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Goals for This Talk
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• Encourage the community to adopt a 
broader framing for the scientific 
significance of the 0nbb decay “campaign”

• Highlight the 0nbb decay inter-frontier 
connections



Outline
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I. Scientific Motivation
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Why pursue 0nbb - decay ?
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• The conventional question:

• What is the nature of the neutrino ?



Why pursue 0nbb - decay ?
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• The conventional question:

• What is the nature of the neutrino ?

• The deeper questions:

• Is there BSM lepton number violation ?

• If so, what is the LNV mass scale ?

• Does LNV undergird the generation of mn
and the matter-antimatter asymmetry? 



SM: B+L Not Conserved
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SM B+L Violation & Sphalerons
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Sphaleron
Configuration D (B+L) / NFAnomaly
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Lepton Number Violation
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• The “known” Standard Model LNV mass 
scale is ~ 10 TeV

• Are there additional LNV dynamics ? If so 
what is the associated mass scale ?
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LNV Physics: Where Does it Live ?

M
as

s 
Sc

al
e

Coupling

EWS

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

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

LNV Dyn
am

ics

Is the BSM LNV scale (associated with mn ) far 
above EWS ?  Near EWS ? Well below EWS ?
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BSM LNV: Questions

• Are there additional sources of LNV at the 
classical (Lagrangian) level?

• If so, what is the associated LNV mass scale ?

• What is the sensitivity of ton-scale 0nbb-decay 
searches under various LNV scenarios ?

• What are the inter-frontier implications?

Origin of mn Cosmology:
• BAU
• S mn
• Grav waves

FSNN:
• 0nbb decay
• µn
• n  osc
• PV ee …

Colliders
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Lepton Number: n Mass Term? 
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Mass scale for LNV dynamics ?
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0nbb-Decay: LNV? Mass Term? 
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Impact of  observation

• Total lepton number not 
conserved at classical level

• New mass scale in nature, L

• Key ingredient for standard 
baryogenesis via leptogenesis

LNV Physics

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



18

0nbb-Decay: LNV? Mass Term? 
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• Total lepton number not 
conserved at classical level

• New mass scale in nature, L

• Key ingredient for standard 
baryogenesis via leptogenesis

LNV Physics

What’s 
inside ?

A(Z+2, N-2)A(Z, N)
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• Total lepton number not 
conserved at classical level

• New mass scale in nature, L

• Key ingredient for standard 
baryogenesis via leptogenesis

LNV Physics

What’s 
inside ?

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

Inter-frontier challenge



II. Inter-frontier Connections
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Fermion Masses & Baryon Asymmetry

Partners

Partners

Higgs Mechanism

Electroweak baryogenesis: 
Baryon asymmetry & mf from 
EW symmetry breaking

Something else ?

Leptogenesis: Baryon 
asymmetry & mn from 
lepton number violation

0nbb Decay
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Neutrino Mass & Cosmology

Matter Power Spectrum

K. Abazajian ACFI neutrino mass workshop

Neutrino Free Streaming
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Suppression moves 
to smaller scales ! 
Larger k

Increase mn

Later Earlier

Increase mn

S mv < 0.12 eV
Palanque-Dalabrouille ‘15

Tight constraints on 0nb
b - decay



Gravitational Waves
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A. Addazi, SPCS 2023

Taiji, Tianqin
similar

Phase transition associated with spontaneous 
LNV à non-astrophysical GW source



BSM LNV: 0nbb-Decay & Colliders

0nbb-Decay
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pp Collisions

LNV

d
u

d u
e e

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

e e

LNV

d u

d u
_

_P P

X X

LHC: SS Dilepton + Dijet
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Nuc Phys: 0nbb-Decay & LNV Mass Scale

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 LNV
• > 3 light neutrinos 



III. High-Scale LNV
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The “Standard Mechanism”
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LNV Mass Scale & 0nbb-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 LNV
• > 3 light neutrinos 
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0nbb-Decay: LNV? Mass Term? 

“Standard” Mechanism
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• Light Majorana mass generated 
at the conventional see-saw 
scale: L ~ 1012 – 1015 GeV

• 3 light Majorana neutrinos 
mediate decay process

€ 

e−

€ 

e−

€ 

νM

€ 

W −

€ 

W −

A(Z+2, N-2)A(Z, N)
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0nbb-Decay: “Poster Child” Mechanism
Three active light neutrinos

Ef
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(e
V)

Inverted Normal 

Lightest neutrino mass (eV) !

Heavy Majorana NR

High scale type I seesaw
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Electroweak symmetry breaking

LNV + CPV: out of eq NR decays 

Electroweak sphalerons

Convert L to B

Observed BAU
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S mn from Cosmo: 0nbb-Decay Implications
Three active light neutrinos: 
conventional see-saw

Lightest neutrino mass (eV) !

Inverted 

Ton Scale

Current generation

Cosmo current

P. Vogel

Ton scale

Cosmo next gen

Ef
fe

ct
iv

e 
D

BD
 n
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 m
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(e
V)

An important challenge for 

the high scale LNV paradigm



IV. TeV-Scale LNV
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LNV Mass Scale & 0nbb-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 LNV
• > 3 light neutrinos 

This talk
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BSM LNV: Questions

• Are there additional sources of LNV at the 
classical (Lagrangian) level?

• If so, what is the associated LNV mass scale ?

• What is the sensitivity of ton-scale 0nbb-decay 
searches under various LNV scenarios ?

• What are the inter-frontier implications?

Origin of mn Cosmology:
• BAU
• S mn
• Grav waves

FSNN:
• 0nbb decay
• µn
• n  osc
• PV ee …

Colliders
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0nbb-Decay: LNV? Mass Term? 
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F

B B

• Majorana mass generated at 
the TeV scale

• Low-scale see-saw
• Radiative mn

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

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



36

BSM LNV: Questions

• Are there additional sources of LNV at the 
classical (Lagrangian) level?

• If so, what is the associated LNV mass scale ?

• What is the sensitivity of ton-scale 0nbb-decay 
searches under various LNV scenarios ?

• What are the inter-frontier implications?

Origin of mn Cosmology:
• BAU
• S mn
• Grav waves

FSNN:
• 0nbb decay
• µn
• n  osc
• PV ee …

Colliders
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Electroweak symmetry breaking

Electroweak sphalerons

LNV

Fast DL = 2 int: erase L Deppisch et 
al ‘14, ‘15

The observation of TeV (and 
below) scale LNV could be fatal 
to the leptogenesis paradigm

Other baryogenesis 
mechanisms needed
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Leptogenesis & TeV Scale LNV: Example

S: (1, 2, ½)
F: (1, 0, 0) Majorana

The “O2 Model”: similar ingredients as in scotogenic neutrino mass models 
(but no Z2 symmetry)

YB-L washed out

YB-L survives J. Harz, MJRM, T. Shen, S. Urrutia-Quiroga ‘21

g2

g 1
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BSM LNV: Questions

• Are there additional sources of LNV at the 
classical (Lagrangian) level?

• If so, what is the associated LNV mass scale ?

• What is the sensitivity of ton-scale 0nbb-decay 
searches under various LNV scenarios ?

• What are the inter-frontier implications?

Origin of mn Cosmology:
• BAU
• S mn
• Grav waves

FSNN:
• 0nbb decay
• µn
• n  osc
• PV ee …

Colliders



BSM LNV: 0nbb-Decay & Colliders

0nbb-Decay

Dirac Majorana
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pp Collisions

LNV

d
u

d u
e e

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

e e

LNV

d u

d u
_

_P P

X X

LHC: SS Dilepton + Dijet



41

TeV-Scale LNV: lepto, 0nbb-Decay & Colliders

S: (1, 2, ½)
F: (1, 0, 0) Majorana

The “O2 Model”: similar ingredients as in scotogenic neutrino mass models 
(but no Z2 symmetry)

YB-L washed out

YB-L survives J. Harz, MJRM, T. Shen, S. Urrutia-Quiroga ‘21

0nbb-decay

Collider

Comparing 0nbb-decay, collider, & cosmo

g2

g 1
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BSM LNV: Questions

• Are there additional sources of LNV at the 
classical (Lagrangian) level?

• If so, what is the associated LNV mass scale ?

• What is the sensitivity of ton-scale 0nbb-decay 
searches under various LNV scenarios ?

• What are the inter-frontier implications?

Origin of mn Cosmology:
• BAU
• S mn
• Grav waves

FSNN:
• 0nbb decay
• µn
• n  osc
• PV ee …

Colliders
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S mn from Cosmo: 0nbb-Decay Implications
Three active light neutrinos: 
conventional see-saw

Lightest neutrino mass (eV) !

Inverted 

Ton Scale

Current generation

Cosmo current

P. Vogel

Ton scale

Cosmo next gen

Ef
fe

ct
iv

e 
D

BD
 n

eu
tri

no
 m
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(e
V)

An important challenge for 

the high scale LNV paradigm



Minimal LR Symmetric Model: 0nbb-Decay
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Long range chiral enhancement

Thanks! Juan Carlos Vasquez



Minimal LR Symmetric Model: 0nbb-Decay
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Long range chiral enhancement

Thanks! Juan Carlos Vasquez



TeV-Scale LNV: 0nbb-Decay & S mn

46

Short range only

~ Cosmo next gen

Minimal LR Symmetry
EFT: Long range



TeV-Scale LNV: 0nbb-Decay & S mn
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Short range only

EFT: Long range

~ Cosmo next gen

Minimal LR Symmetry

Observation of 0nbb decay + NH from 
oscillations + tighter astro S mn bounds 
à TeV scale (and below) LNV
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BSM LNV: Questions

• Are there additional sources of LNV at the 
classical (Lagrangian) level?

• If so, what is the associated LNV mass scale ?

• What is the sensitivity of ton-scale 0nbb-decay 
searches under various LNV scenarios ?

• What are the inter-frontier implications?

Origin of mn Cosmology:
• BAU
• S mn
• Grav waves

FSNN:
• 0nbb decay
• µn
• n  osc
• PV ee …

Colliders
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Spontaneous LNV: Higgs, GW, Collider

Phase 
Transitions

Collider 
Signatures

GW 
Signals

The EW scale: BSM 
Higgs & more

LISA, Taiji, 
Tianqin

LHC + Higgs 
factories

Models
Complementary 
probes

Spontaneous LNV à
phase transition ?



LNV Scalar Field & GW

50

Example: Majoron models à
spontaneous LN violation & mn

A. Marciano: SPCS 2023 + refs

Phase transition associated with spontaneous 
LNV à non-astrophysical GW source



LNV Scalar Field & GW

51

EWPT laboratory for GW micro-physics: colliders can probe 
particle physics responsible for non-astro GW sources à test 
our framework for GW microphysics at other scales 

Example: Majoron models à
spontaneous LN violation & mn

A. Marciano: SPCS 2023 + refs
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BSM LNV: Questions

• Are there additional sources of LNV at the 
classical (Lagrangian) level?

• If so, what is the associated LNV mass scale ?

• What is the sensitivity of ton-scale 0nbb-decay 
searches under various LNV scenarios ?

• What are the inter-frontier implications?

Origin of mn Cosmology:
• BAU
• S mn
• Grav waves

FSNN:
• 0nbb decay
• µn
• n  osc
• PV ee …

Colliders



LNV: Scalar Fields & mn
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mLRSM type II Seesaw: d - -

0nbb Decay, PV e-e- à e-e- ,  e+e- à e+e- & pp collisions 

G. Li, MJRM, S. Urrutia-Quiroga, J.C. Vasquez

pp 
JLab: Moller

+

+CEPC



V. GeV- and Below-Scale LNV
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LNV Mass Scale & 0nbb-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 LNV
• > 3 light neutrinos 
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More Than 3 Light Neutrinos: MeV-GeV
mLRSM Simplified Model

Current S mn

exclusion LHC long-lived 
particle searches

KamLand-Zen

ton-scale

J. De Vries, G. Li, MJRM, 
J. C. Vasquez ‘22

G. Li, MJRM, S. Su, 
J.C. Vasquez ‘22



Lepton Collider Probes

57

AFB : vanish for Majorana N 

e+ e- à Z0 à N N       vs e+ e- à Z0 à N N 
_

Lepton FB Asymmetry
N Polarization

Dirac

Majorana

M. Drewes 2210.17110 (mini-review)
Blondel, de Gouvea, Kayser 2105.06576
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VI. Conclusions
• The observation of 0nbb –decay would imply 

the existence of BSM LNV that could hold the 
keys to answering fundamental questions: 
origin of mn & matter antimatter asymmetry.

• If BSM LNV exists, we don’t know the 
associated mass scale

• Ton-scale 0nbb –decay searches provide a 
powerful probe of LNV at all scales, with 
broader implications for our understanding of 
physics at the cosmic and high energy frontiers
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Back Up Slides
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Neutrino Oscillation Fits
NuFIT: 2111.03086 3 active light neutrinos 



Minimal LR Symmetric Model: 0nbb-Decay
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Green: IH 
Red: NH

Short range only: 
Tello et al, 1101.3522

Long range: 
our work


