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I. Scientific Motivation



Scientific Questions
Does nature violate conservation of total lepton
number at the classical (Lagrangian) level ?
 [fso, what is the associated LNV mass scale ?

«  What is the sensitivity of ton-scale Ovpf-decay
searches under various LNV scenarios ?

What are the inter-frontier implications?

SN N

Origin of m, Cosmology: v Pheno HEP
- BAU
e 2m,



Lepton Number: v Mass Term?

Loass = yiﬁuR + h.c. Loinass = %[_/CHHTL + h.c.
Dirac Majorana

Mass scale for LNV dynamics ?



LNV Physics: Where Does it Live ?

SUSY, see-saw, BSM
Higgs sector...

Mass Scale

Sterile v's, axions,

BSM ? | dark U(1)...

Coupling

Is the LNV scale (associated with m ) far
above My, ? Near M, ? Well below M, ,




ovpp-Decay: LNV? Mass Term?

Lo = yLHum + hic Lo :Qy\j_fHHTL + he.

Dirac _ Majorana

Impact of observation

« Total lepton number not
conserved at classical level

« New mass scale in nature@

» Key ingredient for standard
baryogenesis via leptogenesis

A(Z, N) A(Z+2, N-2)
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ovpp-Decay: LNV? Mass Term?

Lowss = yLHvr + h.c. Loass = %[_/CHHTL + h.c.
Dirac Majorana

Impact of observation

What’s
« Total lepton number not inside ?

conserved at classical level

» New mass scale in nature, A

» Key ingredient for standard

baryogenesis via leptogenesis
A(Z, N) A(Z+2, N-2)

22
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Fermion Masses & Baryon Asymmetry
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Leptogenesis: Baryon
asymmetry & m, from
lepton number violation
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Ovpp Decay
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Electroweak baryogenesis:
Baryon asymmetry & m; from
EW symmetry breaking




Neutrino Mass & Cosmology

Matter Power Spectrum Neutrino Free Streaming
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10

K. Abazajian ACFI neutrino mass workshop



BSM LNV: ovpp-Decay & Colliders

J—— yLHVR + h.c. %ﬁz\'mﬁﬁﬁlz + h.c.
ilePt

Dira‘LHQ; SS D C Majorana

Ovpp-Decay pp Collisions
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LNV Mass Scale & Ovpp-Decay

Underlying — A(Z"‘Z, N-Z) + e e

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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ll. High-Scale LNV

The “Standard Mechanism”
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LNV Mass Scale & Ovpp-Decay

Underlying — A(Z"‘Z, N-2) + e e

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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ovpp-Decay: LNV? Mass Term?

J—— yl_LﬁVR + h.c.

Dirac

“Standard” Mechanism

Light Majorana mass generated
at the conventional see-saw
scale: A~ 1072 - 107° GeV

3 light Majorana neutrinos
mediate decay process

o %ECHHTL e

Majorana

A(Z, N) A(Z+2, N-2)
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ovpp-Decay: “Poster Child” Mechanism

Three active light neutrinos
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Energy Scale (GeV)

High Scale LNV & Leptogenesis

1072

103

102
107

<_T_ Standard thermal lepto

<_T_ Electroweak symmetry breaking
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2’m  from Cosmo: Ovpp-Decay Implications

Three active light neutrinos: N ——
conventional see-saw .
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lll. TeV-Scale LNV
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LNV Mass Scale & Ovpp-Decay

Underlying — A(Z"‘Z, N-Z) + e e

Physics

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

« 3 light neutrinos with TeV scale LNV This talk

« > 3 light neutrinos
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ovpp-Decay: LNV? Mass Term?

J—— yl_LﬁVR + h.c.

Dirac

TeV LNV Mechanism

 Majorana mass generated at
the TeV scale

« TeV scale see-saw
* Radiative m,,

s myn << 0.01 eV but 0ovpp-signal

accessible with tonne-scale
exp’ts due to heavy Majorana
particle exchange

Lo = LICHHTL + hec.

A
Majorana
e e
F
B | I B

A(Z,N)

A(Z+2, N-2)
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Simplified Models: lllustrative Case

‘CINI s QIQ(I-IlillS} T g:C”[_,,FS; T IIC

S: (1, 2, 72)
F: (1, 0, 0) Majorana

Similar ingredients as in scotogenic neutrino
mass models (but no Z, symmetry)
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Implications

* [eptogenesis

Collider Searches

- Im,
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TeV Scale LNV: EFT

— ~ y —
cmaSS — yLHVR _I_ h.C. Emass — KLCHHTL _l_ h.C.
Dirac Majorana
EFT “Bridge”
T . TeV Scale LNV

Vs N\
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Low Energy: Ov 53 - decay in EFT

d=9 effective operators U= M WEAK

G2 14 .
L(q,e)=AF NC,wO; ere + he.

BB j=1
e.g. éab = M_L_a — Tb
i+ =4y T qp 4rY T 4p
Ovpp -decay:a=b =+ Prezeau, MJRM, Vogel

------------------------------------------------ « PRD 68 (2003) 034016
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S T g,

Low Energy: Ov 53 - decay in EFT
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Low Energy: Ov 53 - decay in EFT

Operator classification u=mM WEAK

£(q.e)

el + hc.

/3’/5]1

Chiral sym: map O; onto L (x ,N)

———————————————————————————————————————————————————————————————————

i + M.J. Graesser, 1606.04549 i
i- Cirigliano et al, 1806.02780 i
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ovpp-Decay: TeV Scale LNV

Lowss = yLHvr + h.c. Loass = %[_/CHHTL + h.c.
Dirac Majorana

Low energy:  Nuclear Matrix Elements: Long Range Effects
Prezeau, R-M, Vogel ‘03 *
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Implications

* Nuclear Physics

 Collider Searches

- Im,
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Energy Scale (GeV)

TeV LNV & Leptogenesis

1012

103

102
107

<_T_ Standard thermal lepto

\wl

ﬁf

— D it Deppisch et
I~y <—T— Fast AL = 2 int: erase L al ‘14, ‘15

The observation of TeV (and
below) scale LNV could be fatal

to the leptogenesis paradigm
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Boltzmann: N & B-L

Basic equations: decays & inverse decays

dYy
dz

dYB—L
dz /

CPV Decay .
Asymmetry: source Wash out: Inverse decays, AL =1, 2

processes...
31



Neutrinos and the Origin of Matter

« Heavy neutrinos decay out of equilibrium
In early universe

Washout processes

&
-
P 4
P 4
P 4
U 4
P 4
/’
P 4

Converts leptons into anti-leptons




Neutrinos and the Origin of Matter

« Heavy neutrinos decay out of equilibrium
In early universe

Washout processes

Converts leptons into anti-leptons




Leptogenesis & TeV Scale LNV: Example

The “O2 Model’: similar ingredients as in scotogenic neutrino mass models
(but no Z, symmetry)

e S: (1,2, %)
‘CINT —_ ngid Si - §H€- LI-FS‘,- -+ H.c. F: (1’ 0’ O) Majorana
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Implications

Nuclear Physics

* [eptogenesis
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TeV-Scale LNV: lepto, OvppB-Decay & Colliders

The “O2 Model’: similar ingredients as in scotogenic neutrino mass models
(but no Z, symmetry)

—_ " S: (1, 2, 72)
Lint = 1Q7d"S; + gs€ LiFS; +H.c. F: (1,0, 0) Majorana
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Implications

Nuclear Physics
* [eptogenesis

 Collider Searches
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Minimal LR Symmetric Model: Ovip-Decay

Long range chiral enhancement

® There are the following contributions (on top
of the usual light neutrino contribution)

LL or RR
J w ol
/ —_
We - l/\{ R -
1
e SL R
| —r— .
N 7 —
g
We WL, K
%/———— >
o n o
RR contribution Suppressed by heavy
6+t masses and LFV constraints (Tello and The Blue contributions are
Senjanovic. ArXiv: 1011.3522) .
Suppressed | mall heavy-light
ATLAS limit ~ 800 GeV) (arXlv: 1710.09748) )
Neutr m ]
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Minimal LR Symmetric Model: Ovip-Decay

Long range chiral enhancement

® There are the following contributions (on top
of the usual light neutrino contribution)

LL or RR
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Minimal LR Symmetry

TeV-Scale LNV: Ovpfp-Decay & > m,

EFT: Long range

PHYSICAL REVIEW LETTERS 126, 151801 (2021)
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IV. GeV- and Below-Scale LNV
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LNV Mass Scale & Ovpp-Decay

Underlying — A(Z"‘Z, N-Z) + e e

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
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V. Conclusions & Outlook

The observation of Ovif3—-decay would imply
the existence of BSM LNV that could hold the

keys to answering fundamental questions:
origin of m , & matter antimatter asymmetry.

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

Ton-scale OvpfB—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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V. Conclusions & Outlook

The observation of TeV scale LNV would have
profound implications for our understanding of
the origin of m, & the connection to the cosmic
baryon asymmetry

There exists a rich interplay between Ovf5,
collider searches, and m,, information from

cosmology

Exciting opportunities ahead for exploring model
realizations, related phenomenology, and
hadronic/nuclear theory
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Minimal LR Symmetric Model: Ovpf-Decay
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