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Lecture II Goals 

•  Give a theoretical overview of 0νββ decay  

•  Connect 0νββ decay to the origin of matter 

•  Provide a framework for interpreting 0νββ decay results: 
the mechanisms 

•  Discuss the interplay with other experiments 

•  Invite questions ! 
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Lecture II Outline 

I.  Overview 

II.  “Standard Mechanism” for 0νββ-Decay 

III.  TeV Scale LNV 

IV.  Sub-weak scale LNV 

V.  Discussion questions 
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I. 0νββ-Decay Overview 
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What is Neutrinoless Double Beta Decay ? 

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

Test of total lepton number conservation 
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Why Do Nuclei Double Beta Decay ? 

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

Observed 
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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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0νββ-Decay: LNV? Mass Term?  
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What Questions Does It Address ? 
 

•  Is the neutrino its own antiparticle ? 

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

 A(Z,N) ! A(Z+2, N-2) +  e- e-   ν ν 2ν DBD: 
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What Questions Does It Address ? 
 

•  Is the neutrino its own antiparticle ? 

 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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What Questions Does It Address ? 
 

•  Is the neutrino its own antiparticle ? 

Yes ! “Majorana neutrino”: 

No ! “Dirac neutrino”: 

Theoretically favored explanation of the matter-
antimatter asymmetry & small scale of neutrino masses 

Points to alternate origin of matter-antimatter asymmetry 
& some string theory underpinnings of neutrino masses 
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0νββ-Decay: LNV? Mass Term?  
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0νββ-Decay: LNV? Mass Term?  
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•  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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Ton Scale Experiments: Worldwide Quest 

J. Wilkerson INT DBD Program June 2017 



The U.S. Context 

2015 NSAC Long Range Plan 

18 
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Why Is It So Challenging to Observe ? 

 

•  The rate is exceptionally tiny 

Γ ∼ ( meff )2
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Why Is It So Challenging to Observe ? 

 

•  The rate is exceptionally tiny 

•  It must be distinguished from “two neutrino” 
double beta decay, an observed process 
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Why Is It So Challenging to Observe ? 
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Why Is It So Challenging to Observe ? 

 

•  The rate is exceptionally tiny 

•  It must be distinguished from “two neutrino” 
double beta decay, an observed process 

Experimental details: See 
D. Parno second lecture ! 
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0νββ-Decay: LNV? Mass Term?  
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•  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
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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 ? 



26 

Why Might A “Ton-Scale” Exp’t See It? 

 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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II. The “Standard Mechanism” 
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Why Might A “Ton-Scale” Exp’t See It? 

 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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Three Light Neutrinos: What Do We Know ? 
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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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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
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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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0νββ-Decay: LNV? Mass Term?  
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•  Light Majorana mass generated 
at the conventional see-saw 
scale: Λ ~ 1012 – 1015 GeV 

 
•  3 light Majorana neutrinos 

mediate decay process 



33 

Why Might A “Ton-Scale” Exp’t See It? 
Three active light neutrinos 
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Interpreting a Positive Result 
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Interpreting a Null Result 
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What Would a Null Result Imply ? 
Three active light neutrinos 
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St’d Mech: What Would a Null Result Imply ? 
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St’d Mech: What Would a Null Result Imply ? 
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Interpreting a Positive Result 
Three active light neutrinos 
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III. TeV Scale LNV 
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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 
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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 

A(Z+2, N-2)A(Z, N)
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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 
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 O(1) for Λ ~ 1 TeV 
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Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds
Diboson Charge Flip Jet Fake

W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W
�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds
Diboson Charge Flip Jet Fake

W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W
�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
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1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.
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/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
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Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by
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From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
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0νββ-Decay: TeV Scale LNV  
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0νββ-Decay: TeV Scale LNV  
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IV. Sub-Weak Scale LNV 
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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 Sensitivity  

 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
∑

G2
F U2

ei γµ γ+
/q +mi

q2 −m2
i

γν γ− =
∑

G2
F U2

ei

mi

q2 −m2
i

γµ γ+ γν ≃
∑

G2
F U2

ei

mi

q2
γµ γ+ γν ,

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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> 3 Light Neutrinos 
E

ffe
ct

iv
e 

D
B

D
 n

eu
tri

no
 m

as
s 

(e
V

) !
 

Lightest neutrino mass (eV) ! 

3 light ν’s 

3 + 1 light ν’s 3 light ν’s 

3 + 1 light ν’s 
Ton Scale 

Inverted Normal 



72 

Sterile Neutrinos & 0νββ-Decay 
3 active light neutrinos 
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Giunti & Zavanin, JHEP07 (2015) 171 
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Sterile Neutrinos & 0νββ-Decay 
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V. Discussion Questions 

•  What is a sphaleron ? 
•  Is the CPV in VPMNS the same as CPV for 

leptogenesis ? 
•  What is the conventional leptogenesis scale ? 
•  What is the Schecter-Valle (black box) 

theorem ? 


