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 Origin of neutrino masses beyond the Standard Model

 Two possibilities to define neutrino mass
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𝐻

𝐻
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Dirac mass analogous to other 

fermions but with ൗ
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Λ𝐸𝑊
≈ 10−12 

couplings to Higgs

Majorana mass, using only a 
left-handed neutrino 

→ Lepton Number Violation

𝜈𝐿 𝜈𝐿
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𝟏/𝚲𝐍𝐏
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 Origin of neutrino masses beyond the Standard Model

 Crucial role of total lepton number 𝐿 symmetry
◦ Arises accidentally as global 𝑈 1 𝐿 in SM from particle 

content and gauge symmetry

◦ 𝐿 broken non-perturbatively but 𝐵 − 𝐿 conserved

◦ Global symmetries expected to be broken gravitational effects

 Too small to explain oscillations but too large as subdominant splitting

𝑚𝜈 ≈
𝑣2

𝑀Planck
≈ 10−5 eV
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 Half-life

 Particle Physics

 Atomic Physics

◦ Leptonic phase space 𝑮𝟎𝝂 ∝ 𝑄5

 Nuclear Physics

◦ Nuclear transition matrix element 𝑴𝟎𝝂 ≈ 1 
but large uncertainties, factor 2-3

𝑇1/2
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 Effective 0𝜈𝛽𝛽 Mass degenerate 𝜈 & 𝜃13 ≈ 0

|𝑚𝛽𝛽| = |𝑐12
2 𝑐13

2 𝑚𝜈1
+ 𝑠12

2 𝑐13
2 𝑚𝜈2

𝑒𝑖𝜙12+𝑠13
2 𝑚𝜈3

𝑒𝑖𝜙13| ≈ 𝑚𝜈 1 − sin2(2𝜃12)sin2 𝜙12/2

KamLAND-Zen upper limit: 𝑻𝟏/𝟐 > 𝟑. 𝟖 × 𝟏𝟎𝟐𝟔 y
arXiv:2406.11438

LEGEND-1000 

 𝑻𝟏/𝟐 ≈ 𝟏𝟎𝟐𝟖 yr
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 Effective 0𝜈𝛽𝛽 Mass
◦ Next generation

experiments probing
IO scenario

◦ Pathways to explore
NO scenario, e.g.
JUNO loaded with

100 t natTe

 Interplay with 
neutrino mass 
measurements
◦ Cosmology

◦ Tritium decay

C. Wiesinger
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 Plethora of New Physics scenarios

 Neutrinos still 
Majorana
Schechter, Valle, Phys.Rev.D
25 (1982) 2951

𝑒

𝑒
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Left-Right Symmetry
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Violating SUSY

Extra 
Dimensions
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…
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 Examples in Left-Right Symmetry

 0𝜈𝛽𝛽 probes 
the TeV scale

 Limits on 6D 
and 9D eff. 
operators 
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 Limits on short-range operators
◦ NMEs from IBM-2 with 𝑔𝐴 = 1.0 and 

short-range correlations in Argonne 
parametrization

𝑻𝟏/𝟐
𝟕𝟔Ge = 𝟏. 𝟖, 𝟏𝟎, 𝟏𝟎𝟎

𝑻𝟏/𝟐
𝟏𝟎𝟎Mo = 𝟎. 𝟎𝟏, 𝟓, 𝟏𝟎 × 𝟏𝟎𝟐𝟔yr

𝑻𝟏/𝟐
𝟏𝟑𝟔Xe = 𝟏. 𝟏, 𝟓, 𝟗. 𝟐

Pion-mediated 
contributions

 R-parity violating SUSY
(Faessler, Kovalenko, 
Simkovic, Schwieger, 
Phys.Rev.Lett. 78 (1997) 
183)

 Chiral EFT with Pion 
operators from 
Lattice QCD
(Cirigliano, Dekens, de 
Vries, Graesser, 
Mereghetti, JHEP 1812 
(2018) 097)

FFD, Graf, Iachello, Kotila, PRD 102 (2020)
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 Sterile neutrino search through 
energy endpoint (also Agostini, Bossio, 

Ibarra, Marcano, PLB 815 (2021))

◦ Emission of one sterile neutrino
in double beta decay: 𝜈𝑁𝛽𝛽

◦ Same principle as endpoint 
searches in single 𝛽 decays

◦ Observed limits:

 GERDA (JCAP 12 (2022) 012) 

 CUPID-Mo (arXiv:2405.10766)

Bolton, FFD, Graf, Simkovic, PRD 103 (2021)
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 Lepton-number conserving 
right-handed currents
◦ Exotic charged currents probed e.g. 

 in neutron and single 𝛽 decay

 at LHC in 𝑝𝑝 → 𝑒𝑋 + 𝑀𝐸𝑇

◦ Limits on RH currents

less severe due to lack of interference with SM

 Modification of angular and energy 
distribution in 2𝜈𝛽𝛽 decay
◦ Current limit 𝜖𝑋𝑅 < 3 × 10−2 from 

NEMO3 competitive to other searches

FFD, Graf, Simkovic, PRL 125 (2020)
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 Neutrino self-interactions

◦ Same signature as SM 2𝜈𝛽𝛽 decay

◦ Potential interference with SM 2𝜈𝛽𝛽 decay

◦ Non-observation of enhanced rate excludes
regime 𝐺𝑆 ≈ 4 × 109 𝐺𝐹 suggested to resolve 
Hubble tension
(Kreisch, Cyr-Racine, Doré, 
PRD 101 (2020) 12, 123505)

◦ Excludes quadruple double 
beta decay

FFD, Graf, Rodejohann, Xu, PRD 102 (2020)

Heeck, Rodejohann, 
EP Lett. 103 (2013) 32001
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 Majoron(-like) 𝐽 emission

 Majoron-like 𝜙 emission 
assisted by RH current
◦ Non-standard energy distribution

◦ Searched for in EXO-200: 𝑇1/2 > 4 × 1024 y
(PRD 104 (2021) 11, 112002)

Cepedello, FFD, González, Hati, Hirsch, PRL 122 (2019) | Boudjema, FFD, 
Herrero, Majumdar, Senapati, 2511.13606



University College London

14 / 30 Frank Deppisch | Probing NP with LNV | 16/12/2025

 Majoron(-like) 𝐽 emission

 Majoron-like 𝜙 emission 
assisted by RH current
◦ Non-standard energy distribution

◦ Searched for in EXO-200: 𝑇1/2 > 4 × 1024 y
(PRD 104 (2021) 11, 112002)

 Dirac neutrinos coupled to massive, L-
charged “Majoron” 𝑆 and dark fermions 𝜒 

◦ 𝑍2 symmetry to forbid mixing

◦ Self-interacting neutrinos and 
self-interacting (potentially) DM 

Cepedello, FFD, González, Hati, Hirsch, PRL 122 (2019) | Boudjema, FFD, 
Herrero, Majumdar, Senapati, 2511.13606
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 Finite 𝑆 width/off-shell 𝑆

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

On-shell 𝑆 in
narrow-width 
approximation

𝑔𝜒 ≫ 𝑔𝜈, 𝑚𝜒 = 0

off-shell 𝑆
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 Sensitivity of current and future double beta decay searches

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

Scalar emission

Ordinary Majoron 𝑚𝑆 = 0

Also see:
PandaX, 2511.13515;

De Vries, Graf, 
Plakkot, Stary, 
2511.19173
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 Modification from interference and off-shell 𝑆

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

𝑎𝜒 = 1, 𝑚𝜒 = 0
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 Kaon decays induced by LNV EFT operators

FFD, Fridell, Harz, JHEP 12 (2020) 186
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 Focus on 𝐾+ → 𝜋+𝜈𝜈 and 𝐾𝐿 → 𝜋0𝜈𝜈

 Relation with neutrino masses and 0𝜈𝛽𝛽

FFD, Fridell, Harz, JHEP 12 (2020) 186



University College London

20 / 30 Frank Deppisch | Probing NP with LNV | 16/12/2025

 Differential decay rate via scalar current

 Branching ratios

FFD, Fridell, Harz, JHEP 12 (2020) 186
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 Differential 
distribution
◦ NA62 signal 

regions

FFD, Fridell, Harz, JHEP 12 (2020) 186
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 Discovery at NA62 
within 1.7𝜎 of
SM expectation

FFD, Fridell, Harz, JHEP 12 (2020) 186

Swallow, CERN Seminar ‘24
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Fridell, Graf, Harz, Hati, JHEP 154 (2024)
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 Portals
◦ Active-sterile neutrino mixing

◦ Gauge portal

◦ Higgs portal

◦ Dipole portal

 Decay via small active-sterile mixing:
RHNs are typically LLPs

𝑯

𝒈

𝒈

, 𝒉

, 𝒁
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 Search for long-lived particles decaying in the CMS endcap 

muon detectors in proton-proton collisions at 𝑠 = 13 TeV 
(CMS, PRL 127 (2021) 261804)

◦ Stringent limits for 𝑚𝐿𝐿𝑃 = 10 − 50 GeV with 𝑐𝜏 > 𝑂(1 m) 

CMS, Phys. Rev. Lett. 
127 (2021) 261804
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 Interpretation via Higgs 
portal production 

◦ Specifically, 𝑈 1 𝐵−𝐿 model

◦ 𝑝𝑝 → 𝒉 → 𝑁𝑁

◦ Branching ratio

max for 𝑚𝑁 =
𝑚ℎ

10
~40 GeV

◦ HNL proper decay length

◦ Sensitivity at Seesaw “floor”
for sin 𝛼 > 0.17, Φ < 3.75 TeV

𝒈

𝒈

𝒉

Liu, Kulkarni, FFD, PRD 111 (2025) 9
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 Interpretation via effective 
operator

◦ 5-dim 𝜈𝑅SMEFT

𝒈

𝒈

𝒉

𝒉

𝚲𝐍𝐏
−𝟏

Liu, Kulkarni, FFD, PRD 111 (2025) 9
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 Interpretation via effective 
operator

◦ 5-dim 𝜈𝑅SMEFT

◦ Sensitivity to 𝑂𝑁𝐻 
operator scale

𝒈

𝒈

𝒉

𝒉

𝚲𝐍𝐏
−𝟏

Liu, Kulkarni, FFD, PRD 111 (2025) 9
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 Interpretation via effective 
operator

◦ 5-dim 𝜈𝑅SMEFT

◦ Sensitivity to 𝑂𝑁𝐻 
operator scale

𝒈

𝒈

𝒉

𝒉

𝚲𝐍𝐏
−𝟏

Liu, Kulkarni, FFD, PRD 111 (2025) 9
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 Neutrinos much lighter than other fermions
◦ Dirac or Majorana?

◦ Mechanism of neutrino mass generation?

 LNV is crucial probe for BSM physics

◦ 0𝜈𝛽𝛽 as universal probe of LNV

 Direct sensitivity to LNV physics 
at scales 𝑚𝑁 ≈ 1 eV - 100 TeV

◦ LNV meson decays

◦ Collider/LLP searches for Majorana RHNs

 Ambiguous modes and exotic neutrino interactions
◦ Ongoing and future searches probe 2𝜈𝛽𝛽 decay with high statistics

 Exotic (right-handed) currents

 Neutrino self-interactions

 Exotic particle emission

◦ Invisible LNV in meson decays

𝑇1/2
0𝜈𝛽𝛽

1028 y
≈

𝚲𝐍𝐏

1015 GeV

2
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