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

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

@ Yet we know from solar neutrino experiments
that neutrinos must have a non-zero mass
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@ Current knowledge on particles and interactions
between them is based on the Standard Model Dy
(SM) of particle physics i e
@ According to the SM, neutrinos are extremely .
weakly interacting, massless fermions
@ Yet we know from solar neutrino experiments
that neutrinos must have a non-zero mass
o But what is the absolute mass scale?
o What else is there beyond the SM?
o What could we learn from
double-beta decay of nuclei?
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Early History of Double-Beta Decay

Maria Goeppert-Mayer Ettore Majorana Wendel H. Furry

Idea of
neutrinoless
double-beta decay

- 1935 - 1937 - 1939 -

Idea of Idea of
double-beta decay Majorana particles
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Double-Beta Decay

fm:in—pte + \ ~—~ N& Z odd
5+: p—>n+e++ye \ — N& Z even

@ May happen, when [S-decay is
not energetically allowed

Nuclear mass

Z-2 7Z-1 Z Z+1 Z+2

Atomic number
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Double-Beta Decay

BT n—pte + . -—- N& Z odd
5+: p—>n+e++ye \ — N& Z even

@ May happen, when [S-decay is
not energetically allowed

Nuclear mass

@ Two modes:
o Standard two-neutrino 83

decay (2v0)
o Hypothetical neutrinoless 33

(0vBpB) decay

Z-2 7Z-1 Z Z+1 Z+2

Atomic number
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Two-Neutrino Double-Beta (2v3/) Decay

éXN _>Z¢2 YN—2 +2e™ + 2176 J

@ Allowed by the Standard Model
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@ Allowed by the Standard Model
@ Observed in 11 nuclei (out of the ~ 5000 known nuclei)
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Two-Neutrino Double-Beta (2v3/) Decay

éXN _>Z¢2 YN—Z +2e™ + 2176 J

@ Allowed by the Standard Model
@ Observed in 11 nuclei (out of the ~ 5000 known nuclei)
o 7/, 2 10% years (age of the Universe: ~ 10'° years)
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Two-Neutrino Double-Beta (2v3/) Decay

éXN _>Z¢2 YN—Z +2e™ + 2176 J

@ Allowed by the Standard Model
@ Observed in 11 nuclei (out of the ~ 5000 known nuclei)

o t7/, 2 10% years (age of the Universe: ~ 10' years)
o Rarest measured nuclear process!
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Neutrinoless Double-Beta (0v/53) Decay

éXN —>2¢2 YN—2 + 2e” J

@ Requires that the neutrino is its own antiparticle
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Neutrinoless Double-Beta (0v/53) Decay

éXN —>2¢2 YN—2 + 2e” J

@ Requires that the neutrino is its own antiparticle

@ Violates the lepton-number conservation law by two units
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Neutrinoless Double-Beta (0v/53) Decay

éXN —>2¢2 YN—2 + 2e” J

@ Requires that the neutrino is its own antiparticle

@ Violates the lepton-number conservation law by two units

m light .
° X |l 20 mgg =" U2m; — Neutrino masses!
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Neutrinoless Double-Beta (0v/53) Decay

éXN —>2¢2 YN—2 + 2e” J

@ Requires that the neutrino is its own antiparticle

@ Violates the lepton-number conservation law by two units

1 mas |2 _ xlight 2 .
o 0 o« |55, mgg =) ;" U;m; — Neutrino masses!

Me i

@ Has not (yet) been measured!
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Half-life of 0v35 Decay

1 2
L G MO (’”"ﬁ)
t1/2 me

'J. Engel and J. Menéndez, Rep. Prog. Phys. 80, 046301 (2017), updated.
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Half-life of 0v35 Decay

1 2
What would be < gi GOI/‘MOVF <n;fﬂ>

Ov
measured £y e

'J. Engel and J. Menéndez, Rep. Prog. Phys. 80, 046301 (2017), updated.
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Half-life of 0v35 Decay
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'J. Engel and J. Menéndez, Rep. Prog. Phys. 80, 046301 (2017), updated.
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Difficulty of Ov(53-Decay Experiments

This is what they want to measure...
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Sketchy energy spectrum of the emitted electrons in 33 decays ?

£, ~100%y, t3,>10%y J

2cobra-experiment.com
08/02/2022
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Current Status of Ov53-Decay Experiments

NH: mi < mpy < mg
IH: m3 < my < my

1 m 2
0 = g4 Goy |[M%|? (65>
1/2 Me

@ Large-scale experiments: l* e
CUORE(ltaly), GERDA(ltaly),
CUPID(Italy), MAJORANA(US),
EXO-200(US), 107 2
KamLAND-Zen(Japan), NH
NEXT(Spain), ... S T

0+ 10t 107 10! 50100 150
My (€V) A

(myy) (V)

[J. Engel and J. Menéndez, Rep. Prog.
Phys. 80,046301 (2017)]
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Current Status of Ov53-Decay Experiments
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@ Currently, most stringent
half-life limit ;
t872(76Ge) >1.8x10% y [J. Engel and J. Menéndez, Rep. Prog.

Phys. 80,046301 (2017)]
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Current Status of Ov53-Decay Experiments

NH: mi < mpy < mg

m 2 IH: m3 < mp < mp
4 0v |2 8B
Ov :gAGOV’M V| ( >
t1/2 Mme a2 N
5 car
| i

fi“ !110

@ Large-scale experiments: R
CIINDE/1+-~L,Y CEDNDA(l+AL) Z 107k

We need to get the NMEs under control!

CAU-ZUULUD ),

Xe

KamLAND-Zen(Japan), NH
NEXT(Spain), ... LA T
e Currently, most stringent (U [V T (I 50 100 150
! My (€V) A
half-life limit X
t?72(76Ge) >1.8x10% y [J. Engel and J. Menéndez, Rep. Prog.

Phys. 80,046301 (2017)]
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© Improved Double-Beta-Decay Calculations
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OvB3-Decay Nuclear Matrix Elements

@ Assuming the standard mechanism

2
_ Lo [ m
1850 = e Go 122 (72

e
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OvB3-Decay Nuclear Matrix Elements

@ Assuming the standard mechanism

2
_ Lo [ m
1850 = e Go 122 (72

e

@ The matrix element can be written as

2
g = m — (E0) g -
&A
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OvB3-Decay Nuclear Matrix Elements

@ Assuming the standard mechanism

2
_ Lo [ m
1850 = e Go 122 (72

e

@ The matrix element can be written as
8v 2
Ov _ p/0 0 0
MLV_MGVT_<gA> Mg” — My’

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

PHYSICAL REVIEW LETTERS 120, 202001 (2018)
[Festurod in Physcs ]

New Leading Contribution to Neutrinoless Double-f Decay

Vincenzo Cirigliumxl Wouter Dekens,' Jordy de Vries.? Michael L. Graesser,'
Emanuele Mcreghelli.1 Saori Pastore," and Ubirajara van Kolek**
"Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
*Nikhef, Theory Group, Science Park 105, 1098 XG Amsterdam, The Netherlands
Snstitut de Physique Nucléaire, CNRS/IN2P3, Université Paris-Sud, Université Paris-Saclay, 91406 Orsay, France
4Depmtmem’ of Physics, University of Arizona, Tucson, Arizona 85721, USA

™| (Received 1 March 2018; revised manuscript received 28 March 2018; published 16 May 2018)

Within the framework of chiral effective field theory, we discuss the leading contributions to the
neutrinoless double-beta decay transition operator induced by light Majorana neutrinos. Based on
renormalization arguments in both dimensional regularization with minimal subtraction and a coordinate-
space cutoff scheme, we show the need to introduce a leading-order short-range operator, missing in all
current calculations. We discuss strategies to determine the finite part of the short-range coupling
by matching to lattice QCD or by relating it via chiral symmetry to isospin-breaking observables in the
two-nucleon sector. Finally, we speculate on the impact of this new contribution on nuclear matrix elements
of relevance to experiment.
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The Contact Term

PHYSICAL REVIEW LETTERS 120, 202001 (2018)
[Festurod in Physcs ]

New Leading Contribution to Neutrinoless Double-f Decay

' 1 " 1

. e i e sy i s e .
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renormalization arguments in both dimensional regularization with minimal subtraction and a coordinate-
space cutoff scheme, we show the need to introduce a leading-order short-range operator, missing in all
current calculations. We discuss strategies to determine the finite part of the short-range coupling
by matching to lattice QCD or by relating it via chiral symmetry to isospin-breaking observables in the
two-nucleon sector. Finally, we speculate on the impact of this new contribution on nuclear matrix elements
of relevance to experiment.
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The Contact Term - First ab initio Results

@ Contact term enhances the ash
NMEs by 3 .

fHe +6He

- 1ol
— lowxl (Rse[0.6, 0.8) fm)|
- PRI (Rse10.6, 0.8) fm)

5~ 15% for SHe Ny
20 ~ 80% for 12Be

12gg L 12C

= Pr
 Imodl (Rgel0.6, 0.8] fim)
~ ol (Rsel0.6, 0.8) fim)

piry ifm™")

rifm)

V. Cirigliano et al. 3

3V. Cirigliano et al., PRC 100, 055504 (2019), PRL 120, 202001 (2018)

*M. Wirth, J. M. Yao and H. Hergert, Phys. Rev. Lett. 127, 242502 (2021)
L. Jokiniemi (UB)
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The Contact Term - First ab initio Results
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rifm)
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@ How about the heavier

candidates? V. Cirigliano et al. 3

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

7CL |
-+ C5 ma

Cys(r)(fm™1)

Candidates: "°Ge - - 130 Xe o

In pnQRPA:

Ms /My, ~ 30 — 80%

. _ Tam|
Ms /My, = 15 — 50% 0 200 400 600 800 0 200 400 60O 800
q(MeV) q(MeV)

[LJ, P. Soriano and J. Menéndez, Phys. Lett. B
823, 136720 (2021)]

Crys(q)(MeV~1)
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Effective Neutrino Masses

pnQRPA
.
100 | = I -
- i [ |
o Effective neutrino masses E INVERTED
combining our NMEs with =
: 5 = 10p E
experimental data = F E
NORMAL
1F i
t 1 Lol |
0.1 1 10

mlightest (mev)

[LJ, P. Soriano and J. Menéndez, Phys.
Lett. B 823, 136720 (2021)

®S. D. Biller, PRD 104, 012002 (2021)
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Effective Neutrino Masses

pnQRPA
|
.
100 |- —— e
- i 1
o Effective neutrino masses E INVERTED
combining our NMEs with =
experimental data ° = 107 ]
o Middle bands: M®")
] (0v) (0v) NORMAL
Lower bands: M; ™ + I\/IS b |
bands: M) — p ) o .
Upper bands: M S = : -

mlightest (mev)

[LJ, P. Soriano and J. Menéndez, Phys.
Lett. B 823, 136720 (2021)

®S. D. Biller, PRD 104, 012002 (2021)
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© Other Nuclear Observables as Probes of Double-Beta Decay
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Probing Ov33-Decay by Charge-Exchange Reactions

@ Double charge-exchange reaction
(strong interaction) can be related to
Ovf3f3 decay (weak interaction)

[F. Cappuzzello et al. (NUMEN
Collab.) EPJA 54 72 (2018)]
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Probing Ov33-Decay by Charge-Exchange Reactions

@ Double charge-exchange reaction
(strong interaction) can be related to
Ovf decay (weak interaction)

@ NUMEN collab. aiming to measure e.g.

%gNe +§8 Ge —>28 O —1—;2 Se

[F. Cappuzzello et al. (NUMEN
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Probing Ov33-Decay by Charge-Exchange Reactions

@ Double charge-exchange reaction
(strong interaction) can be related to
Ovf decay (weak interaction)

@ NUMEN collab. aiming to measure e.g.

%gNe +§8 Ge —>28 O —1—;2 Se

o Difficult, but possible!
[F. Cappuzzello et al. (NUMEN

Collab.) EPJA 54 72 (2018)]
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£ Bg]DB . °
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[LJ and J. Menéndez, in preparation]

®N. Shimizu, J. Menéndez and K. Yako, Phys. Rev. Lett. 120, 142502 (2018)
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Probing Ov33-Decay by Gamma Decays

24Y
o (T =Ty +2)
@ Double magnetic dipole (M1) oY DIAS(07)
decay (electromagnetic % LB
interaction) can be related to = p8
Ovff decay (weak interaction) —= of (1, =1T2)
Z+2

Atomic number

Isospin z-projection:

T.=(N-2)/2
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Probing Ov33-Decay by Gamma Decays

24Y
o (T =Ty +2)
@ Double magnetic dipole (M1) oY DIAS(07)
decay (electromagnetic % LB
interaction) can be related to = p8
Ovff decay (weak interaction) —= of (1, =1T2)
Z+2

@ Also possible, yet difficult, to
measure!

Atomic number

Isospin z-projection:

T.=(N-2)/2
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Outline

@ Summary
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Observing Ov3 decay would shed light on neutrino properties and
physics beyond the standard model

Reliable nuclear matrix elements crucial for Ov (35 studies

Adding a new short-range term enhances the NMEs notably

Related nuclear observables can help constrain the values of the
Ovp3[3-decay NMEs
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Obtaining Majorana Bound from experiments

) . ) ) 2
Likelihood functions of various experiments m
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2 mbb=293.78 @ Input: log(likelihood) functions
I I R S A from experiments
2 o [V mgg with our NMEs
e @ 90% Cl Bayesian bounds for
° (‘) 160 2[')0 30‘0 460 5!‘)0
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mgg from 90% Cl upper bounds
on combined % 19
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Operators of 0v55, DGT and M1M1 decays

e 0vBs:

OF = hF(r, Ek)Tfo

Oqgr = hGT(r, Ek)O'l - O2T T

Or = hT(r, Ek)sngfT*

Os =2g N7 7~
o DGT:

O =lo;7; x o |°

o M1M1:

A
. 3 I s
0" =M;-My; M = MN\/;;(&'& +&;'si)
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NMEs of 0v33, DGT and M1M1 decays

e Ovpp:

M?(V — Z Z (_1)jn+jp/+J+J 27 +1 {Jp _!n ;} %

J™ ki,k2, T p,p’,n,n’ Jn' Jp’

% (0 = TI|O I’ = T)(OF lllel &l ) Ui i) (Ui g nllof )

o DGT:
1 - p—
Mot =72 SO teor 1) AHLH AN trokllok,) .
m,n k P

e M1M1:

3 (15115
vy —2 = mli~n
aM™(M1M1) MN47T mE,, E_

(Ei + Ef)/2

x (051Dt (&7 + 87 si)l111)
k

X (Lr 11Dt (& ~ e + & si)l105,5)
I's

L. Jokiniemi (UB) New Physics from 0v33-decay 08/02/2022




	Introduction
	Improved Double-Beta-Decay Calculations
	Other Nuclear Observables as Probes of Double-Beta Decay
	Summary
	Appendix

