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Lecture II Goals 

•  Provide broader BSM context for 0νββ decay 

•  Provide a simple overview of classes of neutrino mass 
models with example illustrations 

•  Discuss implications for the interpretation of 0νββ decay 
searches 

•  Invite questions ! 
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Lecture II Outline 

I.  The BSM Context 

II.   0νββ-decay: General Considerations 

III.  Neutrino Mass Models 

IV.  Implications for 0νββ-decay 
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I. The BSM Context 



Fundamental Questions 
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5 



Fundamental Questions 

MUST answer SHOULD answer 

€ 

H 0

€ 

H 0

€ 

ϕNEW

Δ m2 ~ λ Λ2	

ΛCosmological	
6 

 θQCD  , parity, unification...  



Fundamental Questions 

MUST answer SHOULD answer 

€ 

H 0

€ 

H 0

€ 

ϕNEW

Δ m2 ~ λ Λ2	

ΛCosmological	
Origin of mν 

7 

 θQCD  , parity, unification...  
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Naturalness Problem 



Scalar Fields in Particle Physics 



Scalar Fields in Particle Physics 

Scalar fields are a simple 

Discovery of a (probably) fundamental 125 GeV scalar : 

Scalar fields are theoretically problematic 
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Scalar Fields in Particle Physics 

Scalar fields are a simple 

Discovery of a (probably) fundamental 125 GeV scalar : 

Scalar fields are theoretically problematic 

€ 

H 0

€ 

H 0

€ 

ϕNEW

Δ m2 ~ λ Λ2	

 mh
2 ~ λ v2  &  GF ~ 1/v2 : what keeps GF “large” ? 



LHC Implications 

•  Weak scale BSM physics (e.g., SUSY)  is there but 
challenging for the hadronic collider 

•  BSM physics is there but a bit heavy (some fine tuning) 

•  We are thinking about the problem incorrectly 
(cosmological constant???) 



The Origin of Matter 

Explaining the origin, identity, and relative fractions of 
the cosmic energy budget is one of the most compelling 
motivations for physics beyond the Standard Model 

Cosmic Energy Budget 

Dark Matter 

Dark Energy 

68 % 

27 % 

5 % 

Baryons Baryons 
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Neutrino Masses 
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Neutrino Masses 

Partners 

Partners 
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Neutrino Masses 

Partners 

Partners 

Higgs Mechanism 
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Neutrino Masses 

Partners 

Partners 

Higgs Mechanism Something else ? 
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Neutrino Masses 

Partners 

Partners 

New heavy neutrino-like particle = 
its own anti-particle 

“See saw mechanism” 
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Neutrino Masses 

Partners 

Partners 
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its own anti-particle 
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Neutrino Masses 

Partners 

Partners 

New heavy neutrino-like particle = 
its own anti-particle 

“See saw mechanism” “Leptogenesis” 

Heavy neutrino decays in early 
universe generate baryon asym 
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BSM Physics: Where Does it Live ? 
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II. 0νββ-Decay: General Considerations 
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What Questions Does It Address ? 
 

•  Is the neutrino its own antiparticle ? 

•  Why is there more matter than antimatter ?  

•  Why are neutrino masses so small? 
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What Questions Does It Address ? 
 

•  Is the neutrino its own antiparticle ? 

•  Why is there more matter than antimatter ?  

•  Why are neutrino masses so small? 

New heavy neutrino-like particle = 
its own anti-particle 

“See saw mechanism” “Leptogenesis” 

Heavy neutrino decays in early 
universe generate baryon asym 

 ν  =  ν	



Neutrinos and the Origin of Matter 
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m2 ⇡MN (37)

�(N ! `H) 6= �(N ! ¯`H⇤
) (38)

4

•   Heavy neutrinos decay out of equilibrium 
in early universe 

•   Majorana neutrinos can decay to particles 
and antiparticles 

•   Rates can be slightly different (CP violation) 

•   Resulting excess of leptons over anti-leptons 
partially converted into excess of quarks over 
anti-quarks by Standard Model sphalerons 
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•   Majorana neutrinos can decay to particles 
and antiparticles 

•   Rates can be slightly different (CP violation) 

•   Resulting excess of leptons over anti-leptons 
partially converted into excess of quarks over 
anti-quarks by Standard Model sphalerons 
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What Questions Does It Address ? 

New heavy neutrino-like particle = 
its own anti-particle 

“See saw mechanism” 

 

•  Is the neutrino its own antiparticle ? 

•  Why is there more matter than antimatter ?  

•  Why are neutrino masses so small? 
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III. Neutrino Mass Models 

•  Type I see-saw 

•  Type II see-saw 

•  Type III see-saw 

•  Inverse see-saw 

•  Radiative  

“νSM”, “νMSSM” 

LRSM 

LRSM 

MSSM 

+ combinations & many other examples  

GUTs 
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0νββ-Decay: LNV? Mass Term?  

Dirac Majorana 
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Neutrino Mass Models 

•  Type I see-saw 

•  Type II see-saw 

•  Type III see-saw 

•  Inverse see-saw 

•  Radiative  

“νSM”, “νMSSM” 

LRSM 

LRSM 

MSSM 

+ combinations & many other examples  

GUTs 
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0νββ-Decay: Type I See-Saw 
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0νββ-Decay: Type I See-Saw 
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0νββ-Decay: Type I See-Saw 

Dirac Majorana 
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One generation: SM + one NR  
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0νββ-Decay: Type I See-Saw 

Dirac Majorana 

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =
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⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe
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2 (28)
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Lmass =
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⇤
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⇤
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3

νL	 νL	NR	

H H

Low-energy eff theory 

Λ = mN	
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0νββ-Decay: Type I See-Saw 

Dirac Majorana 
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⇤
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⇤
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P. Mermod 
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U↵N ⇠ mD

MN

(68)

U↵N ⇠
r

vL

vR

� m⌫

MN

(69)

+
⇣
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6

 “ν MSM”  “ν MSSM” 
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Neutrino Mass Models 

•  Type I see-saw 

•  Type II see-saw 

•  Type III see-saw 

•  Inverse see-saw 

•  Radiative  

“νSM”, “νMSSM” 

LRSM 

LRSM 

MSSM 

+ combinations & many other examples  

GUTs 
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0νββ-Decay: Type II See-Saw 

Dirac Majorana 
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⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯Lc
˜H ˜HT L + h.c. (31)

3

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯LcHHT L + h.c. (31)

�(⌫R ! `H) 6= �(⌫R ! ¯`H⇤
) (32)

m⌫ =

m2
D

MR

(33)

3

c⌧ ⇡ 1.2 fm

g4

X

✓
MX

MY

◆
4

✓
1 TeV

MY

◆
(63)

c⌧ ⇡ 0.02 fm

g2

Y

✓
1 TeV

MY

◆
(64)

c⌧ ⇡ 1.2 fm

g4

X

✓
MX

�M

◆
4

✓
1 TeV

�M

◆
(65)

✓
MX

�M

◆
>> 1 (66)

gX << 1 (67)

U↵N ⇠ mD

MN

(68)

U↵N ⇠
r

vL

vR

� m⌫

MN

(69)

+
⇣
NR, ÑR
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Introduce “Complex Triplet”: ΔL ~ (1, 3, 2)  

Lepton number violating 

Δ0 vev ! Majorana mν 	
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Left-Right Symmetric Model 
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BSM Mass Scale 
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 Parity Breaking Scale ~ MW
R ?  

Weak Scale ~ MW
L 
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Left-Right Symmetric Model 
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S
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 Parity Breaking Scale ~ MW
R ?  

Weak Scale ~ MW
L 

SU(2)L x SU(2)R x U(1)B-L 
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E
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y 

S
ca

le
 Parity Breaking Scale ~ MW

R ?  

Weak Scale ~ MW
L 

SU(2)L x SU(2)R x U(1)B-L 

See-saw scale ? 

Left-Right Symmetric Model 
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Left-Right Symmetric Model 

Gauge boson mass eigenstates  

CKM Matrices for LH & RH sectors: quarks 
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Lj (49)
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Ĥ
1�body

=
GFp

2

⌘

2mN
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Left-Right Symmetric Model 

Gauge boson mass eigenstates  

PMNS Matrices for LH & RH sectors: leptons 
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Left-Right Symmetric Model 

Two sources of mν : 
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⌘
(81)

�L =

✓
�+

p
2 �+

�0 ��+

p
2

◆
(82)

mL ⇠ ghL h�0

Li (83)

mN ⇠ ghR h�0

Ri (84)

7
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 Neutrino Mass Models 

•  Type I see-saw 

•  Type II see-saw 

•  Type III see-saw 

•  Inverse see-saw 

•  Radiative  

“νSM”, “νMSSM” 

LRSM 

LRSM 

MSSM 

+ combinations & many other examples  

GUTs 
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0νββ-Decay: Type III See-Saw 
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Introduce “Fermionic Triplet”: ΔL ~ (1, 3, 0)  

Like Type I but NR ! ρL   

See P. Fileviez Perez, 
1501.01886 
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 Neutrino Mass Models 

•  Type I see-saw 

•  Type II see-saw 

•  Type III see-saw 

•  Inverse see-saw 

•  Radiative  

“νSM”, “νMSSM” 

LRSM 

LRSM 

MSSM 

+ combinations & many other examples  

GUTs 
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 Neutrino Mass Models 

•  Type I see-saw 

•  Type II see-saw 

•  Type III see-saw 

•  Inverse see-saw 

•  Radiative  

“νSM”, “νMSSM” 

LRSM 

LRSM 

MSSM 

+ combinations & many other examples  

GUTs 
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0νββ-Decay: Type II See-Saw 
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Introduce new scalars (S) & Majorana fermions (F): “mediators”  

S 

 ν	  ν	F 

Attach Higgs lines as appropriate to get Weinberg operator 

Recent mini-review: H. Sugiyama, 1505.01738   
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Introduce new scalars (S) & Majorana fermions (F): “mediators”  

“Zee Model” 

Recent mini-review: H. Sugiyama, 1505.01738   
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0νββ-Decay: Type II See-Saw 
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SUSY with “R parity” violation PR = (-1)2S+3(B-L) 

“Superpotential” 
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IV. Implications for 0νββ-Decay 
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0νββ-Decay: LNV? Mass Term?  
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36 

•  Total lepton number not 
conserved at classical level 

•  New mass scale in nature, Λ	

•  Key ingredient for standard 
baryogenesis via leptogenesis 

LNV Physics 
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0νββ-Decay: LNV? Mass Term?  
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12 

•  Total lepton number not 
conserved at classical level 

•  New mass scale in nature, Λ	

•  Key ingredient for standard 
baryogenesis via leptogenesis 

LNV Physics 

What’s 
inside ? 
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BSM Physics: Where Does it Live ? 

 M
as

s 
S

ca
le

 

 Coupling 

 MW 

BSM ?  SUSY, see-saw, BSM 
Higgs sector… 

BSM ? 
Sterile ν’s, axions, 
dark U(1)…  
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BSM Physics: Where Does it Live ? 

 M
as

s 
S

ca
le

 

 Coupling 

 MW 

BSM ?  SUSY, see-saw, BSM 
Higgs sector… 

BSM ? 
Sterile ν’s, axions, 
dark U(1)…  

Is the mass scale associated with mν  far 
above MW ?  Near MW ? Well below MW ? 
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LNV Mass Scale & 0νββ-Decay 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale source of 
neutrino mass 

•  > 3 light neutrinos  
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LNV Mass Scale & 0νββ-Decay 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale source of 
neutrino mass 

•  > 3 light neutrinos  
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0νββ-Decay: LNV? Mass Term?  
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νL	 νL	NR	

H H

Low-energy eff theory 

Λ = mN	
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0νββ-Decay: LNV? Mass Term?  
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8 

•  Light Majorana mass generated 
at the conventional see-saw 
scale: Λ ~ 1012 – 1015 GeV 

 
•  3 light Majorana neutrinos 

mediate decay process 
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Three Light Neutrinos: What Do We Know ? 

 A(Z,N) ! A(Z+2, N-2) +  e- e-   ν ν 2ν DBD: 

 A(Z,N) ! A(Z+2, N-2) +  e- e-  0ν DBD: 

If own antiparticle, can be emitted 
then absorbed during decay 
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Three Light Neutrinos: What Do We Know ? 

 A(Z,N) ! A(Z+2, N-2) +  e- e-   ν ν 2ν DBD: 

 A(Z,N) ! A(Z+2, N-2) +  e- e-  0ν DBD: 

If own antiparticle, can be emitted 
then absorbed during decay 

All three light neutrinos participate ! 
Rate governed by an effective mass 
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Figure 1. Left: quark level “lobster” diagram for neutrinoless double beta decay in
case of light Majorana neutrino exchange. Right: geometrical visualization of the
effective mass.

neutrino exchange) which can have dependence on the particle physics. Note that the
possibility of destructive or constructive interference of different mechanisms is present.

However, here we are only interested in the presence of one particle physics mechanism,

the exchange of light massive Majorana neutrinos, the ones which are responsible for

neutrino oscillations.

The Feynman diagram for 0νββ on the quark level in this interpretation is shown

in figure 1. The amplitude of the process is for the V − A interactions of the Standard
Model proportional to
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where γ± = 1
2(1 ± γ5), mi is the neutrino mass, q ≃ 100 MeV is the typical neutrino

momentum (corresponding to the typical nuclear distance of about 1 fm), and Uei an

element of the first row of the PMNS matrix. The linear dependence on the neutrino

mass is expected from the requirement of a spin-flip, as the neutrino can be thought of

as being emitted as a right-handed state and absorbed as a left-handed state.

The decay width of 0νββ is therefore proportional to the square of the so-called
effective mass

⟨mee⟩ =
∣
∣
∣

∑

U2
ei mi

∣
∣
∣ =

∣
∣|m(1)

ee |+ |m(2)
ee | e2iα + |m(3)

ee | e2iβ
∣
∣ , (18)

which is visualized in figure 1 (right) as the sum of three complex vectors m(1,2,3)
ee . The

effective mass is a coherent sum, which implies the possibility of cancellations. Note
that since we have included δ in P (see (8)), the Dirac phase does not appear in ⟨mee⟩,
which is the way it should be. In the symmetrical parametrization (9) the effective mass

is given as

⟨mee⟩ =
∣
∣c212c

2
13 m1 + s212c

2
13 m2 e

2iφ12 + s213m3 e
2iφ13

∣
∣ , (19)

so only the two Majorana phases appear in ⟨mee⟩ [39].
Neutrinoless double beta decay is suppressed by the extremely small ratio of

neutrino mass mi
<∼ 0.5 eV and momentum transfer |q| ≃ 108 eV, and therefore only

Individual contributions 
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Why Might A “Ton-Scale” Exp’t See It? 
Three active light neutrinos 
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LNV Mass Scale & 0νββ-Decay 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale source of 
neutrino mass 

•  > 3 light neutrinos  

Two parameters: Effective coupling & effective heavy particle mass 



69 

0νββ-Decay: LNV? Mass Term?  
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F	

S	 S	

•  Majorana mass generated at 
the TeV scale 

•  Low-scale see-saw 
•  Radiative mν 

•  mMIN << 0.01 eV but 0νββ-signal 
accessible with tonne-scale 
exp’ts due to heavy Majorana 
particle exchange 
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0νββ-Decay: LNV? Mass Term?  

€ 

e−

€ 

e−
TeV LNV Mechanism 

Dirac Majorana 

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯Lc
˜H ˜HT L + h.c. (31)

3

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯LcHHT L + h.c. (31)

�(⌫R ! `H) 6= �(⌫R ! ¯`H⇤
) (32)

m⌫ =

m2
D

MR

(33)

3

31 

NR	

WR	 WR	

•  Majorana mass generated at 
the TeV scale 

•  Low-scale see-saw 
•  Radiative mν 

•  mMIN << 0.01 eV but 0νββ-signal 
accessible with tonne-scale 
exp’ts due to heavy Majorana 
particle exchange 

A(Z+2, N-2)	A(Z, N)	
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0νββ-Decay: LNV? Mass Term?  
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•  Majorana mass generated at 
the TeV scale 

•  Low-scale see-saw 
•  Radiative mν 

•  mMIN << 0.01 eV but 0νββ-signal 
accessible with tonne-scale 
exp’ts due to heavy Majorana 
particle exchange 

W	

e	 e	~	 ~	

~	

A(Z+2, N-2)	A(Z, N)	
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0νββ-Decay: LNV? Mass Term?  
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F	

B	 B	

 O(1) for Λ ~ 1 TeV 



0νββ-Decay: TeV Scale LNV  

General Classification: Helo et al, PRD 88.011901, 88.073011 
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0νββ-Decay: TeV Scale LNV  

General Classification: Helo et al, PRD 88.011901, 88.073011 
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 νSM: Type I See-Saw 

WL WL NR 

e e 

Mass: standard see-saw but TeV 
scale 



0νββ-Decay: TeV Scale LNV  

Light + heavy Majorana ν contributions: Single heavy flavor 
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Type I see-saw: M11 = 0 

Since p2 < 0 ! 
Amplitude reduction !  

Mitra et al, 2012 
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LRSM: Type I See-Saw 

WR WR NR 

e e 

Mass: standard see-saw but TeV 
scale 

NR 



0νββ-Decay: TeV Scale LNV  
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LRSM: Type I See-Saw 

WR WR NR 

e e 

Mass: standard see-saw but TeV 
scale 

NR 

 ν + NR 

Tello et al, 1011.3522 



0νββ-Decay: TeV Scale LNV  

General Classification: Helo et al, PRD 88.011901, 88.073011 
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SUSY: R Parity-Violation 
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General Classification: Helo et al, PRD 88.011901, 88.073011 
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General Classification: Helo et al, PRD 88.011901, 88.073011 

Dirac Majorana 

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯Lc
˜H ˜HT L + h.c. (31)

3

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯LcHHT L + h.c. (31)

�(⌫R ! `H) 6= �(⌫R ! ¯`H⇤
) (32)

m⌫ =

m2
D

MR

(33)

3

80 

SUSY: R Parity-Violation 

u u 

d d e e 

V	
~ 

F	
~ 

F	
~ 

LNV 



0νββ-Decay: TeV Scale LNV  

General Classification: Helo et al, PRD 88.011901, 88.073011 
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0νββ-Decay: TeV Scale LNV  

General Classification: Helo et al, PRD 88.011901, 88.073011 
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0νββ-Decay: TeV Scale LNV  

General Classification: Helo et al, PRD 88.011901, 88.073011 
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Scalar Leptoquarks 

Mass: like RPV SUSY (loop) 
 
NLDBD: need Majorana fermion 
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LNV Mass Scale & 0νββ-Decay 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale source of 
neutrino mass 

•  > 3 light neutrinos  
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LNV Mass Scale & 0νββ-Decay 
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Sterile Neutrinos & 0νββ-Decay 
3 active light neutrinos 
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Sterile Neutrinos & 0νββ-Decay 
3 active light neutrinos 
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0νββ-Decay: Rate & Mass Dependence 
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Light ν exchange 

Quadratic dependence on mββ 

NR 

Heavy particle exchange 

m⇤ = 8⇡ ⇤ (1.66g⇤)
v2

MP

(92)

m
1

⇡ m⇤ (93)

1

T
1/2

= G0⌫(E,Z) |M
0⌫ | |hm��i|2 (94)

8

Scales as 1 / M10 
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Lecture II  Summary 

•  Origin of neutrino mass is a key open problem in 
fundamental interaction physics 

•  There exist a wide array of well-motivated models that 
address it with sensitivities to a variety of BSM mass 
scales 

•  These scenarios may also address other key open 
problems, such as the origin of the matter-antimatter 
asymmetry 

•  The corresponding implications for 0νββ-decay are rich 
and go well beyond the simplest “standard mechanism” 
expectations 


