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0 Introduction
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Creation of matter in nuclei: Ov 35 decay

Lepton number is conserved Neutral massive particles (Majorana v’s)
in all processes observed: allow lepton number violation:

single 3 decay, neutrinoless 53 decay

B decay with v emission... creates two matter particles (electrons)

Agostini, Benato, Detwiler, Menendez, Vissani, Rev. Mod. Phys. 95, 025002 (2023)
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Creation of matter in nuclei: Ov 35 decay

Lepton ’ “Majorana v'’s)
|n a” pr SEPTEMBER 15, 1935 PHYSICAL REVIEW VOLUME 48
i ) Double Beta-Disintegration
Slngle £ M. GorrpERT-MAYER, The Johns Hophins University
/))‘8 dec: (Received May 20, 1935) (electronS)

Agostini, Benato, Detwiler, Menendez, Vissani, Rev. Mod. Phys. 95, 025002 (2023)
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Creation of matter in nuclei: Ov 35 decay
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On Transition Probabilities in Double Beta-Disintegration
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B decays

Second order process in the weak interaction

Only observable in nuclei where (much faster) S-decay is forbidden
energetically due to nuclear pairing interaction

—Opairi N,Z even
2(Z -1 A—272)2 pairing ,
BE(A) = —ayA+ asA?/® + a; ( ) + ( ) + { 0

A odd
Al A Opairing  N,Z odd

or where 3-decay is very suppressed by AJ (total angular momentum)
difference between mother and daughter nuclei
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Coherent v-nucleus scattering, dark matter detection

Coherent v-nucleus scattering

scattered . .
Q heutrino Neutral current process, tiny cross-section
! Neutrinos couple to neutrons,
P complements EM interactions
Z nuclear
boson ;

recoil @
a /

/ @ secondary

recoils
scintillation

Dark matter scattering off nuclei
What is dark matter made of?
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Nuclear matrix elements for new-physics searches

Neutrinos, dark matter studied in
experiments using nuclei

Nuclear structure physics
encoded in nuclear matrix elements
key to plan, fully exploit experiments

»
0V 3B: (7-10/1/2%) x g4 |M0uBB|2 ng

Dark matter: XN ‘ Z Gi (i }'/

_ doyn
CEWNS: ~0 (x‘zi:c,-cff,-

MO8 Nuclear matrix element
Fi : Nuclear structure factor Nucleas
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Different scales in new-physics searches using nuclei

New physics scale: A > 250 GeV

Electroweak scale:
—-1/2
v— (ﬂGF) ~ 250 GeV

QCD (hadron) scale: my ~ GeV

Nuclear scale: kr ~ m, ~ 200 MeV
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QCD

Physics of Hadrons

Physics of Nuclei

Nuclear structure theory for 0v 33 decay

A (new physics)

= EW breaking

= m, (heavy quarks)

u=Tfew x Aqcp
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Particle, hadronic and nuclear physics

v scattering off nuclei
interplay of particle, hadronic and nuclear physics:

v’s: interaction with quarks and gluons
Quarks and gluons: embedded in the nucleon
Nucleons: form complex, many-nucleon nuclei

General v-nucleus scattering cross-section:

do,
x Ci (i Fi
dq2 ‘Z i Gi ST

2

¢: kinematics (g2, - - -)

c coefficients:

v couplings to quark, gluons (Wilson coefficients), particle physics

convoluted with hadronic matrix elements, hadronic physics

F functions: F? ~ structure factor, nuclear structure physics

Frédéric Nowacki (IPHC) Nuclear structure theory for 0v 33 decay

04/07/2025



B decay
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B decay
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(88)o, decay

Specificity of (55)o,:
NO EXPERIMENTAL DATA !lI

prediction for m,, very difficult
easier for m,(A)/m,(A’)
What is the best isotope to observe (503)o, decay ?

What is the influence of the structure of the nucleus on (33)q, matrix
elements ?
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Next generation experiments: inverted hierarchy

Decay rate sensitive to ; o / M\ 2
neutrino masses, hierarchy ~ T27% (0+ — 0%) ™" = Go, g MY |” ( =22
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Next generation experiments: inverted hierarchy

Decay rate sensitive to ; o / M\ 2
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Calculating nuclear matrix elements

Nuclear matrix elements needed in low-energy new physics searches
( Final | Liepions—nucieons| INitial) = ( Final |/dxj“(x)JM(x) | Initial )

» Nuclear structure calculation
of the initial and final states:
Shell model, QRPA, IBM,
Energy-density functional
Ab initio many-body theory
GFMC, Coupled-cluster, IM-SRG...

» Lepton-nucleus interaction:
Study hadronic current in nucleus:
phenomenological approaches,
effective theory of QCD
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Double-beta decay emitters

Only decay candidates with Qzg > 2 MeV
experimentally interesting due to extremely long lifetimes

ECEC, ECB* and 3™ also more suppressed

Transition

48Ca — Ti
76Ge — "6Se
828e — 82K
97 — %Mo
100\ 10 — 100RYy
110Pd — 11OCd
116Cd N 1168n
1248n N 124'|'e
130T —y 130%e
136xg _y 136Bg
150Ng — 150Sm

T2Y05 (y)

4.4 .
1.7
9.2.
23-
. 1018

71

29-

6.9
22
8.2-

1019
1021
1019
1019

1019
1020

102!
1018

Qsp (MeV)

4.274
2.039
2.996
3.350
3.034
2.013
2.802
2.288
2.530
2.462
3.667

Ab. (%)

0.2

w —_
RoNpowoow

o ©

CANDLES
GERDA, MAJORANA, LEGEND
SuperNEMO
AMoRE, CUPID
COBRA

CUORE, SNO+
nEXO, KamLAND-Zen, NEXT, DARWIN

Worldwide running and planned experiments on different isotopes
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° Introduction
e Nuclear many-body problem: calculating initial and final states
e 3 decay: operator and nuclear matrix elements

e A3 decay operators

e Backup
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e Nuclear many-body problem: calculating initial and final states
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Nuclear many-body problem

The number of nucleons in nuclei is too large for an exact solution of A-body
Schrddinger equation. Still, it is much too small for statistical methods

Nuclear Landscape

» Ab initio Methods

» Nuclear Shell Model (SM) /
Configuration Interaction (Cl)

» Density Functional Theory
(DFT)

(VIHV)
(W)

E= <> EeoFlpl

pi = (¢lafallo) < I¢) = [] af|-)
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Many-body methods for 55 decay

Different many-body methods are used in 35 decay

» Nuclear shell Model
Madrid-Strasbourg, Michigan, Bucharest, Tokyo
Relatively small valence spaces (one shell), all correlations included

» Quasiparticle random-phase approximation (QRPA) method
Tubingen, Bratislava, Jyvaskyla, Chapel Hill, Prague...
Several shells, only simple correlations included

» Interacting Boson Model
Yale-Concepcién
Small space, important proton-neutron pairing correlations missing

» Energy Density Functional theory
Madrid, Beijing
> 10 shells, important proton-neutron pairing correlations missing

Ab initio many-body methods:
No Core Shell Model, Green’s Function Monte Carlo, Coupled Cluster...
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Shell Model problem

>

P> Define a valence space
> Derive an effective interaction

HY = EV — HqWepp = EWVeyt —— >

» Build and diagonalize the

Hamiltonian matrix 170
In general, effective operators also have to be > A valence space can be adequate to describe some
introduced to account for the restrictions of the properties and completely wrong for others
Hilbert space
Ber )8 (fzp3)®  (f7f5)% ()
(WIOW) = (Ve OuyVer) 24Cres U5 (gegl (3fy ()
<nf7/2> 8 7.21 7.60 6.55
| | I th E@T) 0.55 0.42 1.17 0.74
n principle, all the spectroscopic properties are o+ . ) -0. -29.
described simultaneously (Rotational band AND 3 (B)I(E2 2)+ o+ 370 15% 80203 21955
decay half-life) @27 —07)
B(GT) 0.80 0.96 4.54 4.25

» For the quadrupole properties f7 p3 is a good space
zPs

2
whereas for magnetic and Gamow-Teller processes the
presence of the spin orbit partners is compulsory
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Shell Model problem

>

> Define a valence space
» Derive an effective interaction

HY = EV — HejWeif = EVer

» Build and diagonalize the
Hamiltonian matrix

In general, effective operators also have to be
introduced to account for the restrictions of the
Hilbert space

(VIOIW) = (Werr | Ogif|Werr)

In principle, all the spectroscopic properties are
described simultaneously (Rotational band AND 3
decay half-life)
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Shell Model problem

>

> Define a valence space 1113/2. 1 26 jm 126

> Derive an effective interaction —%—

—_—2 —

Shw

HY = EV — HejWeif = EVer

» Build and diagonalize the
Hamiltonian matrix

4hw 205/2 = (64)
g

In general, effective operators also have to be
introduced to account for the restrictions of the
Hilbert space

(VIO|V) = (Ve |Optf | Verr)

In principle, all the spectroscopic properties are
described simultaneously (Rotational band AND 3
decay half-life)
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Shell Model problem

o9

P> Define a valence space f5/2

52
> Derive an effective interaction pl/2 pl/2
p3/2 p3/2

HY = EV — HeffWeip = EWep
712 —evon— 1772

» Build and diagonalize the

Hamiltonian matrix \\\\\\\\\

40
Ca
» In general, effective operators also have to be > A valence space can be adequate to describe some
introduced to account for the restrictions of the properties and completely wrong for others
Hilbert space
48cr. )8 (f 8 (f2f5)8 ()8
(WIOW) = (Ve OuyVer) 24Cres U5 (gegl (3fy ()
(ng7/2) 8 7.21 7.60 6.55
> | I th E@T) 0.55 0.42 1.17 0.74
n principle, all the spectroscopic properties are o+ . ) -0. -29.
described simultaneously (Rotational band AND 3 (B)I(E2 2)+ o+ 370 15% 80203 21955
decay half-life) @27 —07)
B(GT) 0.80 0.96 4.54 4.25

» For the quadrupole properties f7 p3 is a good space
zPs

2
whereas for magnetic and Gamow-Teller processes the
presence of the spin orbit partners is compulsory
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Shell Model: Giant Computations

» exponential growth of basis dimensions:

® /(30km)
fo! ol ‘
o~ (%) (%) -
VAN e
du LHC (~ 20 km)

In pf shell : N » Largest matrices up to
48Cr 1,963,461 : now contain up to
S6Ni  1,087,455,228 £ ~ 10" non-zero

SOUSOAR matrix elements.
In pf-sdg space : SRS
78Ni  210,046,691,518
oy » This would require
> Actual limits in limits in giant (15 km) more than 1,000,000
diagonalizations: 0.2 1012 for 114Sn core %%rﬁwoa{\iﬂo%t% rsgog?ntghlg
excitations

matrix !

» Some of the largest diagonalizations ever
are performed in Strasbourg with relatively
modest computationnal ressources: oot e
Phys. Rev. C82 (2010) 054301, ibidem 064304

e mscheme  ANTOINE code
e coupled scheme  NATHAN code '

E. Caurier et al., Rev. Mod. Phys. 77 (2005) 427; “

ANTOINE website

» They cannot be stored

on hard disk and are
computed on the fly.
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Shell Model: Giant Computations

» exponential growth of basis dimensions:

f /Sokm)
dr dv ]
D~ ( p ) - ( n ) el
du LHC (~ 20 km)

In pf shell : " » Largest matrices up to
48Cr 1,963,461 now c&ntain up to
S6Ni  1,087,455,228 : Tl Sl

In pf-sdg space : —— :

78Ni  210,046,691,518

Concorde

i, » This would require

more than 1,000,000
CD-ROM’s to store the
information for a single
matrix !

» Actual limits in limits in giant
diagonalizations: 0.2 102 for ''4Sn core
excitations

» Some of the largest diagonalizations ever
are performed in Strasbourg with relatively
modest computationnal ressources:

Phys. Rev. C82 (2010) 054301, ibidem 064304

e mscheme  ANTOINE code
e coupled scheme  NATHAN code

» They cannot be stored

on hard disk and are
computed on the fly.

Mont Blanc

E. Caurier et al., Rev. Mod. Phys. 77 (2005) 427;
ANTOINE website
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Historical Realistic Interactions

e Free nucleon-nucleon interaction:

V(1,2)

4_? e Spin state S=0,1
$_> ® Charge state pp,pn,nn (isospin T) 6(LS)J7T
N N

® Spatial state L=even,odd

e Deuteron properties

— Realistic potentials : Hamada-Johnston, Paris, CD-Bonn,
Argonne, Idaho-A

v(NN) = vEM(NN) + v*(NN) + vSF(NN)
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Effective interactions for SM calculations

In the past in SM calculations schematic NN interactions were used, e.g. pairing plus quadrupole
Hamiltonian or surface delta interactions. During last 40 years, effective interactions based on
realistic NN potentials have been developed.

V(i) = W+ Voor- o2+ Vi T2+ Vor(or - o2)(7y - T2) central
+ VLSL' S+ VLST(L'S)(T1 'Tg) spin — orbit

+ VS + VTTS12(T1 . 7'2) tensor

+

short Intermediate longrange  Proper calculations of OBEP are done

T within Quantum Field Theory. One has

Argoﬂne V18 then to take the following path:.
o »  Write down the Lagrangians for

interactions of nucleons with
Tt mesons

» Using these Lagrangians,
calculate Feynman diagrams that
contribute to NN scattering

CD-Bonn, Argonne v18 R. Machleidt, Phys.
) nla u_ésl a_‘g o_§§ Rev. C63 (2001) 024001; R. Wiringa et al., Phys.

1

!

i ] Rev. C51 (1995) 38.
0 0.5 1 15 2 2.5

\/

NN potential (MeV)
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Nuclear Structure from First Principles

All nuclear structure calculations are, to some extent, phenomenological

a 100 F

—
=

| Lattice
QCD

Proton Number

Frédéric Nowacki (IPHC)

Coupled Cluster, Shell Model

L. Exact methods A<12
GFMC, NCSM

Density Functional Theory A>100

A<100

B oo

Lagrangian

Low-mom.
interactions

Chiral EFT interactions
(low-energy theory of QCD)

1 ) 10

Neutron Number ——

50

100

Nuclear structure theory for 0v 33 decay

Relevant degrees of freedom:
protons and neutrons
Many-body problem

too hard in general,
approximations are needed

Nuclear force at low
(nuclear structure) energies:
adjustments to reproduce
finite nuclei needed

Can we connect

nuclear structure
calculations to quantum
chromodynamics (QCD)?
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Theory for nuclear forces

Degrees of Freedom Energy (MeV)
%% 0
Difficult to find NN potential with consistent [i3 e e
NNN forces and connected to QCD... =
,% 940
Use concept of separation of scales & RE— Hedonlies

g

The energy scale relevant
determines the degrees of freedom TTE

For nuclear structure, o .
typical energies of interest i T D
point to nucleons and pions oDy

(pions are particularly light mesons!)

Physics of Nuclei

Virationa Site n Tin
Effective theory with nucleons and pions
as degrees of freedom,

with connection to QCD postonsl 228 traim

Nueleonic Densities
and Currents

Collective Coordinates
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Modern nuclear forces: N3LO

NN 3N 4N
LO © <%.) >/\ }‘ e . > (\;\(lee use pions and nucleons as
/ grees of freedom.
» The effective Lagrangian is
classified using a systematic
. = expansion based on a power
NLO O (%) —_ —_ counting in terms of (Q/Ay )",
A = where v is called chiral order and
[ Ay is the hard scale (~700MeV)

"""" ; » v=0is called leading order, v > 1
are called next-to-v — 1 leading
orders.

N’LO O (%) ¢ +‘/

» Coupling constants (LEC)
adjusted to phase shifts and
deuteron properties.

\/ X » Note hierarchy of nuclear forces.

‘,l“ ‘ E. Epelbaum et al., Rev. Mod. Phys. 81 (2009) 1773.

ooy b
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Chiral Effective Field Theory (EFT)

Chiral EFT: low energy approach to QCD, nuclear structure energies
Approximate chiral symmetry: pion exchanges, contact interactions

Systematic expansion: nuclear forces and electroweak currents
2N force 3N force 4N force

o b - | -
wo X

Y
AR - — L kg
et

NLO H =

bt b TG TR e sen
fitted to experiment once

Weinberg, van Kolck, Kaplan, Savage, Wise, Mei3ner, Epelbaum...
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e B decay: operator and nuclear matrix elements
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Weak interactions in nuclei

£ and 53 decay processes are driven by the Weak interaction

Hy = 32 (jeudt") + Hee.

Ju. is the leptonic current (electron, neutrino): j,, = €y, (1 — 75) veL

The Lorentz structure is Vector — Axial-Vector (V — A) current,
as indicated by the Standard Model of Particle Physics

For neutrinos,

interaction eigenstates are not mass eigenstates:
veL = y_; Ueivit,

with U the PMNS neutrino-mixing matrix

The treatment of electrons and neutrinos
is relatively easy because N
they are elementary particles

Frédéric Nowacki (IPHC)
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Weak interactions: hadronic current

B and 3 decay processes are driven by the Weak interaction

Gr

Hw = 73

(/LHJ’”) + H.c.

J!' is the hadronic current:
it is not so straightforward because the Standard Model predicts
J'T at the level of quarks and we need J/'" at the level of nucleons:

> Obtain J/'" phenomenologically

> Obtain J/' using an effective theory: Chiral EFT

In nuclei (non-relativistic), 5 decay is simply

N e v
(F| ZQV T +9aoiT; [l)
i
corresponding to Fermi and Gamow-Teller transitions,
corrections (forbidden transitions) N

involve an expansion of the lepton wavefunctions
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Chiral Effective Field Theory

Chiral EFT: low energy approach to QCD, nuclear structure energies
Approximate chiral symmetry: pion exchanges, contact interactions

Systematic expansion: nuclear forces and electroweak currents
2N force 3N force 4N force

o b - | -
wo X

Y
AR - — L kg
et

NLO H =

" b g o A THR - ;j:rf_ff::;as::-m
fitted to experiment once

Weinberg, van Kolck, Kaplan, Savage, Wise, Mei3ner, Epelbaum...
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B decay: theory vs experiment

B decays (e~ capture) main decay model along nuclear chart
In general well described by nuclear structure theory: shell model...

107
0.8 :, — 0.77 n
[ 0.744
g 06r b
= r ]
O 04 E
= [ oo 1
02} o ]
N R R R R ]
0'%.0 0.2 0.4 0.6 0.8 1.0
T(GT) Th.
v Martinez-Pinedo et al. PRC53 2602(1996)
W €
n p _
(FI> lgaoim 11
i

04/07/2025
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B decay: “quenching”

B decays (e~ capture) main decay model along nuclear chart

In general well described by nuclear structure theory: shell model...
w7

08| —0.77 ]

T(GT) Exp.
s o
= (=)}
RN

| |

e
o
——

I

o N N R -
0'%.0 0.2 0.4 0.6 0.8 1.0
T(GT) Th.

Martinez-Pinedo et al. PRC53 2602(1996)

W, € - "
n {H<p (FIS lga o 151Dy, [oi7]" ~ 0707
i

Gamow-Teller transitions: Deficient many-body approach,
theory needs o7 “quenching” or transition operator?
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Gamow-Teller 5 decay with IM-SRG

[ decays (e~ capture) challenge for nuclear theory

o777 =
[ ] ¢ This work
08 —o77 ] 1 Shell model -
[ 0.744
[ [ &
& 0o i ] _ 2] a=t /a/
o 1 § == g=092(4) 4
S o4f ] § | ==o-me PP
SE H ) 4%
02} B > /
L e
2 N R B R
0'00.0 0.2 0.4 0.6 0.8 1.0 [I/ 7
T(GT) Th. S, g
Martinez-Pinedo et al. PRC53 2602(1996) )

T T
0 1 2 3
|Mgy| theory (unquenched)

—1eff ~1eff ~ .
(F| Z[QA oir [T, [oir]T 2 0707 o chers et al. Nature Phys. 15 428 (2019)
I

. Ab initio calculations including
Phenomenological models meson-exchange currents
need o7 “quenching do not need any “quenching”
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2b currents at zero momentum-transfer

2b currents at p = 0: relevant for Gamow-Teller decays, 233 decay

gap __ 1 1
Jizo =~ 7 o0 [’m P>(§ (2cs - &) + e?)] ’

Black horizontal line
represents 1b current

Difference horizontal line

/IR

[ and blue lines 2b effect
\
\ Nuclear density range
p=0.10...0.12fm™3
oL L o« L . 11 . Couplings c, s
0 0.04 0_'08 0.12 taken from NN potentials
p[fm’]
2b currents, in normal-ordered approximation predict quenching
g=0.85...0.66
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Renormalisation of the GT operator by MBPT

PHYSICAL REVIEW C 95, 064324 (2017)

Calculation of Gamow-Teller and two-neutrino double-8 decay properties for '**Te
and *Xe with a realistic nucleon-nucleon potential

L. Coraggio,"" L. De Angelis,' T. Fukui,' A. Gargano,' and N. Itaco'-?

T T T
) e GT strength
" e 2v BB decay
_01f
~15F . f
5 %
= 2
Al - X B &
! ‘exp =
("He,t) 0.05- Expt|
0.5 s - - r effective k3
—___,——l"'-_. effective
0 | I | 0 _..-“"".— L | I I I
0 500 1000 1500 2000 2500 3000 0 2 4 6 8 10 12 14 16 18 20
E_ (keV) E, (MeV)

Renormalisation of the GT by Many-Body Perturbation Theory

1,2
<\U‘O‘W> = < eff’oeff (eff )|weff>
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Renormalisation of the GT operator by MBPT

PHYSICAL REVIEW C 95, 064324 (2017)

Calculation of Gamow-Teller and two-neutrino double-8 decay properties for **Te
and *Xe with a realistic nucleon-nucleon potential

“L.De Angelis,l T. Fukui,' A. Gﬂrgano,' and N. Itaco'-?

L. Coraggio,"
4 0.1
*Xe GT strength HXe 2y B decay
bare 0.08~
3 | bare
£ % 0.06
(=P 4 =
a - =
[ LEXp 50041
( He,ty
Expt|
! ' 002 effective T
_“_'J effective
0 | 1 ) L 1 Il L Il 1 L Il L
( 2 3 F 0 2 4 6 8 10 12 14 16 18 20
1] 1000 (]E)(]l V]UE}(] 4000 E (M)

E, (keV)

Renormalisation of the GT by Many-Body Perturbation Theory

1,2
W[O) = (Wer|O8) + 002w g0

Nuclear structure theory for 0v 33 decay 04/07/2025
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Renormalisation of the GT operator by MBPT
Calcul: - rties for **Te

See also: “Value of the axial-vector coupling strength in 4 and 33 decays: A review

published in Frontiers in Physics 5 (2017) 55.

Nucleon weak current in a nucleus:
h=gvy —gar'’
Quenching:
. =
L = g}\/ggct\ ’
3 Free value of ga (Particle Data Group 2016) from the decay of free neutron:

= gfree = 1.2723(23)

(<IN ’

32

vl .

Effective value of ga:
| 6 f Expt|
€ ree T
8A = 48a *
MEDEX'19 7/3 | ! |
6 18 20

Jouni Suhonen (JYFL, Finland)
From J. Suhonen, MEDEX 2019, Prague

Renormalisation of the GT by Many-Body Perturbation Theory
(W eff’Oeff + Oé}fz)|‘|’eff>
3 04/07/2025
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0 (3 decay operators
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Two-neutrino 538 decay matrix elements

Two-neutrino double-beta decay matrix element, second order process

MBS Z <0f+| YonTn +0nTh |Jk+> <J;r| YomTm +0mTm |0,+>
B Ex — (Mi+ My)/2

Of | 2n0n7n |k ) (e | 2 omom™m [0F)
Ek — (M,' + Mf)/2

0f | Xnanma [140) (Tl X momm |0F)
Ek — (M, + Mf)/2

ey
5!

» 7, 7, transform two neutrons into two protons

» Only Gamow-Teller spin operator contributes:
Fermi contribution vanishes due to isospin conservation:

(OF 127 [ = (07 | T~ |Ji) ~ 0

» Neutrinos are emitted, do not appear in the transition operator

= Only intermediate nucleus |1;) states contribute
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Two-neutrino 53 decay calculations

Merss = 3 (Of | 3 onma [15) (1| X omm |0F)
d B (Mt My)/2

sl
Shell Model 2v34 decay calculations e
in good agreement to experiment [
. . Qg =923 keV 76 ~
GT quenching is needed o As Qp- = 2962 keV
Table 2 76G
The ISM predictions for the matrix element of several 2v double beta decays e
(in MeV—"). See text for the definitions of the valence spaces and interactions. Bp-
M2” (exp) q M2 (th) INT
—g— = +
48— BTy 0.047 £ 0.003 074 0.047 kb3 Qp-p- = 2039.00(5) keV 9
480q, BTy 0.047 +0.003 074 0.048 Kkb3g 76se
8Ca— 8Tj 0.047 £ 0.003 0.74 0.065 gxpfl o 800 T T
6Ge — 7se 0.140 +0.005 0.60 0116 gcn28:50 = Exp
75Ge — 75se 0.140 % 0.005 0.60 0.120 junds g — Th 1
82ge _, 82Ky 0.098 + 0.004 0.60 0.126 gcn28:50 ::f 600 i
8250 — 82Kr 0.098 + 0.004 0.60 0.124 junds ]
128Te  128Xe 0.049 + 0.006 057 0.059 £cn50:82 ‘5 1
130Te — 130xe 0.034 + 0.003 057 0.043 gcn50:82 s
136Xe — 1368 0.019+0.002 045 0.025 gcn50:82 g‘f 400 b
5 |
Z
£ 2001~ B
Gamow-Teller Strengths ) |
E
(each leg of the 53 decay) are well reproduced ;5 , ‘ ‘ ‘
1 2 3 4

4 . =136
Excitation energy in ~ Cs
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Two-neutrino 53 decay calculations

Ex — (M/+ Mf)/2

Merss = 3 (Of | 3 onma [15) (1| X omm |0F)
k

Shell Model 23 decay calculations

in good agreement to experiment

GT quenching is needed

Table 2

The ISM predictions for the matrix element of several 2v double beta decays

(in MeV—"). See text for the definitions of the valence spaces and interactions.

M2" (exp) q M2 (th) INT
48Ca— 48Tj 0.047 4 0.003 0.74 0.047 kb3
8Ca— 8Tj 0.047 £ 0.003 0.74 0.048 kb3g
48Ca— 4BTi 0.047 + 0.003 0.74 0.065 gxpfl
76Ge — 76Se 0.140 + 0.005 0.60 0.116 gcn28:50
75Ge — "5Se 0.140 4 0.005 0.60 0120 junds
8250 » 82Kr 0.098 + 0.004 0.60 0126 gcn28:50
8250 82K 0.098 + 0.004 0.60 0124 junds

128Te , 128xe 0.049 + 0.006 0.57 0.059 gcn50:82
1307e — 130xe 0.034 4 0.003 0.57 0.043 gcn50:82
136Xe — 136B3 0.019 + 0.002 045 0.025 gcn50:82

But so far no successfull
Ab initio calculations available ...

Frédéric Nowacki (IPHC)

T4 120.258(1) keV
1" 86.787(1) keV.

1*_44.425(1) keV.
2=

Qg =923 keV
0+
76Ge

76As Qp- = 2962 keV

p=p=
Qﬁ—B— =2039.00(5) keV [

»
8
S

Exp i
Th

2
2
3

T
I

N
8
8

T
I

| | |
0 1 2 3 4

4 . =136
Excitation energy in ~ Cs

Running sum of the Xe GT” strength (x IO‘)
g
T
|

Nuclear structure theory for Ov 33
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OvpBp decay vs 2v 33 decays

From the theoretical point of view, Ov3 and 2v 35 decays are also different
n P n P
V‘;LL'<C ‘:”H’)/e
Vi
V(g.r'<e V:,:,J\)\e
n p n p

> In 2033 decay, the momentum transfer to the leptons is limited by Qgg,
while for Ov 33 decay larger momentum transfers are permitted

<l <|

> In Ovj33 decay the Majorana neutrinos annihilate each other
which is only possible if neutrinos have mass

» In OvS33 decay the Majorana neutrinos are part of the transition operator,
via the so-called neutrino potential

04/07/2025
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Neutrinoless mode:

Exchange of a light neutrino, only left-handed currents

d u
WL
-
v
-
P W
d ' u

The theoretical expression of the half-life of the O mode can be
written as:

[T10/Vz(0+ N 0+)]—1 _ GOZ/|MOV|2<mI/>2
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Neutrinoless mode:

CLOSURE APPROXIMATION then

. K
W lo®[jw) with 0% = 37 Wi/ |(ala) (&a)]
ikl
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Neutrinoless mode:

CLOSURE APPROXIMATION then

. K
(We|0W|w))  with oK) = Z[(afa})A(aka/)*}
ikl

two-body operator
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Neutrinoless mode:

CLOSURE APPROXIMATION then

. K
(We|0W|w))  with oK) = Z[(afa})A(aka/)*}
ikl

two-body operator

We are left with a “standard” nuclear structure problem

M(OV) _ Mg’;{) N (g\/)ZMl(__OV) . Mg_OV)
A
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Ov 3 decay nuclear matrix elements

Large difference in nuclear matrix element calculations: factor ~ 3

T T T T T T T T ]
| EDF @ av ]
7 BM T n
FQRPA T +e * N 1
6 NsMm TT x| [v ° ]
[IMSRG T T \¢ - b R v ]
5F cc T . v * 7
o I A o|® A ° ]
ET A x ]
= 4 - ° * ]
3: I T « T 7:
r v :;I(: x T I L) + 7
L ES ]
2 - 4 ]: ) T * -
C . A ]
N + * ]
17 = I ]
L To i
i « T1 :
0 | | |

I I I I I
4803 76Ge BZSe 100Mo 11GCd 130-|-e 136Xe 150Nd

Agostini, Benato, Detwiler, Menendez, Vissani, Rev. Mod. Phys. 95, 025002 (2023)
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Ov 3 decay nuclear matrix elements

Spread about factor two — three in nuclear matrix element calculations

8
Calculated values . Lo
7| | Nuclear matrix [ | But this means a big improvement!
76 Ge

The uncertainty in the calculated nuclear matrix elements
for neutrinoless double beta decay will constitute the princi-
pal obstacle to answering some basic questions about neutri-
nos. The essential problem is that the correct theory of nuclei

NCALC

Bahcall, Murayama, Pena-Garay
PRD70 033012 (2004)
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Ealg [

RQRPA
NSM
IBM-2

EDF

*

L 4
A

Frédéric Nowacki (IPHC)

136.
Xe

P. Vogel, J. Phys. G39 124002 (2012)

Nuclear structure theory for 0v 33 decay

Ov3p matrix elements: last 15 years

Comparison of nuclear matrix elements calculations: 2012 vs 2023

[ EoF
Y]
[ arpa
E Nsm
Fimsra
F cc

Agostini, Rev. Mod. Phys.95, 025002 (2023)

What have we learned in the last 15 years ?

160 1307
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IM-GCM 0v 33 NME for “8Ca

Multi-reference calculation:
correlations systematically built on collective reference state
Generator coordinate method: deformation, isoscalar pairing

OF > 7 mm D H (N Q*|0])
n,m X

Best IM-GCM calculation

reproduces EM transitions 14k Raman Pritychenko
in 48Ti I ® EMI1.82.0(12) ¢ =6 |
12 L ® EMIL.8/2.0(16) B emax =38
NME ~ 0.4/30% smaller ol ¢ EM202006) @ emu=10
than nuclear shell model Lop M 1
Yao et al. r . 1
PRL 124 232501 (2020) 08 o U 1
I .. .

Consistent with 0.6 pExtrap. 1
coupled cluster NME 75 100 s 150
Novario et al.

B(E2:2% — 0%) [*fm*]
PRL 126 182502 (2021)
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VS-IMSRG 0v35 NME for 6Ge, 82Se

VS-IMSRG reaches "6Ge s 25'<§_‘::::: :

one of the targets used in
most advanced experiments
(GERDA, MAJORANA)

S 1sF B

= vob 788 . Eeext12) 4
VS-IMSRG NME converged WO W
in 3N matrix elements included e
Miyagi et al. ‘I 16Ge 7650 1
PRC105 014302 (2022) )

3t 2

Excitation spectra too spread 3 — —
quadrupole correlations =
not properly captured? &% —
NME ~ 20%/50% smaller Sl —
than nuclear shell model Y y
BeIIey et al. 661,60 MeV  -672.8% Mev -662.07 MeV  -676.31 MeV
PRL1 26 042502 (2021) T Exp. VS-\MSRGD' " Exp. VS-\MSRGV
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Shell model configuration space: two shells

48Ca extended configuration space
from pf to sdpf, 4 to 7 orbitals
dimension 10° to 10°

“8Ca 0 state lowered by 1.3 MeV
nuclear matrix elements

enhanced only moderately 30%
Iwata et al. PRL116 112502 (2016)

i) initi%‘ﬁnal ii) /f‘ iii) /f‘

oo e — 00 OO0 |—
------------ 00 |- - | -@®
n p n p n p
iv) V)
pf-shell orbits
_ -0 | e ------ sd-shell orbits

Frédéric Nowacki (IPHC)

Nuclear structure theory for 0v 33 decay

3 - 48
Ca
w2f
E —
Z _ -
1t - I
| ==
QRPA IBM EDF SM  SM

SM
(pf)  (MBPT) (sdpf)

Terms dominated by pairing
2 particle — 2 hole excitations
enhance the 3 matrix element

Terms dominated by
1 particle — 1 hole excitations
suppress the 33 matrix element
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Ov 3 decay nuclear matrix elements

Large difference in nuclear matrix element calculations: factor ~ 3

T T T T T T T T ]
| EDF @ av ]
7 BM T n
FQRPA T +e * N 1
6 NsMm TT x| [v ° ]
[IMSRG T T \¢ - b R v ]
5F cc T . v * 7
o I A o|® A ° ]
ET A x ]
= 4 - ° * ]
3: I T « T 7:
r v :;I(: x T I L) + 7
L ES ]
2 - 4 ]: ) T * -
C . A ]
N + * ]
17 = I ]
L To i
i « T1 :
0 | | |

I I I I I
4803 76Ge BZSe 100Mo 11GCd 130-|-e 136Xe 150Nd

Agostini, Benato, Detwiler, Menendez, Vissani, Rev. Mod. Phys. 95, 025002 (2023)
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136Cs experimental spectrum

While all these interactions are well, tested recent data on '*6Cs suggests
GCNb5082 results agree better with experiment than QX
Rebeiro, Triambak et al. arXiv:2301.11371

600 |- _ 1

)

g
T

N
S
T

g
T

Excitation energy (keV)
g
T

. - 3:,’ . e
0 R e 5

S E —_— 5
Previous work [20] GCN5082 This work SN100PN

QX gives systematically smaller '*6Xe 0v33-decay nuclear matrix elements
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Ov 3 decay without correlations

Non-realistic spherical (uncorrelated) mother and daughter nuclei:
» Shell model (SM): zero seniority, neutron and proton J = 0 pairs

» Energy density functional (EDF): only spherical contributions

In contrast to full
5 1 (correlated) calculation
SM and EDF NMEs agree!

IS
T

NME scale set by
— 3r q . . .
% pairing interaction
2| Menendez, Rodriguez,
Ca->Ti (EDF Gogny) —e— Martinez-Pinedo, Poves PRC90
1t Ca-->Ti (ISM KB3G) —8— 1 024311(2014)
Ca-->Ti (ISM GXPF1A) —@—
. T T NME follows generalized
Niatrer seniority model:

M%P ~ ax i/ Ne 11/ — N/ Ny v/ — N, 1, Barea, lachello PRC79 044301(2009)
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Pairing correlations and Ov 53 decay

Ov 3 decay favoured by proton-proton, neutron-neutron pairing,
but it is disfavored by proton-neutron pairing

Ideal case: superfluid nuclei Addition of isoscalar pairing
reduced with high-seniorities reduces matrix element value
12
A=48 —e— 0%
10 + A=76 —e— ;
A=82 —a— 51 ]
8 A=124 —+—
& A=128 —v— >
82 6 - A=130 —*— X 0
Al A=136 —=— GCM SkO' —— |
5 || QRPASKO
2 L GCM SkM*
QRPA SkM* -
0 | A | 210 L L L L L
0 4 8 12 0 0.5 1 1.5 2 2.5 3
Sm gT:O/g—.T:l
Caurier et al. PRL100 052503 (2008) Hinohara, Engel PRC90 031301 (2014)

Related to approximate SU(4) symmetry of the ) H(r)ojoj7i7; operator
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Pairing correlations and Ov 53 decay

Ov 3 decay favoured by proton-proton, neutron-neutron pairing,
but it is disfavored by proton-neutron pairing

Addition of isoscalar pairing

Ideal case: superfluid nuclei .
reduces matrix element value

reduced with high-seniorities
6

L ] * e Tu07
10 * Jy07

i 1 5 * & ISMs<4|
8L ] W ISM full

| L . 1

1 | L ! L
A=76 82 124 128 130 136

maximum seniority

E. Caurier et al., PRL100 052503 (2008) E. Caurier et al., PRL100 052503 (2008)

Related to approximate SU(4) symmetry of the > H(r)o;o;7i7; operator
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Deformation and Ov 53 decay

Ov 3 decay is disfavoured by quadrupole correlations
Ovp B decay very suppressed when nuclei have different structure

B‘5°Nd
-06 -04 -02 0 02 04 06 08 A=66
i : . ; : . : i 6 5
1
s 45 |
4
1 0.8
4 w 35 g
c ~
$ 3 z 37 06 8
= 25
2 ol overlap —e—
15 L NME —e— 0.4
1 . . . . .
0 0.02 0.04 0.06
0 AB
Rodriguez, Martinez-Pinedo Menendez, Caurier, Nowacki, Poves
PRL105 252503 (2010) JPCS267 012058 (2011)

Suppression also observed with QRPA Fang et al. PRC83 034320 (2011)
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Double Gamow-Teller strengths and 3/ decay

Measurement of Double Gamow-Teller (DGT) resonance
in double charge-exchange reactions *Ca(pp,nn)*8Ti proposed in 80’s
Auerbach, Muto, Vogel... 1980’s, 90’s

Recent experimental plans in RCNP, RIKEN (*8Ca), INFN Catania
Takaki et al. JPS Conf. Proc. 6 020038 (2015)
Capuzzello et al. EPJA 51 145 (2015), Takahisa, Ejiri et al. arXiv:1703.08264

Promising connection to 53 decay,

two-particle-exchange process,

especially the (tiny) transition .

to ground state of final state 'g
[an]

SDPFMU J=2
SDPFMU J=0
rrrrrrrrrr GXPF1B J=2
---------- GXPF1B J=0

40F

Shell model calculation
Shimizu, Menendez, Yako, PRL120 142502

(2018) o =3 0 5
Ex. (MeV

48
Cags>

2

48 )
BIDGT ™ Xii = 1) = 2J-1+1 ’< TiH {Z i X Z ajTj_}
i i j
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Correlation of Ov 55 decay to DGT transitions

Double GT transition to ground state Double Gamow-Teller
good linear correlation with 0v33 decay NMES  qrrelation with

e Ov53 decay holds

10 42<A<238 across nuclear chart
Shimizu, Menendez, Yako

PRL120 142502 (2018)

| [shell model L]
8 |- |EDF * °

t |1BM (MPCT/2.0) «
e
Fo X

Common to shell model
energy-density functionals
interacting boson model,
disagreement to QRPA
Also correlation in
VS-IMSRG (but weaker)
Yao et al. PRC106 014315(2022)

[ |QRPA X
r *
X

% &

i = 0 ) *R(fm)

+
gs,i

MPST(g

Experiments at
RIKEN, INFN, RCNP?
MOPROZ ;- 05 ) access DGT transitions
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Correlation of Ov 53 decay to DGT in QRPA

In QRPA, gy, parameter

typically fitted to reproduce 2v 35 half-life of measured transitions

but actually some tension between gy, values to reproduce single-/ decays
Faessler et al., J. Phys. G 35, 075104 (2008)

o -1 Perform QRPA calculations with
_-| range of gpp, = (0.6 — 0.9)

Correlation between

DGT and Ov33 NMEs!
but different than for

other many-body methods

Partially caused by relevance of
. J > 1 intermediate states in QRPA
. oVS-IMSRG || compared to eg shell model
0 1 2 3 4 Ejiri et al. Phys. Rept. 797 1 (2019)
A~1/6 M0 (1b) Horoi et al, PRC 93, 044334 (2016)
Jokiniemi, Menendez, PRC 107 044316
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Short-range character of DGT, Ov35 decay

Correlation between DGT and Ov 33 decay matrix elements
explained by transition involving low-energy states combined with
dominance of short distances between exchanged/decaying neutrons
Bogner et al. PRC86 064304 (2012)

TT ‘ T ‘ T ‘ T ‘ T ‘ T L ‘ L
I DGT | 136y, |
06| ovpp decay Xe —0.003
04 —- —0.002 §?
1= —
= 1 1 o)
3 —_
£0.2( -+ —0.001 2
= @
6] 4 4 <
[$) u
0 N 0
0.2~ (a) — (b) —£0.001
L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L L L ‘ L L L ‘ L L L
0 3 6 9 12 1% 200 400 600

T [fm]

Frédéric Nowacki (IPHC)

q [MeV]

Ov 3 decay matrix element
limited to shorter range

Short-range part dominant
in double GT matrix element
due to partial cancellation

of mid- and long-range parts

Long-range part dominant in
QRPA DGT matrix elements

Shimizu, Menendez, Yako,
PRL120 142502 (2018)
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Short-range character of DGT, Ov35 decay

Correlation between DGT and Ov 33 decay matrix elements
explained by transition involving low-energy states combined with
dominance of short distances between exchanged/decaying neutrons

Bogner et al. PRC86 064304 (2012)

---0.70

0.5

Cper(fm1)

6.0

4.0

2.0

C%(fm~1)

0.0

0 2 1 6 B 10 12
7(fm)

Jokiniemi, Menendez, PRC 107 044316 (2023)

Ov 3 decay matrix element
limited to shorter range

Short-range part dominant
in double GT matrix element
due to partial cancellation

of mid- and long-range parts

Long-range part dominant in
QRPA DGT matrix elements

Shimizu, Menendez, Yako,
PRL120 142502 (2018)
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Correlation of Ov53 decay and 2v35 decay

Good correlation between 2v and 0 modes of 35 decay
in nuclear shell model (systematic calculations of different nuclei)
and QRPA calculations (decays of 55 emitters with different gy, values)

Similar but not common correlation, depends on mass for shell model
Ovp3B3 — 2v /33 correlation also observed in “8Ca, 1%6Xe
Horoi et al. PRC 106, 054302 (2022), PRC 107, 045501 (2023)

0.6 (@) [g10: 00.6 00.7 00.8 2055 | PR 106
I s o T ° 0d6<A<60 ||
8 O + o 072< A<84 |4
v 0.4 > T %o o124 < A<136 || %4
Y
< 02:
= e

1o

T T T O T Y B | L Il L Il L Il L Il L Il L Il L Il L Il L \Nswl\rl\i

05 1 15 2 25 3 35 4 04 06 08 1 12 14 1.6 18 2 22
A=V6 0P (1b) ATVOMPv (1)

Jokiniemi, Romeo, Soriano, Menendez, PRC 107 044305 (2023)

Use 2v(33 data to predict Ov35 NMEs!
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Ov55 NMEs from 2v55 — Qv 55 correlation

NMEs consistent with previous nuclear shell model, QRPA results

Theoretical uncertainty involves
systematic calculations covering dozens of nuclei and interactions
error of each calculation (eg quenching) and experimental 2v30 error

Previous theoretical uncertainty mostly ignored: collection of calculations

ol [ QRPA (this work) = QRPA(refs.) e NSM(this work) = NSM(refs.) | ]
6| « y
= r . j
;‘_‘, [ % x X X x ]
Sa 4 x x " o ¥ B
=t % }’ % ¥ % * § ]

: g x x } § )
2 § ]
L * x |
L | % I I I I I I I I 1
1801, 760 82g, 9677, 100\[o 1160q 128, 130, 136
Nucleus

Jokiniemi, Romeo, Soriano, Menendez, PRC 107 044305 (2023)
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Correlation of Ov 53 decay to 2v35: general case

A good correlation between 2v35 and Ov 543
also appears when we include to the calculation of 0v35 NMEs
2b currents and the short-range nuclear matrix element

— : : : — :
0.6 @) [opf opfe o 1 () [opf opfy og 06
L ° | °
- [ ] (]
0.4
v
&
= 0.2

‘ NSM + ‘ ‘
0.5 1 1.5 2 2.5 0.5 1 15 2 2.5

AYS(MP¥ (1be) + ME¥) A~Y/S(MP¥ (1be + 2be) + ML)

Jokiniemi, Romeo, Soriano, Menendez, PRC 107 044305 (2023)

Use 2v30 data to predict Ov 33 NMEs with 2b currents, short-range NME

Frédéric Nowacki (IPHC)
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Ov3p NMEs from correlation: 2bc, short-range

Ov 35 NMEs including 2b currents and short-range NME
obtained from Ov 35 — 2v 30 correlation and 2v 33 data

Theoretical uncertainty due g (a) [#QRPA  MP”(1b)qrps === Eng.(2014)

to correlation, = | |*NsMm M (1b)xgy === Men.(2011)

calculation uncertainties: 3 or ]

quenching, 2bc, short-range 2 af ' § ]

NME coupling (dominant =0 hl f? E ? I f? I. ]

uncertainty) g 3
5| )

First complete estimation of
Ov 33 nuclear matrix
elements with theoretical
uncertainties

(v}
LI e

MO (1b + 2b) + MY
= [=2}
T T
]
> oid
e |
—o—«

Jokiniemi, Romeo, Soriano,

Menendez, PRC 107 044305 NS
(2023) §F o o B o 5 & 5

Nucleus
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Ov3p decay light- and heavy-particle exchange

Neutrinoless 53 decay mediated by light or heavy particles
Barea, Horoi, Menendez, Simkovic, Suhonen...

MOO8 = (OF | Y 7 > HX () QX [0)
n,m X

HX(r):zﬁ OOX hX(pZ)

ot
™ GaJo (pr)(\/Perm%) (VP + (Em) — 3 (E - Ey)

p? dp
)

Same contributions in both channels
but in heavy-neutrino exchange the standard term becomes shorter range
p ~ 100 — 200 MeV, set by typical distance between decaying nucleons

P
\\ n p
¢ €
/ .
p n p

n
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Ov 3 mediated by BSM heavy particles

Extensions of the Stantard Model can also trigger Ov35 decay
typically mediated by exchange of heavy particle (heavy v, Mg...)

[ eof ‘
O Bu = ]
[ aReA
n P gL nsw TI ]
5 el b
55
¢ &2 f
e ni | o | ]
L n L] I. 1 " 1
2 . e
n N | ]
p e
0 L L L L L L L L L
48 76 82 100 116 130 136 150

A

Effective field theory Cirigliano et al JHEP 12 097 (2018)
dimension-7 (~ 1/A3%), dimension-9 (~ 1/A%) operators can lead to 0v3f3

)
e

2M5 MR a oy s VNS MY = ~4 2/ vAO
1 _ 2000 | NN 2 psOu B8, MN A= e (V N & A2V
T1/2 =Go1 (QAMO +g, My Mcont) m2 + 2 Gg' M (/\) +mg V2 Gg M (/\/) +

Phase-space, hadronic/nuclear matrix elements, known or calculated
Present experiments constrain dim-7 / dim-9 operators A > 250 /5 TeV
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Calculations of 0v33 NMEs RS 1
challenge nuclear many-body methods, ofven 1T x ] S . ]
searches demand reliable NMEs efe s | ir I
Ab initio calculations describe well 8 decay 3 - : =S L’
They suggest reduced NMEs 1 . I I EE
due to nuclear correlations b =T

L L L L L L L L
s ToGe Blge 00yg 16gg 130r 13y, 180Ny

and two-body currents

Likely enhancement by short-range NME
partially compensates reduction 0ar
due to correlations and currents

M [

Good 0v33 — 2v3 correlation *NEMO)
in nuclear shell model, QRPA s conen ™
exploit 2v 3 data to obtain 0v35 NMEs S B 3 T

with theoretical uncertainties AT (tbe + 206) + M)
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Ov 55 matrix elements: critical assessment

List of criteria for a critical assessment

[ EDF & a ]
TE I+ . 1 P reproduce low-lying states spectroscopy
[ * * ] . .
6 Nsw TITx I . E in parent and daughter nuclei
FIMSRG T T \d ]
5F cc T :A k I . .A R ]
85,0 * E . .
S 4 . . * 1 P reproduce ElectroMagnetic properties
¥ z . T 1
of 4 : T .
: I ! T + 1 P reproduce single Gamow-Teller
1 = B :
: > ] properties

0 I I I L I I I I
480, 76Ge 82ge 100, 116gy 1307 136y, 150Ng

Agostini, Benato, Detwiler, Menendez, Vissani,

» reproduce (83)2, properties
Rev. Mod. Phys. 95, 025002 (2023)
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Ov 55 matrix elements: critical assessment

List of criteria for a critical assessment

‘
EDF & a
TE I . 1 P reproduce low-lying states spectroscopy
E +o * . .
6N TITx . E in parent and daughter nuclei
[MsRG T T * Y .
sp o I .. {: I P . ]
35 4L = 3 . .
s ¢ . * 1 P reproduce ElectroMagnetic properties
F T I %* T 4
3r I ¥ T I 3 M
r P * x * ]
. X E .
r I o= -~ 1 P reproduce single Gamow-Teller
1 E I 3 .
i *' b properties
0 48‘Ca 76(‘5e ez‘Se IOO‘MO ”E‘Cd 130‘1—e |36Xe 150Nd
Agostini, Benato, Detwiler, Menendez, Vissani, .
» reproduce (383)2, properties

Rev. Mod. Phys. 95, 025002 (2023)

Not much calculations left ...
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Ov 3 decay half-life

Half-life of 0v/33 decay sensitive to B B
mgg ~ 1/A (dim-5 operator), new-physics scales A (dim-7) or A’ (dim-9)

T-1_¢G 4(M01/)2m2 +m2GE* e v ° @é/~/4M/2 110
172 =G019a(Might) Mg +MyGg X +v2 g =

/\I

Go1, G, G': phase-space factors (electrons), very well known
ga, 9NN, 9, @': coupling to hadron(s), experiment or calculate with QCD

MOV MOu

long? "“'short?

p n
\\ n p T
'
n

e 3 , e

€ € n: e
/ 1
L

P p n

n n p

M, M’: nuclear matrix elements, many-body challenge

n
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Ov 3 mediated by new-physics heavy particles

GERDA-II
MJD
Stantard Model extensions LEGEND-200
. LEGEND-1000 .
trigger Ov 33 decay (heavy v, Mg...) 0200
Phase-space, nEXO
hadronic/nuclear matrix elements, NEXT-100 .
known or calculated NEXT-HD b
DARWIN
PandaX 200
Effective field theory Pandax 17
Cirigliano et al JHEP 12 097 (2018) K-Zen 400
dimension-7 (~1/A3), K-Zen 800 ‘
dimension-9 (~1/A%) operators Ka-zen .
SNO+ .
constrained by current searches A > SNo#I ;
250 TeV (dlm-?) CUORE e :
. A (dim9): A (dim7):
A 2 5 TeV (dim-9) CUPID| = Nsm * NSM
Amore-l : QRPA I [ \.H%‘RPA i [ \-\ 1NN
107 1072 10*

1

99.7% CL discovery sensitivity [PeV]
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Two-body currents currents

At order @3 chiral EFT
predicts contributions from N N e v N Ne v
two-body (2b) currents

Reflect interactions  @==----
between nucleons

Long-range currents dominate N N N[N

The expression for the leading Q° 2b currents is

9gA

$8,—_ 9 1
12 4F2 m2 + k2

1
{2(04 + H)k x (ox % k)13

i
+4c3k - (o 34 Ung)k — Ek. (o1 — O'g)q7'>3<:|

Long-range currents
dependoncs, cscouplings | 7 | 7 Q0 7r

of nuclear forces
C1,C3,C4 cp C3,C4 €D
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2b currents: normal-ordering

Approximate in medium-mass nuclei:

2b currents imply that the 53 decay operator is 4-body...
normal-ordered 1b part with respect to spin/isospin symmetric Fermi gas

Sum over one nucleon, direct and the exchange terms

N N e v N [Ne v
= J¢%,, normal-ordered 1b current
2 Corrections ~ (Nyajence/ MNeore)
N . in Fermi systems

N N

The normal-ordered two-body currents modify GT operator

FG FG 2 gp
J;f,be = ;;/ (rgﬂ-)én Jm,n,2b (1 — Pmn)

B/ Ve N e —c) s
- f? Th On |:3 C3 4m2 +p2 + I(p7 P)<3 (204 C3)+ 6mN>:| )

long-range p dependent

long-range p independent
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~~ decay of the DIAS of the initial 53 nucleus

Explore correlation between Ov533 and ~~ decays,
focused on double-M1 transitions

MG =S (0F [ n(gnln + giorn)" [1£(IAS)) (15 (1AS)[ 3 (gnlm + giorm)™ |0 (DIAS))
MM £ Ex —(Ei+ Ef)/2

Similar initial and final states

76 1
hs but both in same nucleus

§ 73 765 78Ge double isobaric analogue state| fOI’ eIectromagnetic transition
- ) [ e [ il . .
B M1 and GT operators similar,
(53 . .
5 s B physics of spin operator
g - v 1 M1 also angular momentum
o .

5| | Different energy denominator

— T6ge Romeo, Menendez, Pena-Garay
s w : : : PLB 827 136965 (2022)
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Correlation between M1 M1 and Ov 55 NMEs

on ] Good correlation between
ea o M1M1 same-energy photons
3 and shell-model Ov35 NMEs

A dependence:

3 energy denominator

E dominant states at higher
IR energy in heavier nuclei

46 < A <60

Overall, study ~ 50 transitions
1 several nuclear interactions
E for each of them

Romeo, Menendez, Pena-Garay

1.0 1.5 2.0 2.5 3.0 3.5 PLB 827 136965 (2022)
MO0 —03)
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Experimental feasibility of vy decay?

~vv decays are very suppressed with respect to + decays
just like 55 decays are much slower than 5 decays

~+ decays have been observed recently
in competition with ~ decays

Waltz et al. Nature 526, 406 (2015), Soderstrom et al. Nat. Comm. 11, 3242 (2020)
Outlook:

72 b

A 1 Study in detail leading
decay channels for M1 M1 decay
in DIAS of 38 nuclei

Particle emission M1, E1 decay:
BR~107-10"8

73 766, 78Ge double isobaric analogue state
73 | N stk d

AT BB vy

Binding energy (MeV)

75 +

Experimental proposal for 48Ti
by Valiente-Dobon et al.

— 7SSe

31 32 33 34 35
Atomic number, Z Valiente-Dobon, Romeo et al., in prep
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