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Outline

❖ Lepton Number Violation: Why look for it? 

❖ Neutrinoless Double Beta Decay (A,Z) → (A,Z+2) + 2 e-: 

• Standard Interpretation

• Non-Standard Interpretations

❖ Majorana neutrinos outside V-A
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Why look for Lepton Number Violation?

❖ L and B accidentally conserved in SM

❖ L = LSM + 1/Λ L5 + 1/Λ2 L6 + …, with L5 = Lcɸ ɸL → mν νLc νL

❖ Baryogenesis: B is violated

❖ B, L often connected in BSM, GUTs

❖ GUTs have seesaw and Majorana neutrinos
❖ (B and L non-perturbatively violated by 3 units in SM…)
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Neutrinoless Double Beta Decay
best limit from 2002, improved since 2012 by one order of magnitude!
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Neutrinoless Double Beta Decay

❖ Master Formula:

• Gx(Q,Z): phase space factor, ∝ Q5

• Mx(A,Z): Nuclear Matrix Element (NME)

• ηx : particle physics parameter

(A,Z) → (A,Z+2) + 2 e-
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Neutrinoless Double Beta Decay

❖ Master Formula:

• Gx(Q,Z): phase space factor, ∝ Q5      calculable

• Mx(A,Z): Nuclear Matrix Element (NME)   problematic

• ηx : particle physics parameter          interesting

(A,Z) → (A,Z+2) + 2 e-
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Interpretations
❖ Standard Interpretation

• Neutrinoless Double Beta Decay is mediated by light and 
massive Majorana neutrinos (the ones which oscillate) and all 
other mechanisms potentially leading to 0νββ give negligible 
or no contribution

❖ Non-Standard Interpretations

• There is at least one other mechanism leading to Neutrinoless 
Double Beta Decay and its contribution is at least of the same 
order as the light neutrino exchange mechanism



Werner Rodejohann (MPIK) INT (14/06/17)

Standard Interpretation
❖ Neutrinoless Double Beta Decay is mediated by light 

and massive Majorana neutrinos (the ones which 
oscillate) and all other mechanisms potentially leading 
to 0νββ give negligible or no contribution
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See talk by Bilenky
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The usual plot
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The usual plot
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Connections to Oscillation Experiments

Nature gives us two scales

sin2 𝛳12 = 0.339
sin2 𝛳12 = 0.323 JUNO will fix 𝛳12 and remove 

uncertainty in value 
of minimal mee in IH

Factor 2 uncertainty of 
minimal mee  in IH, mostly 

from 𝛳12 

D
ueck, W

R, Zuber, 1103.4152; G
e, W

R, 1507.05514 
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Neutrino Mass Observables

Method Observable current near far pro con

Kurie Σ|Uei|2 mi 2.3 eV 0.3 eV 0.1 eV? model-indep.;
clean

final;
weakest

cosmo Σ mi 0.5 eV 0.1 eV 0.05 eV? best;
NH/IH

model-dep.;
systematics 

0νββ Σ Uei2 mi 0.2 eV 0.05 eV 0.01 eV? fundamental;
NH/IH

model-dep.;
NMEs
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Cosmological Mass Limits
❖ adding more and more data 

sets: breaks degeneracies and 
improves limits

❖ BUT: can introduce 
systematics?
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Palanque-D
elabrouille et al., 1410.7244 + 1506.05976

IH ruled out at 1σ?

ΣIH
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Neutrino Mass Observables

complete complementarity
of observables

cosmology strongly disfavors a signal in KATRIN

0νββ rules out that neutrinos saturate Mainz-limit

0νββ and cosmology currently roughly the same
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Neutrino Mass Observables

complete complementarity
of observables

cosmology strongly disfavors a signal in KATRIN

0νββ rules out that neutrinos saturate Mainz-limit

0νββ and cosmology currently roughly the same

All need to be pursued!
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Neutrino Mass Observables

complete complementarity
of observables

cosmology strongly disfavors a signal in KATRIN

0νββ rules out that neutrinos saturate Mainz-limit

0νββ and cosmology currently roughly the same

Consistency would be 

spectacular confirmation

of  3 Majorana neutrino 

paradigm
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Neutrino Mass Observables

complete complementarity
of observables

cosmology strongly disfavors a signal in KATRIN

0νββ rules out that neutrinos saturate Mainz-limit

0νββ and cosmology currently roughly the same

Inconsistencies 
would be major

discovery!
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Expectations of lifetimes

+

Agostini et al, 1705.02996; 
also Caldwell et al., 1705.01945

Bayesian discovery 
probability: discovery 
sensitivity (value of mee 
for which expt. has 50% 

chance to see it at 3σ) 
folded with probability 

distribution of mee
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Neutrino Mass Sum-Rules
Flavor Symmetry models can not predict masses, 

but relations between them:
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Sterile Neutrinos
❖ are there sterile states (LSND/reactor/etc.) with mass ∆m2 ≃ eV2  

and mixing  Ue4 ≃ 0.1 ? 

❖ would make mee  sum of 4 terms with sterile contribution               
|Ue4|2 √∆m2    that can cancel contribution of IH!

❖ usual pheno completely turned around!

Barry, W
R, Zhang; 

Petcov et al., G
iunti et al.
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Non-Standard Interpretations
❖ There is at least one other mechanism leading to 

Neutrinoless Double Beta Decay and its contribution is 
at least of the same order as the light neutrino exchange 
mechanism
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Non-Standard Interpretations
❖ There is at least one other mechanism leading to 

Neutrinoless Double Beta Decay and its contribution is 
at least of the same order as the light neutrino exchange 
mechanism

⇒ 0νββ is not a neutrino mass experiment!
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Non-Standard Interpretations
❖ There is at least one other mechanism leading to 

Neutrinoless Double Beta Decay and its contribution is 
at least of the same order as the light neutrino exchange 
mechanism

⇒ need to solve the „inverse problem“
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Non-Standard Interpretations
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Unexpected Correlations with other Experiments

0.1 0.2 0.5 1 2 5

1025

1026

1027

1028

Excess events at IC

T
1
/20
[y

r]

GERDA-I

GERDA-II

mf
˜ = 400 GeV

G
ER
D
A

G
ER
D
A
II

KATRIN

Sej!10"3, Mj!2 keV

Sej!10"4, Mj!4 keV

Sej!10"5, Mj!7 keV

1023 1025 1027 1029 1031 1033
10"9

10"8

10"7

10"6

10"5

10"4

10"3

0ΝΒΒ halflife T1!2 for 76Ge in yrs

Θ e
ff2

RPV SUSY 
at IceCube 

and in 0νββ 

keV nus and
RH currents 
in KATRIN  
and in 0νββ 

Barry, H
eeck, W

R, 1404.5955

D
ev

, G
ho

sh
, W

R,
 1

60
5.

09
74

3



Werner Rodejohann (MPIK) INT (14/06/17)

Non-Standard Interpretations

❖ decouples double beta decay from cosmology and KATRIN
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Non-Standard Interpretations

❖ decouples double beta decay from cosmology and KATRIN

Therefore:
T(eV) = T(TeV)
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Non-Standard Interpretations

❖ decouples double beta decay from cosmology and KATRIN

Therefore:
T(eV) = T(TeV) ⇒ Tests with LHC, LFV, etc.
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Double Beta Decay and LR-Symmetry
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Double Beta Decay and LR-Symmetry

standard heavy RH
neutrino + W

heavy RH
neutrino + WR

triplet of SU(2)L

triplet of SU(2)R light ν plus
mixing of 
W and WR

light ν and
exchange of 
W and WR
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Double Beta Decay and LR-Symmetry

standard heavy RH
neutrino + W

heavy RH
neutrino + WR

triplet of SU(2)L

triplet of SU(2)R light ν plus
mixing of 
W and WR

light ν and
exchange of 
W and WR

both e- LH both e- LH both e- RH

both e- LH both e- RH one e- LH, the other RH
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Double Beta Decay and LR-Symmetry

standard heavy RH
neutrino + W

heavy RH
neutrino + WR

triplet of SU(2)L

triplet of SU(2)R light ν plus
mixing of 
W and WR

light ν and
exchange of 
W and WR

both e- LH both e- LH both e- RH

both e- LH both e- RH one e- LH, the other RH

long-ra
nge

long-ra
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short-range

short-range

short-range

short-range
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Double Beta Decay and LR-Symmetry

standard heavy RH
neutrino + W

heavy RH
neutrino + WR

triplet of SU(2)L

triplet of SU(2)R light ν plus
mixing of 
W and WR

light ν and
exchange of 
W and WR

both e- LH both e- LH both e- RH

both e- LH both e- RH one e- LH, the other RH

long-ra
nge

long-ra
nge

long-ra
nge

short-range

short-range

short-range

short-range

simultaneous presence/interference/…
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Double Beta Decay and LR-Symmetry
Senjanovic et al., 1011.3522

lightest neutrino mass in eV

normal

inverted

MWR = 3.5 TeV

largest mN = 0.5 TeV
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Type II dominance: 

⇒ right-handed neutrinos diagonalized by PMNS matrix!

amplitude determined 
by PMNS, but ∝ 1/mν

again, NH/IH turned around…
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Double Beta Decay and LR-Symmetry

❖ add Standard and LR-diagram

❖ TSt ∝ 1/mν2 and TLR ∝ mν2

❖ gives lower limit on mν
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LHC and Double Beta Decay
Li

nd
ne

r, 
Q

ue
iro

z,
 

W
R,

 Y
ag

un
a,

 1
60

4.
08

59
6 

polarization at LHeC
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LHC and Double Beta Decay
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LFV and Double Beta Decay
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Complementarity of LHC and 0νββ
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❖ LHC needs MS > M𝜓

❖ LHC has low sensitivity for small M𝜓

❖ include jet-fake rate, charge mis-ID, 
QCD corrections in 0νββ, etc.

❖ ⇒ complementary 

H
irs

ch
 et

 a
l.,

 1
51

1.
03

94
5

Ra
m

se
y-

M
us

ol
f e

t a
l.,

 1
50

8.
04

44
4

S∼(1,2)

𝜓∼(1,0)

See talk by Ramsey-Musolf
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QCD Corrections

❖ naive size (αs/4𝜋) ln (MW/100 MeV)2 ≃ 10%, true for standard 
diagram

❖ creates in non (V-A) ⊗ (V-A) short-range mechanisms color 
non-singlets, Fierzing to singlets gives different operators with 
vastly different NMEs

❖ ⇒ can give effect exceeding NME uncertainty…
Mahajan, PRL 112; Gonzalez, Kovalenko, Hirsch, PRD 93; 
Peng, Ramsey-Musolf, Winslow, PRD 93 
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TeV-scale LNV and Baryogenesis
❖ Example TeV-scale WR: leads to washout in early 

Universe via eR eR ↔ WR WR  and  eR WR  ↔ WR eR; 
processes stay long in equilibrium (Frere, Hambye, 
Vertongen; Bhupal Dev, Mohapatra; Sarkar et al.)

❖ more model-independent (Deppisch, Harz, Hirsch): 
wash-out:

(⟺ need for high-scale baryogengesis if TeV-scale LNV is present…?) 
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Dirac vs. Majorana beyond V-A

❖ gives cross section for elastic neutrino-electron scattering: 

❖ For Majorana neutrinos: CV = DV = CT = DT = 0

with: 

Rosen, PRL48 (1982)
WR, Xu, Yaguna, 1702.05721



Werner Rodejohann (MPIK) Medex (30/05/17)

Dirac vs. Majorana beyond V-A

Dirac neutrinos: 

Majorana neutrinos: 

WR, Xu, Yaguna, 1702.05721
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Summary


