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`
O

rigin of neutrino m
asses beyond the Standard M

odel
`

Tw
o possibilities to define neutrino m
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`
Neutrino interaction eigenstates different from

 m
ass 

eigenstates
◦

Neutrino flavour can change through 
propagation

`
Era of neutrino precision physics
◦

Currenterrors ~ 1-10%

`
Experim
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ns and anom
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D
une sensitivity to 

CP violating phase

JUN
O

 sensitivity to m
ass 

ordering (M
arrone

et al. ‘15)

Im
pact on flavour m

odels (Girardi ‘14)
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`
Single beta decay 
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`
Effective 0𝜈𝛽𝛽

M
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`
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`
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`
Experim

ental Sensitivity

Agostini, Benato, D
etw

iler
arXiv:1705.02996
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`
Hadronic current

`
Nuclear M

atrix Elem
ent 𝑀

0𝜈

◦
M

any-body problem
 

◦
Factor 2 –

3 uncertainty 
betw

een nuclear m
odels
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Lett. 116, 112502
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`
Nuclear m

atrix elem
ent

`
Axial-vector coupling 𝑔

𝐴
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`
Plethora of New

 Physics scenarios
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`
Plethora of New

 Physics scenarios

`
Neutrinos still 
M

ajorana

𝑒 𝑒𝑢 𝑢
𝑑𝑑

0nbb

𝑇
Τ12
−
1
=
𝜖𝑁

𝑃
2
𝐺
𝑁
𝑃 0𝜈
𝑀
𝑁
𝑃 0𝜈
2

Left-Right Sym
m

etry

R-Parity 
Violating SUSY

Extra 
D

im
ensions

M
ajorons

Leptoquarks

…



University College London

19
/ 30

Frank D
eppisch | Theory of LNV and LFV | 9/11/2017

`
Exam

ples in Left-Right Sym
m

etry

`
0𝜈𝛽𝛽

probes 
the TeV scale 𝑒 𝑒𝑢 𝑢
𝑑𝑑
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`
Exam

ples in Left-Right Sym
m

etry

`
0𝜈𝛽𝛽

probes 
the TeV scale 𝑒 𝑒𝑢 𝑢
𝑑𝑑

M
odified angular and energy 

distribution of em
itted electrons

(D
oiet al. '83; Ali et al. '06)
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FFD
, SuperNEM

O
, 

Eur.Phys.J. C70 (2010) 927)



University College London

21
/ 30

Frank D
eppisch | Theory of LNV and LFV | 9/11/2017

`
Exam

ple of Left-Right Sym
m

etry
(M

ohapatra, Senjanovic ‘75)

Helo, Hirsch, Phys. Rev. 
D

92 (2015), 073017

LHC ℓ
±ℓ

±𝑗𝑗LHC displaced vertex

SHiP

LHC dijet
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`
Effective operator for M

ajorana neutrino m
ass

◦
O

nly dim
ension-5 operator beyond SM

`
Seesaw

 M
echanism𝐻

𝐻

𝑌
𝜈

𝑌
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ത𝐿

𝐻
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𝑌
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⊃
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Λ
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𝐻
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`
Effective operator for M

ajorana neutrino m
ass

◦
O

nly dim
ension-5 operator beyond SM

`
Radiative Generation via Loops
◦

Alternative to Seesaw
, e.g. Babu-Zee m

odel (Zee ’85, Babu
‘88)

ℒ
⊃
12
ℎ
𝑖𝑗

Λ
𝐿𝑁

𝑉
ത𝐿𝑖 𝑐⋅𝐻

𝐻
𝑇
⋅𝐿𝑗
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12
𝑚
𝜈

𝑖𝑗
ҧ𝜈𝑖 𝑐𝜈𝑗

𝐻
𝐻𝐿

ത𝐿

Neutrino m
asses 

suppressed at 2-loop
𝑓
2

𝑚
ℎ 2
≫

𝑔
2

𝑚
𝑘 2

𝑔
2

𝑚
𝑘 2
≫

𝑓
2

𝑚
ℎ 2
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`
Correct light neutrino m

asses for TeV scale heavy neutrinos
◦

Seesaw
 M

echanism
 w

ith TeV scale heavy neutrinos
x

Standard Seesaw
 w

ith sm
all Yukaw

a couplings
x

CLFV rem
ains sm

all
◦

“Bent” Seesaw
 m

echanism
s

x
D

ecouple ΛLN
V

from
 

heavy neutrino m
ass

x
Exam

ple

x
Potentially large CLFV

x
In the lim

it 𝜇
→
0, 

no LNV but CLFV

ℳ
=

0
𝑌𝜈

𝐻
0

𝑌𝜈
𝐻

𝜇
𝑀

0
𝑀

𝜇

𝑌𝜈
𝐻

=
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2
GeV

𝑀
=
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3
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Q
uasi-D

irac 
M

ajorana Neutrinos 

𝑚
𝜈
=
0.1

eV

𝑉
𝐿𝑅
≈
𝑌𝜈
≈
10

−
6
𝑀
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`
Constraints on coupling 
to leptons 𝑉

𝑙𝑁

`
Neutrinoless D

ouble Beta 
D

ecay
◦

GERD
A

◦
stringent for pure 
M

ajorana 𝑁

`
Peak Searches in M

eson 
D

ecays
◦

𝜋,𝐾
→
𝑒𝜈

◦
Belle

`
Beam

 D
um

p Experim
ents

◦
e.g. PS191, CHARM

◦
LBNE

`
LNV M

eson D
ecays

◦
𝐾
→
𝑒𝑒𝜋

◦
SHiP

`
Z

D
ecays

◦
LEP: L3, D

elphi
◦

FCC-ee

`
Electrow

eak Precision Tests
◦

EW
PD

: Fit of electrow
eak precision observables, 

lepton universality observables

FFD
, D

ev, Pilaftsis
NJP 17 (2015) 7, 075019
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`
CLFV in the Seesaw

 M
echanism

◦
Light neutrino exchange
x

Negligible due to sm
all neutrino m

asses

◦
Heavy neutrino exchange
x

Sizable for TeV scale heavy neutrinos and 
large LR m

ixing 𝑉
𝐿𝑅
≈
10

−
2

𝐵𝑟
𝜇
→
𝑒𝛾

=
3𝛼
32𝜋

෍
𝑖

𝑈
𝜇𝑖 ∗𝑈

𝑒𝑖 Δ𝑚
1𝑖 2

𝑚
𝑊 2

2

≈
10

−
56

𝐵𝑟
𝜇
→
𝑒𝛾

≈
4
×
10

−
3
෍
𝑖

𝑉𝜇𝑖 𝐿𝑅
∗𝑉
𝑒𝑖 𝐿𝑅𝐺

𝑚
𝑁
𝑖

2

𝑚
𝑊 2

2

≈
10

−
11

𝑉
𝐿𝑅

10
−
2

4

𝒰
𝜈
=

𝑈
𝑉
𝐿𝑅

(𝑉
𝐿𝑅) ⊺

𝑈
𝑅
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`
Neutrino flavour m

ixing radiatively
induces slepton flavour m

ixing
(Borzum

ati, M
asiero

‘86)

`
Correlation betw

een slepton
and neutrino flavour m

ixing (Type I)

`
Induces observable charged 
LFV rates

despite high scale 
Seesaw

 𝑀
𝜈
𝑅
≈
10

14
GeV

𝛿𝑚
෨𝐿 2
=

𝛿
11

𝛿
12

𝛿
13

𝛿
12 ∗

𝛿
22

𝛿
23

𝛿
13 ∗

𝛿
23 ∗

𝛿
33

∝
𝑌
𝜈†
⋅𝑌

𝜈
log(𝑀

𝑋 /𝑀
𝜈
𝑅 )

Type I
Type II

Type III

Esteves
et al. ‘11
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`
Classic Exam

ple: High-Scale Leptogenesis
◦

Generation via heavy neutrino decays
◦

Com
petition w

ith LNV w
ashout processes

◦
Conversion to baryon asym

m
etry

x
EW

 sphaleron processes at 𝑇
≈
100

GeV
x

O
bserved asym

m
etry

`
W

hat if w
e observe lepton num

ber
violating processes in 0𝜈𝜈𝛽?

𝜂
𝐵
≡
𝑛
𝐵
−
𝑛
ത𝐵

𝑛
𝛾

=
(6.20

±
0.15)×

10
−
10
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`
Com

pare 0𝜈𝛽𝛽
rate w

ith 
lepton asym

m
etry w

ashout 
in the early Universe

`
O

bservation of lepton 
num

ber violation
◦

gives inform
ation at w

hat 
tem

peratures operators 
are in equilibrium

◦
corresponds to highly 
effective w

ashout Γ𝑊
/𝐻

≫
1

◦
can falsify high-scale 
baryogenesis scenarios

FFD
, Harz, Hirsch, Huang, Päs, 

Phys.Rev. D
92 (2015) 036005

𝐵𝑟(𝜇
→
𝑒𝛾)

𝐵𝑟(𝜏
→
ℓ𝛾)

𝑅
(𝜇

→
𝑒)
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`
N

eutrinos m
uch lighter than other ferm

ions
◦

LNV! D
irac or M

ajorana? Lepton Num
ber Violation?

`
LN

V and LFV are crucial probes for BSM
 physics

◦
Test m

echanism
s and scale of neutrino m

ass generation
◦

How
is

lepton num
ber/flavour approxim

ately protected
x

High
scale,sm

allcouplings, sym
m

etry?

`
N

eutrinoless
double

beta
decay

◦
D

iscovery Æ
M

ajorana n
Æ

Physics near GUT scale? LNV @
 TeV?

◦
Exclusion Æ

D
irac n? Æ

Fine-tuned SM
?

`
Strong Synergy w

ith LHC+
LFV searches

◦
LHC can deep-probe anatom

y of 0𝜈𝛽𝛽
LNV operators

◦
O

bservation of LNV+
LFV w

ould strongly constrain baryogenesis


