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 Origin of neutrino masses beyond the Standard Model

 Two possibilities to define neutrino mass
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 Single beta decay
𝐴, 𝑍 → 𝐴, 𝑍 + 1 + 𝑒− + ҧ𝜈𝑒

 Two-neutrino double beta (2𝜈𝛽𝛽) decay
𝐴, 𝑍 → 𝐴, 𝑍 + 2 + 2𝑒− + 2 ҧ𝜈𝑒 

◦ SM-allowed in certain isotopes

 Neutrinoless double beta (0𝜈𝛽𝛽) decay
𝐴, 𝑍 → 𝐴, 𝑍 + 2 + 2𝑒−

◦ Violation of lepton number

◦ Mediated by massive Majorana 
neutrinos

See talk by Hao Ma 
for experimental overview
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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
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See talk by Jiangmin Yao
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 Effective 0𝜈𝛽𝛽 Mass

|𝑚𝛽𝛽| = |𝑐12
2 𝑐13

2 𝑚𝜈1

 +𝑠12
2 𝑐13

2 𝑚𝜈2
𝑒𝑖𝜙12

               +𝑠13
2 𝑚𝜈3

𝑒𝑖𝜙13|

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

 Impact of JUNO Data

|𝑚𝛽𝛽| = |𝑐12
2 𝑐13

2 𝑚𝜈1

 +𝑠12
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2 𝑚𝜈3
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Ge, Kong, Lindner, 
Pinhero, 2511.15391
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 Effective 0𝜈𝛽𝛽 Mass

 Impact of JUNO Data

 Vanishing 𝑚𝛽𝛽

◦ Next Order
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𝑚𝛽𝛽 = 0 →  Γ0𝜈𝛽𝛽 = 0
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 Concordance (or lack thereof) with oscillations, cosmology and tritium decay

Agostini et al., Rev.Mod.Phys. 95 (2023) 2, 025002
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 Plethora of New Physics scenarios
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 Plethora of New Physics scenarios

 Neutrinos still Majorana
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 Decay modes, rates and NP sensitivity

◦ 2𝜈𝛽𝛽 (SM)

◦ 0𝜈𝛽𝛽 via Majorana neutrinos

𝑄 ∼ 1 𝑀𝑒𝑉
energy
release

𝑝𝐹 ∼ 100 𝑀𝑒𝑉 ∼ 1 𝑓𝑚−1

inter-nucleon distance

𝐺𝐹 ∼ 10−5𝐺𝑒𝑉−2 ∼ 𝑣𝐸𝑊
−2

electroweak scale

Γ𝑆𝑀
2𝜈 ≈ 𝐺𝐹

4𝑄11𝑝𝐹
−2 ≈ 1019 𝑦𝑟

−1

Γ𝑚𝜈
0𝜈 ≈ 𝑚𝜈

2𝐺𝐹
4𝑄5𝑝𝐹

2 ≈
𝑚𝜈

0.1 𝑒𝑉

2

1025 𝑦𝑟
−1
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 Decay modes, rates and NP sensitivity

◦ 2𝜈𝛽𝛽 (SM)

◦ 0𝜈𝛽𝛽 via Majorana neutrinos

◦ 0𝜈𝛽𝛽 via BSM 7-dim LNV operator

𝑄 ∼ 1 𝑀𝑒𝑉
energy
release

𝑝𝐹 ∼ 100 𝑀𝑒𝑉 ∼ 1 𝑓𝑚−1

inter-nucleon distance

𝐺𝐹 ∼ 10−5𝐺𝑒𝑉−2 ∼ 𝑣𝐸𝑊
−2
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Γ𝑆𝑀
2𝜈 ≈ 𝐺𝐹

4𝑄11𝑝𝐹
−2 ≈ 1019 𝑦𝑟

−1

Γ𝑚𝜈
0𝜈 ≈ 𝑚𝜈

2𝐺𝐹
4𝑄5𝑝𝐹

2 ≈
𝑚𝜈

0.1 𝑒𝑉

2

1025 𝑦𝑟
−1

Γ𝐿𝑅
0𝜈 ≈ Λ−6𝐺𝐹𝑄5𝑝𝐹

4 ≈
20 𝑇𝑒𝑉

Λ

6

1025 𝑦𝑟
−1

See talk by Xia-Dong Ma
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 Decay modes, rates and NP sensitivity

◦ 2𝜈𝛽𝛽 (SM)

◦ 0𝜈𝛽𝛽 via Majorana neutrinos

◦ 0𝜈𝛽𝛽 via BSM 7-dim LNV operator

◦ 0𝜈𝛽𝛽 via BSM 9-dim LNV operator

𝑄 ∼ 1 𝑀𝑒𝑉
energy
release

𝑝𝐹 ∼ 100 𝑀𝑒𝑉 ∼ 1 𝑓𝑚−1

inter-nucleon distance

𝐺𝐹 ∼ 10−5𝐺𝑒𝑉−2 ∼ 𝑣𝐸𝑊
−2
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 Limits on short-range 
operators
◦ NMEs from IBM-2 

with 𝑔𝐴 = 1.0 

◦ Pion-mediated 
contributions, e.g., R-

parity violating SUSY
(Faessler, Kovalenko, Simkovic, 
Schwieger, PRL 78 (1997) 183)

FFD, Graf, Iachello, Kotila, PRD 102 (2020)

𝑻𝟏/𝟐
𝟕𝟔Ge = 𝟏. 𝟖, 𝟏𝟎, 𝟏𝟎𝟎

𝑻𝟏/𝟐
𝟏𝟎𝟎Mo = 𝟎. 𝟎𝟏, 𝟓, 𝟏𝟎 × 𝟏𝟎𝟐𝟔yr

𝑻𝟏/𝟐
𝟏𝟑𝟔Xe = 𝟏. 𝟏, 𝟓, 𝟗. 𝟐



University College London

15 / 25 Frank Deppisch | DBD as a Probe of NP | 30/11/2025

 LNV processes lead to washout of 
lepton asymmetry in early universe

 Observation of LNV
◦ gives information at what temperatures 

operators are in equilibrium

◦ can falsify high-scale baryogenesis 
scenarios

FFD, Harz, Hirsch, PRL 112 (2014) | FFD, Harz, Hirsch, Huang, Päs, PRD 92 (2015) 

𝐵𝑟(𝜇 → 𝑒𝛾)

𝐵𝑟(𝜏 → ℓ𝛾)

𝑅(𝜇 → 𝑒)
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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

◦ Observed limits:
 GERDA (JCAP 12 (2022) 012) 

 CUPID-Mo (Eur.Phys.J.C 84 (2024) 9)

FFD, Graf, Simkovic, PRL 125 (2020) | FFD, Graf, Rodejohann, Xu, 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

◦ Observed limits:
 GERDA (JCAP 12 (2022) 012) 

 CUPID-Mo (Eur.Phys.J.C 84 (2024) 9)

 Lepton number 
conserving RH currents
◦ LEGEND analysis ongoing

FFD, Graf, Simkovic, PRL 125 (2020) | FFD, Graf, Rodejohann, Xu, 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

◦ Observed limits:
 GERDA (JCAP 12 (2022) 012) 

 CUPID-Mo (Eur.Phys.J.C 84 (2024) 9)

 Lepton number 
conserving RH currents
◦ LEGEND analysis ongoing

 Neutrino self-interactions

◦ Excluding 𝜈SI motivated 
                 by Hubble tension

FFD, Graf, Simkovic, PRL 125 (2020) | FFD, Graf, Rodejohann, Xu, PRD 102 (2020)
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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
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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)

 Dirac neutrinos coupled to massive, 
L-charged scalar 𝑆 and fermion 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

See talk by Michael
Ramsey-Musolf; 
PandaX, 2511.13515;

De Vries, Graf, 
Plakkot, Stary, 
2511.19173
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 Finite width 𝑆

 Off-shell 𝑆 

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

On-shell 𝑆 in
narrow-width 
approximation

𝑚𝜒 = 0
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 Finite width 𝑆

 Off-shell 𝑆 

 2𝜈𝑆𝛽𝛽 and 
interference 
with SM 2𝜈𝛽𝛽

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

𝜈

𝜈

𝑔𝜈
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 Finite width 𝑆

 Off-shell 𝑆 

 2𝜈𝑆𝛽𝛽 and 
interference 
with SM 2𝜈𝛽𝛽 

 Sensitivity of
current and 
future double 
beta searches

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

Scalar emission

Ordinary Majoron 𝑚𝑆 = 0
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 Finite width 𝑆

 Off-shell 𝑆 

 2𝜈𝑆𝛽𝛽 and 
interference 
with SM 2𝜈𝛽𝛽 

 Sensitivity of
current and 
future double 
beta searches
◦ Modification from 

interference and 
off-shell 𝑆

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

𝑎𝜒 = 1, 𝑚𝜒 = 0
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 Neutrinos much lighter than other fermions
◦ Dirac or Majorana?

◦ Mechanism of neutrino mass generation?

 𝟎𝝂𝜷𝜷 is crucial probe for BSM physics
◦ Prove neutrino Majorana nature

◦ LNV physics near GUT scale and Λ ≈ 1 eV - 100 TeV

◦ Falsify high-scale baryogenesis scenarios

 𝟐𝝂𝜷𝜷 spectrum sensitive to New Physics
◦ Non-standard 𝜈 interactions, sterile 𝜈

◦ Neutrino self-interactions 
and dark sector interactions
 Strongest terrestrial limits 

|𝑔𝜈𝑒𝑆| < 10−5 − 10−1 for 𝑚𝑆 < 3 − 5 MeV

𝑇1/2
0𝜈𝛽𝛽

1028 y
≈

𝚲𝐍𝐏

1015 GeV

2
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