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OUTLINE . Introd_uction - | |
lI. Neutrino oscillations as a single Feynman diagram
(QFT formalism, nu-antinu oscil.)
Il. The On b-decayexperiments, status and perspectives
bW (Gerda/Majorana/Legend, EXOKamLAND-Zen, NEXT, CUORE,
A A CUPID, etc.)
W ¢ lll. n-mass0n b-decay mechanisms
‘s (QCSS scenario, Quaddirac n, sterilen, LR symmetric model,
LNV at LHC, neutrino-antineutrino oscillationg
V. The On b-decayNMEs, current status
(nuclear structure approaches, uncertainties, contact term)
VI. Supporting nuclear experiments and effectigg
(b-decay,2 n &décay, muon capturd)CE heavyion reactiong
V. The 2n b-decay and new physics
(sterile heavyn, right-handedn)

V. Outlook
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Standard Model nis aspecial particlein SM:
(an astonif]hing successful A |t is the only fermion that does not carry electric charge
based on feec\)/\r/y{arinciples) (ke g g, ) A
A There are onlyleft-handednd @ ny, n,)
A n-masscan not be generated with anyenormalizable
coupling with the Higgs fieldsthrough SSB

no ®scillations experiments
% Y tiny neutrino massey!)
left-handed right-ha Y Beyond SM physics(!)
eutrino

neutrino

UPER

JK
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After 93/67 years we know No answer yet

Fundamental I properties

A3 families of light AAre n Dirac or

(V-A) neutrinos: Majorana?
n, N, n, As there a CPviolation
An are massive in n sector?

AAre neutrinos stable?
AWhat is the magnetic
moment of n?
ASterile neutrinos?
AStatistical properties
of n? Fermionic or
partly bosonic?

we know mass

squareddifferences
Arelation between

flavor states

and massstates

(neutrino mixing)

THUE) () Currently main issue
Nature, Mass hierarchy, — _ @
CP-properties, sterilen —

The observation of neutrino oscillations has opened a new excited era in neutrino physics and
represents a big step forward in our knowledge of neutrino properties




Majorana fermions

Ettore Majorana
Teoria simmetrica dell'elettrone e del positrone pisits own
(A symmetrictheory of electronsand positrong.

_ _ antiparticle
Il Nuovo Cimento, 14: 171184, 1937.171

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

Inversebetaprocesseand neutrino and antineutrino are “mixed” particles,

nonconservatiorof leptoncharge 1.e., a symmetric and antisymmetric combination
Zhur. Eksptl'. i Teoret. Fiz.  ©°f ' J
34, 247 (1958) v, of different combined parity.

= — b)
nz anti-noscillation — (B

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
that produces the neutrino masses 1s probably also accompanied

_ 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. ’ . ino

high energy scale (GUT?) details of those terms, but I'll swear they are there.”

v, and

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

OLUME UMBER OVEMBER 201

Steve Weinberg
N-mass generation




C12 s12 0 1 0 0

Rio=1| —si12 ci2 0 Ras=1| 0 c12 512 3 neutrino masses, 2 mass squared differences
0 o (3.5 vz e om? = mg — m?g Am? = mg — (m? + m%)/Q
€13 0 size™
Rizs=| 0 1 0
— g @Y 0 @ best — fit lo 20 30
- Normal hierarchy (NH)
U = RyzRyi3R19 dm?2/107° eV? 7.34 7.20-751  7.05-7.69 6.92-7.90
. Am? /1073 eV? 2,485  2.453-2.514 2.419-2.547 2.2389-2.578
3 mixing angles sin” @15 /107" 3.05 2.92-3.19  2.78-3.32 2.65-3.47
CP-phase sin? 05/10~2 2.22 2.14-2.28  2.07-2.34 2.01-2.41
3 sin” f3/1071 5.45 498565  4.54-5.81 4.36-5.95
v,) = Z Uz |v;) §/m 1.28 110-1.66  0.95-1.90  0-0.07 & 0.81-2.00
— Inverted hierarchy (IH)
’ dm? /1075 eV? 7.34 7.20-7.51  7.05-7.69 6.92-7.91
(a=e, pu,T) -Am?/107% eV2 2465  2.434-2.495  2.404-2.526 2.374-2.556
sin” 01/107" 3.03 2.90-3.17  2.77-3.31 2.64-3.45
T T — s;nz 913/10:2 2.23 2.17-2.30  2.10-2.37 2.03-2.43
N . sin p3/10~ 5.5l 5.17-5.67  4.60-5.82 4.39-5.96
oscillations analysis & 5.31-6.10

(PRD 101, 116013 (2020)) 5/ 1.52 1.37-1.65 1.23-1.78 1.09-1.90




Neutrino oscillations
(Quantum Mechanics Approach)

Source

I Detector / |
[ Massive neutrinos and neutrino oscillations

S. M. Bilenky
va' - vﬁ Joint Institute of Nuclear Research, Dubna, Union of Soviet Socialist Republics
P S. T. Petcov

diS tance — L Institute of Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, 1784 Sofia,

People’s Republic of Bulgaria

The theory of neutring mixing and newtrine oscillations, as well as the properties of massive neutrinos
(Dirac and Majorana), are reviewed. More specifically, the following topics are discussed in detail: (i) the
possible types of neutrino mass terms; (ii) oscillations of neutrinos (iii) the implications of CP invariance for
the mixing and oscillations of neutrinos in vacuum; (iv) possible varieties of massive neutrinos (Dirac, Ma-
P 'D jorana, pseudo-Dirac); (v} the physical differences between massive Dirac and massive Majorana neutrinos
and the possibilities of distinguishing experimentally between them; ivi) the electromagnetic properties of
massive neutrinos. Some of the proposed mechanisms of neutrino mass generation in gauge theories of the
electroweak interaction and in grand unified theories are also discussed. The lepton number nonconserving
processes p—ey and p—3e in theories with massive neutrinos are considered. The basic elements of the
theory of neutrinoless double-& decay are discussed as well. Finally, the existing data on neutrino masses,
oscillations of neutrinos, and neutrinoless double-8 decay are bricfly reviewed. The main emphasis in the

review is on the general model-independent results of the theory. Detailed derivations of these are present-
ed.

S — S,r 4+ {‘/;L_ -+ V4 d(I)L,(E_U) P.r_h-j’ (Em L) Rev. Mod. Phys.

_ 59, 671 (1987)
Vo —7 g Lose = dFE, A7 L2 J(E ”) AL, 961 citations

p B (inspire hep)
vg+ D — D + ﬁﬁ Process is governed by
the oscillation probability

p's

3

— * —i m? "

S+D = £ + L5 +5+D s Pug(Ey, L) = ZUajUﬁje i m? L/(2E,)
j=1




S2)i) = —i [ da 5Py, Po)ei TP —
Neutrino oscillations
(within QFT, Walter Grimus
/d‘ifzﬁ’(pbjp )é’ (Pg+ P, PDJMZ L(}cha’A approach revisited )
e-Print: 2212.1363%hep-ph]

U(Po; Aa)Yu(1 = v5) D(z2 — z1,my) (1 — ’}’5)7’1/&-(39; Ag)

The neutrino emission and detection are identified with
the chargedcurrent vertices of a single
secondorder Feynman diagramfor the underlying process,
enclosing neutrino propagation between these two points.

D(x;m) = 0(x9)D™ (z;m) + M

— 0 {
DI(.‘I.-'I_ _”2._) _ / (dq :F(_Cl * Y —r W ) +m eii(_q.x+w$0)

2m)3 2w
Integration over time variables results . 0(Es+E,—Ep+ E,+ Ey — Eg)
— in energy conservatiorand Vi2m W+ E.+ E- — Eg + ic :

energy denominator


https://arxiv.org/abs/2212.13635

2

Neutrino propagation

[ o yt my o
(27)3 2w(w + Eo + E5 — Eg + ic)

1 61PA|X2—X1| ezpkL

(@k + TT?,k)

4 my,) ~ ePEXD TPRXS
4 |X2 — Xll (@A k) L

Qi = (Eupi), Pr=pi(x2—%1) /32 — 31|, pi = /B2 — m}
E, = Es — Eg — E, (source) = Eg + E, — Ep (detector)

N "

Energy conservation
7/26/2023 Fedor Simkovic 9



Amplitude (there is no factorization of source and detector!)

Momentum conservation Momentum conservation

| at source at detector
Energy conservation

(F15®i) = (2’”)7%} — L,

727 5% (P + Pa + Ps — Ps) 6% (Ps + Pp — Pp — Pr)

with
Ef—Ei:Eﬁ+Eb—Eﬂ+Eﬂ—|—Eg—ES

Ty" = J4(Pg, Ps)JH(Ph, Pp) B(Pa; A7u(1 — 75) @i wu(Ps; As)

Lepton current



ez(pk _pm)L‘ 3
Qv
47TL-2 X ]:km

]1—‘(1 3 ) .
Master formula ‘ Z U kUﬁkU U,Bm

0(Pr + Pa + P — Ps)d(Ps + Pp — Pp — Pm)

1) (B + B, — Ep+ E, + By — Eg)x
AESE, B D D a S S
1 dpa dpg dp’s dp’p
JoJp 2E, (27)3 2E5 (2m)3 2E% (21)3 2E}, (2m)3
with
—ary (T“ﬁ ) + 13 (10%))

spin

(@%7(Py)|@™" (Py)) = (27)° 2B}, oy, (Pi — Py)

Two normalization volumes: 5(Qn — P) 05(Q,, — P) ~
) source,; Vo1, »
II) Detector. Fedor Simkovic (2,”-)3 § (5V(Qﬂ o P) T 0V(Q'f?1 o P))




An example:

e-Print: 2212.1363%hep-ph]

) Pov.(E))

o(E)) dE)],

+ dd, (E'
[ fr,n' = i
OsC / ldEl,f

272

1 2 f’ﬂ'
_G<ﬁ

Pﬂ-,ﬁ (EL": L) —

New QFT
approach

(no decoherence,

no factorization of
two processes)

47?L2

m. 4w L?

with

) E2 Py“_vf.: (Eu)

3

.2
E :U;jUﬁje—amij(QEy)
7=1

Ttn

Q}*I
(}3

T = ut + Vi

(95 + 39%) peEe

1
QFTzﬁGﬁ(

™t +n—out+e +p

I/ru’ _> VE*; L"'P_ + Tl _:) 1” _|_ {-j_

Standard QM
approach

—= B, ———=— (9v +394) p.E

with

U Pm— L pkpm
ZUﬁk ok UgiU Upy, €®mPr) <1+ E3>

1. m;, PEIT(E,)
ﬁ)_E



https://arxiv.org/abs/2212.13635

neutrino z antineutrinos Secondorder process

Nuovo Cim. 14, oscillations with real intermediate neutrinos

322 (1937)

S+D =l +05+5+D
S—)SI—FK;—I—I/Q, lf,l—}?g, Ed—I—D—}D"—Fl{}_

_ _ Oscillation probability
Amplitude proportional to n- mass Qb = >
= P (B, L) = |(vsl7a
17 = J4(Ph Ps) (P, Pp) % oz (B D) = N0l 2
V(Pa; Aa) V(1 — ¥5)muy,u(Ps; Ag)

__ n; zmz L/(2E,)
o Z USJ !

Replacement Particular process

U = U*, ™ +p—opuT+e+n

Upm = Upm Production rate

1 - 2 m? PL,QLT E, L
A el € Y ety R
7/26/2023 272 V2, mg 7 A L2




Effective Majorana massm,, ,, -
can be strongly suppressed (?2!)
10-1  NO
For L=0 ]
P(Ey L —0) = "0 >
ol L =0) = E; 020
3 2 F C
1 - I
=7 ZUajUﬁjTﬂj 1l
Y=l 107
1 ] —4| | IIIIIII| | IIIIIII| | II| | IIIIIII| I
mps = |p1e”” + pa2e®?* + py| 1010—5 10*% 1024 102 10"
2 2 2 2 2
|p2 — p3| — p1, it pr < |p2 — p3 : region I,
é;niqan mgg = {0, if |po — ps| < p1r < pa+p3  : region I, >
1,%2

p1— (p2+ps), i pa+ps<pi : region 111




Dependence o', on mMy.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)

7/26/2023
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10 102 10°
L/E (m/MeV)

1072 10~ 1

—

Symmetry 14, 1383 (2022)

10*
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Majorana n-mass => Lepton number violation

The absence of the RHhy e lird s
the SM is the simplest, most
economical scenario. Th@-masses
and mixing are generated by the

L -number violating Majorana

mass term coming from dimension5
effective Weinbergoperator:

L = MLHI)\(LH) + h. c.

(LH) is a SM singlet, A - mass scale,
A -dimensionless coupling. After SSB
2
\%
L=— (v, +h.c
5~ (Vv +hec)
The Majorana v-mass term
violates total lepton number

Make v — e'®y;, L changes by e?!®

Majorana Neutrinos
A LN violating

r

A 3 =3¢

A 3 =3 +(3)°

In the SM, The term like v;v; is not
allowed by SU(2)xU(1) => there is no
natural Majorana mass term for the
LH v. However, dim-5 L-number
non-conserving operator is allowed

leading to a Majorana mass
Av2

Mm =3~

This is a seesaw formula, in the sense
that small v-mass can be understood
when A is large. To get meV mass,
we need

A = 10'%GeV (GUT scale)



8OF "t T T g
0 Even mass ; 180,08 I'i'l rl':'
g number : A !
N | = 70r 155152&?45\{2 i
uciear 5 N. Z odd 152GCPX _:"; " ]
double-b B N g, o __
= [ 124 %84 EIF 150Ng 1
deCay Z 11QSH1EOTEXE = i : n1;0n136>( ]
(eveneven nuclei, B3 BB 50 | %0 ‘l’.I:IT"?'JfSB;e Te ]
pairing int.) | ST fropy Cd I
N, Z even 40 F i . ?OGMO ]
7485- r!'
| | | | i o %%Se ;
z2 71 % Z+1 Z+2 o P e
40 50 60 70 80 90 100 110 120
Atomic number N
Phys. Rev. 48, 512 (1935) . 50 J"|
: . ] /2 o 30
Two-neutrino double-b decayi LN conserved hb ba,._ 3 204 H
(A, Z2) Y ("Ag¥n;2n) + e 1.5- et B O
Goepert-Mayer 1 1935. Ftobservation in 1987 9.50 ;_j; 1.10

dN/d (K, /Q)

= ‘ 3 > , 3 ;.I.
Nuovo Cim. 14, 322 (1937) Phys. Rev. 56, 1184 (1939) | © ©-g Onbp

NeutrinolesstL_J_bIe-b decayi LN violated
»( A, Z) Y ("Age LdmP1937) +

Not observed yet RequiresmassiveMajorana no s




. O n bdbcay 3
(A, Z2) Y (ke Z(LN%’ At o GUT scale exchange of three light) U,
n

mga 1 . 0 Ph ¢ g i
el . L I -
(Tl z) — | g4 (MO (' ase space factor m =9
| me well understood
f) > >
! * n p
Uei
NME must be evaluated o
using tools of nuclear theory
“Normal’ “Inverted”
Am,,?
. . 1
Effective Majorana mass v,
can be evaluated. It depends on Am,2=2.5 X 1073 eV2 v
u Am,,?
My, My, Mg, Gy p 1 8@, 2 @ 2
(3 unknown parameters:m,/m;, a,, , a ) —— |
and n-mass hierarchy) Am 2= 7.4 X 10" eV?
L 38— ? Needs to be resolved | ?
C13CTo€ Y My + €13859€" 2 My + 8513
C12C13 C13512 e 313 et 0 0
PMNS i i v
U T = —Ca3512 — Eiaf?lzﬁlaﬂzg C12C23 — ELSSIESIHSZH C13523 0 e 0

id id
512823 — € C12C93513 —€ (93512513 — C12823 (C13Ca3 0 0 1



Effective Majorana
n-massmy, |, 0
(prediction
due rroscillations)

.  —
Constraint from cosmology >
1SIavVor
o
=) by
cosmology

<0.90 eV
< 0.26 eV (Planck coll.)
<0.12 eV

10

m

Contrary, the constraint from
0 n bdbcay (KLZ)
m, < 0.0360.156 eV 104 ] I S |||||||1 L
implies 10 10 10 10 10
S <0.12eV m, [eV]

+
|
ta



On Hebay
Isotopes
and
experiments

[Current CANDLES detector]

Candidates

48C a YT

%G e Y6Se 2.039 7.8
825 e $Kr 2.998 8.8
%7 r ¥Mo 3.356 2.8
100V 0 YIORu 3.034 9.7
110p d YoCd 2.017 11.7
116C d Y6Sn 2.813 7.5
1245 n 19Te 2.293 5.8
130T e YBOXe 2.528 34.1
136X e ¥Ba 2.458 8.9
150N d ¥59Sm 3.371 5.6

CANDLE
CaF
scintillating
crystal

CUPID-0 i

ZnSe
scintillating
crystal

m=505g

Aurora

EXO, KamLAND -Zen
Liquid Xe

L
I
il

I

CUORE

SuperNEMO
Se source foll

GERDA, MAJORANA|
Ge crystal

Amore
CaMoO, crystal

ES
53
> o
Wi gz 2T
- -

bl




Leading limits in each 0n b BBotope

A monoenergeticpeak at the Qvalue Is searched for.
Need a large amount of decay isotope and low radioactive environment

Experiment Isotope Exposure TOn J[10%°yr] m, ,[meV]
[kg yr]

Gerda %Ge 127.2 18 79-180
Majorana 6Ge 26 2.7 200433
CUPID-0 82Se 5.29 0.47 276570
NEMO3 100Mo 34.3 0.15 620-1000

CUPID-Mo 100Mo 2.71 0.18 280490
Amore 100Mo 111 0.095 12002100
CUORE 130Te 1038.4 2.2 90-305
EXO-200 136X e 234.1 3.5 93-286
KamLAND -Zen 136Xe 970 23 36-156 »




KamLAND -Zen KamLAND -Zen 400and KamLAND -Zen 800combined results
1 ton-class'3*®Xe 0 n bekperiment  Limit: T %2> 2.3x 10”8 year (90%C.L.), m, (< 36i 156meV
reaching IH region (g,=1.27, NME = 1.114.77 are assumed)
Currently, the most strict 0 n Hirnit

Ovpp candidate data set

(a) Singles Data Total 36Xe OuBp (90% C.L. U.L.)
"""" Total (Ovf3ff U.L.) —-— Carbon spallation + ¥’ Xe
> 10% il 36Xe 2upp Xenon spallation products
Q = Internal RI
2 E"—._I = === [B/External RI
3 , - "'}r' ————— ~a Solar neutrino ES+CC
Q 10 = Uy, e T
+— - | =r L
S LT b, L.
> = | N LR I AL
] 100 | | HL
% | ‘J-F-\.._,.,-l"-r 1'1 .k +l L
= '_. I [ b
=-J e B ' B 1._.__ 4
o Large volume E"TI-I'Il I T N N N ¥ ]|-|_I B et =T T B | 1T"
liquid scintillator detector | 2 3 4

LS: 30.5 n#, 135Xe: 677 kg Visible Energy (MeV)



LEGEND
1 ton-class’®Ge 0 n bekperiment

LEGEND-200 ®Ge (91% enr.)
A Builds on the past successes of the 10°° £

MAJORANA DEMONSTRATOR -

and GERDA 1020 B

A Low-risk approach to meeting
background and sensitivity goals
A LEGEND-200: start data taking in 2022

J
—
-
)
m
=
o
|_l
o
o
o

3

E_Inverted Mass Ordering

LEGEND-1000 is a nextgeneration
Experiment aiming for unambiguous
di scovery IDyedisofb b wi t h
sensitivity targeting 10 yearsof exposure 1025
A in Conceptual Design phase
A 20xreduction to LEGEND-200 . o 1fcountsPWRMY
background goal X 10'210“3 102 10" 1 10 1° 10°
A Next-generation R&D efforts including Exposure [ton-years]
Germanium Machine learning in progress

T ) IO m" range

— Background free

—— 0,025 counts/FWHM-t-y
- = -0 counts/FWHM-t-y

== 1.0 count/FWHM-t-y

1, 30 DS |years]
q:
~

—
=2}
I IlIIIIl | IIIIIII| R UL




Small scale

gemonstrators
- . _ 10
BT CUPID: 1 ton-class®Mo 0 n |
CUPIED“} - CUPID - CUPID Reach/CUPID-1T (CUPIDsensitivity
CUORE

o

> > > > )

CUPID is built on successfoUPIBEVIo + CUORE]

Li,
bolometer technology
with demonstration of
energy resolution, crystal analysis tools
radiopurity ancda
rejection

~

Li ’:_:s crystals p rototype
tower

Singlemodule:L,1%Mo00O,
45R15x45 mmg ~280g _ =
57 towersof 14 floorswith
2 crystalseach- 1596 crystals
~240 kg oft%9Mo with
>95%enrichment arXiv:1907.09376
~1.6P1(27100Mo atoms J. Ouellet, TAUP 2021
Bolometric Gdight detectors

as InCUPIEMo, CUPIED

./Tor}sca e bolometrig

MoO, scintillating experiment is
possible
Electronics and datg

Reuse CUORE

CUORE + CUPID-Mo

eXperiment

\

Data driven background model
A Information from CUPHMo, CUPIED
A CUORE background model (same infrastructure!)

Projected background indetx104 c/(keVkg y)
Critical background component: random coincidence ¢
2 n kevents {°Mo fastest2 n keimitter: T,, = 7.1x10'8y)

10 y discovery sensitivit
Y S e Y m, p< 12¢ 20meV

Possible followup of CUPID

CUPIEreach - Samesensitive mass and cryostat as CU
Backgroundmprovementby factor 5

2.3x10%"y - my < 7.9¢ 14 meV \
CUPIBLT- 1 ton isotope- new cryostat A syrface
Backgroundmprovementby factor 20 events

9.2x10%"y - mh < 4.0¢ 6.9 meV
Yochnically read Phased approach

CUPID-1T

CUPID Baselin

CUPID-reach

£ \

|
125 crlL

oc

infrastructure

f

=

1000 kg of 1Mo




NEXO
5 ton-class!®®Xe 0 n

pekperiment

EXO-200, 15t 100 kgclass 0 n bekperiment,
excellent backgroundessential fornEXO design,
Sensitivity increased linearly with exposure.

NEXO, discovery0 n bekperiment,
reaches sensitivity ofL0?® yr in 6.5yr data taking,
probesm, ,down to 15meV, scalable experiment

TPC

Cryostat OV f
Vacuum | \ S
I Field Rings

Cryostat IV Cafhode

I' JPRL 123, 161802 (2019)

].{]_3 E \\

I_'_J

68% of NME models

10-4 103 102

Mmin [e\/}

10-' 107* 1073 1072 10-! 10°
TTmin [e\/]

Isotope | m,, ,[meV] | m, [meV]
90% excl. | 3s discovery
sensitivity potential
Legend 6Se 8.2 11.1
CUPID 100Mo 11.1 12.0
NnEXO 136X e 12.9 15.0




Seesaws Different motivations for the LNV scaleL

A natural theoretical way Planck GUT TeV Fermi keV
to understand why LHC hot DM
3 n-masses are very small . 1019GeV 1018GeV 1B GeV 106GeV 10%GeV

Type-I Seesaw Light N mass ° (mD/mLNV) Mg Type -1l Seesaw

Heavyn mass® m
O y LNV ’U_|. = ;FU
0 x HOSN So? I
I I Yl
HO : : HO i AO
| Nr I I
Ve, Y, vyl UV, ( 0 mp ) v, YA v,
1 Mp Ty vy 2
M, ~ —v?Y, —Y}! A
v UMR My /\AYA MA
Type -1 Seesaw: aright -handed Majorana neutrinos is added into the
SM.

Type-1I Seesaw: a few right-handed Majorana neutrinos and one Higgs
triplet are both added into the SM.



Majorana neutrino mass eigenstaté\

with arbitrary mass my mixed with 3 active neutrinos(U,,)

2
= Q% g5 | (Ul ) my M (i, g3)

N

Tyj]

General case

1
M’ (my, &) = — 2?’2 5 Z[dgm d?y d*p

(0:].71(x )lﬂ)(ﬂlﬂ( )107) M"™ (mx — 00, g57)
V? + my?(Vpt + may? + E, —EIE—E'E) MmN 00, ga

U":"”(m\ — U:-QA )

Particular cases

light n exchange

1
= M (g

MM

1

= ML
"”‘i N (QA )

heavyn exchange

4 2 2 :‘\-
M ‘ﬂf’ﬂ” EH)‘ for my < py ,
a 2 <i> — Z Ue.\'
<”l ?HP‘ ‘ 1FUU (giﬁ)‘ for m~ > PFor simkovic my Try

N
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76

Ge

o
§%
%
N
N

— calculated
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Constraints
from
Direct
Searches
are less
Stringent
as those
from

Onbb
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Current Direct Searches
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Direct search limits;:
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The On b-Becay within L-R symmetric theories (interpolating formula)
(D-M mass term, seesaw, \FA and V+A int., exchange of heavy neutrings

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 k - S

and 3 heavy neutrinos Y — C ‘“C)r VeR = Z ( e (ViL)” + 1'?'.!Ni*'”)

generally parametrized T VvV =1

with 15 angles + 15 phases
Effective LNV parameter within LRS model A [0V
(due interpolating 2\ _N

) = MpMe

A0
M0

The dominanceof
light and heavy
N-mass contributions to
Onbb-decay ratecan not be
establishedby observing this
process at different nuclei.

3 y
> (Tfj Mmooy (P 2>” J

!-_,J 7 2
7126/202: me (p*)a + M7 m



2 o2y
<p<> only weakly depends orA (p*) = mpmﬂw
o 1!
Supported by detailed analysis: 750
Degeneracies of particle :
and nuclear physics
uncertainties in0 n bdecay 00 | % )
PRD 92, 093004 (2018) I } ;
@
% 150 I * ; _
= I ©
3
As a consequence = 100 i -
contributions to B UCOM src
0 n bdbcay rate [
from light and heavy 50 & Argonne src -
neutrino mass I _
mechanisms - ® CD-Bonn src :
can not be 0 | | | | | | |
distinquished. ISM ISM IBM QRPA QRPA PHFB CDFT
o Fedor Simkovic 31
StMa CMU TBC Jy

PRD 98, 015003 (2018)



6x6 PMNS seesawn-mixing matrix Y — ( Ug Cl) z -seesaw

(the most economical one) —-C1 parameter
[ = ['pyne  PRD 98, 015003 (2018) o 1 (m 4 (0 )2)
The mixing for heavy n follows from the unitarity of U vV m?2 BB BP
Vo= {*’Tl-i:a[xr-% -

—16¥ ] —10¥]

— 4k —id —id
C12 C13 € ! (—512 Caog — C12 513 523 ¢ ) € (312 Sa23 — (€12 513 Cag ¢ ) €

— ik —1id — ik —1id
5192 Cq13 € 2 (ﬂlg Cog — 5192 513 So3 ¢ ) e 2 (—Elg S99 — S12 513 Cog ¢ ) [

A0
S13 ¢ C13 S23 C13 Cag

—1if¥9

Assumption about heavy neutrino masseldl; (by assuming seesaw)

Inverse s 2 3 M¥, ylepends on
. jf]{ — )\ (p )fl - U'i' 2 N Di rG:P(pth.Sed
proportional 33 mi‘ ;( L’J)r; m; unlike ﬁMajorana(‘)
m; ~ (M CP phases; and a,
Proportional - 5 |~ e (P
*‘Uri:f = A C Z(Uﬂ )r:j
j=1 /

72612023 HeavyMajorana massMR, ,depends on the #fADirdco ¥P vi



Contribution from exchange of heavy neutrino to0 n bdbcay rate might be large

. N 2 _ o 2
Inverse proportional miM; =~ mp Proportional mi =~ (M,
7R < 2}{1 VR — ) 2 ’ )2 <p2}a
T U’r Mg Z(Un) 1 Mag = G Z( D)r:j -
0= YPMNS mbp j=1 . R j=1 'j
Vo =Upnns

. _ ~ BN _
\[; =mp/m; mp~5MeV C=mi/M, Pabx 107

. —4
/\—T.TX ].U )\ZTTK 10—1
— NH NH
0.1¢F I 0.1
> >
O, L
- 0.01 F < 0.01
5 )
N
N
0.001 £ s 0.001 N\
TN N
10—4 | L | L L L L | L 10—4 N . e L L L | ...\‘\.\
1074 0.001 0.01 0.1 | 107% 0.001 0.01 0.1

mo [eV] m, constrained from bottom. 1.y



0 n bgbverned by
exotic mechanisms

dy - . u

> e

uy

m, mech.
strongly
suppressed

Any 0 n briech. generates
a small correction ton-mass |

y y
V- 'Wl COVBB] |W' v
Schechter, Valle: PRD 1982

Light n-mass mechanisntan be strongly suppressedn,, ,< 1 meV

A 1tis not possible to discove® n bamih 10-100 tonclassexperiment

A 1t should be asubject of theoryto justify it
A There might be a dominance of othe® n brechanisms

I I EER I T TN |
0 l I |
10 E
— 1L u
> 10 = ~current limit =
(D) —:1
) -
%)
£ 10 E
-3 All allowed by =
10 -
some sort of =
mechanism. -
1 -4 | lllllll ll | | lllllll i gy II
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Beyond the SM physics

Amplitude for

(A, Z) Y( A z+P)94apqed=7 d o u

can be divided into:

+

mass mechanismd=5

Weinberg, 1979
7126/2023

HY*

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 < LLLe Qd"
O11 < LLQAQd°

Valle



Quark Condensate Seesaw Mechanism
for Neutrino Mass
PRD 103, 015007 (2021).

The SM gaugeinvariant effective operators
~qr,(l

00— 8 72 1, 1 {(@un). (@ Q)

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

Mg = GagV aa)

A?
W 3
gt’.kﬁ U (I)

Gap — Q:_fﬁ + Qiﬁra '”/ ‘/_ = <

)

This operator contributes to the Majorana-neutrino
mass matrixdue to chiral symmetry breaking via
the light-quark condensate

Spontaneous breaking of
chiral (y) symmetry

Potential energy surface
__of the vacuum

Yoichiro Nambu

Chiral order
parameter

Quarks & gluons o

Confinement, 'Hadrons & nuclei
Mass generation

L ~ afewTeV
we get the neutrino mass

W o= — (g3, (Gg)"/? ~ —283 MeVovic In the sub-eVballpark ..



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

1 v —— __
L =—) —1€ “ Trug + ¢.ded; ) + H.c.
7 \/Eazﬁ A3 VaLVﬁL(gaﬂuLuR JapR L)

v gaﬁ <C_]C]) L gaﬁ )’
V2 A V2 \A
(@) PRL 112, 142503 (2014). (b) PLB 453, 194 (1999).

| [eV]

Vv
ee

|m

- KamLAND-Zen

mo [eV]

Neutrino spectrum (NH) !!!
2meV<m;<7meV
9meV<m,<1llmeV

50meV<m,<51meV

Prediction for m,
9meV<m,<12meV

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



Six QuastDirac neutrinos and0 n bdbcay M - 3x3 complex matrix (18 real numb.)
Symmetry 12, 1310 (2020). M g - 3x3 symmetric matrix (12 real numb.)

_ _ (42 parameters)
Dirac-Majorana mass term

1 L I/"c o :\. J’rL Jﬁi{j’j
— _ 35 C L M = e IM_r| «|Mp |
Lo = > (71 v ) M . + h.c. ML Mg
_ 6 eigenvalues:
Z/[T MU=M 3 Dirac massesn, , , 3 mass splittinge, , ,
Diagonalization: 6x6 unitary mixing matrix .m_j—‘ = +m; + €

(15 mixing angles plusl5 phases)

_ Ut o 1
mxas () e (4 Yo

Product of 3 unitary matrices. 1 0 _
A and Smix exclusively active S = 0 Vi Xgiven by 9 angles and9 phases,
and sterile neutrino flavors, each small parameters.

given by 3 angles and3 phases.

7126/2023 Fedor Simkovic 38



Simplified Quasi-Dirac neutrino mixing scheme
(6x6 generalization of the PMNS matrix)

Uqp = b ( o0 ) -m.f[ =dm; +¢ (e>0)

N A A
3 Dirac masses and. universal Majorana mass
Oscillation probabilities among splitting e
active neutrinos

3 3
Pog = 8ag— Y |Uail?|Usi|* sin’ ”;EL — Y R(U% Up: Uy Upy) ( sin?

i=1 i>j=1

, AmZ — 2eXm,; Am?; + 2e X , AmZ; — 2eAmy; L)

b .
Amg; + 2eAm;; -
4F

V5 jL—I—SiHQ Vo L + sin £ w5

3 2 2

1
+3 Y (U Us Uajagj)(sm L +sin -

-+ sin

1>75=1

Amfj + 2e Xy I+ sin Amfj — 2eAmy; L)

g 2F o8



The survival probability of QuastDirac neutrinos

electron antineutrinos and constraints on neutrino masses
272
P (e£0)=P —0) - ° LTy 4 2, a4, 2, 4, 2
vesire (€ 7 0) = Py, 5, (6 =0) — 2 C13C12M] + C13812My + S13M3
272 2 2
e L Am3, L Am3, L
4 .2 2 v, .2 21 2 2 2 v, .2 31
Am?2, L
2 92 9 2 392 4
+4 §73C{3575 M35 COS o } + O(€"),
Tritium b-decay Restriction from

o 2.2 2 2.2 2 2 .2 2 Daya-Bay data (3s
mp = \/m1012‘313 T M5CY387 + M3S73 + € Cosmology y y (3s )

I~ .~
1 : N E M,
= ?ng}) (l + 5 (E/mg})) P cc ) 2 = ‘M”

0 n bdbcay
mpg = UWL} e mss S 30 meV  for NO

L 2 2 2tvo 2 2 2ty 2 : :
— € |(312(313 + e C135712 + e 513 ‘dor Simkovic 5 1 meV for IO

with non-zeroe are
the same 3n cases.

3
— Z m;  Survival probabilities
i=1
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QuastDirac neutrino oscillations at different distances

£=0—__

m3=0.01 eV, €=0.0001 eV —
m3=0.01 eV, €=0.0002 eV —

~15km, 10

m1=0.01 eV, €=0.0001 eV —

m1=0.01 eV, €=0.0002 eV — |

£=0—_-

3 4 5 6 7 8 09

10

1

| M """"" W 180 km, 10

|
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30

25
Direct probe of Majorana nature

of heavy neutrino(or HNL)
at LHC

Keung-Senjanovicprocesses:
pp YsYVWNY 2e 2]

or
pp YsYWINY R

T 1 /2 =10°%yr (sinf}y

)

} 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]



PIERRE DE FERMAT 1601165 gl Around 1637,Pierre de Fermat wrote

AR ’7+ T in the margin of a book that
e the more general equation
W\ ah+b"=c"

ABYL - 2 ' had no solutions in positive integers if

IS an integer greater than2.

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

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

Somelongst andi ng tasks of humani

n-ton-classO n bekp.

: ) : If my, ,< 1meV,
with discovery potential

L ST what
After KamLAND -Zen 800 After technology is
385 LESCIS\IISI\TD ? needed for
NEXT
& CUPID
iy etc
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On b tkecayNMEs

Before: 2004 (factor10 uncertainty) Present: 2022 (factor 23)
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 | ADb initio calculations by different

. | | approachesi No Core Shell Model,
3, Greenb6s Function Mont
~ . Coupled Cluster Method, Lattice QCD

) etc

T Additional problems:

T e s + Effective weak coupling constant

F, (yr') geff, © 0.47 1.27 (factora 3)

PRC 70, 033012 (2004) + contact term (factora 2 )



Evaluation of the (h b-Becay NMEs calculation- Approximations needed

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

Nuclear Shell ModelMadrid -Strasbourg, Michigan, Tokyo): Relatively small model space
(1 shell), all correlations included, solved by direct diagonalization
QRPA(TuebingenBratislava-Calltech, Jyvaskyla, Chapel Hill, Lanzhou): Several major
shells, only simple correlations included

Interacting Boson MethodYale-Concepcion):Small space, important protorrneutron
Pairing correlations missing

ProjectedHartree-Fock-BogoliubovMethod (Lucknow): Several major shells, missing GT
proton-neutron residual interaction.

Energy Density Functional theoryMadrid, Beijing): >10 shells, important protorrneutron
pairing missing

An initio approaches:

The O n bnhbclear transition operators
(F, GT, and tensor type): | Isospin, and spinisospin symmetries

(M@0, M s Strongly suppressed):

+ Transiton operators involving complete set of states

of intermediate nucleus

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

+ Transition operators in closure approximationi just  Final 0*g.s: (T-2, T-2) Y DT =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)
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48

Ca TﬂﬁG«a EZSE

unquenchedg,

On b-becay
NME
status 2022

All
models
missing
essential
physics

Impossible
to assign
rigorous

uncertainties

Differencies
A Many-body approxim.
A Size of them.s.

A Residual interactions



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

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

MO = (U0 W) e
Nuclear VO (1) = _/ g9 elaran /0 (o2)
. Q0 ab 3 q
matrix ; . N Ga ) (27) Ov 1 2
element  O% = (4mRa) > VR/(ran)Ti 7, Ve, ( ?) = o2 ”Ua(q )
b n-potential (< E_ > = 0)
regularized with
Ov + -+
Ogr = (4mR4) Z Ver(ras) 0ab 74 7y oy 99 a dipole form-factors
Standard azb lF(q ) - gv(q ) )
Ui 0 = (A7R4)> V¥ (rap)San i 7 ver(a®) = A () + 2 @ ga(a’)gr(a®)
contrib. T 4 T \Tab)oabla Tp - ’ A 3 9mn
7 L g 5 5 2 . 5,
+ 3 T2 gp(a”) 32 g (a”)
. 'N . ‘N
N g vr(@7) = =35, —9ald’)grla 3Tm2 gp(a
ontac N >
Ov 9 1 q
term  Vs'(rap) =2 ) " PPNP 112, 1037 (2020) +§R931(qg)=

contrib.



Magnitude of the contact term G b-Becay NME PLB 823, 136720 (2021)

Nucleus NSM

QRPA m%ﬁ
) ) A0V /p g0V -1 _ 4 Ov Ov,2
MY /MO (%) M /MY (%) [f1/2] Gov &p IM[" + Mg | 2
4Ca 23 — 62 e
76
Ge 32 — 73 15 — 42 0V _ 40V 8v Ov
96 A
Zr 29 — 69
100
Mo 49 — 108
116 26 — 61 Short-range
1245n 36 -81 17 — 46
128Te 35 —77 17 — 46
130
Te 34 —77 17 — 47 : : :
136ya 30 — 70 17— 47 Regularized with Gaussian

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

Open urgent questions:
A A correspondenceof the standard and the chiral field theory formalisms. Is contact term involved in the
standard mechanism (completeness ¢€&).

A What is the magnitude of the contact term NME?Can it be large?Justification with other phenomenology
neededi pion and heavyion DCX, etc.



