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

—dpairi N,Z even
2(Z -1 A—27)2 pairing ,
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A odd
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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 Neutral t Hi Hi
@ heutrino eutral 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[35) x g4 |M0uﬁﬁ|2 ng

Dark matter: XN ‘ Z Gi (i J:/

_ doyn
CEWNS: ~0 O(‘XI:CiCI}—i

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— (ﬁGF) ~ 250 GeV

QCD (hadron) scale: my ~ GeV

Nuclear scale: kr ~ m, ~ 200 MeV

Javier Menéndez (UB)

SM

QCD

Physics of Hadrons

Physics of Nuclei

Nuclear structure theory for 0v 33 decay
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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 SN

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
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Ov 3 decay half-life

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

6 10
T-1_G 4(M01/ )2m2 TmRGE R v +mfvé/~/4/\7,/2 v
172 =G019a Might 38 NG g X w2 g N

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

0 0 YRV 2 ; _
I\/I,O;g, Mgtoi» M, M': nuclear matrix elements, many-body challenge
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Next generation experiments: inverted hierarchy

Decay rate sensitive to ;
neutrino masses, hierarchy ~ 77777 (07 — 0+)~
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Matrix elements assess if

next generation

fully explore "inverted hierarchy"
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Uncertainty in physics reach of Ov 55 experiments

= 30 : |
2 [ v Nsm (m;["")IO (PDG 2021) (b)
E = QRPA —— meant 1o 4
2 5 ¢ EOF —— mean £ 20 2 Nuclear matrix element
g [ "M Tomensd 1 theoretical uncertainty critical
g L 1 to anticipate msp sensitivity
S 20— : % — .
s 1 ° | of future experiments
3 | l . - ]
> Bry g l $ 7| Current uncertainty in mgs
E o0 g 1 prevents to foresee
w8 l & ° _ if next-generation experiments
r l s $ 1 will fully cover parameter space
a = y B 1 of “inverted” neutrino mass hierarchy
5— : -
[ |
76Ge 100M0 136Xe

Ty =16x10%yr T, =15x10%yr  T,,=1310%y  Uncertainty needs to be reduced!

Agostini, Benato, Detwiler, JM, Vissani
Phys. Rev. C 104 L042501 (2021)
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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 i
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 2> SNOHI . ;i
250 TeV (dlm-7) CUORE e :
. A’ (dim9): A (dim7):
A 2 5 TeV (dim-9) CUPD| ' Nsm - * NSM
Amore-1i : QRPA (. \.\H(Q\‘RPA Il Lot \.\ INE]
107 107 10! 1

99.7% CL discovery sensitivity [PeV]
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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:
Hadronic current in nucleus:
phenomenological,
effective theory of QCD
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Double-beta decay emitters

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

ECEC, EC3* and 3" also more suppressed

Transition

48Ca — 8Ti
76Ge — "6Se
825 — 82Ky
967y — %Mo
100MO N 100Ru
110Pd - 110Cd
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T2/BB (y)

4.4.
1.7
9.2-
23-
71

29-
6.9-

22
8.2-

1019
1021
1019
1019
1018

1019
1020

1021
1018

Qs (MeV)

4.274
2.039
2.996
3.350
3.034
2.013
2.802
2.288
2.530
2.462
3.667

Ab. (%)

) N o
c0oRoNgSwo 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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0 Nuclear structure: initial and final states

e 3 decay: operator and nuclear matrix elements

e 313 decay operators

e Ov 3 decay nuclear matrix elements
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@ Nuclear structure: initial and final states

Javier Menéndez (UB) Nuclear structure theory for 0v 33 decay Modica, 7-8 July '23 /100



Nuclear Structure from First Principles

All nuclear structure calculations are, to some extent, phenomenological

—

Proton Number

100 E T —T—T T T
Density Functional Theory A>100
Coupled Cluster, Shell Model
A<100
10 I Exact methods A<I2

| Lattice
QCD

GFMC, NCSM

B oo

Lagrangian

Low-mom.
interactions

Chiral EFT interactions
(low-energy theory of QCD)

1 5 10
Neutron Number ——

50

100

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)?

Javier Menéndez

(UB)
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Lattice QCD

QCD non-perturbative at low energies relevant for nuclear structure
Lattice QCD solves the QCD Lagrangian in discretized space-time Lattice

T T T 0
1 L 150 Lans T T T i 5= 0 ¥ s= -2
000 m, =380 MeV —e— o0} 1 " i
® m,=529 MeV = )
100 F o my=731 MeV —=—] —40 .
— - —60 L
é 50 | 11 < . v
; 500 E® T é —100
= oF . PR R RN [ ot o 0
>O Exd & % % @ @ @ | o
[
0 Il Il Il Il —140
00 05 10 15 20 o o
2-body
O R L ~180 3-body
1 1 1 4-body
0.0 0.5 1.0 1.5 2.0 T He e s iH fHe %He j{He H-dib n= ,'He
r [fm]
HALQCD Collaboration NPLQCD Collaboration

Nuclear potentials, and lightest nuclei and hypernuclei solved
at non-physical pion mass m,. ~ 400 — 800 MeV, ongoing improvements
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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! & S Hedonlies

¢
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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Nuclear interaction: Yukawa

The foundation for a theory of the nuclear force given by Yukawa (1935)

Predicted new particle (pion!)
responsible for attractive nuclear
forcer~1fm=m~1/r

Pion discovered in 1947

Spin dependent
Isospin dependent

Non-central interaction,
Tensor component
812 = {3(01 . IA’) (0’2 . ,f\') — 01 - 0’2}

m2 g 3 3 e ™
V(I’): *7/‘(7—1 '7-2) |:0'1 '0'2+S12 (1 +mr+(mr)2>] W
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Effective theories

Effective theory:
approximation of the full theory
valid at relevant scales

Expansion in terms of small parameter:

typical scale / breakdown scale

In an effective theory
the physics resolved
at relevant energies is explicit

Terms at different orders given by
symmetries of the full theory

Unresolved physics
encoded in Low Energy Couplings

Physics of Hadrons

Physics of Nuclei

Javier Menéndez (UB) Nuclear structure theory for Ov

Degrees of Freedom Energy (MeV)

AN ]

Quarks, Gluons

940
Neutron Mass
Constituent Quarks

g

Baryons, Mesons

8
Proton Separation Energy in Lead

Pratong, Neutrons

132
Vibrational State in Tin

Nueleonic Densities
and Currents

0.043
Rotational State in Uranium

Collective Coordinates
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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
e

NLO H =

" b g A TR ;a;::f:; B::L,nngs
fitted to experiment once

Weinberg, van Kolck, Kaplan, Savage, Wise, Mei3ner, Epelbaum...
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How does chiral EFT work?

The chiral EFT Lagrangian is an expansion, in different orders
of pion-pion, pion-nucleon and nucleon-nucleon parts

Lyerr =LO +£0 4 £®) 4
=L + £+ i+ £ + £+ £33 +

For example:

L0 _ %T [EWUB Ut +m? (U+ UT)] U=exp [iﬂ-f;rT]

£l ,2/ N iy D* + %7”75U(7r)ﬂ — M) N

™

Evaluate these expressions to lowest orders in pion fields
obtain Feynman diagrams for each vertex \;

The chiral order of a diagramis v =2(N — C) + 2L+ )", \;
with N nucleons, C disconnected parts and L loops
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Examples of chiral EFT diagrams

Feynman diagrams are read off from the Lagrangian:

q" q" Kt q"
->— -q b- —= ->— -q —->— -qa
(@) Q) (©
LO —%YSQTH ﬁe“bﬁgrc —
NLO — }%(c4e“bc%ckuqva’”—c3k#q"6“b—2c1mi6ab) %T“al q+ (12

d
+f(”71 X T3)'q (01 X 03)

. . 0 0 1
for the lowest order pion-nucleon diagrams from £'% + EST,Q, + ES\,,R,
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Chiral EFT currents

In addition, from the Chiral EFT Lagrangian we obtain the currents
on how nucleons (and pions) couple to different probes
of scalar, vector, axial... character

This is consistent with nuclear forces (same couplings)!

2 K# q* H
(X)a a@®- - -b a@- >--b b—<——(8;—->—c
(@ ® © @

LO axial igAy“y5§ B ﬂbc,)/y x¢ F kt§eb —

LO vector iyhs - ﬂbcyuy = _ abejn

NLO axial — % (—(:46‘“’”7&,(7”V + cgk’*E“b) — —

NLO vector — — —
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Calculations with NN, NN+3 ces

T wo w0 5o I

- . - Ab initio many-body calculations
o ow o= o = = f€asible in light nuclei

" "7 777 No Core Shell Model
Green’s Function Monte Carlo

e | 1sme | deme

. g L6 lp 051 _12C )
L8271 1273312 + L —251 116
NN forces T e— s’ 6% ile = 01|
L5 —_— [
do not reproduce o o L — l. !

. : . LT 2731 I
binding energies Rt e P R S
and spectra: 4 =i — .
need 3N forces LT T — s E

. F p— 2 o3 — —n
Agrees with o = —n prT T 7/, P 4
experience o 3= 4 7 _— % —
from Shell Model v Lo v by o - Lo
. . r e T/ A _ r
in heavier systems I NN+NNN Exp NN NN+NNN  Exp NN NN+NNN Exp NN
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Calculations with NN, NN+3N forces

QUANTUM MONTE CARLO

The Green’s function Monte Carlo uses imaginary-time projection techniques to extract the ground-state
of the system from the trial wave function

lim 6—(H—E0)7-|\PT> _ Tli_{gozc"e_(E"_Eo)Tl\Pn> — CO|\I}0>

T—00
268 : : ! . . -20
-270 —307
=272 —40
- 274 s -50 9
s 216 2
2 % .
m g 1073‘
278 & -704 B
. =32
-280 301 GFMC calculations g
282 —904 —— AVIS+ILT
— EXP o+
284 ' ' ' ' ' ' ~1001 — NV2#3-la IZC
0000 0002 0004 0006 0008 0010
3 BNERGY T 10 Argonne &

from Alessandro Lovato
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Three-nucleon forces, meson-exchange currents

Forces between 3 nucleons, external probe couplings to 2 nucleons
known in nuclear theory for a long time
Fujita and Miyazawa PTP17 (1957), Towner Phys. Rep. 155 (1987)...

3N forces, 2b currents needed because of missing degrees of freedom
(N-body forces appear in any effective theory)

T, pyw
P A,N — recccpccccd [ eccea
™ ™ s
7w
C1,€3,C4 ¢cp cp
= —---+~— XW\
™
C3,C4 CD

The A isobar, with May = 1232 MeV
relatively low excitation of the nucleon, My = 939 MeV
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The (no core) shell model

5ho

4ho

126 The (no core) Shell Model

Many-body wave function
linear combination of
82 Slater Determinants
from single particle states in the basis
(3D harmonic oscillator)

50
e i) = [nilijim;my)
20
|pa) = a,?ﬁaj;...a,jA |0)
8 _
1 ho Op e opl/2 A |\U> - za: Ca |¢)Ol>
2
0o o0 oo HIw) = E[v)
DI ( (p+1)(p+2) ) ( (p+1)(p+2)r ) Dimensions increase
1mm ~ . .
N 4 combinatorially...

Javier Menéndez
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Coupled Cluster, In-Medium SRG

Coupled Cluster method
Hagen, Papenbrock, Hjorth-densen, Dean, Rep. Prog. Phys. 77, 096302 (2014)

based on a reference state .
and acting particle-hole excitation operators (not in the reference state)

‘\U> _ e—(T1+T2+T3-~) ‘¢>
with Ty => "1 {a};,aa} o= Y. tjg aTa a&aﬂ}
o,& aB,af
solve (®%|e=TiHe= = Ti|®) =0, <¢Zg‘ e TiHe= X Ti|9) =0

In-medium similarity
renormalization group method 0pOh 1plh 2p2h 3p3h 0pOh 1plh 2p2h 3p3h
Hergert et al. Phys. Rep. 621,165 (2016)

use similarity (unitary) transform

to decouple reference state
from particle-hole excitations

H=T+V = H(s) = U(s)HU(s)

dH , 3
o = [n(s). H(S)] with n(s) = [G(s), H(s)] o P

3p3h  2p2h 1plh  OpOh
3p3h  2p2h 1plh  OpOh
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Ab initio many-body methods: oxygen

Oxygen dripline using chiral NN+3N forces correctly reproduced
ab-initio calculations treating explicitly all nucleons
excellent agreement between different approaches

-130
No-core shell model
(Importance-truncated) _-140
. >
In-medium SRG < 150
Hergert et al. PRL110 242501(2013) g
. , . 20 -160
Self-consistent Green’s function g
Cipollone et al. PRL111 062501(2013) =170
Coupled-clusters 180

Jansen et al. PRL113 142502(2014)

Recent application to 2°8Pb
Hu, Jiang, Miyagi et al. Nature Phys. 18, 1196 (2022)

Javier Menéndez (UB)
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Effective shell-model interactions

Coupled Cluster:

Solve coupled-cluster equations for

core (reference state |¢)), A+ 1 and A+ 2 systems
Project the coupled-cluster solution into valence space
(Okubo-Lee-Suzuki transformation)

Jansen et al. Phys. Rev. Lett. 113, 142502 (2014)

opoh  pth  2p2  3pan

In-medium similarity
renormalization group
decouple

core from excitations
decouple A particles in :
valence space from rest

-t
0pon

1pth

tpth

2
2p2h

(il H135) (npnh|H (00)[®core) = 0
Stroberg et al.
Annu. Rev. Nucl. Part. Sci. 69, 307 (2019)

In addition to Hey, these non-perturbative methods provide the core energy
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Nuclear shell model (with core)

126
82
Sy re—1
20
Is TP
Od T e 0dsi2
8
lhw Op —————rmm = Opli2 P
2
Oho 0o ——------—- 0512

The Shell Model solves the many-body
problem by direct diagonalization in a
relatively small configuration space

The total space is separated into

@ OQuter orbits:
orbits that are always empty

@ Valence space: the space in
which we explicitly solve the
problem

@ Inner core:
orbits that are always filled

Diagonalization in valence space: H|V) = E |V) — Hgy |V) s = E|V) o
where Hg includes the effect of inner core and outer orbits
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Nuclear shell model: computational power

Computational power critical for
size of nuclear shell model configuration space to be considered

1 major oscillator shell > 1 major oscillator shells
~10° Slater dets. ~10'"" Slater dets.
Caurier et al. RMP77 (2005) Caurier et al. RMP77 (2005)

>102* Slater dets. with Monte Carlo SM
Otsuka, Shimizu, Tsunoda
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Shell-model calculations,

24

Excitation Energy (MeV)
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Nuclear shell model: examples

The Shell Model is the method of choice for shell model nuclei:
energies, deformation, electromagnetic and beta transition rates...

ADCa
T
6 (a) Yrast levels 1
34T 1
. 2
= %
;;,s A s E
3 o ]
34T 1
=
&
o i
0
< T
150 =
e
o 1000 = | ]
5 & 1000 R %
E ! g
soF ‘s £
& x
= 0 1 1
0 = 30 40 50
N
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Shell-model spectra for heavy nuclei

Very good general agreement
between the properties of low-energy nuclear states
and nuclear shell-model calculations

However, some nuclei present challenging features
such as "®Ge ground and first-excited state, likely related to deformation

900F ] 127 3 1100
wm I 1000 3
800F  ————— o E 200 E
JE— )
; 700 o 1172y E o 800 E
0 9 %
2 ok w 4 E 3
2 o z; 600 E
S S00f ¥ E 5 500 E
ot =
= 400F — —— E S 400 E
.% 300 -7 g 300 3
= 300F E s
B = E
2 Lok v . EI- R
e & 100 3
= 3 0 A E
100 " - w 100E 2 . 3
oF - sn E -
502 -200E 12 4
Theory Exp Int. 1 Exp Int. 2

Klos, JM, Gazit, Schwenk, PRD 88, 083516 (2013)
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Ab initio spectra for heavy nuclei

While VS-IMSRG calculations high quality in light nuclei (eg Na)
challenges remain in heavier systems, such as 3Ge

Interesting sensitivity to the chiral nuclear Hamiltonian used for 27|

w
o

73 2= 1 ]
30} Ge _— . _ 5o+ —— I
> — S10fF e e—2t 527
2,5 _— i ] —
S 25f . =3 —
N = > 081 b— e
g) 20 B g 2 — =10
c c e —_— T =0 ]
815l ] 5 0.6 —_—
c — c — 2
o kel —r%
o 1.0 2:132) " | 8 04 pr— — 12 )
S —_— e S — —_—
w 05} f— 1 w o2t —_— S g
(572)~
- % N —_—n
0.0 2 ool % 2t
ANNLOg, N4LO+3N;y 1.8/2.0(EM)  Expt. ANNLOgo NALO+3N;y 1.8/2.0(EM)  Expt.

Hu et al. PRL 128, 072502 (2022)
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Shell evolution in medium-mass nuclei

Calculations with NN+3N forces predict doubly-magic nuclei °>Ca, **Ca, "8Ni
groundbreaking mass / 2" measurements at ISOLDE / RIBF

22 ._¢ T T T T T T T T ] ® Experimental®® ... LSSM?8
20 - — * This work —— MCSM
182 I 3 - OC% 4
16 | .
% 14 - i
s I2p . 2
v: 10 - — = 2 -
~ r \ 1 SN
vi' 8 — WMBPT N A~ ] =
6F a-acc ‘—_ P L
4 - ©— ¢ SCGF — \:“,
2L ©— © MR-IM-SRG ] s . [
P Y R T B M i
T S T R N S B R
28 29 30 31 32 33 34 35 36 % 38 0 i 44 5 25 50 =2
Neutron Number N Neutron number, N
LETTER ARTICLE R

Masses of exotic calcium isotopes pin down
nuclear forces

78Ni revealed as a doubly magic
t hold against lear defa
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Ab initio predictions for heavy nuclei

Theory — experiment.
Very notable progress ot eror N

ab initio calculations of w

1
. . QCH) — 3.9%
(relatively uncorrelated) heavy nuclei o, - o
reaching 2°6Pb -, —— 22
1
un:e ::vk) E(JH) | 20%
R,(*He) -|_ 1.1%
E(*He) —r 1.9%
Ry(°0) I 1.6%
=2

BE s E("°0) - J 11%
g R,(*Ca) 3.3%
b E,, (¥Ca) 19%

1
pro,°";> m,\, EIA(**Ca) Y 6.9%
Determine 2%8Pb neutron ski ]
etermine = neutron skin ) .
using Bayesian approach - a3%

. 9 ° _.I._
based on sampling of 10 FACFY) — 0.3%
(parameters of) nuclear Hamiltonians
Hu, Jiang, Miyagi et al. j ;

! T
0.1 0.2 0.3

Riyan°°Pb) (fm)

Nature Phys. 18, 1196 (2022)
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Many-body methods for O35 decay

Different many-body methods are used in Ov33 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-Concepcion
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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e [ decay: operator and nuclear matrix elements
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Weak interactions in nuclei

£ and 5 decay processes are driven by the Weak interaction

Hy = 32 (jeut") + 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
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Weak interactions: hadronic current

B and 3 decay processes are driven by the Weak interaction

Gr

Hy = 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[‘T phenomenologically

@ Obtain J!'" using an effective theory: Chiral EFT!

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

N e v
(FIY gvr +gaoim |I)
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
e

NLO H =

" et - TP TS

Weinberg, van Kolck, Kaplan, Savage, Wise, Mei3ner, Epelbaum...
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Chiral EFT weak currents

Remember, the weak interaction is V-A: vector-axial
Chiral EFT currents: calculate systematically at Q°, Q2. .. order

At order Q standard Fermi, Gamow-Teller operators
Sp) =gy, Ji(p) = gacr
At oder Q2 loop and pion-pole corrections

Lp) = gv(pP)T™,

X N e \Y
Ji(p) = |9a(p®)o — gp(p )(p AL i(gu+9v) 2 mp T,
2 2
av(p?) = gv (1 —2/'\9—2), 9a(p®) = 9a (1 —2,%)7
v A
29xpnFr
gp(p?) = 2+p2— (p)/\z’ gm = kp — kn = 3.70, N

Order @ corrections are not relevant for single-3 decay, 233 decay,
because in these processes p ~ 0
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B decay: theory vs experiment

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

0.8 i —0.77 n

0.6 ]

T(GT) Exp.

0.4[ ]

02F g

N R N
0'%.0 0.2 0.4 0.6 0.8 1.0

T(GT) Th.
Martinez-Pinedo et al. PRC53 2602(1996)

(FIY lga oiri 111
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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...
77

08| —0.77 ]

T(GT) Exp.
c o
= [=)}

E i P R RS ERR
0.0 0.2 0.4 0.6 0.8 1.0
T(GT) Th.

Martinez-Pinedo et al. PRC53 2602(1996)

W, € - "
n JH<,, (FIS lga o 11Dy, [o7]" ~ 0707
i

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

ga

J=—2A ———
12 4F2 m2 + k2

1
{2(04 + m)k x (ox x k)12

i
+4c3k - (017'13 + ang)k - Ek (oy — 02)q7'>3<:|

Long-range currents 1 1 [ NS — b
dependoncs, cgscouplings | 7 | 7 Q0 7r
of nuclear forces

C1,C3,C4 CD 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 [N ¢ v

= J5,, normal-ordered 1b current

T Corrections ~ (Myatence/ Neore)
in Fermi systems

N N N \N

The normal-ordered two-body currents modify GT operator
FG FG 2.dp
ff mY~m
Hor= 21 | for dmaie1 =P

Ve N 1 oc—c) s
- f? Th On |:3 C3 4m2 +p2 + I(p7 P)<3 (204 03)+ 6mN>:| )

long-range p dependent long-range p independent

Javier Menéndez (UB)
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2b currents at zero momentum-transfer

2b currents at p = 0: relevant for Gamow-Teller decays, 2v 35 decay

gap ! 1
By = 2L on 0P (5 (20— )+ - ).

Black horizontal line
represents 1b current

< i
% — Difference horizontal line
N T 1 and blue lines 2b effect
= \\ Nuclear density range
© % p=0.10...0.12fm=3
i 1 | 1 | 1 | 1 | 1 1 1 | 1
05 0.04 0.08 012 Couplings ¢s, cs

- taken from NN potentials
p [fm ]
2b currents, in normal-ordered approximation predict ga quenching

54/100
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Gamow-Teller g decay with IM-SRG

[ decays (e~ capture) challenge for nuclear theory

77 =
[ ] ¢ This work
08 —o77 ] 1 Shell model -
[ 0.744
[ [ &
& 0o i ] _ 2] a=t /a/
o 1 § == g=092(4) 4
S 04f ] § | ==o-me PP
S H ) 4%
02} B > /
L e
2 N R R R
0'00.0 0.2 0.4 0.6 0.8 1.0 [I/ 7
T(GT) Th. $ Lo
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)
]

. Ab initio calculations including
Phenomenological models meson-exchange currents
need o7 “quenching do not need any “quenching”
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Origin of 5-decay “quenching”

Complementary, similar impact of
nuclear correlations and
meson-exchange currents

O ESPM @ Correlations only
@ 2BConly @ Ful
F 1.8/2.0 (EM)
F 2.0/2.0 (EM)
F2.2/2.0 (EM)
-
* 4=L:.>O F 2.0/2.0 (PWA)
el - — O F2.8/2.0 (EM)
.4:_554___:-—0 F NN-NLO + 3N,y
® 4::5_4'_0_'_:—— O NN-NALO + 3Nl
RS r—0 o
T T T T T T T

4 6 8 10 12
|]LIGT‘2

Gysbers et al. Nature Phys. 15 428 (2019)

14 16 18

2b currents modify GT operator
JM, Gazit, Schwenk PRL107 062501 (2011)

N N e v
eeges
effl . 9AP __
Jn,2b =T Ty OnX N .
™
2¢c,—¢ c 2 2
I(p)sH=% o gap . p
2 2 2
3 494N\ 3f2 "m2 +p
085 ° O NNLO
0.80 k] ] NALO+3NFy,
> N3LO+3NFL.n
0.75 < 1.8/2.0 (EM)
0.70 A 2.0/2.0 (EM)
9 o YV 22/2.0 (EM)
£065 O [ b 2.0/2.0 (PWA)
S 0.60 G ¥ Pastore 500
o R { Pastore 600
35 e 3 Ekstrom 450
0.50 et O Ekstrém 500
0.45 [ OE O Ekstrém 550
- — p=008
-3 -2 -1 0o 1 ---- p=0.16

Javier Menéndez (UB)

Modica, 7-8 July '23 56/100



2b currents in Ov3 3 decay

In Ov 33 decay, two weak currents lead to four-body operator
when including the product of two 2b currents: computational challenge

Approximate 2b current as L
effective 1b current normal ordering i ]
with respect to a Fermi gas z 05|

JM, Gazit, Schwenk, PRL107 062501(2011)

Normal-odering approximation works

har(p?)(1b + 2b) /har (p?)(

remarkably well for 5 decay (g = 0) 04| = |
t 2BC: (p(fm™7), ¢p) ||
Gysbers et al. Nature Phys. 15 428 (2019) r — (0.9, —1.70) i
0.2 ----(0.9, —6.08) H
Some reduction of quenching o %293)2)
due to 2b currents at p ~ m; R T R T TR
relevant for Ov 35 decay P(MeV)

Hoferichter, JM, Schwenk

Jokiniemi, Romeo, Soriano, JM, PRC 107
PRD102 074018 (2020)

044305 (2023)
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9 (/3 decay operators
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Two-neutrino 538 decay matrix elements

Two-neutrino double-beta decay matrix element, second order process
Wevss = 3 (07 | 32070+ onta [JO) (I Xom Tm + omTm |0F)
Ek — (M,' =+ M,)/2
O | X nonta [4) (I | EmomTm [0F)
Ex — (M; + My)/2

0f [ Xnonma [15) (16| X mom™m [0F)
Ex — (Mi + My)/2

N
Y

@ 7, 7, transform two neutrons into two protons

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

(OF 127 [) = (O | T~ |J) ~ 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

Mer3s = 3 (Of | 3 onma [15) (1] X omm |0F)
d B (Vi 1 M))2

v |
Shell Model 2v3 decay calculations s 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— 7y 0.047 £ 0.003 074 0.047 kb3 Q- = 2039.00(5) keV 9
480a, BTy 0.047 +0.003 074 0048 Kkb3g 76se
8Ca— BTj 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
825e —» 82Kr 0.098 + 0.004 0.60 0.124 junds ]
128Te  128Xe 0.049 + 0.006 057 0.059 gcn50:82 ‘5 1
130Te — 130xe 0.034 + 0.003 057 0.043 £cn50:82 s
136Xe — 1368, 0.019 +0.002 045 0.025 gcn50:82 g‘f 400~ b
5 |
Z
£ 2001~ B
Gamow-Teller Strengths ) |
Z
(each leg of the 53 decay) are well reproduced § , ‘ ‘ ‘
1 2 3 4

4 NEE
Excitation energy in ~ Cs
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Two-neutrino ECEC of 1%*Xe

Predicted 20vECEC half-life:
shell model error bar largely dominated by “quenching” uncertainty

10% g
: 2
(=]
&)
2 108k = PR
= 2 <§c g S Suhonen
%‘“ g =N S JPG 40 075102 (2013)
% % E Pirinen, Suhonen

PRC 91, 054309 (2015)

Coello Pérez, JM, Schwenk
PLB 797 134885 (2019)

XENON100 (2017)

20ECEC
T (0;; i
3
T
H
(2013) | (2015)
|
(2018)
|
|
\*‘

102

1 1 1 1
QRPA ET NSM Exp. limits

Shell model, QRPA and Effective theory (ET) predictions
suggest experimental detection close to XMASS 2018 limit
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Two-neutrino ECEC of 1%*Xe

Predicted 20vECEC half-life:
shell model error bar largely dominated by “quenching" uncertainty
—— XENONA1T (this work)

XMASS (90% C.L)
1028 | -~ XENON100 (90% C.L)

(yn)

Suhonen
JPG 40 075102 (2013)
102 |

Pirinen, Suhonen
PRC 91, 054309 (2015)

- _ Coello Pérez, JM, Schwenk
20— PLB 797 134885 (2019)

2vECEC

T1/2

QRPA QRPA ET NSM XENON1T
(2013) (2015) (2018) (2018) Nature 568 532 (2019)

Shell model, QRPA and Effective theory (ET) predictions
suggest experimental detection close to XMASS 2018 limit
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2v33 decay of 1%¢Xe to %°Ba 0]

Current experiments sensitive to two-neutrino 33 of 1%¢Xe to '*Ba 07
EXO-200, KamLAND-Zen

1028 ¢ T T =
E 1365 o(0+ 1363 (0 3
027 L [Xe(05) ~ 3(02)’\ b Nuclear shell model
I B R QRPA, EFT and IBM
10% 1 M E EE very different predictions!
— r I x> |0 &:
=) L m | T
2 107 =& é Barea et al.
S gL <| I=- PRC 91 034304 (2015)
1023 , 1;’-: 7 Pirinen, Suhonen
PRC 91, 054309 (2015)
10% ¢ ‘ ‘ ‘ ‘ ‘ . Jokiniemi, Romeo, Brase, Kotila et al.
LI TG T R PLB 838 137689 (2023)
0%3 é% \Qﬁ\ Q)Q A @*&v

Very good test of theoretical calculations!

Javier Menéndez (UB) Nuclear structure theory for 0v 33 decay Modica, 7-8 July '23 62/100



136Xe — 13®Ba 0] running sums

Subtle cancellation NME running sum, depends on many-body method

L z |
— i v ) 0.25 - -~ Adj.(0} — 0%
S . " aonog - oh) || g (05 — O
S 150 . el | - --- WS(0f; - 0%)
B - QX(0g = 05) | 9% g0 — AdL(0% — 0F
32 [ el |—aoNohoon | = E 4i-0z = 02)
. I  OX(Of m o) || W 5 — WS(04 — 03)
" 100 - = 0:) || 015 ] J
Lo 1 F [ ]
2 Fo 1 £ o10f .
| 0501 - 1 £ r ]
g 0.30F NSM| r ]
& Aﬁﬁq__,_,_l; i 0.05 | QRPA|
I | R — .
0.00 ———— Lo b b b 0.00 j-T i L L L L L il
0 5 10 15 20 0 10 20 30
E,f"c(MeV) Ekexc(l\/IeV)

Jokiniemi, Romeo, Brase, Kotila et al. PLB 838 137689 (2023)

Shell-model running sum shows cancellations in decay to ground state
QRPA running sum shows cancellations in decay to excited state
Since ground-state decay fitted to data, very different decay to excited state
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Ov3p decay vs 2v 33 decays

From the theoretical point of view, Ov 35 and 2v 55 decays are also different

@ In 2v30 decay, the momentum transfer to the leptons is limited by Qgg,
while for Ov 33 decay larger momentum transfers are permitted

@ In Ov3 decay the Majorana neutrinos annihilate each other
which is only possible if neutrinos have mass

@ In Ov3(3 decay the Majorana neutrinos are part of the transition operator,
via the so-called neutrino potential

Modica, 7-8 July '23 64/100
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OvpB5: closure approximation

The neutrinos can carry large momentum, p ~ 100 MeV,
much larger than the excitation energies in the intermediate states |Ny)

The closure approximation can be used (good to 90%)

3 (Nf| I (%) | Na) (Na| I (y) [N})

2 p+ Ea— 3(Ei+ Ey)
Tt (E)- 11(5 TE) 2 (NI 060 ING) (Nl 7 () 1N
2
~p+(E) - 1;(E +Ep) (Ng I ()T (y) NG -

This simplifies the calculation, only initial and final states are needed
We still need the transition operator!
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From currents to transition operator

The transition operator originates from the nuclear currents and the neutrinos

, I o 1,1y I Im(?)
o 7157 [ o o

dp ey Qom(p
=071 S g [ g S o)

0178 () T~ 1) [0

The integral over p is performed and
r = |r, — | distance between decaying neutrons, H(r) neutrino potentials.

There is three spin structures contributing to 0v 55 decay:
Fermi (1), Gamow-Teller (o102), Tensor (Si2)

The Gamow-Teller term is dominant (~ 85%)
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Ov 3 decay nuclear matrix elements

Ovp B process needs massive Majorana neutrinos (v = )
= detection would proof Majorana nature of neutrinos

—1
0vp3p _ 41 pg0vB8 |2
(T1/2 (0" — 0+)> = Go1 g4 |M ﬁﬂ| m%ﬁ
Go1 is the phase space factor
includes information of Qgsg, electrons...
ga is the axial coupling (hadronic matrix element)
MO¥55 is the nuclear matrix element

mgs = | > U3, my|, represents physics beyond the Standard Model

Sensitive to absolute neutrino masses, compete with other determinations:

single-3 decay (/> |Uek|2m?2) and cosmology (> my)
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e Ov 33 decay nuclear matrix elements
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Ov 3 decay nuclear matrix elements

Large difference in nuclear matrix element calculations: factor ~ 3

T

" EDF & AV ]
7L BM T ]
- QRPA +e * * ]
6 — NSM TTI v ° ]
FIMSRG T T 03 . ¥ . v |
5F cc T . v ]
o B A ol® A ° * ]
85 4, [ ax * .
= 4t - . 1
L T « T ]
3: v :;E ¥ T I [ ] +‘|’ ]
o [ —‘ * z *
i I - T A ]
C + ]
1+~ F3 I —
L E—S i
g « T1 ;

O | | |

| | | | |
4SCa 76Ge SZSe 100Mo 1160d 130-[-e 136Xe 150Nd

Agostini, Benato, Detwiler, JM, Vissani, Rev. Mod. Phys. 95, 025002 (2023)

Javier Menéndez (UB) Nuclear structure theory for 0v 33 decay Modica, 7-8 July '23 68/100



Ov 3 decay nuclear matrix elements

Spread about factor two — three in nuclear matrix element calculations

Calculated values

7" | Nuclear matrix |* | But this means a big improvement!
76

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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IM-GCM 0v 33 NME for “8Ca

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

(OF [ D_7n mm 2 H (N Q*[0])
n,m X

Best IM-GCM calculation

reproduces EM transitions 1.4 F Raman Pritychenko |
in 48Ti | ® EMI.8/2.0(12) ¢ emx=6 |

oL ® EMI.8/2.0(16) B oenx=8 |
NME ~ 0.4/30% smaller ol © EM202006) @  émx=10
than nuclear shell model Lof % 1
Yao et al. r . 1
PRL 124 232501 (2020) 08 o U 1

I . . .

Consistent with 0.6 pExtrEp. .
coupled cluster NME =5 100 125 150
Novario et al.

B(E2:2% —07%) [e*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 150 B

= ok Pse o Emwc1Z ]
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 z
not properly captured? &% —
NME ~ 20%/50% smaller Sl —
than nuclear shell model Y y
BeIIey et al. 66160 MeV 672,89 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‘
o0 e — 00 OO0 | —
------------ QO |er e | -0 @
n p n p n p
iv) T V)
pf-shell orbits
—— | —— 00— | e ------ sd-shell orbits

Javier Menéndez (UB)
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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 34 matrix element
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Ov 3 decay nuclear matrix elements

Large difference in nuclear matrix element calculations: factor ~ 3

T
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Agostini, Benato, Detwiler, JM, 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
GCN5082 results agree better with experiment than QX
Rebeiro, Triambak et al. arXiv:2301.11371

600} N _ ¢
9\ —
;.
500 kN 3
EN
% 4
£ 400~ 3
> 1
%0 8
= 9
@ 300 -
=
8 2
S} .
- 37
2 200
o
3%
100 4 >
4
. — . R
0 [ 5 5 _— s T
Previous work [20 GCN5082 This work SN100PN QX

QX gives systematically smaller '*6Xe Ov33-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
(correlated) calculation
SM and EDF NMEs agree!

IS
T

5 3 NME scale set by
= pairing interaction
il ] JM, Rodriguez, Martinez-Pinedo,
Ca-->Ti (EDF Gogny) —@—
il CasTi (1SM KEAG) —8— i Poves PRC90 024311(2014)
Ca-->Ti (ISM GXPF1A) —@—

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ NME follows generalized
22 24 26 28 30 32 34 36 Senlorlty model

Ntather

M’ ~ ar /N +1v/Qr —Nx /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— 5| 1
8 A=124 —+—
& A=128 —— >
82 6 A=130 —*— S 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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Deformation and Ov 53 decay

Ovp 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 45t
4
1 0.8
‘ w35 g
£ = ]
$ 3 z 3 106 3
= 25 |
2 ol overlap —e—
1 NME —e— 0.4
. ) ‘ ; ‘ ‘
0 0.02 0.04 0.06
0 AB
Rodriguez, Martinez-Pinedo JM, Caurier, Nowacki, Poves
PRL105 252503 (2010) JPCS267 012058 (2011)

Suppression also observed with QRPA Fang et al. PRC83 034320 (2011)
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Shell model vs quantum Monte Carlo: correlations

Compare 3 transition densities in o .
nuclear shell model and quantum Monte Carlo calculations in light nuclei

arrPpar(r) = (Wil > 6(r — rap)oap 72 7 (Vi) ,
a<b

oo}
M= [ arc;.
Agreement at long distances, missing short-range correlations in shell model

Gamow-Teller AA 1?Be - 12C

0.0150 4 —— SM-psd-WSS

—:— SM-psd-WSW
0.0125 4 s VMC2
0.0100 -

0.0075 4
0.0050 q

Cor(r) [fm]

0.0025 4
0.0000 1
—=0.0025 -

—=0.0050
0

r[fm]
Weiss, Soriano, Lovato, JM, Wiringa, PRC106 065501 (2022)

Similar findings in Wang et al. PLB 798 134974 (2019)
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Generalized contact formalism (GCF)

Generalized contact formalism Weiss, Bazak, Barnea PRL 114 012501 (2015)
Separation of scales: wf, transition density factorize for two nearby nucleons

ZSO (rp) A% (R, {rcij),  par(r) m _3|§0 (r )|2 op, an(f5 1)

r,jao

with ¢(r) the solutlon of the two-nucleon Schrédinger equation

The contact C(f, i) = 241 (A2 (f)|A%(i)) is model dependent

Replace shell-model by OMC contact
to improve transition density and nuclear matrix element

1.0 WSS 2.00
WSS+GCF e
0.8 +ovMC : " WSW
150] Y WSS+GCF
0.6 S b WSW+GCF
S 125 ‘s n
35 g4 > * | °
T 0 85 1.00 ‘
- ! i
0.2 85 0.75
N
0.0 0.50
“02 0.25
2 4 6 8 10 12 0.00
r [fm] SHe - °Be 19Be - 10C 12Be»12C
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GCF: model independence of ratios

Generalized contact formalism Weiss, Bazak, Barnea PRL 114 012501 (2015)

The contact C(f, i) = 241 (A*(f)|A%(i)) is model dependent

(shell model, quantum Monte Carlo, no-core shell model...)

but for two nuclei the ratio Cgp an(X)/C2 on.nn( Y) relatively model independent:
combine QMC calculation in light nuclei with two shell model calculations:

v
1.501 ° 2.0 A
IRCEL .« 7
= 1.25 el . .
Il 1,00 ¥ . ity (Lhy ’
< o, — A=10; WSS 1
0751 — A=12; WSS 3510 Ho
] e A1 =14 ; WSS © HO(S)+GCF
< 0.50 + LT
< . e A;=10;EML8/2.0
0.25 | o A;=14; EM1.8/2.0 0.5
¥ A;=10; AV18+UX
0.00+ ¥ A =12;AVI8+UX
T T T T T — 0.0
0.0 0.5 1.0 15 2.0 2.5 3.0

r [fm]

Weiss, Soriano, Lovato, JM, Wiringa, PRC106 065501 (2022)
Yao, Belley et al. PRC 103, 014315 (2021)
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Shell model + Generalized contact formalism: NMEs

GCF builds QMC short-range correlations to shell model transitions densities
can be extended to heavy nuclei where shell model calculations are possible
Weiss, Soriano, Lovato, JM, Wiringa, PRC106 065501 (2022)

3.54 X »
3.0

¢

251 * ¢

. 2.01 * *
1.51

1.0 te ¢ HO ¥ Novario et al.
051 ?+>- Y HO(S)+GCF % Belley etal.

’ ¢ Jokiniemi et al. + Yaoetal
O'A%Ca L, 487 76Ge »76Ge  130Ta ,130xa  136xa ,136g5

Short-range correlations included by GCF reduce 0v 53 NMEs moderately
~ 30% reduction in general consistent with ab initio NMEs in “8Ca, "Ge

Good agreement in benchmark NMEs in light nuclei with ab initio calculations
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Light-neutrino exchange: contact operator

Short-range operator contributes to light-neutrino exchange
for RG invariance of two-nucleon decay amplitude: high-energy v’s

2 Mg
—1 4 (40 s
T = Got 94 (Mgng + M, 0 ) e Cirigliano et al. PRL120 202001(2018)

1.2A1/3fm 2 (.
Mo = OIS e 1 [ b(an) 29 ate/m a0,

g3
1.2A1/3fm
M~ L2 0 S oy oo | / jo(ar) ngAfz(p/AA)p2dpJ|o+>
gA n.m

Unknown value (and sign) of the hadronic coupling g\N!

Lattice QCD calculations can obtain value of g\N

Davoudi, Kadam, Phys. Rev. Lett. 126, 152003 (2021), PRD105 094502('22)

match nn — pp + ee amplitude calculated with dispersion QCD methods
Cirigliano et al. PRL126 172002 (2021), JHEP 05 289 (2021)

charge-independence breaking of nuclear Hamiltonians

Cirigliano et al. PRC100, 055504 (2019)
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Contact matrix element: relative impact

2
2 Msp

Modified decay rate: T, 3 = Go1 G4(Mng + M) o

TABLE IL. Values of C, + C; obtained from the CIB contact interactions in various chiral potentials.

Assume gy N ~ 1fm? Model  Ref.  Rs(m)  CI(md)  (Ci+C)/2(md) Model Ref.  AMeV) (€ +C)/2(md)

L NVt [38] 08 00158 —1.03 Entem-Machleidt  [34] 500 ~047
C|r|g||ano et al. NVAI*  [38] 08 00219 —1.44 Entem-Machleidt  [34] 600 —0.14
NV 38] 06 0.0219 —144 Reinert et al. 139] 450 ~0.67

PRC100 055504 (201 9) NV  [38] 06 00139 —091 Reinert et al. 39] 550 —1.01
NNLOw 1371 450 ~039

~ 75% correction for QMIC '2Be NME ~ What about heavy nuclei?

1 - - = - = 8.5
[ 12B¢ 512C !
[ - i . 4
Lol - Il (Rsel0.6, 0.8 fin) -
~ 1 PRI (Rsel0.6, 0.8] fm) A
7 !
£ 05| E 15}
= MERL
< |
b 05 F
0.0 t
[ ol
[ st

034 B 3 3 3 0 1 2 3 4 5 6 7 8
1 (fm) r(fm)

Cirigliano et al. PRL120 202001(2018) JM et al. NPA818 139 (2009)
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Short-range NME calculations in heavy nuclei

0
Calculate Mg

Use g\N and A values from
charge independence breaking (CIB) contact term, chiral EFT potentials
assume same value for two CIB couplings Cy = C»

. in heavy nuclei to see impact in 0v33 searches

N (fm?) A (MeV)

-0.67 450 Reiner et al. Eur. Phys. J. A 54 86 (2018)
-1.01 550 "

-1.44 465 Piarulli et al. Phys. Rev. C 94 054007 (2016)
-0.91 465 "

-1.44 349

-1.03 349

Consider Gaussian regulators: hs = 2g8NNg(p/A)

Perform calculations with the nuclear shell model:
4BCa 76Ge SZSe 124Sn 128Te 130Te and 136Xe

and the quasiparticle random-phase approximation method (QRPA):
75Ge, SZSe, QGZr’ 100M0, 1160d, 124Sn1 128Te, 130'['e and 136Xe

Javier Menéndez (UB) Nuclear structure theory for 0v 33 decay Modica, 7-8 July '23
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Long and short-range NME in heavy nuclei

Relatively stable contribution of new term Mg /M, :

20% — 50% impact of short-range NME in shell model

30% — 70% impact of short-range NME in QRPA
consistent with 43% effect in IM-GCM for “8Ca

using result from nn — pp + ee decay Wirth et al. PRL127 242502 (2021)

G(r‘)(fm'l)

= G =
7 T

6Ge(0vpBB 055 = 050) |

|
—

o

r(fm)

—C,

s (N = —1.44)

—Cs (g = —067)
MRPA NSM
3 4 6 8 10 0 2 4 6 8 10

r(fm)

Jokiniemi, Soriano, JM, Phys. Lett. B 823 136720 (2021)

Javier Menéndez (UB)

Nuclear structure theory for 0v 33 decay

Modica, 7-8 July '23
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Long and short-range NME in heavy nuclei

Relatively stable contribution of new term Ms/M;:

20% — 50% impact of short-range NME in shell model
30% — 70% impact of short-range NME in QRPA

consistent with 43% effect in IM-GCM for “8Ca
using result from nn — pp + ee decay Wirth et al. PRL127 242502 (2021)

002 A 1 ]

- |

> |

<

= oot

= L

=) | '

O 0.00 X
i Il L \I)nQRPA 1 L L NSI\/I’
0 200 400 600 800 0 200 400 600 800

a(MeV) q(MeV)

Jokiniemi, Soriano, JM, Phys. Lett. B 823 136720 (2021)
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Relative impact of new short-range contribution

In transitions with larger cancellation from tail in NME distribution
new short-range term becomes relatively more important

Nuclear shell model: 48Ca with 25% — 65% contribution
consistent with Wirth et al. PRL127 242502 (2021)
QRPA: 100Mo with 50% — 100% contribution

due to negative contributions of 17 intermediate states

explains larger QRPA than shell model impact, but less than QMC

) wea][—Ct
-==-Csmax || 1
— Csmin ||

Crs(r)(fm™1)

L L L L L - " L L - L
0 5 10 0 5 10
r(fm) 7r(fm)

Jokiniemi, Soriano, JM, Phys. Lett. B 823 136720 (2021)
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Impact on tests of inverted hierarchy of » mass

I PHQRPA — ] With these g\N values
i NSM 1 significant impact on current Ov g3
- B | limits on neutrino mass, Mgag
100 .
= B Ab initio determination
= | INVERTED based on nn — pp + ee result
= 0k i suggests constructive sign
= | between M, and Mg
L | Wirth et al. PRL127 242502 (2021)
NORMAL |
11 | Short-range matrix element
i 1 may roughly compensate
0.1 1 10 effect of missing correlations
Miightest (meV) meson-exchange currents
Jokiniemi, Soriano, JM in shell model, QRPA
Phys. Lett. B 823 136720 (2021) NME calculations
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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

SDPFMU J=2
SDPFMU J=0
- GXPF1B J=2
-+ GXPF1B J=0

Promising connection to 55 decay, 40t
two-particle-exchange process,
especially the (tiny) transition
to ground state of final state

Shell model calculation
Shimizu, JM, Yako, PRL120 142502 (2018)

0 b = :10 60
B (MeV)

48
Cags>

2

48 o)
B(DGT*;A;Hf):ﬁK Ti’HE o %y 6/7,’}
i 7 7
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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 Ov3 decay holds

10 42<A<238 . across nuclear chart
Shimizu, JM, Yako

PRL120 142502 (2018)

: shell model [ ]

8 | |EDF * .
t |1BM (MPCT/2.0)

F |QRPA X

*
6L **ﬁ;&
3 Ko "x
[ w & 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)

i = 0 ) *R(fm)

+
gs,i

MPST(g

Experiments at
RIKEN, INFN, RCNP?
MOPROZ 5 — 05 9 access DGT transitions

Javier Menéndez (UB) Nuclear structure theory for 0v 33 decay Modica, 7-8 July '23 88/100



Correlation of Ov 53 decay to DGT in QRPA

In QRPA, g, parameter

typically fitted to reproduce 2v 33 half-life of measured transitions

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

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

Mpar

NSM
A EDF Partially caused by relevance of

. g};‘;‘j J > 1 intermediate states in QRPA
ovsMSRG || compared to eg shell model
Ejiri et al. Phys. Rept. 797 1 (2019)

Horoi et al, PRC 93, 044334 (2016)

0 1 2 3 4
A=YO P (1b)
Jokiniemi, JM, PRC 107 044316 (2023)
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Short-range character of DGT, Ov53 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
0.4 —- —0.002 §?
1= —
= 1 1 g
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]

Javier Menéndez

a [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, JM, Yako,
PRL120 142502 (2018)

(UB)
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Short-range character of DGT, Ov53 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)

Ov 3 decay matrix element
limited to shorter range

Cper(fm™)

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

of mid- and long-range parts

0.0

6.0

4.0

2.0

C%(fm1)

Long-range part dominant in
QRPA DGT matrix elements

0 2 4 (f : 8 10 12 Shimizu, JM, Yako,

Jokiniemi, JM, PRC 107 044316 (2023) PRL120 142502 (2018)

0.0
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~~ decay of the DIAS of the initial 53 nucleus

Explore correlation between Ov33 and ~~ decays,
focused on double-M1 transitions

MG =5 (07 | n(ghln + gon)" |15 (1AS)) (1, (IAS) |32 (ghIm + gom)’" |0/ (DIAS))
MM Ex— (Ei+ Er)/2

Similar initial and final states
but both in same nucleus
0Ge double isobaric analogug state| 10T €le€ctromagnetic transition

-72 T6pg 1
73 e
M1 and GT operators similar,

physics of spin operator

74 L -n- ]
- o M1 also angular momentum

Binding energy (MeV)

=l | Different energy denominator

7656 Romeo, JM, Pefia-Garay

‘ : s w w PLB 827 136965 (2022)
31 32 33 34 35
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Correlation between M1 M1 and Ov55 NMEs

on ] Good correlation between
oo 3 M1M1 same-energy photons
© ] and shell-model 0v33 NMEs

A dependence:
] energy denominator
E dominant states at higher

RRRRE energy in heavier nuclei

46 <A =60

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

Romeo, JM, Pena-Garay

1.0 15 2.0 25 3.0 35 PLB 827 136965 (2022)
MO(0F,— 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

As 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 sl d

A B vy

Binding energy (MeV)

75

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

— 768e

31 32 33 34 35
Atomic number, Z Valiente-Dobén, Romeo et al., in prep
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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 33 emitters with different g, values)

Similar but not common correlation, depends on mass for shell model
OvBB — 2vBS correlation also observed in “8Ca, 136Xe
Horoi et al. PRC 106, 054302 (2022), PRC 107, 045501 (2023)

06| (@) [g10: 00.6 00.7 00.8 2055 | PR 106
; -1 . 046 < A < 60
° om2<A<8s ||
&g o o124 < A <136 [104

1o

Ll b I - L | L | L | L | L | L | L | L | L \Nswl\rl\i
05 1 15 2 25 3 35 4 04 06 08 1 12 14 16 18 2 22
A=V/SMPv (1b) A=VO MDY (1b)

Jokiniemi, Romeo, Soriano, JM, 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

sl ‘OQRPA(this work) QRPA (refs.) @ NSM(this work) NSM(refs.) ‘ ;
__6f ; 1
e} I % b
;/ [ % : § X x |
%J 4 n x % x x * . 3 X R
g B¢ {, % % § ™

2 o i

L * x |

L 1= L L L L L L L [

1801, 76 Qe 82Ge 9677, 1000\ [ 160 128 130T 136,
Nucleus

Jokiniemi, Romeo, Soriano, JM, PRC 107 044305 (2023)
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2b currents in Ov3 3 decay

In Ov 33 decay, two weak currents lead to four-body operator
when including the product of two 2b currents: computational challenge

Approximate 2b current as L
effective 1b current normal ordering i ]
with respect to a Fermi gas z 05|

JM, Gazit, Schwenk, PRL107 062501(2011)

Normal-odering approximation works

har(p?)(1b + 2b) /har (p?)(

remarkably well for 5 decay (g = 0) 04| = |
t 2BC: (p(fm™7), ¢p) ||
Gysbers et al. Nature Phys. 15 428 (2019) r — (0.9, —1.70) i
0.2 ----(0.9, —6.08) H
Some reduction of quenching o %293)2)
due to 2b currents at p ~ m; R T R T TR
relevant for Ov 35 decay P(MeV)

Hoferichter, JM, Schwenk

Jokiniemi, Romeo, Soriano, JM, PRC 107
PRD102 074018 (2020)

044305 (2023)
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Correlation of Ov 53 decay to 2v35: general case

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

o ot ovis os

0.6

[ o opis osi

NSM +

0.6

Il

0.5 1 15
A=YS(MP¥ (1be) + M)
Jokiniemi, Romeo, So

I
2 1.5

25 05 1
A~Y/S(MP¥ (1be + 2be) + ML)
riano, JM, PRC 107 044305 (2023)

Use 2v30 data to predict Ov33 NMEs with 2b currents, short-range NME

Javier Menéndez

(UB)

Nuclear strui

cture theory for Oz

Modica, 7-8 July '23
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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

to correlation,

calculation uncertainties:
quenching, 2bc, short-range
NME coupling (dominant

uncertainty)

First complete estimation of
Ov 3/ nuclear matrix
elements with theoretical

uncertainties

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

MP¥(1b + 2b)
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= [=2] o o
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Ov3p decay light- and heavy-particle exchange

Neutrinoless 3 decay mediated by light or heavy particles
Barea, Horoi, JM, Simkovic, Suhonen...

MOP8 = (0f | ZT;T; Z HX (r) @ |0)")
X

n,m

(=28 [Ty )

TGl (pr)(\/PermE) (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
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Ov 3 mediated by BSM heavy particles

Extensions of the Stantard Model can also trigger Ov33 decay
typically mediated by exchange of heavy particle (heavy v, Mg...)
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Effective field theory Cirigliano et al JHEP 12 097 (2018)
dimension-7 (~ 1/A3), dimension-9 (~ 1/A%) operators can lead to 0v3f3

2 m? m2 . VN I ¢ - 10
-1 _ 2 p0v NN 2 ps0u BB N A xd 2 (V N A A2 (VY
T1/2 7GO1 (gA M + 9 T Mcont) mg + 92 Gg M (/\) + mg V2 G g M (/\/) + 5

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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Thank you very much for your attention!

Feel free to ask any questions!
| will be around until the end of the school
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