/2 ~ 1021 years 

M. Goppert 
Mayer, 1935

Even Z, Even N

Odd Z, Odd N
A = N + Z

Credit:    C. Bertulani’s book



• Several  “ton-scale” experiments with different isotopes and technologies are searching for 0νββ, with sensitivity 
up to T1/2 ~1028 yr,  which is 1018 times the age of the universe!

The quest is on…

32

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.

22

2νββ

0νββ

(Ee1 + Ee2)/Q

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

• 2νββ is the rarest process ever observed, with T1/2 ~ 1021 years 



Unexplored

0νββ decay: broad discovery potential
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• Ton-scale 0νββ searches can discover Lepton Number Violation from a broad variety of mechanisms 
that involve different mass scales and interaction strengths 

Standard 
Model

Somewhere out here there must be new 
physics responsible for neutrino masses 

If Lepton Number is not conserved 
most of this uncharted territory can 

be explored only by 0νββ decay 

?Decreasing Coupling Strength 

In
cr

ea
si

ng
 M

as
s
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Backup



Unexplored

High-scale see-saw

0νββ decay: broad discovery potential

35

Standard 
Model

Majorana neutrinos ⇒ 0νββ

8

Furry 1939

• If neutrinos are their own antiparticles,  they can ‘annihilate’ and mediate 0νββ decay 

Equivalently: a ν emitted in 
the first β decay  can turn 

into a ν  and can be absorbed 
in the second vertex 

_
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Half-life is related to neutrino mass: concrete discovery targets & falsifiable correlations with other probes of mν

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

35

Discovery potential / target

• Within the high-scale seesaw, 0νββ can be predicted in terms of  ν mass parameters:  Γ∝|M0ν|2 (mββ)2
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35

Discovery potential / target
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LNV up to 1015 GeV scale: 
mββ~(vew)2/Λ 

• Ton-scale 0νββ searches can discover Lepton Number Violation from a broad variety of mechanisms 
that involve different mass scales and interaction strengths 
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• Ton-scale 0νββ searches can discover Lepton Number Violation from a broad variety of mechanisms 
that involve different mass scales and interaction strengths 

100 101 102 103
0

50

100

150

200

mν
lightest (meV)

|m
ββ
|(
m
eV

)

Normal Ordering
Inverted Ordering

58

 Target goal for ton-scale experiments
5

TABLE I: Summary of the estimated and best-fit background
contributions for the frequentist and Bayesian analyses in the
energy region 2.35 < E < 2.70MeV within the 1.57-m-radius
spherical volume. In total, 24 events were observed.

Background Estimated Best-fit

Frequentist Bayesian
136Xe 2⌫�� - 11.98 11.95

Residual radioactivity in Xe-LS
238U series 0.14± 0.04 0.14 0.09
232Th series - 0.85 0.87

External (Radioactivity in IB)
238U series - 3.05 3.46
232Th series - 0.01 0.01

Neutrino interactions
8B solar ⌫ e� ES 1.65± 0.04 1.65 1.65

Spallation products

Long-lived 7.75± 0.57 † 12.52 11.80
10C 0.00± 0.05 0.00 0.00
6He 0.20± 0.13 0.22 0.21
137Xe 0.33± 0.28 0.34 0.34

† Estimation based on the spallation MC study. This event
rate constraint is not applied to the spectrum fit.

window are illustrated in Fig. 1(b). The exposure of
136Xe for SD in this volume is 0.510 ton yr. The best-
fit background contributions are summarized in Table I.
We found no event excess over the background expecta-
tion. We obtained a 90% confidence level (C.L.) upper
limit on the number of 136Xe 0⌫�� decays of < 7.9 events
(< 6.2 events in the range 2.35 < E < 2.70MeV), which
corresponds to a limit of < 15.5 (ton yr)�1 in units of
136Xe exposure, or T 0⌫��

1/2 > 2.0⇥1026 yr (90% C.L.). An

analysis based on the Feldman-Cousins procedure [26]
gives a slightly stronger limit of 2.3⇥1026 yr (90% C.L.),
indicating a limited impact of the physical boundary on
the 0⌫�� rate in low statistics. An MC simulation of
an ensemble of experiments assuming the best-fit back-
ground spectrum and including the high-background-
period identification scheme indicates a median sensitiv-
ity of 1.3⇥ 1026 yr. The probability of obtaining a limit
stronger than that reported here is 24%. In addition
to the frequentist analyses above, we also performed a
statistical analysis within the Bayesian framework, as-
suming a flat prior for 1/T 0⌫��

1/2 . The Bayesian limit and

sensitivity are 2.1⇥ 1026 yr and 1.5⇥ 1026 yr (90% C.L.),
respectively.

We investigated the stability of the results by com-
paring the limits with di↵erent analysis conditions and
background models. Alternatively, we also performed
the analysis including the high-background period in the
data with floated background contributions from 60Co
and 214Bi. This data is separated into �-like and �-like
events, using particle identification provided by Kam-
Net, and simultaneously fit to provide slightly improved

FIG. 3: E↵ective Majorana neutrino mass hm��i as a function
of the lightest neutrino mass. The dark shaded regions are
predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal ordering (NO) and the inverted order-
ing (IO), and the light shaded regions indicate the 3� ranges
calculated from oscillation parameter uncertainties [42, 43].
The regions below the horizontal lines are allowed at 90%
C.L. with 136Xe from KamLAND-Zen (this work) consider-
ing an improved phase space factor calculation [27, 28] and
commonly used nuclear matrix element estimates: energy-
density functional (EDF) theory [29–31] (solid lines), inter-
acting boson model (IBM) [32, 33] (dashed lines), shell model
(SM) [34–36] (dot-dashed lines), and quasiparticle random-
phase approximation (QRPA) [37–41] (dotted lines). The side
panel shows the corresponding limits for 136Xe, 76Ge [44], and
130Te [45], and theoretical model predictions on hm��i, (a)
Ref. [2], (b) Ref. [3], and (c) Ref. [4] (shaded boxes), in the
IO region.

half-life limits of T 0⌫��
1/2 > 2.7 ⇥ 1026 yr and T 0⌫��

1/2 >

2.4⇥ 1026 yr (90% C.L.) for the background models with
60Co and 214Bi, respectively.

The combined fit of the KamLAND-Zen 400 and 800
datasets with the frequentist analyses gives a limit of
2.3 ⇥ 1026 yr (90% C.L.) (see the Supplemental Mate-
rial [46]). The best-fit scaling parameter for the long-
lived spallation background rate is ↵BG = 1.35 ± 0.23,
indicating good consistency between the MC-based pre-
diction and the LD analysis. This combined analysis
has a sensitivity of 1.5 ⇥ 1026 yr, and the probability
of obtaining a stronger limit is 23%. From the com-
bined half-life limits, we obtain a 90% C.L. upper limit
of hm��i < (36 – 156)meV using the phase space fac-
tor calculation from [27, 28] and commonly used nuclear
matrix element estimates [29–41] assuming the axial cou-
pling constant gA ' 1.27. Figure 3 illustrates the allowed
range of hm��i as a function of the lightest neutrino mass.
For the first time, this search with 136Xe begins to test
the IO band, and realizes the partial exclusion of several
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fit background contributions are summarized in Table I.
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• Ton-scale 0νββ searches can discover Lepton Number Violation from a broad variety of mechanisms 
that involve different mass scales and interaction strengths 
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the analysis including the high-background period in the
data with floated background contributions from 60Co
and 214Bi. This data is separated into �-like and �-like
events, using particle identification provided by Kam-
Net, and simultaneously fit to provide slightly improved

FIG. 3: E↵ective Majorana neutrino mass hm��i as a function
of the lightest neutrino mass. The dark shaded regions are
predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal ordering (NO) and the inverted order-
ing (IO), and the light shaded regions indicate the 3� ranges
calculated from oscillation parameter uncertainties [42, 43].
The regions below the horizontal lines are allowed at 90%
C.L. with 136Xe from KamLAND-Zen (this work) consider-
ing an improved phase space factor calculation [27, 28] and
commonly used nuclear matrix element estimates: energy-
density functional (EDF) theory [29–31] (solid lines), inter-
acting boson model (IBM) [32, 33] (dashed lines), shell model
(SM) [34–36] (dot-dashed lines), and quasiparticle random-
phase approximation (QRPA) [37–41] (dotted lines). The side
panel shows the corresponding limits for 136Xe, 76Ge [44], and
130Te [45], and theoretical model predictions on hm��i, (a)
Ref. [2], (b) Ref. [3], and (c) Ref. [4] (shaded boxes), in the
IO region.

half-life limits of T 0⌫��
1/2 > 2.7 ⇥ 1026 yr and T 0⌫��

1/2 >

2.4⇥ 1026 yr (90% C.L.) for the background models with
60Co and 214Bi, respectively.

The combined fit of the KamLAND-Zen 400 and 800
datasets with the frequentist analyses gives a limit of
2.3 ⇥ 1026 yr (90% C.L.) (see the Supplemental Mate-
rial [46]). The best-fit scaling parameter for the long-
lived spallation background rate is ↵BG = 1.35 ± 0.23,
indicating good consistency between the MC-based pre-
diction and the LD analysis. This combined analysis
has a sensitivity of 1.5 ⇥ 1026 yr, and the probability
of obtaining a stronger limit is 23%. From the com-
bined half-life limits, we obtain a 90% C.L. upper limit
of hm��i < (36 – 156)meV using the phase space fac-
tor calculation from [27, 28] and commonly used nuclear
matrix element estimates [29–41] assuming the axial cou-
pling constant gA ' 1.27. Figure 3 illustrates the allowed
range of hm��i as a function of the lightest neutrino mass.
For the first time, this search with 136Xe begins to test
the IO band, and realizes the partial exclusion of several
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TABLE I: Summary of the estimated and best-fit background
contributions for the frequentist and Bayesian analyses in the
energy region 2.35 < E < 2.70MeV within the 1.57-m-radius
spherical volume. In total, 24 events were observed.

Background Estimated Best-fit

Frequentist Bayesian
136Xe 2⌫�� - 11.98 11.95

Residual radioactivity in Xe-LS
238U series 0.14± 0.04 0.14 0.09
232Th series - 0.85 0.87

External (Radioactivity in IB)
238U series - 3.05 3.46
232Th series - 0.01 0.01

Neutrino interactions
8B solar ⌫ e� ES 1.65± 0.04 1.65 1.65

Spallation products

Long-lived 7.75± 0.57 † 12.52 11.80
10C 0.00± 0.05 0.00 0.00
6He 0.20± 0.13 0.22 0.21
137Xe 0.33± 0.28 0.34 0.34

† Estimation based on the spallation MC study. This event
rate constraint is not applied to the spectrum fit.

window are illustrated in Fig. 1(b). The exposure of
136Xe for SD in this volume is 0.510 ton yr. The best-
fit background contributions are summarized in Table I.
We found no event excess over the background expecta-
tion. We obtained a 90% confidence level (C.L.) upper
limit on the number of 136Xe 0⌫�� decays of < 7.9 events
(< 6.2 events in the range 2.35 < E < 2.70MeV), which
corresponds to a limit of < 15.5 (ton yr)�1 in units of
136Xe exposure, or T 0⌫��

1/2 > 2.0⇥1026 yr (90% C.L.). An

analysis based on the Feldman-Cousins procedure [26]
gives a slightly stronger limit of 2.3⇥1026 yr (90% C.L.),
indicating a limited impact of the physical boundary on
the 0⌫�� rate in low statistics. An MC simulation of
an ensemble of experiments assuming the best-fit back-
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diction and the LD analysis. This combined analysis
has a sensitivity of 1.5 ⇥ 1026 yr, and the probability
of obtaining a stronger limit is 23%. From the com-
bined half-life limits, we obtain a 90% C.L. upper limit
of hm��i < (36 – 156)meV using the phase space fac-
tor calculation from [27, 28] and commonly used nuclear
matrix element estimates [29–41] assuming the axial cou-
pling constant gA ' 1.27. Figure 3 illustrates the allowed
range of hm��i as a function of the lightest neutrino mass.
For the first time, this search with 136Xe begins to test
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TABLE I: Summary of the estimated and best-fit background
contributions for the frequentist and Bayesian analyses in the
energy region 2.35 < E < 2.70MeV within the 1.57-m-radius
spherical volume. In total, 24 events were observed.

Background Estimated Best-fit

Frequentist Bayesian
136Xe 2⌫�� - 11.98 11.95

Residual radioactivity in Xe-LS
238U series 0.14± 0.04 0.14 0.09
232Th series - 0.85 0.87

External (Radioactivity in IB)
238U series - 3.05 3.46
232Th series - 0.01 0.01

Neutrino interactions
8B solar ⌫ e� ES 1.65± 0.04 1.65 1.65

Spallation products

Long-lived 7.75± 0.57 † 12.52 11.80
10C 0.00± 0.05 0.00 0.00
6He 0.20± 0.13 0.22 0.21
137Xe 0.33± 0.28 0.34 0.34

† Estimation based on the spallation MC study. This event
rate constraint is not applied to the spectrum fit.

window are illustrated in Fig. 1(b). The exposure of
136Xe for SD in this volume is 0.510 ton yr. The best-
fit background contributions are summarized in Table I.
We found no event excess over the background expecta-
tion. We obtained a 90% confidence level (C.L.) upper
limit on the number of 136Xe 0⌫�� decays of < 7.9 events
(< 6.2 events in the range 2.35 < E < 2.70MeV), which
corresponds to a limit of < 15.5 (ton yr)�1 in units of
136Xe exposure, or T 0⌫��

1/2 > 2.0⇥1026 yr (90% C.L.). An

analysis based on the Feldman-Cousins procedure [26]
gives a slightly stronger limit of 2.3⇥1026 yr (90% C.L.),
indicating a limited impact of the physical boundary on
the 0⌫�� rate in low statistics. An MC simulation of
an ensemble of experiments assuming the best-fit back-
ground spectrum and including the high-background-
period identification scheme indicates a median sensitiv-
ity of 1.3⇥ 1026 yr. The probability of obtaining a limit
stronger than that reported here is 24%. In addition
to the frequentist analyses above, we also performed a
statistical analysis within the Bayesian framework, as-
suming a flat prior for 1/T 0⌫��

1/2 . The Bayesian limit and

sensitivity are 2.1⇥ 1026 yr and 1.5⇥ 1026 yr (90% C.L.),
respectively.

We investigated the stability of the results by com-
paring the limits with di↵erent analysis conditions and
background models. Alternatively, we also performed
the analysis including the high-background period in the
data with floated background contributions from 60Co
and 214Bi. This data is separated into �-like and �-like
events, using particle identification provided by Kam-
Net, and simultaneously fit to provide slightly improved

FIG. 3: E↵ective Majorana neutrino mass hm��i as a function
of the lightest neutrino mass. The dark shaded regions are
predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal ordering (NO) and the inverted order-
ing (IO), and the light shaded regions indicate the 3� ranges
calculated from oscillation parameter uncertainties [42, 43].
The regions below the horizontal lines are allowed at 90%
C.L. with 136Xe from KamLAND-Zen (this work) consider-
ing an improved phase space factor calculation [27, 28] and
commonly used nuclear matrix element estimates: energy-
density functional (EDF) theory [29–31] (solid lines), inter-
acting boson model (IBM) [32, 33] (dashed lines), shell model
(SM) [34–36] (dot-dashed lines), and quasiparticle random-
phase approximation (QRPA) [37–41] (dotted lines). The side
panel shows the corresponding limits for 136Xe, 76Ge [44], and
130Te [45], and theoretical model predictions on hm��i, (a)
Ref. [2], (b) Ref. [3], and (c) Ref. [4] (shaded boxes), in the
IO region.

half-life limits of T 0⌫��
1/2 > 2.7 ⇥ 1026 yr and T 0⌫��

1/2 >

2.4⇥ 1026 yr (90% C.L.) for the background models with
60Co and 214Bi, respectively.

The combined fit of the KamLAND-Zen 400 and 800
datasets with the frequentist analyses gives a limit of
2.3 ⇥ 1026 yr (90% C.L.) (see the Supplemental Mate-
rial [46]). The best-fit scaling parameter for the long-
lived spallation background rate is ↵BG = 1.35 ± 0.23,
indicating good consistency between the MC-based pre-
diction and the LD analysis. This combined analysis
has a sensitivity of 1.5 ⇥ 1026 yr, and the probability
of obtaining a stronger limit is 23%. From the com-
bined half-life limits, we obtain a 90% C.L. upper limit
of hm��i < (36 – 156)meV using the phase space fac-
tor calculation from [27, 28] and commonly used nuclear
matrix element estimates [29–41] assuming the axial cou-
pling constant gA ' 1.27. Figure 3 illustrates the allowed
range of hm��i as a function of the lightest neutrino mass.
For the first time, this search with 136Xe begins to test
the IO band, and realizes the partial exclusion of several
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TABLE I: Summary of the estimated and best-fit background
contributions for the frequentist and Bayesian analyses in the
energy region 2.35 < E < 2.70MeV within the 1.57-m-radius
spherical volume. In total, 24 events were observed.
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fit background contributions are summarized in Table I.
We found no event excess over the background expecta-
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datasets with the frequentist analyses gives a limit of
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rial [46]). The best-fit scaling parameter for the long-
lived spallation background rate is ↵BG = 1.35 ± 0.23,
indicating good consistency between the MC-based pre-
diction and the LD analysis. This combined analysis
has a sensitivity of 1.5 ⇥ 1026 yr, and the probability
of obtaining a stronger limit is 23%. From the com-
bined half-life limits, we obtain a 90% C.L. upper limit
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Goal for ‘ton-scale’ 
experiments is         
mββ ~18 meV.

Large discovery 
potential regardless 
of the mass ordering
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Example:  LRSM  with type-II seesaw

Tello-Nemevesek-Nesti-Senjanovic-Vissani 1011.3522
Ge-Lindner-Patra  1508.07286
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Contributions to 0νββ not directly related to the exchange of light neutrinos: 
within reach of planned experiments & possibly correlated with signal at LHC in pp → ee jj

LNV @ the TeV scale 

• Ton-scale 0νββ searches can discover Lepton Number Violation from a broad variety of mechanisms 
that involve different mass scales and interaction strengths 
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Standard 
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0νββ decay: broad discovery potential

Contributions to 0νββ not directly related to the exchange of light neutrinos: 
0νββ decay is an extremely competitive probe of νR’s  — plenty of opportunity for discovery

LNV meson 
and 

tau decays

LNC probes
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LNV @ the MeV-GeV scale 

• Ton-scale 0νββ searches can discover Lepton Number Violation from a broad variety of mechanisms 
that involve different mass scales and interaction strengths 
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Λχ ~ GeV

kF ~ 100 MeV

• Connecting sources of LNV to nuclei is a multi-scale problem.   Best tackled through a tower of EFTs** 
coupled to lattice QCD and ab-initio nuclear many-body calculations to achieve controlled uncertainty

Engel-Menendez 1610.06548

Γ∝|M0ν|2 (mββ)2 

O(1) theoretical uncertainty in matrix elements hinders the 
interpretation of a positive or null experimental signal 
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Λχ ~ GeV

kF ~ 100 MeV

• Connecting sources of LNV to nuclei is a multi-scale problem.   Best tackled through a tower of EFTs** 
coupled to lattice QCD and ab-initio nuclear many-body calculations to achieve controlled uncertainty

(T1/2  )-1 ∝ (gLNV)2 (mW/Λ)A  (Λχ/mW)B  (kF/Λχ)C

SMEFT LEFT Chiral EFTLNV 
parameter 

White papers 2203. 21169 &  2207.01085 and refs therein

** Effective Field Theory:    
exploit separation of scales & use appropriate 

degrees of freedom at each scale

https://arxiv.org/abs/2207.01085


• Gauge group:         

Fundamental 
representation

(color triplets and 
weak doublets)

SU(3)c x SU(2)W x U(1)Y        

The Standard Model



• Building blocks:  gauge bosons 



• Building blocks:  fermions and Higgs

(1,2,-1/2)

Left- and right-
handed fermions 

have different 
gauge charges
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• The SM Lagrangian: all operators of dimension ≤ 4  that respect gauge and Lorentz symmetry 

Homework:  work out mass dimension of fields 

• Spinor:  [Ψ]=3/2

• Scalar and vector:  [φ] = [Vμ] =1 
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• The SM Lagrangian: all operators of dimension ≤ 4  that respect gauge and Lorentz symmetry 
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• The SM Lagrangian: all operators of dimension ≤ 4  that respect gauge and Lorentz symmetry 

U(3) for each gauge multiplet, e. g.   qi  →Mijqj ,  M ∈ U(3)

No notion of “flavor”: three identical copies  



EWSB

44

• The SM Lagrangian: all operators of dimension ≤ 4  that respect gauge and Lorentz symmetry 



U(3)5 symmetry broken by Yukawa couplings Ye,u,d : flavor physics & fermion masses 

EWSB
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• The SM Lagrangian: all operators of dimension ≤ 4  that respect gauge and Lorentz symmetry 
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Fermion masses in the SM

• Higgs coupling to fermions is flavor-diagonal and proportional to mass

• Fermion mass matrices diagonalized by bi-unitary transformation


