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OUTLINE

I. Introduction

Il1. Neutrino oscillations as a single Feynman diagram
(QFT formalism, nu-antinu oscil.)

I11. OvBB-decay mechanisms

(QCSS scenario, Quasi-Dirac v)

L el e bd e parapato e e rrass e e
(2305.12378 [hep-ph], 2306.10638 [hep-ph])

V. Outlook

Acknowledgments: A. Khatun, S. Kovalenko, M. Krivoruchenko, A. Smetana, and other colleagues and
friends.



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

theory, i o
based on few principles) (lkey, g, HY)

+ There are only left-handed v’s (v v, vy )

irrot

left-handed %
neutrino eutrino

UPER

JK

8/28/2023

, etC

* v-mass can not be generated with any renormalizable
coupling with the Higgs fields through SSB

v’s oscillations experiments
= tiny neutrino masses (!)
= Beyond SM physics (!)




After 93/67 years we know No answer yet

Fundamental V properties

« 3 families of light * Are v Dirac or

(V-A) neutrinos: Majorana?
Ver Vi Vq *Is there a CP violation
* v are massive: In v sector?

 Are neutrinos stable?
« What is the magnetic
moment of v?
« Sterile neutrinos?
« Statistical properties
of v? Fermionic or
partly bosonic?

we know mass

squared differences
e relation between

flavor states

and mass states

(neutrino mixing)

Currently main issue

Nature, Mass hierarchy, — _ (@
CP-properties, sterilev =~ —

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

v, and

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

and other things that haven’t been observed, such as violation of
~ baryon-number conservations. i ' lng

details of those terms, but I'll swear they are there.”

v < anti-v oscillation

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

OLUME UMBER OVEMBER 201

Steve Weinberg
v-mass generation
via d=5 eff. oper.
related to unknown
high energy scale (GUT?)




C12 s12 0O
—S12 c12 0

0 0 1

Rl? —

~ €13
Riz=1 0

—S13 €

i

U = RysRisRis

3 mixing angles
CP-phase

3
va) = ) Usslvs)
71=1
(a=c, )

Global neutrino

oscillations analysis
(PRD 101, 116013 (2020))

1 0 0
Ros=1| 0 c12  S12 3 neutrino masses, 2 mass squared differences
(3.5 e om* =ms —mj, Am’=mj— (mi+mj)/2

0 S13 € ¢

1 0

0 ¢ best — fit lo 20 30

Normal hierarchy (NH)
dm?/107° eV? 7.34 7.20-7.51 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
sin® 015/1071 3.05 2.92-3.19 2.78-3.32 2.65-3.47
sin? 05/102 2.29 2.14-228  2.07-2.34 2.01-2.41
sin® fa3/107! 5.45 4.98-5.65 4.54-5.81 4.36-5.95
d/m 1.28 1.10-1.66 0.95-1.90  0-0.07 & 0.81-2.00
Inverted hierarchy (IH)
om?/107° eV? 7.34 7.20-7.51  7.05-7.69 6.92-7.91
-Am?/1073 eV? 2.465 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
sin® 0y3,/1072 2.23 2.17-2.30 2.10-2.37 2.03-2.43
sin” 03/107" 5.51 5.17-5.67  4.60-5.82 4.39-5.96
& 5.31-6.10

d/m 1.92 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 — SI + {C/I + L"& d(I) El ,}D Rev. Mod. PhyS
' 1/ 3 E,-'-.u L
Ve = U Cose = AEy) PosBn L) oy g, oo o7 se
o B dF, A7 2 5(361 c!tatlhons)
. inspire hep
vg+ D — D'+ ﬁﬁ Process is governed by
the oscillation probability

p's

3

— * —i m? "

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




S@|i) = _i\/dilmljg(Péj Pg)ei(PatPs—Ps)a1y Neutrino oscillations as a
single Feynman diagram
(within QFT, Walter Grimus

/d‘iIgJ“(PL,P )i FstFp PD)”Z Ui Ugp X approach revisited )
e-Print: 2212.13635 [hep-ph]

U(Po; Aa)Yu(1 = v5) D(z2 — z1,my) (1 — '}fsh’yu-(Ra; Ag)

The neutrino emission and detection are identified with
the charged-current vertices of a single
second-order Feynman diagram for the underlying process,
enclosing neutrino propagation between these two points.

D(x;m) = 0(x9)D™ (z;m) + M

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

2m)3 2w
Integration over time variables results . 0(Es+E,—Ep+ E,+ Ey — Eg)
e — in energy conservation and 02“” 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
8/28/2023 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)J)(Ph, Pp) B(Pa; A7u(1 — 75) @i wu(Pa; 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)

(277')7 5(E + E —En+E —I—E’—E)X
AESE, B D D a S S
1 dpq dpg dp’g dp’p
Jodp 2Ea (27)3 2E5 (27)3 2EL (2n)3 2E}, (27)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) ~
1) source; Vi o1, ”
II) Detector. Fedor Simkovic (2,”-)3 § (5V(Qﬂ o P) T 0V(Q'f?1 o P))




An example:

e-Print: 2212.13635 [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

Tt n 1
QFT — 53 G (

Q}*I
(}3

T = ut + Vi

(95 + 39%) peEe

™t +n—out+e +p

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

Standard QM
approach

My A7 L2

with

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

fﬂ' Tn’z P%FI( U)
\/§ o Eu ’t (g‘ﬁ’ + 8912&1) peEe



https://arxiv.org/abs/2212.13635

neutrino < antineutrinos Second order 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 v—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 ™ ? m; PquuT(Ew L')
Fg}l} = G;‘; f_ _H y ple (Q%’ 4+ 39,4) p.E.
8/28/2023 27 V2 My 47 L2




Effective Majorana mass mg; 5
can be strongly suppressed (?!) ... -
101 NO
For L=0 -
PsEs L —0) = 1 >
A =0 =y R
2 e -
I ek
=7 ZUajUﬁjTﬂj 1l
Y=l 107°E
_ 25 21";{)2 10—4| Ll L] | mn L] L 111
mes 2 |p21€ T p2€ : ;"93' 2 10°  10%  10%a 102 107
|p2 — p3| — p1, it pr < |p2 — p3 : region I,
é;niqan mgs = < 0, if [p2 — p3| < p1 < pa+p3  : region I, 5
1,422

p1— (p2+ps), i pa+ps<pi : region 111




Dependence of mb,, on My;;pees 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)

8/28/2023

20:_ m, =20 meV
| IIIIIII| | IIIIIII| __ | IIIIIII| I_lJ-I—H'I'I'i/'//II IIIIII.IIIIHI:I | IIIIIII| | I[ll [N
102 10" 1 1 10 102 10° 10
L/E (m/MeV)
15

Symmetry 14, 1383 (2022)



Nuclear
double-
decay

(even-even nuclei,

pairing int.)

Nuclear mass

80
Even mass
number
70
N, Z odd
60
Z
i 50
BB BB’
N, Z even 40
| | | | | 30
Z-2 Z-1 ~ Z+1 Z+2

Atomic number

Phys. Rev. 48, 512 (1935)

Two-neutrino double-B decay — LN conserved
(A)Z) - (AZ+t2)+e +te+v, +v,
Goepert-Mayer — 1935. 15t observation in 1987

Phys. Rev. 56, 1184 (1939)

Neutrinoless double-f decay — LN violated

(A,Z) —

(A,Z+2) + e + e (Furry 1937)
Not observed yet. Requires massive Majorana v’s
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[Current CANDLES detector]

0v deca CANDLE SuperNEMO
'B'Bt y CaF Se source foil
ISOTOPES scintillating ,
and crystal GERDA, MAJORANA

experiments Ge crystal

E-

Candidates Q,4(MeV) N.A. (%) CUPID-0 i

Hla 288 L Zscr:]isn?[illating |

6Ge—76Se 2 039 7.8 crystal

B2Se 82K 2.998 8.8

%Zr—%Mo 3.356 2.8

100M0—100RY 3.034 9.7

110pg—110Cd 2.017 11.7 Aurora

116Cd—116Sn 2.813 7.5

1248 —>124Tg 2.293 5.8 Amore
130Te—>130Xe 2.528 34.1 M g
136X ¢—13B3 2.458 8.9 o
150Nd—190Sm 3.371 5.6 EXO, KamLAND-Zen

Liquid Xe



Leading limits in each Ovff isotope (unquenched g,)

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 10Mo 34.3 0.15 620-1000
CUPID-Mo 10Mo 2.71 0.18 280-490

Amore 1Mo 111 0.095 1200-2100
CUORE 130Te 1038.4 2.2 90-305
EXO-200 136Xe 234.1 3.5 93-286
KamLAND-Zen 136Xe 970 23 36-156

18



nEXO
5 ton-class 136Xe Ovpp experiment

EXO-200, 15t 100 kg-class Ovpp-experiment,
excellent background-essential for nEXO design,
Sensitivity increased linearly with exposure.

NEXO, discovery OvBp experiment,
reaches sensitivity of 102 yr in 6.5 yr data taking,
probes mg, down to 15 meV, scalable experiment.

TPC

Cryostat OV f
Vacuum / \ o\
I Field Rings

Cryostat IV Cafhode

I' JPRL 123, 161802 (2019)

].{]_3 E \\

I_'_J

68% of NME models

10-4 103 102

Mmin [GV}

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

Isotope | Mg [MeV] | mgg [MmeV]
90% excl. 3 o discovery
sensitivity potential
Legend 6Se 8.2 11.1
CUPID 100Mo 11.1 12.0
nEXO 136X e 12.9 15.0




OvBp governed by
exotic mechanisms

dy - . u

> e

uy

mgg mech.
strongly
suppressed

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

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

Light v-mass mechanism can be strongly suppressed: mgs <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 Ovp mechanisms

| Illlllll | llllllll | IIIIIIII |

0
10 E
 — -1 :_ —:
> 10 = ~current limit =
|2| —:1
- i
K
e 10 E
10° All allowed by -
some sort of =
mechanism. .
1 -4 | lllllll lI | | lllllll i gy lI
8.0001 0001 001 0.1 :

mIightest



Beyond the SM physics

c=ry) +AZ

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

mass mechanism: d=5

Weinberg, 1979
8/28/2023

055) — ng Z c(ﬁ)

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
O7 x LQeECQHHHT
Og o< LLLe“Le”

O10 < LLLe Qd"
O11 < LLQAQd°

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

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

7 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 =y

[

Meag = fapl F >

Confinement, Hadrons & nuclei
w3 Mass generation
— gt’.kﬁ (% I
) A ~ afew TeV
, D o
Jop = Gag+9as V/V2 V2 = (H°) we get the neutrino mass

8/2! E— <Qq> lz'q <§q> 1/3 ~ —983 MeVvic In the sub-eV ballpark >



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

1 v — _
L =—) —1¢ “ Trup + ¢%.dpd; ) + H.c.
7 \/iazﬁ A3 VaLVﬂL(gaﬂuLuR ap®R L)

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

| [eV]

Vv
ee

|m

- KamLAND-Zen

mo [eV]

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

Prediction for mg
9 meV < mg < 12 meV

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



Six Quasi-Dirac neutrinos and OvBp-decay

Symmetry 12, 1310 (2020).

Dirac-Majorana mass term

Ern:%(y_ﬁf E)M(HE)+}ZC

VR

oo
U MU=M
Diagonalization: 6x6 unitary mixing matrix
(15 mixing angles plus 15 phases)

1
Product of 3 unitary matrices. 1
A and S mix exclusively active S = 0

and sterile neutrino flavors, each
given by 3 angles and 3 phases.

8/28/2023 Fedor Simkovic

Mp - 3x3 complex matrix (18 real numb.)
M| - 3x3 symmetric matrix (12 real numb.)
(42 parameters)

— - M « |M
M ( Jfg ﬂ-lrj? ) IM__g| «|Mp |

6 eigenvalues:
3 Dirac masses m, , 5, 3 mass splitting €, ,

mE = —Ehitk o (5

/)

0 1 X1 I
1) x_(_X 1)+mk)

X given by 9 angles and 9 phases,
small parameters.

24



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 1 universal Majorana mass
Oscillation probabilities among splitting ¢
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 Quasi-Dirac neutrinos

electron antineutrinos and constraints on neutrino masses
2712
P. (#0)_13_ _(_0)_i 4 4 2+44 2_}_4 2
Ve—e \ € = Iy \€ = 2 C13C12TMy T C135121Mp T 5137103
7 e 2 2
e L Am3, L Am3, L
4 .2 2y, 2 21 2 2 2 v, 2 31
Am?2, L
Y W 9 2 32 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 (30):
mp = \/m1012‘313 T M5CY387 + M3S73 + € Cosmology y y (30)

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

OvBp-decay
mgg = UWL} e mss S 30 meV  for NO

L 2 2 2tvo 2 2 2ty 2 . .
= € |(312¢13 T e T C3S1p e S3 "Ors'mko"'c < 1meV for I0

with non-zero ¢ are
the same 3v cases.

3
— Z m;  Survival probabilities
i=1



Quasi-Dirac neutrino oscillations at different distances

1 . e 1 T IR L U 1 L LA B LI B R B
[ 15 km. 10 _ [ 180 km, 10
0.95
"o
=
T 009}
Q
B
ol I ]
0.85t e=0 —
- m3=0.01 eV, €=0.0001 eV —
m3=0.01 eV, €=0.0002 eV —

e=0 — _
m1=0.01 eV, €=0.0001 eV —
m1=0.01 eV, €e=0.0002 eV —

1 2 3 4 5 6 7 8 9



PIERRE DE FERMAT 1501165° iy R Around 1637, Pierre de Fermat wrote
S o s g h, ¢ in the margin of a book that
NG '§ the more general equation
PAARAT Y a"+hb"=c"
oA AT o 2 ' had no solutions in positive integers if n
— IS an integer greater than 2.

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

The proof was published by
After 398 years Andrew Wiles in 1995.

Some long-standing tasks of humanity ...

n-ton-class Ovpp exp.

If Mg <1 mevV,
with discovery potential P

RS R st e what
After KamLAND-Zen 800 v S
85 LECI\IECIE);ID ? needed for
o NEY e e
NEXT
& CUPID
Y etc

vietata

1 9 3 7 © Erasmo Recami & M.M.
Ogni rip i totale o iale &
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