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double beta decay

one of the rarest processes ever observed in Nature

(age of the Universe ~ 1010 y)

first proposed by Maria Goeppert Mayer in 1935
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Double Beta Decay
Majorana’s idea (1937): neutral fermion = antifermion

Furry (1939): 

neutrinoless double beta decay
→ mediated by Majorana neutrinos
→ lepton number violation

experiments:

a variety of isotopes: 76Ge, 136Xe, …

variants:

KamLAND-Zen, LEGEND, CUORE, NEMO-3, CUPID, (n)EXO, ...
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Nuclear Uncertainties
hadronic currents

non-relativistic limit → nuclear matrix elements

dependence on isotope and operator

different nuclear structure models,
factor of 2-3 difference

+ unknown LECs!
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Figur e 9. Comparison of the standard NME M 0⌫= − 1
g2
A

M F + MGT + M T result ing from different

calculat ion methods. Explicit ly, we show NMEs obtained from the interact ing shell model (SM) [67]

and subsequent variants like the triaxial projected shell model (tpSM) [68] or realist ic shell model

(rSM) [69], the proton-neutron quasipart icle random phase approximat ion (pnQRPA) [70], the

deformed QRPA (dQRPA) [71, 72], the relat ivist ic energy density funct ional method (rEDF) or

covariant density funct ional theory (CDFT) [73, 74], the non-relat ivist ic energy density funct ional

method (nrEDF) [75], the interact ing boson model (IBM2) [43] and recent ly int roduced ab init io

approaches calculat ing NMEs from basic principles of χPT [76, 77]. The grey bands mark the range

of values covered by the different methods.

effective NME which we label M e↵ ,

T− 1
1/ 2

= |C|2G |M e↵ |
2 . (3.9)

Here, M e↵ is, generally, a weighted sum of combinat ions of different LECs and NMEs (see

App. B for the explicit half-life equat ions of each single operator).

If we consider the theoret ical uncertainty of the half-life to be dominated by the uncer-

tainty of M e↵ , we can determine the necessary theoret ical accuracy of the nuclear physics.

To est imate this, we assumeM e↵ to be independent of the choice of the isotope, i.e.,

∆M e↵

M e↵
(AZ ) =

∆M e↵

M e↵
= const .. (3.10)

Then the necessary theoret ical accuracy can be determined from the simple condit ion that

the expected rat ios should be dist inguishable from unity within the theoret ical uncertainty,

∆ Ri j
!
< |Ri j − 1| . (3.11)

Hence, the necessary theoret ical accuracy for M e↵ reads

∆M e↵

M e↵

!
<

1

4

|Ri j − 1|

Ri j
. (3.12)
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Nuclear Uncertainties
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But let’s focus on two-neutrino double beta decay.

lukas.graf@matfyz.cuni.cz Towards Precision Description of Double Beta Decay 11



(2ν)ββ Decay – why shall we care?

searches for 0νββ decay growing – tonne-scale experiments planned

 → background: large amount of the 2νββ decay data collected ~ 105 – 106 events

decay rate:

new physics in 2νββ decay? what would it look like?

• right-handed currents?

• sterile neutrinos or light fermions?

• neutrino self-interactions?
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F. F. Deppisch, LG, F. Simkovic: PRL 125 [2003.11836]

F. F. Deppisch, LG, W. Rodejohann, X. Xu: PRD RC 102 [2004.11919]

P. D. Bolton, F. F. Deppisch, LG, F. Simkovic: PRD 103 [2011.13387]

M. Agostini, E. Bossio, A. Ibarra, X. Marcano: PLB 815 [2012.09281]

phase space factor

(lepton part)

nuclear matrix element

(nucleon part)



Exotic 2νββ Decay – RHCs
2νββ decay in presence of right-handed currents? → Lagrangian:

           with

contributions:

take the one linear in exotic effective coupling ϵXR, calculate the observables and get the 
bound imposed by the experimental data

rate:

here, results for 100Mo, but other isotopes similar
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Electron Energy Distribution
2νββ decay (both the SM and the exotic RHC-induced contributions) distribution in total 
kinetic (left) and single electron kinetic (right) energy
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Electron Angular Correlation
angular correlation of the electrons in the SM 2νββ decay (left) and the exotic 2νββ 
decay induced by right-handed lepton currents (right)
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Bound on ϵXR Coupling
total rate – nuclear matrix elements not accurate enough

electron energy distribution – small deviations, could be probed, but certain degeneracy 

with nuclear structure effects

best option: measure the angular correlation of the emitted electrons and look for the 

forward-backward asymmetry

possible at NEMO-3 experiment using
100Mo (or in future at SuperNEMO?)

insensitive to the overall rate, 

largely insensitive to the NMEs

NMEs: QRPA used in our case, but very similar results expected to be obtained with 

other nuclear structure models
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NEMO-3 Experiment
thin foils of source material (mainly Mo) surrounded by a separate tracking calorimeter

→ better accuracy – reliable detection of two electrons coming from the same place

allows for measurement of electron energies and angular correlation

next generation → SuperNEMO
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Bound on ϵXR Coupling
angular distribution:

with correlation factor:        , for 100Mo:

forward-backward asymmetry:  

estimated accuracy of NEMO-3:  

→ bound on the effective coupling at 90% CL:

more stringent limit than the one obtained from the standard beta decay measurements, 
SuperNEMO would further improve this bound to

estimates only, a dedicated experimental analysis necessary

but constraint could be also derived from the shape of the energy distribution – more 
data, possibly better accuracy, could be also stringent
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Exotic 2νββ – Sterile Neutrino
idea: one of the neutrinos emitted in the decay is sterile

consider either mixing with the active neutrinos, or right-handed current

total differential 2νββ decay rate – incoherent sum of the sterile neutrino and SM rates 
for a given sterile mass mN and total electron kinetic energy EK

similar expression for the case with the right-handed coupling

again: right-handed current modifies also the angular correlation
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Exotic 2νββ – Sterile Neutrino
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Neutrino Self-Interactions
observations: discrepancy between Cosmic Microwave Background (CMB) and local 

measurements (redshifts of Type Ia supernovae) of the Hubble constant

if correct, new cosmo or particle physics; possible solution: neutrino self-interaction (νSI)

νSI would inhibit the free streaming of neutrinos in the early Universe

effectively:     , where GS should be much larger than GF

strong interaction, but only neutrinos involved → not easy to test in a lab, light scalar 
mediator probed by meson decays, tau decay, Z invisible decay, supernova neutrinos … 
what about double beta decay?
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N. Blinov, K. J. Kelly, G. Z. Krnjaic, S. D. McDermott: PRL 123 [1905.02727]

K.-F. Lyu, E. Stamou, Emmanuel, L.-T. Wang: PRD 103 [2004.10868]



ββ Decay Induced by νSI
idea: effective νSI                       would induce a new, exotic contribution to double beta 

decay – see the figure:

rate:

nuclear matrix element approximately

same as for 0νββ decay

phase space ~ 2νββ decay

→ νSI could affect 2νββ decay – total rate, but also spectra

compare to 2νββ rate:
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ββ Decay Induced by νSI
using condition             

effective self-interaction GS can be 

constrained using the predicted 

total rate

result: νSI preferred by cosmology 

is disfavoured by 2νββ decay

experimental data
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ββ Decay Induced by νSI
for energy dependent Gs and      : total kinetic energy distribution of the emitted 
electrons is distorted, angular correlation also affected

→ possibly by an order of magnitude more stringent limit than from the total rate
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SSB of global U(1)B−L (arising in seesaw-inspired models) → a massless Goldstone 

boson, called Majoron

Majoron can also be a dark matter candidate

or axion/ALP: induced CP-violating non-derivative axion interactions with the SM

allows for 0+(Ei) → 0+(Ef) + e−(Ee1) + e−(Ee2) + 𝜙(E𝜙), with amplitude

A𝜙 depends only on the nuclear and hadronic matrix elements

hard (short-distance) region with qν
0 ∼ |qν| ∼ Λχ and the chiral scale Λχ ∼ mN ∼ O(1) GeV; 

soft region, qν
0 ∼ |qν| ∼ mπ ∼ kF; potential (long-distance) region, qν

0 ∼ (kF)2 /mN, 

|qν| ∼ kF; ultrasoft region with neutrino momenta scaling as qν
0 ∼ |qν| ≪ kF

Scalarful Double Beta Decay
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Scalarful Double Beta Decay
for active 𝜈, mi ≪ |q|, V(q2) similar to the regular 0νββ potential, usual NMEs

just take amplitude for m = 0, and with

 

for large mi, 𝜈 is integrated out at the quark level, and the amplitude stemming from the 

dim-9 operator, with μ0 ≃ 2 GeV, is given by

with LECs g1
ππ = 0.36, g1

πN = 0, and g1
NN = (1 + 3gA

2)/4, Fermi, Gamow-Teller, and 
tensor NMEs expressed in terms of the axial (A) and pseudoscalar (P) form factors, and 
with the QCD evolution given by η(μ0,mi) 
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J. de Vries, LG, V. Plakkot, D. Starý: JHEP 03 [2511.19173]

Dekens et al., JHEP [2402.07993] 



Scalarful Double Beta Decay
for small mi:

where

the inverse half-life reads:

where
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J. de Vries, LG, V. Plakkot, D. Starý: JHEP 03 [2511.19173]

Cirigliano, Dekens and Urrutia Quiroga, JHEP [2505.09679]



Scalar Coupling to Sterile Neutrinos
how about sterile neutrinos?

let us consider the case of φ interacting with a single species of heavy neutrinos

mi ≪ |q| not satisfied

ΘeN denotes the mixing of the sterile neutrino with electron neutrino
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Scalarful Double Beta Decay
constraint from summed/single-electron spectrum and from angular correlation
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Towards Precision Double Beta Decay Spectrum
double beta decay spectrum: upcoming experiments aim to reach (sub-)percent level 

precision

theoretical description not as accurate → efforts to match the precision necessary

expansion in the leptonic energies

corrections at the level of heavy baryon chiral effective field theory – pion exchanges, 

weak magnetism

electron wave functions – Fermi function, realistic wave functions in central field

atomic effects: screening, exchange corrections, etc.

radiative corrections (Sirlin function and beyond)
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Taylor Expansion in Leptonic Energies
Šimkovic et al.: improved description of 2νββ

expansion in small leptonic energies allows for separation of nuclear and leptonic parts, 

works very well
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Taylor Expansion in Leptonic Energies
Šimkovic et al.: improved description of 2νββ – spectra:

fitted by experiments:
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Taylor Expansion in Leptonic Energies
the Taylor-expanded spectrum converges fairly quickly
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Chiral Corrections to the Spectrum
corrections determined at the level of heavy baryon chiral effective field theory: 

pion exchanges, weak magnetic term (~ gM)
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Pion-Exchange Contributions
corrections at the level of heavy baryon chiral EFT: pion exchanges

just like 0νββ NMEs for sterile-neutrino exchange with MN = m𝝅!
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Pion-Exchange Contributions
corrections at the level of heavy baryon chiral EFT: pion exchanges

hence, 2νββ in principle does contain info on 0νββ NMEs
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Weak Magnetism
corrections at the level of heavy baryon chiral EFT: weak magnetic term (~ gM)

arising from term: (𝑖𝑔𝑀/𝑚𝑁)𝜖𝝁𝝂𝝆𝝈𝑣𝝆𝑆𝝈𝑞𝝂 with 𝑔𝑀 = 4.7

resembles QED magnetic coupling, 

with W instead of photon

new phase-space term distortion

lukas.graf@matfyz.cuni.cz Towards Precision Description of Double Beta Decay 39

El Morabit, Bouabid, Cirigliano, de Vries, LG, Mereghetti: JHEP 03 [2412.14160]



Differential Decay Rate & Spectral Shape
differential decay rate – additional fit parameter

differential phase-space factors

where:

we study the effects in terms of the shape factors S and their deviations 𝛿S
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Effect on Spectral Shape
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Spectral Shape – WM vs ξ
compare the effect of the ξ corrections (leptonic energies) with the WM effect

using both QRPA (lighter, solid) and NSM (darker, dashed); “nodes” for
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Spectral Shape – Sterile Neutrino Contribution
contribution from sterile neutrino with mN = 1 MeV and |VeN|2 = 0.1
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Spectral Shape – Tensor Current
contribution from exotic tensor current
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Conclusion & Outlook
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2νββ not merely a background process; can help to unravel BSM physics and/or provide 
additional input for nuclear structure from its spectrum

understanding 2νββ is crucial for understanding upcoming experiments, theory should 
match the (planned) experimental precision

first chiral-EFT framework for 2νββ electron spectra: identifies the leading SM spectrum 
and organizes subleading corrections systematically in the chiral expansion

NLO SM corrections from weak magnetism and pion exchange modify the electron 
spectra and should be included in precision/BSM spectral analyses

the pion-exchange terms link 2νββ spectra to 0νββ nuclear matrix elements

relevant for precision and BSM searches, since SM effects can mimic spectral 
distortions



Conclusion & Outlook
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Thank you!

2νββ not merely a background process; can help to unravel BSM physics and/or provide 
additional input for nuclear structure from its spectrum

understanding 2νββ is crucial for understanding upcoming experiments, theory should 
match the (planned) experimental precision

first chiral-EFT framework for 2νββ electron spectra: identifies the leading SM spectrum 
and organizes subleading corrections systematically in the chiral expansion

NLO SM corrections from weak magnetism and pion exchange modify the electron 
spectra and should be included in precision/BSM spectral analyses

the pion-exchange terms link 2νββ spectra to 0νββ nuclear matrix elements

relevant for precision and BSM searches, since SM effects can mimic spectral 
distortions
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