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_IViolates lepton-number

Neutrinoless double-beta (0vff) decay
conservation:
2p - 2n +2e”

QB
IRequires that neutrino Is its e

own antiparticle (Majorana 1935 1937 1939
particle) ~ oy

_1If observed, tf}’zﬁﬁ > 1025
years

(tlz}’zﬁ £ = 1020 years)

M. GOppert Mayer E. Majorana



Half-life of neutrinoless double-beta decay
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Known from S- Physics of the Erom nuclear New physics
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ga = 1.27 — solved from extract

atomic physics



Nuclear matrix elements currently poorly known
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Nuclear matrix element

Operator (2n — 2p + 2e™)
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Ab Initio vs. phenomenological nuclear methods

Ab initio (lat. from the beginning’) @ Phenomenological oo,

0 %° © Solve
Heffw) — py4)
/ with Hef adjusted to nuclear

Quantum Chromodynamics quarks gluons
(QCD)

constituent quarks

data (energies, decays, ...)

= Different models (nuclear

o shell model, random-phase
0 approximation, ...)

Genuine Ab Initio Dl = Not systematically improvable




What can we do with ab initio methods?
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Figure courtesy of A. Belley, (adapted from H. Hergert, Front. Phys. 8 (2020))



Ab initio OvBp-decay NMEs f
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Ab initio OvBB-decay NMEs for 1*°Te and 13®Xe

—e— Parent ref. —sa— Daughter ref. e m Complete 3N forces

Wl EM(1.8/2.0)

Ml Aso

Wl N3LOw

1 136xé

. 1 1 1 1 il 1
' T T T T T T
- Previous

limit

| I
16 18 20 22 24 26 28
E3max

16 18 20 22 24 26 28
EBmaX

A. Belley, T. Miyagi, S.R. Stroberg, and J. D. Holt, arXiv:2307.15156

e max



Uncertainty quantification of 0vBg decay of "®Ge

Ab initio + machine learning + Bayesian statistics
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Combined constraints for Majorana masses

Combined constraints on Majorana masses from neutrinoless
double beta decay experiments

Steven D. Biller

Phys. Rev. D 104, 012002 — Published 6 July 2021
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Improvements to the operator of OvB S decay

What is normally
included

LO

N-LO
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— 0

Leading order
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Next-to-next-to-leading order

What needs to
be included
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V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)



Contact term in pnQRPA and nuclear shell model (NSM)

0g =20y "'TaT)

0 25~ 30% — 80%(pnQRPA)
0 25~ 15% — 50% (NSM)

d === 30% — 90% (ab Initio)

R. Wirth et al., PRL 127, 242502 (2021)
A. Belley et al., PRL 132, 182502 (2024)
A. Belley et al., arXiv:2307.15156
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Effective-field theory corrections to the operator

0 0 + ONZ LO te
What is normally / \
included Leading order Next-to-next-to-leading order

. How about these?

What needs to
be included

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)



he ultrasoft-neutrino term
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N“LO loop corrections
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a Standard mechanism of exchange light Majorana neutrinos
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Combined N%LO corrections
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Could We Learn
from Other Nuclear
Processes?




Probing OvBp decay by 2vBpB decay

Similarities:
J Same initial and final nuclei
] Weak-interaction processes

CIZVB,B ~ 2 MeV

Differences:
] Different momentum exchange
d 2vpp decay measured, OvBf not

n{é \v ﬁ}p

dovpp ~ 100 MeV
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Probing OvBp decay by 2vBpB decay

INuclear matrix elements of OvBf and 2vS S decays correlated

JWe can derive M% from the correlations and measured 2vg (-
decay half-lives

—>Theoretical uncertainties based on systematics
AWill ab initio methods find similar correlations? (D. Sedghi) %3 McGill

]\(_/‘\

0.6 () g;)I'p:O : 00.@<

— QRPA ~ QRPA(lit.) — NSM == NSM(lit.) | Y

i i ° > - 5 ] 046 <A <60 ||

i i & - 1 o | le72<A <84 |
o 04 ) 6| | o124 <A <136 || 94
< 02| 3 - | 0.2

st H 10
I““““““anR‘RA**‘ | | x‘ * 1 ‘NSM’

[ ! ! | ! | ! ! |
O" ®»5 3 135 L4 \ 04 106 08 1. 12 114 16 1.8 2 2.2

- v o
ALMEE) 4F W @QQ\Q \/@Q OOO&/Q) {bé‘%@' Gl\i/bhmé&b)

Nucleus
LJ, B. Romeo, P. Soriano, J. Menéndez, Phys. Rev. C 107, 044305 (2023)



Muon capture on °Li, 2C, 1N from ab initio nuclear theory

°0(0ge) + u~ = NI + vy

0 Momentum exchange g =

\ @\ 4 mﬂ + Ei — Ef ~ 100 MeV
a o_. Q Involveg vector, axial-vector,
bt 4 om0 4,0 magnetic and pseudoscalar
nuclear-weak currents

- Can be used as a
probe of OvBpB decay

o Proton (p*) & Electron (e™)
O Neutron (n°) &) Muon (1)

® Neutrino (v,,°)

PHYSICAL REVIEW C 109, 065501 (2024)

Muon capture on °Li, 2C, and '°Q from ab initio nuclear theory
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O Ab initio no-core shell-model calculations in good agreement with
experiments
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Summary and Outlook

_JAb initio methods now capable of computing Ovf[-decay nuclear
matrix elements

ICorrections to the OvBB-decay operators evaluated up to N?LO

IRelated processes, such as 2vf[ decay and muon capture can
help further constrain 0vS S decay

Outlook

J0vp [ decay can be mediated by other mechanisms (ongoing ab
Initio studies by A. Todd et al.)

_JADb initio studies for 2vgf decay (D. Sedghi)

JTwo-body currents would enter at N3LO, but effects may be larger
(TODO to the community)

_JHow does nuclear deformation affect the ab initio predictions?
(TODO to the community)
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New leading order short-range nuclear matrix element
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IThe contact term was missing from all calculations

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)

_IThe operator connects directly initial and final nuclei

2R
MgV = — (07| T, T, | jo(qr)hs(g”)q?dql|0]),
77.'9 f
A a,b

hs(q?) = M

Unknown
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