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Motivation

Current knowledge on particles and interactions
between them is based on the Standard Model
(SM) of particle physics

According to the SM, neutrinos are extremely
weakly interacting, massless fermions

Yet we know from solar neutrino experiments
that neutrinos must have a non-zero mass

But what is the absolute mass scale?
What else is there beyond the SM?

What could we learn from
double-beta decay of nuclei?
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Early History of Double-Beta Decay

1935

Maria Goeppert-Mayer

Idea of
double-beta decay

1937

Ettore Majorana

Idea of
Majorana particles

1939

Wendel H. Furry

Idea of
neutrinoless

double-beta decay

...
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Double-Beta Decay

β− : n → p+ e− + ν̄e

β+ : p → n + e+ + νe

May happen, when β-decay is
not energetically allowed

Two modes:

Standard two-neutrino ββ
decay (2νββ)
Hypothetical neutrinoless ββ
(0νββ) decay
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Two-Neutrino Double-Beta (2νββ) Decay

d
n{ud

d
n{u

d

u
u} p
d

ν̄e

e−

e−

ν̄e

u
u} p
d

W−

W−

A
ZXN → A

Z+2 YN−2 + 2e− + 2ν̄e

Allowed by the Standard Model

Observed in 11 nuclei (out of the ∼ 5000 known nuclei)

t2ν1/2 ≳ 1020 years (age of the Universe: ∼ 1010 years)
Rarest measured nuclear process!
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Neutrinoless Double-Beta (0νββ) Decay

d
n{ud

d
n{u

d

u
u} p
d

e−

e−

u
u} p
d

W−

νe

W−

A
ZXN → A

Z+2 YN−2 + 2e−

Requires that the neutrino is its own antiparticle

Violates the lepton-number conservation law by two units
1

t0ν
1/2

∝ |mββ

me
|2, mββ =

∑light
i U2

eimi → Neutrino masses!

Has not (yet) been measured!
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Half-life of 0νββ Decay

1

t0ν1/2
= g4

AG0ν |M0ν |2
(
mββ

me

)2

Axial-vector coupling
(g free

A ≈ 1.27)

Quenched or not?

Phase-space factor

Solved from Dirac equation

Nuclear matrix element (NME)

Has to be provided from
theory (QRPA,NSM,...)
BUT...
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Matrix elements of 0νββ decays 1

1J. Engel and J. Menéndez, Rep. Prog. Phys. 80, 046301 (2017), updated.
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Difficulty of 0νββ-Decay Experiments

This is what they want to measure...

Sketchy energy spectrum of the emitted electrons in ββ decays 2

t2ν1/2 ≈ 1020 y, t0ν1/2 ≥ 1025 y

2cobra-experiment.com
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Current Status of 0νββ-Decay Experiments

1

t0ν1/2
= g4

AG0ν |M0ν |2
(
mββ

me

)2

Large-scale experiments:
CUORE(Italy), GERDA(Italy),
CUPID(Italy), Majorana(US),
EXO-200(US),
KamLAND-Zen(Japan),
NEXT(Spain), ...

Currently, most stringent
half-life limit
t0ν1/2(

76Ge) ≥ 1.8× 1026 y

NH: m1 < m2 < m3

IH: m3 < m1 < m2

;

[J. Engel and J. Menéndez, Rep. Prog.
Phys. 80,046301 (2017)]

We need to get the NMEs under control!
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0νββ-Decay Nuclear Matrix Elements

Assuming the standard mechanism

[t0ν1/2]
−1 = g4

AG0ν |M0ν
L |2

(
mββ

me

)2

The matrix element can be written as

M0ν
L = M0ν

GT −
(
gV
gA

)2

M0ν
F −M0ν

T

However, there seems to be something missing...
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The Contact Term

[t0ν1/2]
−1 = g 4

AG0ν|M0ν
L +M0ν

S |2
(
mββ

me

)2
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The Contact Term - First ab initio Results

Contact term enhances the
NMEs by 3

{
5 ∼ 15% for 6He

20 ∼ 80% for 12Be

NME of the lightest
0νββ-candidate 48Ca enhances
by 43(7)% 4

Good news for the
experiments!

How about the heavier
candidates?

V. Cirigliano et al. 3

3V. Cirigliano et al., PRC 100, 055504 (2019), PRL 120, 202001 (2018)
4M. Wirth, J. M. Yao and H. Hergert, Phys. Rev. Lett. 127, 242502 (2021)
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NME of the lightest
0νββ-candidate 48Ca enhances
by 43(7)% 4

Good news for the
experiments!

How about the heavier
candidates?

V. Cirigliano et al. 3

3V. Cirigliano et al., PRC 100, 055504 (2019), PRL 120, 202001 (2018)
4M. Wirth, J. M. Yao and H. Hergert, Phys. Rev. Lett. 127, 242502 (2021)
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Contact Term in pnQRPA and NSM

Candidates: 76Ge · · ·136Xe

In pnQRPA:

MS/ML ≈ 30− 80%

In NSM:

MS/ML ≈ 15− 50%
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[LJ, P. Soriano and J. Menéndez, Phys. Lett. B
823, 136720 (2021)]
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Effective Neutrino Masses

Effective neutrino masses
combining our NMEs with
experimental data 5

Middle bands: M
(0ν)
L

Lower bands: M
(0ν)
L +M
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S
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[LJ, P. Soriano and J. Menéndez, Phys.
Lett. B 823, 136720 (2021)

5S. D. Biller, PRD 104, 012002 (2021)
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Probing 0νββ-Decay by Charge-Exchange Reactions

Double charge-exchange reaction
(strong interaction) can be related to
0νββ decay (weak interaction)

NUMEN collab. aiming to measure e.g.

20
10Ne+76

32 Ge →20
8 O+76

34 Se

Difficult, but possible!

[F. Cappuzzello et al. (NUMEN
Collab.) EPJA 54 72 (2018)]
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M0ν vs. MDGT

Linear correlations between
double Gamow-Teller (DGT)
and 0νββ in all the studied
models 6,7

Measuring DGT reaction
could help constrain M0ν !
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[LJ and J. Menéndez, in preparation]

6N. Shimizu, J. Menéndez and K. Yako, Phys. Rev. Lett. 120, 142502 (2018)
7E. Santopinto et al. (NUMEN Collab.), Phys. Rev. C 98, 061601(R) (2018)
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Probing 0νββ-Decay by Gamma Decays

Double magnetic dipole (M1)
decay (electromagnetic
interaction) can be related to
0νββ decay (weak interaction)

Also possible, yet difficult, to
measure!

M
a
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Z+2X’

DIAS(0+i )

(T = Tf + 2)

0+i
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A
ZX
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Isospin z-projection:

Tz = (N − Z )/2
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M0ν vs. Mγγ

Linear correlation between
double double-M1 γγ and 0νββ
NMEs in NSM 8 and QRPA

Measuring double-M1 decays
could help constrain M0ν !
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[LJ and J. Menéndez, in preparation]

8B. Romeo, J. Menéndez, C. Peña Garay, arXiv:2102.11101 (2021)
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Summary

Observing 0νββ decay would shed light on neutrino properties and
physics beyond the standard model

Reliable nuclear matrix elements crucial for 0νββ studies

Adding a new short-range term enhances the NMEs notably

Related nuclear observables can help constrain the values of the
0νββ-decay NMEs
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Thank you!
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Obtaining Majorana Bound from experiments

Γ0ν = log(2)g4
AG0ν |M0ν |2

(
mββ

me

)2

Input: log(likelihood) functions
from experiments

Γ0ν → mββ with our NMEs

90% CI Bayesian bounds for
mββ from 90% CI upper bounds
on combined Γ0ν 19

19S. D. Biller, PRD 104, 012002 (2021)
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Operators of 0νββ, DGT and M1M1 decays

0νββ:

OF = hF(r ,Ek)τ
−τ−

OGT = hGT(r ,Ek)σ1 · σ2τ
−τ−

OT = hT(r ,Ek)S
T
12τ

−τ−

OS = 2gNN
ν τ−τ−

DGT:
O = [σjτ

−
j × σkτ

−
k ]0

M1M1:

Oγγ = M1 ·M1 ; M1 = µN

√
3

4π

A∑

i=1

(g l
i ℓi + g s

i si )
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NMEs of 0νββ, DGT and M1M1 decays

0νββ:

M0ν
K =

∑

Jπ ,k1,k2,J

∑

p,p′,n,n′

(−1)jn+jp′+J+J√2J + 1

{
jp jn J
jn′ jp′ J

}
×

× (pp′ : J ||OK ||nn′ : J )(0+f ||[c
†
p′ c̃n′ ]J ||Jπk1)⟨J

π
k1 |J

π
k2⟩(J

π
k2 ||[c

†
p c̃n]J ||0+i ) ,

DGT:

MDGT =
1√
3

∑

m,n

(0+gs,f ||
∑

k

t−k σk ||1+m)⟨1+m|1+n ⟩(1+n ||
∑

k

t−k σk ||0+gs,i) ,

M1M1:

αMγγ(M1M1) =µ2
N

3

4π

∑

m,n

⟨1+m|1+n ⟩
En − (Ei + Ef )/2

× (0+gs,f ||
∑

k

t−k (gT=1
l ℓk + gT=1

s sk)||1+m)

× (1+n ||
∑

k

t−k (gT=1
l ℓk + gT=1

s sk)||0+gs,i) ,
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