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Standard Model v Is a special particle in SM:
(an astonishing successful  « |t is the only fermion that does not carry electric charge

theory, ik i
based on few principles) (key, g, HY)

* There are only left-handed v’s (v vy, Vy1)
e v-mass can not be generated with any renormalizable
coupling with the Higgs fields through SSB

v’s oscillations experiments
% => tiny neutrino masses (!)
left-handed right-ha = Beyond SM physics (!)
neutrino eutrino

Daya Bay,
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Majorana fermions

Ettore Majorana
Teoria simmetrica dell'elettrone e del positrone
(A symmetric theory of electrons and positrons).
Il Nuovo Cimento, 14: 171-184, 1937.) 171

v IS Its own
antiparticle

It follows from the above assumptions that in

vacuum a neutrino can be transformed into an an-
Bruno Pontecorvo tineutrino and vice versa., This means that the

Inverse beta processes and neutrino and antineutrino are “mixed” particles,
nonconservation Of |epton Charge i.E., a symmetric and antisymmetric combination
Zhur. Eksptl'. i Teoret. Fiz.  ©f oL - 'd E Vi and

vy of different combined parity.

34, 247 (1958) : parity (9)

v < anti-v oscillation

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

thought massless back in 1979. Weinberg does not take credit for
predicting neutrino masses, but he thinks it’s the right interpre-
tation. What’s more, he says, the non-renormalisable interaction
Steve Wembe_rg that produces the neutrino masses is probably also accompanied
v-mass generation with non-renormalisable interactions that produce proton decay
via d=5 eff. oper. and other things that haven’t been observed, such as violation of
related to unknown : baryon-number conservations. > i ’
high energy scale (GUT?)  details of those terms, but I'll swear they are there.”
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o OvBB-decay =
(AZ) — (A Z+2) +e +e (LNV at #GUT scale, exchange of three light v)

U
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(Tl,.-'{;') — | gt M o Phase space factor m Jv=9
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Uei
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using tools of nuclear theory
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o c 1
Effective Majorana mass v,
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Effective Majorana
V-mass Mg,
(prediction

due v-oscillations)

Constraint from cosmology
¥ =m;+m,+m;
<0.90 eV
< 0.26 eV (Planck coll.)
<0.12eV

Contrary, the constraint from
Ovpp-decay (KLZ)
Mgg < 0.036-0.156 eV
Implies
> <0.12eV
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[Current CANDLES detector]

CANDLE SuperNEMO
0 v BB decay CaF Se source foil
ISOtopes scintillating
and crystal

GERDA, MAJORANA
Ge crystal '

B-

experiments

Candidates Q;5(MeV) N.A. (%) CUPID-0 i

48Ca—>48T] 4.268 0.187 Znse
scintillating

6Ge—6Se 2.039 7.8 chystaI

82§ e—>82K 1 2.998 8.8 by |

%Zr—%Mo 3.356 2.8
100Mo—10RY 3.034 9.7

110pq—110Cd 2.017 11.7

CUORE

116Cd—116Sn 2.813 7.5 TeO, crystal

1249 —124Te 2.293 5.8 Amore

130T 130X > 508 341 CaMoO (:r_staal:‘.E
136Xe1%Ba |  2.458 8.9
150N d—150Sm 3.371 5.6 EXO, KamLAND-Zen

Liquid Xe



Enrichments of isotopes
%Ge: Semiconductor industry enriches
Ge already — 7°Ge can in principle be
extracted as by product.
100Mo: New capacity for enrichment of
Mo in 1Mo for nuclear medicine is
needed. Parasitic?
130Te: Comes naturally enriched. Natural
Te is the most viable for an unenriched
experiment.
136X e: Atmospheric carbon capture
technology based on metal oxide has
plausible extendibility to capture
atmospheric Xe. Free from steel industry
capacity limit?

 Resolution better than 2% FWHM to

fully reject 2vBp mode

e solar v is not an issue for 100 kg-class Ovpp

experiment

Resolution (% at Q;;) / FWHM

Quite challenging 100 kg-class OvBp experiment
(zero background, large mass, long time measurement,

very good energy resolution)
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Leading limits in each OvBp isotope

A monoenergetic peak at the Q-value is searched for.
Need a large amount of decay isotope and low radioactive environment

Experiment Isotope Exposure T, ,[10% yr] Mgg [MeV]
(kg yr]

Gerda °Ge 127.2 18 79-180
Majorana 6Ge 26 2.7 200-433
CUPID-0 82Se 5.29 0.47 276-570

NEMO3 100Mo 34.3 0.15 620-1000
CUPID-Mo 100Mo 2.71 0.18 280-490
Amore 100Mo 111 0.095 1200-2100
CUORE 130Te 1038.4 2.2 90-305
EXO-200 136Xe 234.1 3.5 93-286
KamLAND-Zen 136X e 970 23 36-156

10



T2 (exp) = (IN2)N, j\e

MT

bAE

M - mass of detector in kg,

A - mass number of candidate

Isotope

a - BB isotope concentration

(enrichment)

T - measured time in years

€ —
b -

detection efficiency
events in ROI

AE - detector performance

Whenb =0

Ov
T1/2

MT

(exp) = (IN2)N, ig

r]CL

Background (ct ton~! yr=t ROI?)

Zero background experiment

“100kg-class” experiments:

Performance of 100 kg-scale experiments

103 5 |
] ® Demonstrated
) ® B Projected
| cUORED EX0-200-] eqe
5 Kamland-Zen ® 1000x
107 CUBRE EXO-200-1i
: = ®
SNO+  GERDA-1
1014 100x
] o -
_ MAJORANA DEMONSTRATOR NEXY-100
100 GERDA-II 10x
. 0_1_‘ Te i xe NSAC Goal
Bolometers Te-LS Diodes Xe-LS  Liquid Xe HPGXe



KamLAND-Zen KamLAND-Zen 400 and KamLAND-Zen 800 combined results
1 ton-class 13¢Xe OvBP experiment  Limit: T %2 > 2.3 x 10% year (90%C.L.), Mgg < 36-156 meV
reaching IH region (0,=1.27, NME = 1.11-4.77 are assumed)
Currently, the most strict OvBp limit

Ovpp candidate data set

(a) Singles Data Total 36Xe OvBp (90% C.L. U.L.)
"""" Total (Ovfff U.L.) —-— Carbon spallation + ¥’ Xe

> 104 B36Xe 2upp Xenon spallation products
Q Internal RI

2 L ===+ [B/External RI
8 T . Solar neutrino ES+CC

o 102

-

N

5

-

100

Large volume

liquid scintillator detector
LS: 30.5 ms, ¥9Xe: 677 kg Visible Energy (MeV)



LEGEND-200

» Builds on the past successes of the
MAJORANA DEMONSTRATOR
and GERDA

* Low-risk approach to meeting
background and sensitivity goals

« LEGEND-200: start data taking in 2022

LEGEND-1000 is a next-generation

Experiment aiming for unambiguous

discovery of Ovpp with 1028 years of

sensitivity targeting 10 years of exposure

* In Conceptual Design phase

e 20x reduction to LEGEND-200
background goal

* Next-generation R&D efforts including
Germanium Machine learning in progress

LEGEND
1 ton-class °Ge 0vBp experiment

o

1, 30 DS |years]

®Ge (91% enr.)

10%° g
10%° =
CLEGEND 1000
10 .
Hinverted Mass Ordering
? | =
10° = LEGEND 200 Ao
B ST e 1O M range
1026 E-M)D/GERDA .-~ - —— Biickground free
- s — 025 counts/FWHM-t-y
0%° B - - - 0.}t counts/FWHM-t-y
107 --=- 1. count/FWHM-t-y
_ 11countsfFWHM-t-y
1024 el m

1073 1072 107"

1

10 107 10°

Exposure [ton-years]



’ Small scale
demonstrators
CUPID-Mo
CUPID-0 — CUPID — CUPID Reach / CUPID-1T
CUORE
4 )

.

CUPID is built on successful CUPID-Mo + CUORE

Li,MoO, scintillating
bolometer technology,
with demonstration of
energy resolution, crystal
radiopurity and o
rejection

e NI

Single module: Li,19Mo0O,
45%x45x45 mm — ~280¢g
57 towers of 14 floors with
2 crystals each - 1596 crystals

tower

. + Light detectors

~240 kg of 199Mo with
>95% enrichment arXiv:1907.09376
~1.6x1027 100V o atoms J. Ouellet, TAUP 2021

Bolometric Ge light detectors
as in CUPID-Mo, CUPID-0

/ / .
Ton-scale bolometric

experiment is
possible

Electronics and data
analysis tools

Reuse CUORE

CUORE + CUPID-Mo
— CUPID: 1 ton-class 1Mo 0vpp experiment

/CUPID sensitivity

Data driven background model

= |nformation from CUPID-Mo, CUPID-0

= CUORE background model (same infrastructure!)

Projected background index: 1x10 c/(keV kg y)

Critical background component: random coincidence of

2v[BP events (1Mo fastest 2vP[3 emitter: T, ,, = 7.1x10'8 y)
10 y discovery sensitivity

1.1x10%7
Possible follow-up of CUPID
CUPID-reach - Same sensitive mass and cryostat as CUPID

Background improvement by factor 5
2.3x10¥y - mg;<7.9-14 meV \

CUPID-1T - 1 ton isotope — new cryostat

Background improvement by factor 20

9.2x 1027 y > myz <4.0-6.9 meV
Phased approach

Mgg < 12 - 20 meV

Surface
events

CUPID-1T

Technically ready

CUPID Baseline CUPID-reach

$ 182 ¢m

125 cm

infrastructure

J

250 kg of 100Mo 250 kg of 199Mo 1000 kg of ™Mo




NnEXO
5 ton-class 136Xe OvBp experiment

EXO-200, 15t 100 kg-class OvBB-experiment, I [PRL 123, 161802 (2019)
excellent background-essential for nEXO design, :
Sensitivity increased linearly with exposure.

NEXO, discovery Ovp experiment,
reaches sensitivity of 1028 yr in 6.5 yr data taking,
probes mgg down to 15 meV, scalable experiment.

].{]_3':_‘.-‘\\ ]
] .\ l'I : ] . . .

e -+ 107* 102 100" 100* 107% 1072 107" 10°
Ty M min [e\/} Mmin [e\/]
Diers | _ Isotope | Mg [MeV] | mgg [MeV]
sems— 90% excl. 3 o discovery

sensitivity potential
cryosarov [ O A Legend 76Se 8.2 11.1
| |
Vacuum | i\
‘f N || Field Rings CU P I D 100M0 11 1 120
Cryostat |V ;
3 Cittidde nEXO 136X e 12.9 15.0

68% of NME models



OvBp governed by
exotic mechanisms

dy - . u

> e

uy

Mgg Mech.
strongly
suppressed

Any OvBf mech. generates
a small correction to v-mass

d d

Light v-mass mechanism can be strongly suppressed: mgg <1 meV

It is not possible to discover OvBp with 10-100 ton-class experiment
It should be a subject of theory to justify it
There might be a dominance of other Ovf mechanisms

| IIIHII' 1 Illlllll | I]IIIIII |

0
10" E
1 -1 i —
> 10 E_ ~current limit g
L, -
- .l
-2
e 10 E
-3 All allowed by =
10 =
some sort of =
mechanism. N
1 -4 | ll!lllll l| | | Illllll | 1 11l II
9.0001 0.001 001 0.1 i

Schechter, Valle: PRD 1982 mlightest



Beyond the SM physics

Amplitude for
(A, Z)—(A,Z+2)+2¢
can be divided into:

mass mechanism: d=5

Weinberg, 1979
9/7/202¢

long range: d=7

+

Oo x LLLe“H

Os o< LLQA“H
Oy x LLOu H

Og ox Le“u“d“H

Babu, Leung: 2001
de Gouvea, Jenkins: 2007

short range: d=9 (d=11)

d u
e

o, €

d u

Os o< LLQA“HHHT
O¢ o< LLQu°HHTH
O x LQe°QHHHT
Og o< LLLe"Le”

O10 o< LLLe Qd"
O11 < LLQdQd°

Valle



Quark Condensate Seesaw Mechanism
for Neutrino Mass This operator contributes to the Majorana-neutrino

mass matrix due to chiral symmetry breaking via

PRD 103, 015007 (2021). the light-quark condensate.

The SM gauge-invariant effective operators Spontaneous breaking of

g éi - - chiral (y) symmetry
O = E; LS Ly H {(QUHL (dr Q)}
Potential energy surface

of the vacuum

After the EWSB and ChSB one arrives
at the Majorana mass matrix of
active neutrinos

Yoichiro Nambu

Chiral order
parameter

<§q> Quarks & gluons )

!

Meag = fapl F o

Confinement, Hadrons & nuclei
w2 Mass generation
— gt’.kﬁ (% I
] A ~ afew TeV
Jop = iz +gls v/V2=(H") we get the neutrino mass

o w o= —@"3, (G ~ —283 MeViic in the sub-eV ballpark .



The genuine QCSS scenario
(predicts NH and v-mass spectrum)

gaﬁ <C_]C]> L gaﬁ

v
maﬁ o

V2N V2

(a) PRL 112, 142503 (2014).

(&)

(b) PLB 453, 194 (1999).

| [eV]

Vv
ee

|m

- KamLAND-Zen

mo [eV]

Neutrino spectrum (NH) !!!
2meV<m, <7 meV
9 meV <m,< 11 meV
50 meV <m,< 51 meV

Prediction for mg
9 meV <m, <12 meV

Prediction for cosmology (X)
62 meV < m;+m, +m;< 69 meV



Majorana neutrino mass eigenstate N
with arbitrary mass my mixed with 3 active neutrinos (U,)

2
LT | - 2 . Oy eff
[TI;.E] — Y ga Z (UEN‘"”?‘{) mp M (i, 1)
N
General case light v exchange
1 R 1
M’ (my, &) = o 2728 2 [dSL d*y d*p M™ (my — 0,¢5) = p— M (g5H)
/ plle
- <U+\J*”T( )|ﬂ>(ﬂ|~” y)|07) 1
XEEF.‘(K_:F] ‘ s ) eft — 1{1"{]1}
V2 +myi(Vp?+ my?+ E, ——‘TE—E) M™ (mx — 00, i) mx N (9a ]
Particular cases heavy v exchange
T = v .
4 i :‘\'
M ? ‘ﬂ,-f"“” EH)‘E for my < pg 1

Uzw\
>4 5 <_> — Z el
<”l }mp‘ ‘ Umy(g-e"“tﬁ)‘ for mxN 2> Pr or simkovic mN < TN
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76

Ge

o
§°~o
%
N
~N

— calculated
— — interpolating formula

136
Xe

¢, A
"ge

T T T 1111 ¢

10 3

1000 100 10°

m |GeV]

10"

10

-2 -1 0

10 10 10
m |GeV]

1

i ﬂ-ﬂ?“
Pr) = Mpe g,
Lt
Interpolating
formula
21

PRD 90 (2014) 096010]



Sterile v 1
(Uen’ mN)
1072
Constraints
from
Direct —4
Searches 10
are less N
Stringent %
as those = 1076
from
ovpp
1078
1 0—10
PRD 90 (2014) 096010
PRD 102 (2020) 095016 10-

Direct search limits:
sterile-neutrino.org

||n|111 ||||I1'|1 TTIT ’ '
P //
= Current Direct Searches
[
v \I \ \
‘ H& \LLP
1 ||1||||| 1 l|||u|| 1 ""I.I‘ 1 ||||.|.|J 1 lll||||l 1 |||||||| L ||\|‘||;|J 1 |||||||l 1 I'\ll;lluJ L1l
9 1076 103 ] 103 106




The OvBB-decay within L-R symmetric theories (interpolating formula)
(D-M mass term, see-saw, V-A and V+A int., exchange of heavy neutrinos)

Ovi1—1 _ 2 , 9 3

[Tl,!g] = 1,5 Cun C,y = gi ‘;‘U_jm G"Y Ve, = Z ({ ejViL + Sej(Njr)” )
Mixing of 3 light r o ; - oo

and 3 heavy neutrinos Y — C ‘“C)r VeR = Z ( e (ViL)” + i'ff'.f'N?'H)

generally parametrized T VvV =1

with 15 angles + 15 phases
Effective LNV parameter within LRS model WL
(due interpolating 2\ ~ N

) = MpMe

M
2
(US M + SE GDE)a ﬂf )

The dominance of
light and heavy
v-mass contributions to
Onbb-decay rate can not be
established by observing this
process at different nuclei.

Me - @2)11 + ﬂfz

‘ (Tﬁ-ﬁ Ly Pa M

= ; 2
9/7/2022 Me " (p?)a + MF m



Supported by detailed analysis:
Degeneracies of particle
and nuclear physics
uncertainties in Ovpp—decay
PRD 92, 093004 (2018)

As a consequence
contributions to
Ovpp decay rate

from light and heavy
neutrino mass
mechanisms
can not be
distinquished.

PRD 98, 015003 (2018)

<p?> only weakly depends on A (p”) = MmpMme—r—

250

200 |

2 150!
> i
.-J"'""“E?
"

100

50:

g
S
o B
B UCOM src
¢ Argonne src -
® CD-Bonnsrc -
ISM ISM IBM QRPA QRPA PHFB CDFT
Fedor Simkovic 24
StMa CMU TBC Jy



6x6 PMNS see-saw v-mixing matrix Y — ( Ug Cl) (- see-saw

(the most economical one) —-C1 parameter
[y = Upyne  PRD 98, 015003 (2018) o 1 (:rn 4 (AP )2)
The mixing for heavy v follows from the unitarity of U v N m2 B8 SRP
W = {*’Tl-i:a[xr-% -

ciacize'™ (—512 C23 — C12 513 523 € m‘) et (512 So3 — C12513 C23 € ”’5) e
512 C13 E_mz (ﬂlg Cog — 519 S13 So3 € “’5) e_":"-“z (_.;312 S93 — 819 S13 Cog € r’fi) E—mz
513 f‘m C13 S23 C13 Cag
Assumption about heavy neutrino masses M, (by assuming see-saw)

m; M, ~ m7p,

| MRg5 depends on
nverse Pa |0 s “Dirac” CP phase 8
' MR = )\ =Lt Uy)z: my : i
SOl P m2, E( 0)ej 1M unlike “Majorana”
m; ~ C2M, CP phases a,; and a.,
Proportional - o |, i (PP
Mgz = AG Z(Uﬂ)ej -
j=1 7

972022 Heavy Majorana mass MR g5 depends on the “Dirac” CP violating phase & =



Contribution from exchange of heavy neutrino to Ovpp-decay rate might be large

Inverse proportional mM; =~
2 3
R (P°)a 12
o 1— :lller:f — Z(Eﬂ])f ?’T}'
0= Up;u_ws mi =1 7
V[, = mi/mi mp >~ 5 MeV
A=77x107"
1 |
— NH
— [H
0.1¢F
>
L,
: 0.01 E
&
S
0.001 F
10—4 . LU . L LI
1074 0.001 0.01 0.1
mg [eV]

L 2ar.
Proportional m; = ("M,
R 2 ’ Fy2 <p2>a
ﬂlfj}j} = A C Z({jﬂ )f.—'j .
. T=1 "]
Vo = ULJ-U_M s ’
(=my/M; (*~5x 107"
A=T77x10""
NH
0.1
=
L,
< 0.01
Sa)
=
\\
0.001 N\
10~% : . ‘ | L L[ ‘.\‘\
107* 0.001 0.01 0.1

m, constrained from bottom.

mgy [eV]




Introduction to Quasi-Dirac nature of Neutrino

We do not yet know whether neutrino is Dirac or Majorana particle.

e Dirac mass term £P = —Grmpr; + H.c.

e Majorana mass term £V = %(ﬂL)C myvp + (Pr) mrrr + H.c.

6x6 PMNS o e | "
quasi—dirac e Dirac-Majorana mass term L = E(”L) Mn +- H.C. with n = (vR)¢
v-mixing matrix T
) and M = ( -
mp mg

e If mi = mr — 0 = neutrinos are Dirac particle.

e Small deviation of m; or mr from 0 = neutrinos are Quasi-Dirac

MTMuMwithM(m"+E" 0 )
0 _mf_|_€f

9/7/2022



Theoretical Framework

X — m; + € 0 and Y — Upvmns  Upmins
0 —m; + € V V

6x6 PMNS 4 o o S ,
quasi-dirac Pre—p.(€ # 0) = 1 = Py — 4 cyzcipsipbar — 4 sizciz(ciaFan + siaFa2)
v-mixing matrix with
(the most
economical one) a a . omel 4 4 omael 4 . 5 mzel

P1 = cy3¢]5 Sin® ——— + ¢135;5 sin

E

+ S13SIN

E

Symmetry 12, 1310 (2020) E

2 .
L AmU — QEAmU
4F 4E

Am? +2¢>" mj; Am? —2e>" mj;
2 : 2 M [ + sin? d 2. M L)
4E 4E

L

1 Am? + 2e Am;;
Fij = E(sin2 J /

-+ sin
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Survival probabilities of reactor 7,

guasi-dirac
v-mixing matrix
(the most
economical one)

Restriction
from
Daya-Bay data (3c)

Symmetry 12, 1310 (2020)

9/7/2022

—

Q
1=

0.95¢

T o9

1.5 km, NO

e=0 — _
m;=0.01 eV, €=0.0001 eV
m;=0.01 eV, £€=0.0002 eV — ;

10

1.5 km, 10

e=0 —
m3=0.01 eV, €=0.0001 eV
m3=0.01 eV, £€=0.0002 eV — ;

The survival probabilities of 7, with non-zero € are same as in 3v cases.



Expected Constraints on Majorana contribution ¢

10_1_ L L AL L L ALY L B R I e SR A 10_1: T T T TTTI0] T T T ITTI]

- - ' : =4.0 MeV, 1.5 km, NO

. . B — ) —— —

Quasi-dirac
. 10°E 4.0 MeV, 1.5 km, 10 = 107 E
v-mixing - 4.0 MeV, 1.5 km, ; ; ;
eco(r;tgrzzzglst)ne) 3 109 I - |
v m,>< \ v m<e / mpe
Restriction i . ] \ i
from 107 107 .
Daya-Bay data (3c) - ] : f
10—5 ] R | TR | Y 5 Ll L o N\
Constraint 107 107 107 1072 107" 107 107 107 1072 10
m, [eV] m, [eV]

on Ovpp

0.03eV for NO
0.001eV for 10

Mgg
2 2 Ziay 2 bp
Symmetry 12, 1310 (2020) mep = +e7 sty

s
=€ ‘112{-1":‘—'_{’2 ]Clg"‘

Z UZe

AT
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neutrino < antineutrinos 107 NO
oscillations
governed by a related parameter > i
mLee (L:O) — mBB E.J, 10—2:_
&
= |1
-3
_ KIZ 1 10° =
P(Uy — vq) = ?("’lm) f
2 10—4| | IIIIIII| | IIIIIII| | II| | IIIIIII| I
-5 4 -3 ) 1
L I 10 10 10 10 10
My~ = U, U, mexp(—i—L
o Z[ o P( 2E ) mlightest (eV

l

9/7/2022 Fedor Simkovic OvBp can be strongly suppressed (?!) ...




Dependence of mb,, on My s and L/E

Mgg
[ ||||||||

|
2
o
<
l
<

— L/E = 300 m/MeV

— L/E = 10,000 m/MeV

/

10—4|

10° 10* 10°

mlightest (EV)
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30

25
Direct probe of Majorana nature

of heavy neutrino (or HNL)
at LHC

Keung-Senjanovic processes:
pp — Wi — eN — 2e2j

or

pp — Wg — pN — 2p2j

T 1 /2 =10°%yr (sinfy

)

} 9\\
, pp—Wr-2j
J
LHC
1 IIIIIIII | IIIIIII| 1 IIIIIII| | IIIIIII| 1 IIIIIII| 1 I I |
0.1 ] 10 102 10° 10* 10°
JHEP 03 (2022) 152 my [GeV]



2vpp is sensitive All 100 kg- and ton-class OvBp experiments can also study a diverse
to New Physics as well range of exotic phenomena, e.g. through spectral distortion in 2vBf.
Future searches will probe the 2vB B with high statistics about 10°-10° events.

Common subjects:
Majoron(s) emission

(partly)bosonic neutrinos, z 1 — e ] 2vBB
Lorentz invariance " I ’" i A — OvM2
violation 808 L NN . N\ T OvM3
= I AR A A N N N S ovM7
© L LN\ N\ e 2v-LIV
iects: 0.6 -
Recent subjects: : 2v-Boson
Lepton-number conserving -
right-handed currents 0.4
(PRL 125 (2020) 17, 171801) i
Neutrino self-interactions 0.2 I~
(PRD 102 (2020) 5, 051701) /A e S
. . : 0 A N T I T T DA T BN N T T T N TN AN LT T Ly 1 a1
e %o o8 a8z 25 3 a8
J Energy (MeV)

energy end point
(PRD 103 (2021) 5, 055019; dr

PLB 815 (2021) 136127) donds, = C@ e —e) [me1F(e)] [paeaF(ep)] SPeCtralindexn
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Consider either mixing of sterile v with active v,

or right-handed currents
Phys.Rev.D 103 (2021) 055019
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SuperNEMO Double-Beta Decay Experiment

Unique tracker-calorimeter technology

Source folil Segmented calorimeter

| I
o _ ; . :
Se OT any fif isotope | i Individual e & y energies
- m i i | o _.

| /. ' ~ 712modules "
' ' - - !':--"- i '_ ', _8

,}__ ___________ // *.h_ a 3

N A =
Excellen kground rejection
Tracker cellent background rej
- Disentangle Ovff mechanisms: V+A, sterile v...
gy e Identification of e, e, yand a

" _ _ Nuclear physics: constrain g, in 2vjp
\ Full g kinematics & topology : i
. e-y separation probes decays to excited states




Role of SuperNEMO

Full kinematics and precision
measurements of 2vgf

- Nuclear model constraints

. g, quenching constraints

. Sterile neutrinos

. Right-handed currents

- 2vfp with emission of single e-, etc
(NEMO-3 analysis in preparation)

NEMO3 100Mo total data

Understanding the Ultimate
Reach of the Tracker-
Calorimeter Technique

. Can the technique be used to
confirm & probe a signal
found in the next generation of
Ovff experiments?

. Explore alternative tracker-

calorimeter technologies &
different isotopes

28m

SuperNEMO Collaboration



OvBp decay NMEs

Before: 2004 (factor 10 uncertainty) Present: 2022 (factor 2-3)
few groups, 2 nuclear structure methods: Recognized priority task in nuclear physics
Nuclear Shell Model, QRPA many groups, many nuclear structure methods:

Nuclear Shell Model, QRPA, PHFB, IBM, EDF

Calculated values
| Nuclear matrix |*

Attempts (light nuclear systems):

al " Ge | Ab initio calculations by different
s | | approaches — No Core Shell Model,
2, Green’s Function Monte Carlo,
- . Coupled Cluster Method, Lattice QCD
) etc
T Additional problems:
T T e + Effective weak coupling constant
Fy (") g¢', = 0.4 - 1.27 (factor = 3)

PRC 70, 033012 (2004) + contact term (factor=2)



Evaluation of the OvpBp-decay NMEs calculation - Approximations needed

The nuclear w. f. of
(A,2), (A,Z+1)", (A,Z+2)
Many-body methods

of choice:

Nuclear Shell Model (Madrid-Strasbourg, Michigan, Tokyo): Relatively small model space
(1 shell), all correlations included, solved by direct diagonalization

QRPA (Tuebingen-Bratislava-Calltech, Jyvaskyla, Chapel Hill, Lanzhou): Several major
shells, only simple correlations included

Interacting Boson Method (Yale-Concepcion): Small space, important proton-neutron
Pairing correlations missing

Projected Hartree-Fock-Bogoliubov Method (Lucknow): Several major shells, missing GT
proton-neutron residual interaction.

Energy Density Functional theory (Madrid, Beijing): >10 shells, important proton-neutron
pairing missing

An initio approaches:

The OvBp nuclear transition operators
(F, GT, and tensor type): | 1sospin, and spin-isospin symmetries

(Mg,=0, Mg, Strongly suppressed):

+ Transiton operators involving complete set of states

of intermediate nucleus

Initial 0* g.s.: (T, T)

+ Transition operators in closure approximation — just  Final 0* g.s.: (T-2, T-2) = AT=2(!)

two-body operators

+ Chiral effective field theory two-body transition Till now, this issue addressed only within the QRPA

operators with contact term
+

PRC 98, 064325 (2018)



T4 * X+

ISME‘M’U
IBM L
QRPA »
dQRPA

PHEB

X +

< Pe B ¥

ISM
dQRPA .| ¥
o

EDF ™ v
REDF A

v
&
X

%o

b o

.|_;.|<;
i e
[ ©

48

Ca TﬁGe 8ES*&

unquenched g,

Ovpp-decay
NME
status 2022

All
models
missing

essential
physics

Impossible
to assign
rigorous

uncertainties

Differencies:

Many-body approxim.
Size of the m.s.
 Residual interactions



Chiral effective-field theory approach — contact term  PRL126,172002 (2021)

Assuming that the OvBp process is mediated by a light-Majorana-neutrino exchange, a systematic analysis in
chiral effective field theory shows that already at leading order a contact operator is required to ensure
renormalizability of the amplitude for nn -> pp + ee process. Without the strong 'S, short range interaction
(which appears universally in all nuclear potentials) there would be no need of contact term.

M = (W 50" | W;) L
Nuclear VOV(?" ) = _/ a eiQ'I‘abVOV( 2)
. « ab 2 9 3 q
matrix ; . N ga ) (27) Ov 1 2
element OY = (4mRA) Y V" (rap)mimy . Ve, ( ?) = o©Z ”Ua(q )
astb v-potential (< E, > =0)
regularized with
OGT = (47Ra) Vc%(”'“ab) Tab TJTJ ; ; N
Standard ; vp(a) = —g2 (), §d|pole form-factors
type Ov _ Ov ~_+ IR N DR N ’ > >
cor>1/tprib. OF = (47Ra) Y V3" (ran)San 73 vor(a’) = gi(a’) + 55 —ga(a’)gr(a’)
7 L g 5 5 2 q° 5 o
+ 32 gp(q”) + 32 g (a”)
‘N " N
OF]U — (4?1_}?14) Z V‘JQU (Ta-b)T(j_Tfj_ oy ( 2) _ g q2 ( ) ( 2) l q—l 2( 2
C t t ab or(q - 327?1-1\ ga\q )gp\q {34?71‘;2\ gpld
ontac N )
Ov g, 1 q
term  Vs'(rap) =2 ) . PPNP 112, 1037 (2020) *ﬁmgﬁf(qg)’

contrib.



Open urgent questions:

Magnitude of the contact term Ovpp-decay NME

PLB 823, 136720 (2021)

2
1 _ 4 n 0
[t1/2] ng“VILU | me
Long-range ME” — M?ﬁ — (iv) 1\/10U + M
A

Short-range Mg" =

Nucleus QRPA NSM
AJUV/AAUV(/) AAOU/AAOU(/)

48(Ca 23 — 62
76Ge 32 — 73 15 —42
825e 30 — 70 15 — 41
b7r 29 — 69

10M0 49— 108

116q 26 — 61

1249 36 — 81 17 — 46
128Ta 35 — 77 17 — 46
130T 34 — 77 17 — 47
136 %@ 30 — 70 17 — 47

0+|Zr i [ do@nhs@) adalo)
T g4

_ 2
hs(q?) = —225\,“6 T°/(2A%)

Regularized with Gaussian
(maybe better with dipole form-f. like weak magn. contr.)

A correspondence of the standard and the chiral field theory formalisms. Is contact term involved in the

standard mechanism (completeness ...).

What is the magnitude of the contact term NME? Can it be large? Justification with other phenomenology

needed — pion and heavy-ion DCX, etc.



Supporting nuclear physics experiments  ¥'B-decay, EC and 2vpp decay
(Measurements still not conclusive for Ovpp NME) v p-capture
100 MeV v'(r*, '), single charge exchange
v (®He,t), (d,’He), transfer reactions
v'y-ray spectroscopy, yy-decay
v' A promising experimental tool:
Heavy-lon Double Charge-Exchange

Multipole
decomposition 020 T e
of lightand heavy . S Se

Ovpp-decay NMEs > ., t i E
normalized to unity : T :

0.05F —+ -

0.00

0.5 —+ -

g Zo_mf— _f_ _f
Higher multiploles o0s - x -
are populated mostly due large v- 000k - :

0123456738 91011 012 34567891011

momenta transfer ESaE i S T I



Understanding of the 2vpBp-decay NMEs is of crucial importance for correct There is no reliable

evaluation of the OvBp-decay NMEs calculation of
1'[{‘?-'.1} _ the 2Vﬂﬂ'decay
— . N o N NMEs yet
L HSD, higher states <0 H’T+UH1+ > < l-|—HT-|-JH0_ ~
! - ' dominance Z f m m t
"' |l|| 112 E?TI T El —I_ ‘A
,'f 1.|. l‘SSD,-""groundlevel 0_5:IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIIIIIIIIIII:
; 7 1001, \‘\ ‘1‘ dominance = 00 oo 2vPB (g.s. > g.8.) .
’i’,f \‘ ‘J.Abadet.af. Ann. Fis.A80,9(1984) C MD . qVBB (gs }0+) ]
+ » \ 3 —_ :_ L I T | _:
0 Y ) - 0.4 - ¢ 2vECEC (g.s.->g.s.) 233U:
1UUM° 0+ Y 100Ru :>_ -
%—* - ]
— 0.3 =
The spread of 2vpp and Ovpp NMEs 5. F ]
Is large and small, respectively. & "025_ E
Reasons: o f ]
« 2vBB NMEs governed by contribution from %c: E :
single (1*) multipole unlike OvBp NMEs by — 0.1p E
contributions from all multipoles (J7) of int. nucl. - By :
® Neutrino potential VSZVBB potential O:|||||||||||||||||||||||||||||||||||||||||r|[|‘ﬁ|||||||||%|e||||||||||||||||||||||||||||||||||||||||||:
40 60 80 100 120 140 160 180 200 220 240
A
o/7120 Both 2vpp and OvBP operators connect the same states. Both change two neutrons 44

Into two protons. Explaining 2vBB-decay is necessary but not sufficient



LETTERS

https:/doi.org,/10.1038/541567-019-0450-7

Discrepancy between experimental and

Bﬂﬂlﬁics Ab initio B-decay study: g, Is unguenched

(light nuclear systems)

theoretical $-decay rates resolved from
first principles

P.Gysbers'?, G.Hagen(®3**, J.D.Holt®", G.R.Jansen®3*, T.D.Morris**¢, P.Navrat
S.Quaglioni®7, A.Schwenk®°', S_R.Stroberg"™'"? and K. A. Wendt’

C3, C4 CD

Once meson-exchange currents
and 3-body forces are considered
there is no need for any “quenching”

b

|Ms+1| experiment

3

¢ This work
1 Shell model

1 2 3

|M51| theory (unquenched)

42 42
Sc, — "“Ca,

42Ti0 - 42801

45 45
Voo = T Tig,

“Ti, — *Sc

7/2 72

43807;2 - 43C35ﬁ2
45\"’?52 - 45-“5;2
4?\/3,2 - 4?Tis,!z
4?5‘3?;2 - MTi?fz

45 45
Tz, = 7Scy),

*Sc, — “°Ti,




Measurement of GT strength via p-capture

Wt (AZ) = (AZ-1) + v,

Contradicting results:

e Strong quenching (g, = 0.6)
PRC 100, 014619 (2019)

e Weak quenching (g, = 1.1)
PRC 74, 024326 (2006)

PRC 79, 054323 (2009)

= Small basis nuclear structure
calculations (NSM, IBM) are
disfavored. =

Fedor ¢

J-PARC 3-50 GeV p, v, 11

I. Hashim H. Ejiri, MXG16, PR C 97 2018

Momentum transfer g~80 MeV
%é 1.5 1}*
=
- ’
= i
|‘—’3 0.5 + =

.’ iiiiiii
o el || |

o 10 20 30 40 50 60 70

Exci tati on energy MV



Muon capture rates evaluated within QRPA R R -
In agreement with soft quenching (g, ~ 1.1) ‘ i o
16 : i :
14 E_ _E T T T N B Ei
- 4 * Ed E
12F v ¢ . s 3 3
§ v - E L 3 & s g T/F E - _E
| — o = > 0.10 = - =
'_I‘U'J 10 & +* * / E czoo.osé— IlI I E3 I IIII =
- = = Elam_. =1 mm_ ]
2 PN N
: g "/‘ g 0.35¢ T T T T T T T T T £ 3
G e 1w : A-tse
. o =g
4 F / e exp. (nat) E — ot 3
F ¢ phen. - 4 3 o0f E
- et theor (g,=1.27, Ims) - mgﬂ-OS =
2 = —A .. E 0.00
- A—a theor. (g,=1.00, Ims) 3 i E
- : z £ 030
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will study contributions from all multipoles s J
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Double GT Giant resonances

/
Heavy_ion DCE / (exhausts a major part of
sum-rule strength)
as surrogate processes v ‘ | ‘

! >

Of B B _decay pp-decay Exin grand-daughter nucleus
| | Ik
. . 18¢) 16
v Induced by strong interaction (E0:20) ‘>
v'Sequential nucleon transfer mechanism 4t 765p 77Ga 78Ge
order: Kinematical matching

v"Meson exchange mechanism 15t or 2"d order
v'Possibility to go in both directions
v"Low cross section

Tiny amount of
DGT strenght for
low lying states

(8Noz'Ogr)

Sum rule almost
exhausted by
DGT Giant Mode,
still not observed

Future:
~ INFN-LNS




.......

The 130Te(?°Ne,2°0)10Xe DCE reaction
130Xe
I ;‘j - ) 1SUTB(EDNE,2OO)130X9 ] Eﬂﬂg
Eel =T 71 o ] -
51000 ~ §1D ; 0° < elab <6 ] 8
N 131}  [° | —] 500
129 s L [ .
| Swf | E
600 :~ 1‘ ]
128T@ 130Te - 10 - 300
400 | 3 200
N : -
200 —| 100
* g.s. — @.s. transition maybe N T i I I IS
isolated -10 -5 0 5 10 15 20 E, (Me\?)s

» Absolute cross section measured
Absolute

Resolution ~ 500 keV FWHM State (MeV) Counts coss section
(nb)

Cross section

95% limit (nb)

NoO spurious counts at
-10< E, <-2 MeV gs. (0f) +2* (536 keV) 5 13

[3--18]

Analysis of cross-section sensitivity < 0.1 nb in the Region Of Interest



a— Reliable 0vB8 NMES

There is still
some time
to complete
the job
Waiting on
observation of Ovpf3

OvpBps - NMEs

must be evaluated using
tools of nuclear theory

9/7/2022




To complete
Information
on Ovfp
SEee reviews:

9/7/2022

o V. Cirigliano, Z. Davoudi, W. Dekens, J. de Vries, J. Engel, X. Feng, J. Gehrlein, M. L. Graesser, L. Graf
and H. Hergert, et al. Neutrinoless Double-Beta Decay: A Roadmap for Mateching Theory to Experiment,
[arXiv:2203.12169 [hep-ph||.

e M. J. Dolinski, A. W. P. Poon and W. Rodejohann, Neutrinoless Double-Beta Decay: Status and Prospects,
Ann. Rev. Nuel. Part. Sci. 69 (2019), 219-251

» H. Ejiri, J. Suhonen and K. Zuber, Neutrino-nuclear responses for astro-neutrinos, single beta decays and double
beta decays, Phys. Rept. 797 (2019), 1-102

o J. Engel and J. Menéndez, Status and Future of Nuclear Matrix Elements for Neutrinoless Double-Beta Decay:
A Review, Rept. Prog. Phys. 80 (2017) no.4, 046301

¢ J. D. Vergados, H. Ejiri and F. Simkovie, Neutrinoless double beta decay and neutrino mass, Int. J. Mod. Phys.
E 25 (2016) no.11, 1630007

e 5. Dell’Oro, 5. Marcoeei, M. Viel and F. Vissani, Neutrinoless double beta decay: 2015 review, Adv. High
Energy Phys. 2016 (2016), 2162659

¢ H. Pés and W. Rodejohann, Neutrinoless Double Beta Decay, New J. Phys. 17 (2015) no.11, 115010

e F. F. Deppisch, P. S. Bhupal Dev and A. Pilaftsis, Neutrinos and Collider Physics, New J. Phys. 17 (2015)
no.7, 075019

# 5. M. Bilenky and C. Giunti, Neutrinoless Double-Beta Decay: a Probe of Physics Bevond the Standard Model,
Int. J. Mod. Phys. A 30 (2015) no.04n05, 153

e S. T. Petcov, The Nature of Massive Neutrinos, Adv. High Energy Phys. 2013 (2013), 852087

o A de Gouvea and P. Vogel, Lepton Flavor and Number Conservation, and Physics Beyvond the Standard Model,
Prog. Part. Nucl. Phys. 71 (2013), 75-92

e J. D. Vergados, H. Ejiri and F. Simkovie, Theorv of Neufrinoless Double Beta Decay, Rept. Prog. Phys. 75
(2012), 106301

¢ A Giuliani and A. Poves, Neutrinoless Double-Beta Decay, Adv. High Energy Phys. 2012 (2012), 857016

¢ S. M. Bilenky and C. Giunti, Neutrinoless double-heta decay: A brief review, Mod. Phys. Lett. A 27 (2012),
1230015



PIERRE DE FERMAT 1601-1655 f Around 1637, Pierre de Fermat wrote
xfl+ o N in the margin of a book that
S )/ T A the more general equation
IR - ¥ an 4 b = on
Y 2 had no solutions in positive integers if n
o ‘:Z IS an integer greater than 2.

n'a pas de solution pour des entiers n> 2
TVF LAVERGNE

The proof was published by
After 358 years Andrew Wiles in 1995.

Some long-standing tasks of humanity ...

n-ton-class Ovp exp.

. : 1T mgg <1 meV,
with discovery potential

R el TR what
After KamLAND-Zen 800 v el
85 LECNSCE);\LID ? needed for
NEXT
& CUPID
G etc
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