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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
1/3
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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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B decays: lepton-number conservation

Lepton number is conserved Uncharged massive particles
in all physical processes like Majorana neutrinos (v = 7)
observed to date theoretically allow lepton number violation

connected to matter dominance
over antimatter in universe

(8 decay, 53 decay... Neutrinoless 35 (0v33) decay
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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
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CUORE, SNO+
nEXO, KamLAND-Zen, NEXT, DARWIN

Worldwide running and planned experiments on different isotopes
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Next generation Ov33: inverted hierarchy

Decay rate sensitive to
neutrino masses, hierarchy
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Matrix elements assess if
next generation experiments
fully explore “inverted hierarchy”
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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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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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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
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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)?
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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

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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Nuclear interaction: Yukawa

The foundation for a theory of the nuclear interaction 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

Degrees of Freedom Energy (MeV)
¢ %% 9

Quarks, Gluons

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

Physics of Hadrons

940
Neutron Mass

Constituent Quarks
Expansion in terms of small parameter: PEY.
typical scale / breakdown scale

Baryons, Mesons

In an effective theory
the physics resolved o .
at relevant energies is explicit i T 2

Pratong, Neutrons

Terms at different orders given by
symmetries of the full theory

Physics of Nuclei

132
Vibrational State in Tin

Unresolved physics Nockorl Dl
encoded in Low Energy Couplings

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 N 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)!

G 2 q" H
S b a@- >--b  b-% -
@, a®- ®- ®-
@ ® © @
LO axial igAy“)fs% - i “bcy’” F kt5b —
LO vector iyhs - ﬂbcyuy = _ abejn
NLO axial — Fl (—(: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
feasible in light nuclei

No Core Shell Model
Green’s Function Monte Carlo

o L o | o G

11 051 12
8% 112332 i — € 21 fie
NN forces I — sr— lﬁzif‘= — -:0*;1 R
- — 12532 L 151
do not reproduce o o B - ‘ — .
binding energies e L P i — s P
and spectra: ST TE T =TT
) i - —_ sz
need 3N forces L — e — s s
. r p— 2] 32 —_— —m
Agrees with o = —n prT T 7/, P 4
experience o 3= 4 7 . i —
from Shell Model I v Lo . . o
H : [T T _ r
in heavier systems I NN+NNN Exp NN NN+NNN  Exp NN NN+NNN Exp NN
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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...
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Ab initio calculations for oxygen

Ab initio calculations by different approaches,
treating explicitly all nucleons as degrees of freedom

[ L L L L L L B
-130 __* ry obtained in large many-body spaces
No-core shell model = -140 [~ y:q _ =
(Importance-truncated) © C N
S -150 | -} .
In-medium SRG % C L4 N
5 -160 - © MRIM-SRG & 7
Self-consistent 5 - B IT-NCSM Tmog 8 ¢ 9]
Green’s function -170 |- ¢ SCGF x .
- % Lattice EFT .
Coupled-cluster -180 |- lA CCI | | . AI\I/IE 201|2__
1 1 1 1 1 1
16 18 20 22 24 26 28

Mass Number A
Benchmark with the same initial Hamiltonian
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Coupled Cluster, In-Medium SRG

The Coupled Cluster method is based on a reference state
and acting particle-hole excitation operators
impose no particle-hole excitations in the reference state

W) = e~ (Ti+T2+T5) | )

with Ty =318 {ag,aa} = 13 agaz;vaaaﬂ}
o,& 3

afB,af

solve (@3] e>TiHe™=Ti|o) =0, <¢gg‘ e TiHe= X Ti |0y =0

The In-medium similarity

. . 0pOh  1plh 2p2h 3p3h 0pOh  1plh 2p2h 3p3h
renormalization group method - , -
uses a similarity (unitary) 2 2
transformation - -
to decouple reference state & &
from particle-hole excitations - -
X %
H=T+V — H(s) = U(s)HU (s) - -
aH _ 5 5
s = [n(s), H(s)] with n(s) = [G(s), H(s)] |'——

(il H(0) [7) (il H (o0) |1}
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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)

opth  fpih 20 3pdh 0p-0h Tpth p2h  3pdh
—_ P P,

In-medium similarity
renormalization group
decouple

core from excitations
decouple A particles in
valence space from rest

opon
0p0n

ipth
Tph

22

2p2h

3p3n
3p3n

(il H|j) (npnh|H(00)|®eore) = 0

In addition to Heg, 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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Nuclear shell model: examples

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

4OCa

Ex (MeV)

Excitation Energy (MeV)

Ex (MeV)

2

12 (€fm

=
=
-

1000

100

Q, (im?

50

B(E2; 01
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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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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 Ueivi,

with U the Pontecorvo-MNS 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

Javier Menéndez (UB) decay nuclear matrix elements VIII Pontecorvo School, Sinaia



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 N 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 R
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
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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 B B B
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
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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

M2Vﬁﬁ — <0
>

A Znonm [160) (k| Zmom™m [0F)

Ex — (M/+ Mf)/2

Shell Model 2v3 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 M?' (th) INT
48ca— 4Ti 0.047 £ 0.003 0.74 0.047 kb3
48Ca— 4Tj 0.047 £ 0.003 0.74 0.048 kb3g
8Ca— BTj 0.047 £ 0.003 0.74 0.065 gxpfl
76Ge — 76Se 0.140 + 0.005 0.60 0116 gcn28:50
76Ge — 76Se 0.140 + 0.005 0.60 0.120 junds
82ge _, 82Ky 0.098 + 0.004 0.60 0.126 gcn28:50
825e —» 82Kr 0.098 + 0.004 0.60 0.124 junds

128Te  128Xe 0.049 + 0.006 057 0.059 gcn50:82
130Te — 130xe 0.034 + 0.003 057 0.043 £cn50:82
136Xe — 1368, 0.019 +0.002 045 0.025 gcn50:82

Gamow-Teller Strengths

(each leg of the 53 decay) are well reproduced

Javier Menéndez (UB)

1" 86.787(1) keV.

1+ 44.425(1) keV.
2=

Q=923 keV 76As Q- = 2962 keV
0+
76Ge
p=p=
Qp-p- = 2039.00(5) keV o
76Se
2 80 T T
= Exp 1
3, — Th
5 o0 7
©
©
X400 b
_% 1
]
£ 2001 b
Z
2 1
H
£ I L L
g 0 T 2 3 4

4 . =136
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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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

VIII Pontecorvo School, Sinaia 45/60
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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!

Javier Menéndez (UB)

Ov 33 decay nuclear matrix elements
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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 ~ 2 — 3

+ - - HX (N oX o+ QX = Fermi (1), GT (onom), Tensor
<Of | nZ,; T Tm ZX: () }O’ > H(r) = neutrino potential

r T ]

[ EDF & a ]

7 1BV = —

[ QRPA +e A * ]

6 nsm ITT . . ]
5L X a * . 1

r ‘m e A . ¢ ]

3 r A u x ]
= N [ T u o ] 1
L T 4

C [ ] B

St T =z T o

[ Iy T o ]

°F T I a

r + b

1 =, 4

ol | | | | | | | | 1

48 76 82 100 116 130 136 150

A
Engel, JM, Rep. Prog. Phys. 80 046301 (2017), updated
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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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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 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)

v 33 decay nuclear matrix elements

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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Ab initio IMSRG nuclear matrix element for 48Ca

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

48Ca 0] state lowered by 1.3 MeV
nuclear matrix elements

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

14 F Raman Pritychenko |
® EMI1.8/2.0(12) ¢ emx=6
b ® EMI.8/2.0(16) B e =38
' ® EM2.0/2.0(16) ®  emux =10
S0p %
0.8 ¢
. o ®
L . -
0.6 ).Extrap. ©
75 100 125 150

B(E2:2% = 0%) [e*fm?]

Javier Menéndez (UB)

decay nuclear matrix elements

QRPA IBM EDF SM SM_ SM
(pf)  (MBPT) (sdpf)
IM-SRG “8Ca NME

Multi-reference calculation:
collective reference state

Generator coordinate method:
deformation, isoscalar pairing

Yao et al. arXiv:1908.05424
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2b currents: transferred-momentum dependence

The o7~ term depends on transferred momentum p:

7w7-70- g C piz
2" "3 4mz 1 p2
Quenching reduced at p > 0 Momentum transferred
because chiral coupling ¢; < 0 dependence relevant for Ov 33
L1 : —————r—r—rr— decay where p ~ m;
°§ 1 -I 1T I TT 171 I L I TT 171 I TT 171 IOI TT I-
= B — 1bQ ]
£ | —_— leZ —
é [ 3| ]
= VE—/—/——— — o+ o FammaaNaNl 1b+2b Q" | 7]
C) _

p [MeV] 0 100 200 300 400 500
p [MeV]

MOvBB — fooo C(p)dp

0\:
()

Typical momentum transfers set by
typical distance between decaying nucleons
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2b currents in 53 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 Approximate 4b operator
as effective 1b current as effective 3b operator

. ——— T — ¢ d
[ _ = v .
k = = — a b
: == 2 — (a) (b)
T T % %/ %k %
p [MeV]

(¢) (d) (e)

GT(1b+2bg,

Quenching reduced to ~ 20%
at p ~ m, for Ov33 decay
JM et al. PRL107 062501(2011)

Estimated effect ~ 10%
Wang et al. PRC98 031301 (2018)
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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

n

\\p n p
¢ €
//e -
n p n P
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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...)

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

T, /2 =Gor (Qf\ M + g}

T
r EDF
L BM
[ QRPA

g [ Nsm

II

6

2

P L.

m;

48

e

fed

76 82 100 116 130 136
A

2 /2 ’
mg v A

Phase-space, hadronic/nuclear matrix elements, known or calculated
Present experiments constrain dim-7 / dim-9 operators A > 250/ 5 TeV

150

G 5/4 M/Z (1)10 +

Javier Menéndez
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v 33 decay nuclear matrix elements

VIII Pontecorvo School, Sinaia

59 /60



Light neutrino exchange: new contact operator

Contact operator suggested to contribute to light-neutrino exchange
Cirigliano et al. PRL120 202001(2018)

» M3
1/2 GO1 (gA MOU + guN Mcont) %
e
Unknown value of the hadronic coupling ghN!
to be determined experimentally or Lattice QCD calculations (~ ga)

;
o ©
_ P
ol (Rsel0.6,0.8] fm) g I
~ I (Rse[0.6, 0.8] fim)
T 5 SF
£ st
s 4r
c
ES 3L
2 I. ]- " L]
- -
1B I'
-0.5 2 4 6 8 0 L L L L L L L

t (fm) 48 76 82 100 116 130 136

Short-range operator similar disagreement than standard NME
larger error bars because uncertainty in short-range dynamics
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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

L T
[ EDF & a

7} IBM = {
[ QRPA te * °*
6 nsu IT . ]
5 + A ¢ A |
[ ‘w e NS -
2 A | | E 3
S 4F . = . u B
T
3 T L LI ] -
L T
2r l‘ x : B
E =,
L
1E g E
0: L L L L L L L L
48 76 82 100 116 130 136 150
A
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