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2.1

Key Themes for This Talk
• The discovery of beyond Standard Model lepton 

number violation could hold the key to explaining 
the origin of neutrino mass

• The BSM LNV mass scale is unknown and could 
lie anywhere from the sub-eV scale to the 
conventional seesaw scale 

• While the search for 0nbb-decay provides the 
most comprehensive probe of BSM LNV, 
identifying the mass scale and underlying 
dynamics requires input from a wide array of 
observations à the mystery of mn has exciting 
implications for research at the intensity, high 
energy, and cosmological/astrophysical frontiers
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Outline

1. Context

2. BSM LNV: Cosmology & Colliders

3. BSM LNV: Precision Tests & Colliders

4. Outlook
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I. Context



Why Search for LNV ?

3.2

• The conventional question:

• What is the nature of the neutrino ?



Why Search for LNV ?

3.3

• 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

4.1

B+L Anomaly à  Weak Sphaleron *

* Unstable gauge-Higgs field configuration
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Lepton Number Violation

5.1

• The “known” Standard Model LNV mass 
scale is ~ 10 TeV

• Are there additional LNV dynamics ? If so, 
what is the associated mass scale ?



5.2

LNV Physics: Where Does it Live ?

M
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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 ?



6.1

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
• Dark Matter

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

Colliders
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• 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
• Dark Matter

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

Colliders

See Hao Ma talk 
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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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7.2

LNV Physics

A(Z+2, N-2)A(Z, N)
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0nbb-Decay: LNV? Mass Term? 
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7.3

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)
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0nbb-Decay: LNV? Mass Term? 
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7.4

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)
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0nbb-Decay: LNV? Mass Term? 
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7.5

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)
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0nbb-Decay: LNV? Mass Term? 
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7.6

• Total lepton number not 
conserved at classical level

• New mass scale in nature, L

• Key ingredient for standard 
baryogenesis via leptogenesis
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LNV Physics

What’s 
inside ?

A(Z+2, N-2)A(Z, N)
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0nbb-Decay: LNV? Mass Term? 
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7.7

• 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
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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 with < MeV scale LNV
• > 3 light neutrinos

See talks by F. Deppisch, X-D Ma, J. Yao, Y. Li…
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II. BSM LNV:  Cosmology & Colliders
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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 with < MeV scale LNV
• > 3 light neutrinos
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LNV Physics: Where Does it Live ?
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Higgs sector…

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

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

< MeV Scale ?
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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
• Dark Matter

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

Colliders
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Small Scale Problems & Hubble Tension
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DM – n interactions? 
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Light Mediator & bb - Decay
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Light Mediator & bb - Decay
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Light Mediator & bb - Decay
PandaX 4T bb - Decay

Y. Zhong, V.Q. Tran, MJRM & PandaX Collaboration, 2511.13515 

• 3.7-ton TPC at CJPL-II
• On-site installation in 2019, commissioning late 

2020, first physics run late 2021
• Multi-purpose experiment, expected to run till 2025
• PandaX-20T upgrade under preparation

PandaX-4T is under operation at CJPL

See also Boudjema et al 

2511.13606
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Light Mediator & bb - Decay
PandaX 4T bb - Decay
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PandaX-4T is under operation at CJPL



13.3

Light Mediator & bb - Decay
PandaX 4T bb - Decay
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Light Mediator & bb - Decay
PandaX 4T bb - Decay
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PandaX 4T & Hubble tension

Y. Zhong, V.Q. Tran, MJRM & PandaX Collaboration, 2511.13515 
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Light Mediator & bb - Decay
PandaX 4T bb - Decay
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PandaX 4T & Hubble tension

Y. Zhong, V.Q. Tran, MJRM & PandaX Collaboration, 2511.13515 

1911.00543
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Light Mediator & bb - Decay
PandaX 4T bb - Decay

CMB & P(k)matter 

n

n

c

c

Y. Zhong, V.Q. Tran, MJRM & PandaX Collaboration, 2511.13515 
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Light Mediator & bb - Decay
PandaX 4T bb - Decay

CMB & P(k)matter 
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Y. Zhong, V.Q. Tran, MJRM & PandaX Collaboration, 2511.13515 
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Light Mediator & bb - Decay
PandaX 4T bb - Decay

CMB & P(k)matter 

n

n

c

c

upper limit

upper limit

Y. Zhong, V.Q. Tran, MJRM & PandaX Collaboration, 2511.13515 
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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 with < MeV scale LNV
• > 3 light neutrinos 



16.2

LNV Physics: Where Does it Live ?

M
as

s 
S

ca
le

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 ?

TeV Scale ?



16.3

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
• Dark Matter

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

Colliders
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Neutrino Mass & Cosmology

Matter Power Spectrum

K. Abazajian ACFI neutrino mass workshop

Neutrino Free Streaming

WM = Wn  +  WDM  +  WB 

drn drDM

Free Streaming Scale

m⇤ = 8⇡ ⇤ (1.66g⇤)
v
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MP
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m1 ⇡ m⇤ (93)
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0⌫
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Lfs / m
�1/2
⌫

(95)

8

drn (power) suppressed 
for L < Lfs

Suppression moves 
to smaller scales ! 
Larger k

Increase mn

Later Earlier

Increase mn

S mv < 0.12 eV 
Palanque-Dalabrouille ‘15

See Junqing Xia talk 
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Neutrino Mass & Cosmology

Matter Power Spectrum

K. Abazajian ACFI neutrino mass workshop

Neutrino Free Streaming

WM = Wn  +  WDM  +  WB 

drn drDM

Free Streaming Scale

m⇤ = 8⇡ ⇤ (1.66g⇤)
v

2

MP

(92)

m1 ⇡ m⇤ (93)
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T1/2
= G

0⌫
(E,Z) |M0⌫ | |hm��i|

2
(94)

Lfs / m
�1/2
⌫

(95)

8

drn (power) suppressed 
for L < Lfs

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

See Junqing Xia talk 



18.1

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 with < MeV scale LNV
• > 3 light neutrinos 

The “Standard Mechanism”
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0nbb-Decay: LNV? Mass Term? 

“Standard” Mechanism
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18.2

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

• 3 light Majorana neutrinos 
mediate decay process

€ 

e−
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e−
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νM

€ 

W −
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W −

A(Z+2, N-2)A(Z, N)
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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
P. Vogel
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S mn from Cosmo: 0nbb-Decay Implications
Three active light neutrinos: 
conventional see-saw
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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
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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

E
ffe

ct
iv

e 
D

B
D

 n
eu
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s 
(e

V
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Important challenge for th
e 

high scale LNV paradigm
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0nbb-Decay: LNV? Mass Term? 

€ 
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TeV LNV Mechanism
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20.1

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)



Minimal LR Symmetric Model: 0nbb-Decay

21.1

Long range chiral enhancement

Thanks! Juan Carlos Vasquez



Minimal LR Symmetric Model: 0nbb-Decay

21.2

Long range chiral enhancement

Thanks! Juan Carlos Vasquez
Chiral EFT: Prezeau, R-M, Vogel hep-ph/0303025 ; 
Cirigliano et al 1806.02780 



Minimal LR Symmetric Model: 0nbb-Decay

21.3

Long range chiral enhancement

Thanks! Juan Carlos Vasquez

Chiral enhancement

Chiral EFT: Prezeau, R-M, Vogel hep-ph/0303025 ; 
Cirigliano et al 1806.02780 



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

22.1
~ Cosmo next gen

Minimal LR Symmetry



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

22.2

Short range only

EFT: Long range

~ Cosmo next gen

Minimal LR Symmetry



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

22.3

Short range only

EFT: Long range

~ Cosmo next gen

Minimal LR Symmetry

Chiral enhancement



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

22.4

Short range only

EFT: Long range

~ Cosmo next gen

Minimal LR Symmetry

Chiral enhancement
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mLRSM WL-WR Mixing: LHC & 0nbb Decay

NR : LLP



23.2

mLRSM WL-WR Mixing: LHC & 0nbb Decay

Optimistic 
efficiency

NR : LLP



23.3

mLRSM WL-WR Mixing: LHC & 0nbb Decay

HL-LHC LLP

Optimistic 
efficiency

NR : LLP



24.1

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
• Dark Matter

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

Colliders



High Scale LNV & Leptogenesis
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Electroweak symmetry breaking

Electroweak sphalerons

See Wei Chao & 
Wei Liu talks
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Electroweak symmetry breaking

Electroweak sphalerons

LNV + CPV: out of eq NR decays

Convert L to B

Observed BAU



High Scale LNV & Leptogenesis
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Low Scale LNV & Leptogenesis
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Electroweak symmetry breaking

Electroweak sphalerons
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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



Low Scale LNV & Leptogenesis
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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



26.1

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)

J. Harz, MJRM, T. Shen, S. Urrutia-Quiroga 2106.10838
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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

g2

g 1

J. Harz, MJRM, T. Shen, S. Urrutia-Quiroga 2106.10838



BSM LNV: 0nbb-Decay & Colliders
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pp Collisions

LNV
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BSM LNV: 0nbb-Decay & Colliders
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pp Collisions

LNV
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LHC: SS Dilepton + Dijet
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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 2106.10838

0nbb-decay

Collider

Comparing 0nbb-decay, collider, & cosmo

g2

g 1
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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

0nbb-decay

Collider

Comparing 0nbb-decay, collider, & cosmo

g2

g 1

Li
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J. Harz, MJRM, T. Shen, S. Urrutia-Quiroga 2106.10838
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III. BSM LNV:  Precision Tests & Colliders



29.2

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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Parity-Violation & Weak Charges 
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MOLLER Exp’t at Jefferson Lab

δ(sin2θW) = ± 0.00023 (stat.) 
± 0.00012 (syst.) ~ 0.1%

δ(QeW) = ± 2.1 % (stat.) ± 1.1 % (syst.) 

δ(APV) ~ 0.8 ppbAPV ~ 32 ppb
11  GeV, 65 μA 90% beam polarization

Look for tiny but measurable deviations 
from precisely calculable prediction for 

SM processes

Search for new flavor diagonal 
neutral currents

MOLLER Reach

Anew

Thanks: K. Kumar 30.2



LNV: Scalar Fields & mn 

31.1

LRSM 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 
2408.06306; Dev, R-M, Zhang 1806.08499

pp pp 



LNV: Scalar Fields & mn 

31.2

LRSM type II Seesaw: d - -

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

pp pp 

G. Li, MJRM, S. Urrutia-Quiroga, J.C. Vasquez 
2408.06306; Dev, R-M, Zhang 1806.08499



LNV: Scalar Fields & mn 

32.3

LRSM type II Seesaw: d - -

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

pp pp 
JLab: Moller

+

+CEPC

G. Li, MJRM, S. Urrutia-Quiroga, J.C. Vasquez 
2408.06306; Dev, R-M, Zhang 1806.08499
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IV. Outlook
• The discovery of beyond Standard Model lepton 

number violation could hold the key to explaining 
the origin of neutrino mass

• The BSM LNV mass scale is unknown and could 
lie anywhere from the sub-eV scale to the 
conventional seesaw scale 

• While the search for 0nbb-decay provides the 
most comprehensive probe of BSM LNV, 
identifying the mass scale and underlying 
dynamics requires input from a wide array of 
observations à the mystery of mn has exciting 
implications for research at the intensity, high 
energy, and cosmological/astrophysical frontiers
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SM: B+L Not Conserved
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0nbb-Decay: “Standard” Mechanism
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0nbb-Decay: “Poster Child” Mechanism
Three active light neutrinos
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Neutrinos and the Origin of Matter

B4.1

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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TeV Scale LNV: EFT
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FIG. 2: Integrating out S
+

and F
0

to match onto 0nbb operators.

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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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

◆
.
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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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Low Energy: 0n bb - decay in EFT
d=9 effective operators
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Low Energy: 0n bb - decay in EFT
Operator classification
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EF
T

LQCD à LEC’s



0nbb-Decay: TeV Scale LNV 

Low energy:

Dirac Majorana
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Nuclear Matrix Elements: Long Range Effects

Exploit Chiral Symmetry & EFT ideas
B10
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Following example: 
LO + counterterm 

TeV 
LNV


