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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
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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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Lepton Number as important as Baryon Number
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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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0νββ is not just a neutrino mass experiment!



Werner Rodejohann (MPIK) IPMU April 19

Lepton Number Conservation?
❖ accidental lepton number conservation difficult in BSM…

❖ need a symmetry to forbid MR NR NR:

• can apply flavor symmetries with (NR1, NR2 ,NR3) ∼ 3, in groups that have no 
singlet in 3x3 (e.g. ∆(27))

• still need to explain smallness, e.g. wave-function overlap in ED, 2HDM with one 
vev of order eV,…

• (can break U(1)B-L  by scalars carrying charge B-L=3,4,…)

❖ global U(1)L or U(1)B-L → expected to be broken by quantum gravity effects

❖ gauge U(1)L or U(1)B-L without breaking? → long range force, needs ultra-tiny 
charge

!7
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Neutrinoless Double Beta Decay
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best limit from 2002, improved since 2012 by one order of magnitude!

Talk by Inoue
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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

!10

(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

!11

(A,Z) → (A,Z+2) + 2 e-

*NME talk by Suhonen
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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

!12
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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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The usual plot
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The usual plot
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Neutrino Mass Observables

!16

Method Observable current near far pro con

Kurie Σ|Uei|2 mi2 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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Neutrino Mass Observables

!17

complete complementarity
of observables

cosmology strongly disfavors a signal in KATRIN

0νββ rules out that neutrinos saturate Mainz-limit

0νββ and reasonable cosmology currently roughly same
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0νββ and reasonable cosmology currently roughly same

Neutrino Mass Observables

!18

complete complementarity
of observables

cosmology strongly disfavors a signal in KATRIN

0νββ rules out that neutrinos saturate Mainz-limit

All need to be pursued!
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0νββ and reasonable cosmology currently roughly same

Neutrino Mass Observables

!19

complete complementarity
of observables

cosmology strongly disfavors a signal in KATRIN

0νββ rules out that neutrinos saturate Mainz-limitConsistency would be 

spectacular confirmation

of  3 Majorana neutrino 

paradigm
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0νββ and reasonable cosmology currently roughly same

Neutrino Mass Observables

!20

complete complementarity
of observables

cosmology strongly disfavors a signal in KATRIN

0νββ rules out that neutrinos saturate Mainz-limit

Inconsistencies 
would be major

discovery!
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Expectations of lifetimes
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+
Agostini et al, 1705.02996; 

also Caldwell et al., 
1705.01945; 

also Zhang, Zhou, 
1508.05472

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

oscillation fits
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Expectations of lifetimes
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Expectations of lifetimes
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Predicting the effective mass

!24

Flavor Symmetry models (talk by Everett) can not predict masses, 
but relations between them:

Barry, WR, 1007.5217Penedo, Petcov, Titov, 1705.00309
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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 almost completely contribution of IH!

❖ usual pheno completely turned around!
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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

!27
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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

!28
⇒ 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

!29
⇒ need to solve the „inverse problem“
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Non-Standard Interpretations
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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
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Therefore:
T(eV) = T(TeV)
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Non-Standard Interpretations

❖ decouples double beta decay from cosmology and KATRIN

!33

Therefore:
T(eV) = T(TeV) ⇒ Tests with LHC, LFV, etc.
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Scales

❖ 0νββ standard mechanism: T½ ∝ 1/(mν2)

❖ 0νββ standard and Weinberg: mν ∝ 1/Λ ⇒ T½ ∝ Λ2

❖ 0νββ and heavy Physics: T½ ∝ Λ10

❖ cf. to proton decay with T½ ∝ Λ4

❖ cf. to neutron-antineutron oscillation P ∝ Λ10

!34
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103 GeV

1016 GeV

106 GeV



Werner Rodejohann (MPIK) IPMU April 19

Double Beta Decay and LR-Symmetry

!36



Werner Rodejohann (MPIK) IPMU April 19

Double Beta Decay and LR-Symmetry
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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

!38

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
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Double Beta Decay and LR-Symmetry
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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

!41
Senjanovic et al., 1011.3522

lightest neutrino mass in eV

normal
inverted

MWR = 3.5 TeV

largest mN = 0.5 TeV

|M
ee N

|in
eV

10�4 0.001 0.01 0.1 1
10�4

10�3

0.01

0.1

1.0

10�4 0.001 0.01 0.1 1
10�4

0.001

0.01

0.1

1

1

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

!42
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Expectations for half-lifes
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However, most alternative mechanisms unrelated to neutrino parameters…
…thus decoupled from cosmology (and direct experiments)! 
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Unexpected Correlations with other Experiments
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LHC and Double Beta Decay
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LHC and Double Beta Decay

!46

Li
nd

ne
r, 

Q
ue

iro
z,

 
W

R,
 Y

ag
un

a,
 1

60
4.

08
59

6 

polarization at LHeC



Werner Rodejohann (MPIK) IPMU April 19

LHC and Double Beta Decay

!47

displaced vertices 
for low masses

Nemevsek, Nesti, Popara, 1801.05813 Chianese et al., 1812.01994

low mass neutrinos 
better constrained 

by other expts.
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LFV and Double Beta Decay
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Complementarity of LHC and 0νββ

1000 2000 3000 4000 5000

0.2

0.4

0.6

0.8

1.0

Meff !GeV"

g e
ff

❖ LHC prefers MS > M𝜓

❖ LHC has low sensitivity for small M𝜓

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

❖ ⇒ complementary 
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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…

!50

Mahajan, PRL 112; Gonzalez, Kovalenko, Hirsch, PRD 93; 

Peng, Ramsey-Musolf, Winslow, PRD 93 
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Leptogenesis

!51

Moffat, Pascoli, Petcov, Turner, 1809.08251Merlo, Rosauro-Alcaraz, 1801.03937

Many connections to 0νββ possible, just some examples…
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Leptogenesis

Moffat, Pascoli, Petcov, Turner, 1809.08251Merlo, Rosauro-Alcaraz, 1801.03937

Many connections to 0νββ possible, just some examples…

Arcadi et al., 1810.12463
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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; Dev, Mohapatra; Sarkar et al.)

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

!53

wash-out:

would need electroweak, resonant, ARS, post-sphaleron baryogenesis
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wash-out:

would need electroweak, resonant, ARS, post-sphaleron baryogenesis
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Summary

!55
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Nuclear Matrix Elements

!56
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⇒ Need as much experimental 
input (e.g. charge exchange) 

as possible…
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Nuclear Matrix Elements
Ia

ch
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et

 a
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QUENCHING??

❖ fact in β and 2νββ 

❖ truncation of model-space? 

❖ also in 0νββ??

• q = 102 vs. 100 MeV?

• higher multipolarities? 

• two-body currents?

• muon capture?

• SM vs. QRPA
!57
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J. BAREA, J. KOTILA, AND F. IACHELLO PHYSICAL REVIEW C 91, 034304 (2015)

TABLE IX. IBM-2 matrix elements with Argonne SRC and
isospin restoration for neutrinoless β+β+, ECβ+, and ECEC com-
pared with available QRPA calculations.

Decay 0+
1 0+

2

IBM-2 QRPAa IBM-2 QRPA

58Ni 2.61 1.55 2.44
64Zn 5.44 0.70
78Kr 3.92 4.16 0.90
96Ru 2.85 3.23 4.29b 0.04 2.31b

106Cd 3.59 4.10 7.54c 1.72 0.61c

124Xe 4.74 4.76 0.80
130Ba 4.67 4.95 0.34
136Ce 4.54 3.7 0.38
156Dy 3.17 1.75
164Er 3.95 1.13
180W 4.67 0.31

aReference [28]. No isospin restoration.
bReference [29] (UCOM SRC). No isospin restoration.
cReference [30] (UCOM SRC). No isospin restoration.

TABLE X. NMEs (dimensionless) for heavy neutrino exchange
for neutrinoless β+β+/ECβ+/ECEC decay in IBM-2 with isospin
restoration, Argonne SRC, and gV /gA = 1/1.269.

Nucleus 0+
1 0+

2

M
(0ν)
GT M

(0ν)
F M

(0ν)
T M (0ν) M

(0ν)
GT M

(0ν)
F M

(0ν)
T M (0ν)

58Ni 55.1 −23.1 18.6 88.0 36.3 −15.8 8.33 54.5
64Zn 103 −38.9 −18.5 109 10.1 −3.20 −2.00 10.1
78Kr 89.8 −38.5 −30.6 83.1 21.1 −9.12 −7.22 19.5
96Ru 67.5 −30.6 12.5 99.0 0.32 −0.08 0.32 0.59
106Cd 87.8 −38.1 26.5 138 34.0 −14.7 8.75 51.9
124Xe 105 −47.9 −25.0 110 18.1 −8.24 −4.31 18.9
130Ba 103 −46.4 −23.7 108 8.07 −3.68 −1.90 8.45
136Ce 95.8 −43.2 −21.8 101 8.24 −3.73. −1.89 8.66
156Dy 82.6 −37.0 17.5 123 47.6 −21.4 10.4 71.3
164Er 108 −46.8 32.9 170 23.6 −9.95 5.96 35.8
180W 119 −53.3 28.1 180 10.7 −4.85 2.91 16.6

TABLE XI. Final β+β+, ECβ+, and ECEC IBM-2 matrix
elements with isospin restoration, Argonne SRC, and their error
estimate.

Decay Light neutrino exchange Heavy neutrino exchange

58Ni 2.61(42) 88(25)
64Zn 5.44(87) 109(31)
78Kr 3.92(63) 83(23)
96Ru 2.85(46) 99(28)
106Cd 3.59(57) 138(39)
124Xe 4.74(76) 110(31)
130Ba 4.67(75) 108(30)
136Ce 4.54(73) 101(28)
156Dy 3.17(51) 123(34)
164Er 3.95(63) 170(48)
180W 4.67(75) 180(50)

TABLE XII. 2νβ−β− matrix elements (dimensionless) to the
ground state (columns 2 and 3) and to the first excited state (columns
4 and 5) using the microscopic interacting boson model (IBM-2) with
isospin restoration and Argonne SRC in the closure approximation.

Nucleus 0+
1 0+

2

M
(2ν)
GT M

(2ν)
F M

(2ν)
GT M

(2ν)
F

48Ca 1.64 −0.01 5.07 −0.01
76Ge 4.44 −0.01 2.02 −0.00
82Se 3.59 −0.01 1.05 −0.00
96Zr 2.28 −0.00 0.04 −0.00
100Mo 3.05 −0.00 0.81 −0.00
110Pd 3.08 −0.00 0.38 −0.00
116Cd 2.38 −0.00 0.83 −0.00
124Sn 2.86 −0.01 2.19 −0.00
128Te 3.71 −0.01 2.70 −0.00
130Te 3.39 −0.01 2.64 −0.00
134Xe 3.69 −0.01 2.34 −0.00
136Xe 2.82 −0.01 1.65 −0.00
148Nd 1.31 −0.00 0.18 −0.00
150Nd 1.61 −0.00 0.31 −0.00
154Sm 1.95 −0.00 0.35 −0.00
160Gd 3.08 −0.00 0.53 −0.00
198Pt 1.06 −0.00 0.03 −0.00
232Th 2.75 −0.00 0.08 −0.00
238U 3.35 −0.00 0.24 −0.00

V. RESULTS FOR 2νββ

Isospin restoration has a major consequence on matrix
elements for 2νββ decay, since F matrix elements vanish when
isospin restoration is imposed. 2νββ matrix elements can be
easily calculated in IBM-2 using the closure approximation
(CA). In this approximation the matrix elements M2ν , which

from experimental τ1 2 ISM
gA,effISM 1.269A 0.12

from experimental τ1 2 IBM 2 CA SSD
gA,effIBM 2 1.269A 0.18
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FIG. 5. (Color online) Value of gA,eff extracted from experiment
for IBM-2 and the ISM.
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less quenching 
than in 2νββ 

(20-30% effect)
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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
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Dirac vs. Majorana beyond V-A

Dirac neutrinos: 

Majorana neutrinos: 

WR, Xu, Yaguna, 1702.05721
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can only 
demonstrate 
Dirac nature!
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Comparison of Limits
Limit from Xenon is better than limit from Germanium if:

❖ depends on NMEs

❖ for most NMEs Xe better

❖ limit about mee  < 0.2 eV 

❖ means 0.2…0.6 eV for KATRIN 

❖ means 0.6…1.8 eV for cosmo 

!61
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Best chance: Neutrinoless Double Beta Decay

!62

(A,Z) → (A,Z+2) + 2 e-

∆L = 2
(A,Z) → (A,Z+2) + 2 e-  + 2 νe

∆L = 0
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Neutrinoless Double Beta Decay

!63
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first background free result

current limits: T½ ≿ 1026 years
with exposure of about 100 kg・years 
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Neutrinoless Double Beta Decay

!64

G
ER

D
A

, 1
70

3.
00

57
0,

 N
at

ur
e

First background free result

current limits: T½ ≿ 1026 years
with exposure of about 100 kg・years 

Pl
ot

 b
y 

Jo
se

f J
oc

hu
m



Werner Rodejohann (MPIK) IPMU April 19

Neutrinoless Double Beta Decay
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Black Box Theorem

❖ Whatever the mechanism, observation of 0νββ implies 
Majorana neutrinos (Schechter-Valle, ’82)

❖ is 4-loop diagram ⇒ tiny mass (Dürr, Lindner, Merle, 1105.0901)

!66
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Limits on Heavy Neutrinos

!67

Deppisch, Dev, Pilaftsis, 1502.06541 Antusch, Cazzato, Fischer, 1612.02728

see also Atre et al., 0901.3589

peak searches, kink searches, LNV decays,…

M(WR) ⟷ VαN
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New Idea 
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assume RH neutrinos with mass less than mW (Dib, Kim, 1509.05981):

W+ → e+ μ- e+ νe W+ → e+ μ- e+ anti-ν!

∆L = 0 ∆L = 2
hidden in ν…

but μ comes from 
different vertex!
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New Idea
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Steriles with mass less than mW (Dib, Kim, 1509.05981):

W+ → e+ μ- e+ νe W+ → e+ μ- e+ anti-ν!

∆L = 0 ∆L = 2
hidden in ν…

but μ comes from 
different vertex!
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Connections to Oscillation Experiments

!70

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 

Dueck, WR, Zuber, 1103.4152; Ge, WR, 1507.05514 
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Cosmological Mass Limits

❖ adding more and more data 
sets: breaks degeneracies and 
improves limits

❖ BUT: can introduce 
systematics?

!71Be
rn

al
, V

er
de

, R
ies

s, 
16

07
.0

56
17

Palanque-D
elabrouille et al., 1410.7244 + 1506.05976

IH ruled out at 1σ?

ΣIH

talk by Takada
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Neutrinoless Double Beta Decay
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