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OUTLINE

|. Introduction
1. Neutrino oscillations as a single Feynman diagram
(QFT formalism with plane waves)
[11. Neutrino-antineutrino oscillations and 0vgS-decay
(QCSS scenario of vy mass generation)
V. Towards fixing parameters of v mass matrix
(Processes described with Frobenius covariants instead
of elements of neutrino mixing matrix )

Acknowledgments: A. Khatun, S. Kovalenko, M. Krivoruchenko, and other colleagues and friends.
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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 o
based on few principles) (key, g, HY)

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

irrot

left-handed %
neutrino eutrino

UPER

JK

9/1/2024

, etC

e 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 (1)
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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 = Vg Joint Institute of Nuclear Research, Dubna, Union of Soviet Socialist Republics
| 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-3 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 -5+ {‘f:; + U, oy ( E;f) 'Pﬁ_ﬁ( E,, L) Rev. Mod. Phys.

... = 59, 671 (1987)
Un.- — If"ﬁ EEIE dEH LL?TLE J(EU) dEL-'

Vg + D — D -+ fg 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,)
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(f1SPi) = /d’irlJ“(PS,, Pg)eiPtPs=Ps)=, Neutrino oscillations as a
single Feynman diagram

, bl p 3 (within QFT, Walter Grimus
/d 2o J by (P, Pp)e Pt D}'“Z Ui Ugp X approach revisited )]
k=1 J. Phys. G 51, 035202 (2024)

O(Pa; o) Yu(1 — v5) D(z2 — 21, m4) (1 — 75)v,u(Ps; Ag)

The neutrino emission and detection are identified with

) _(IEE oosr(:, a_reflerence fra}[rr][c_a. : the charged-current vertices of a single
te P ysma;] rgprclesen 2 |(;n 1S second-order Feynman diagram for the underlying process,
ah outgoing spherical wave ot v enclosing neutrino propagation between these two points.

from the source.
D(z;m) = 0(xg)D™ (z;m) + M

— 0 {
Di(.‘lf; '”?_.-) _ / (dq :F(_q * Y —r W ) +m 6ii(_q.x+w$0)

2m)3 2w
Integration over time variables results . 0(Es+E,—Ep+ E,+ Ey — Eg)
0/11/2024 In energy conservation and £ w+ E,+ Ei — Eg + e *

energy denominator
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Neutrino propagation

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

ipy |x2—X1| ip L
1l e e

(@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
9/1/2024 Fedor Simkovic 7



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

77 = JE(P&, Ps)Jp(Ph, Pp) T(Pa; A 7u(1 — 75) @i vwtt(Ps; Ag)
9/1/2024 Fedor Simkovic ]

Lepton current



ei(pk —Pm ) L

Q) j af3
dl’ Z U kUﬁkUamUﬁm A2 X ‘ka
Master formula ,
J. Phys. G 51, 035202 (2024) 0(Pr + Pa + Ps — Ps)0(Ps +Pp — Pp — Pm)
(2m)" , ,

) FE En—FE E,+FE;—FE
1EE. (Eg+ Ep — Ep + Eq + Eg — Eg)X

1 dpa dps dp’s dp'p
JoJp 2Eq (2m)3 2Eg (2m)3 2E% (27)3 2B, (2m)3

with

—4ry 5 (T"‘ﬁ Te8)"

spin

(@>7(P;)|@7" (Py)) = (21)° 2B}, &y, (Pi — Py)

9/1/2024 Fedor Simkovic

o (1))

Two normalization volumes:
1) source;
1) Detector.



An example:

J. Phys. G 51, 035202 (2024)

) Puw.(E))

o(E,) dE,

e [ dD(E
F“ _—_I__‘“ — v v
osc / dE*'

272

1 2 f’ﬂ'
-5 % (%

P{}-,ﬁ (Ey ] L) =

New QFT
approach
(no decoherence,
no factorization of
two processes)

47?L2

m, °  4AwL?

with

) E2 PU,;.UE-; (Eu)

3
2
E U;jUﬁjﬁ_?‘m’j L;/(QEV)
Jj=1

mtn o _

Q}'I
(}3

?T+ — /Jj—i_ + Vg,

(9v +39%) pEe

tt+n—oput+e +p

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

Standard QM
approach

Mz 47TL2

with

UWPm— L pk;pm
ZUﬁk ok UprU Uy, €/Pm=Pr) <1+ E2>

fr ) M g Pie ' (B)
V2 m B~ (9v +394) peEe




Is there an entanglement W +n—e +v.4+e +p

of v production and detection?
(7 momenta in a game)

By, Fe,, P,,
Py
-Pﬂ:' PP:IPEG{

Simplification:

Ov=0a=1
P.=P,

9/1/2024

detector  ~Tr % (gv — 9418) (P, + ma) 25(gv — 9a75) (P, +1my) X

U~ = v, +e +Ve Vy—Vey Vetn —>p+e

source // ~Tr v,(1 = 75) (P, — m) (1 —5) (P, + me

) X
v—prop. Tr 7Py’ (1—75) (P, +m.) VP’ (1 = 5) (Pe, + me)
1 2

25
=164 (P, - 55 )(Py — P, — B) - Py) +(Pey - Bp)(Pn- P

——84lfﬁi(FL*(I%L——FLS——IQ))( )(E%S f%a
_QEPL:J_H;,_H. Py Py ((Pe, - Pp) (Pn- Py) — (Ru Py,) (Pn - By
+(Bp - Pr) (Pey - P) = (P - Pr))
‘|—261’C_SI’%1’.,,J’I, (P, - Pr) ((P - Py) + P2
+€p, P. PP, (Q(PES - P,) (P, Py) — P:f (P Py)— (P, Py) P?
+€p.,P. PP (2(P€S -P,) (P Py) — P2 (Pp =
—2(Py- By) (B - Py) + Pﬁ
+€p, P PP, () +ep P PPy (~++)+ €P. P,P,P, («-+) +ep, fﬂlfi,,f;t (

Additional terms




SOULee // 511 (1 =) (P = 1) m(1 =) (Pe, +me) x Product of traces under
v —prop. Tr 1" Pir”(1 =) (P +m,) P Pir’ (L = 5) (Po, +ma) x the phase-space integration
1

detector 5 11 Yo l9v = 9a75) (P + 1a) 75(gv = 9a7s) (7, +mp) X o LEg—mi (5 - m?2)”
! 6 P P?
dpes dpyc _ 1 Q Q

5 (Pes + PL’e — PQ) Ees Eue - 4 256 X 16>< OPP = EPC% == ng (P(% — mg)z
2 2
{Cy (PP + Cpp (P2—(P.-P)) ((P,-P)—P?) ) x 3 (Fg) Fg

P} = (P, — P)* =m? — 2E,E, + p,E, cos (6,,,)
[(qi - q%’) My My (Ped . Pk) -+ (gA — gv) (Pfd P ) (Pp . Pk) Q H I ; e L

= = A Ped - P Pﬁ, E P': .
| (ov +94)" 2 1) Entanglement of production and
—7 256 x 8 x P (Cy — Cpp (B = (Pu- By)) } X detection processes:

yr)
2 2Y o (P (Po— P) + (g4 — )2 (P, - P.) (P, - (P — P additional _terr_n ~ vV—mass squared:
(g = 9v) p (Feu - (B = B)) + (94 = gv)" (Fey - Fu) (B - (B = Bi)) Processes with intermediate-charged

2
+(gv +94)" (Pey - B)(Pu - (P = F))] lepton processes need to be investigated!

Separately for production and detection processes

I
source //iﬂ ’)’p(l —Vs) (Pve — mu) Ya(l —5) (F’es + -me) % detector §TI, ,},g( gA%) (Fﬂ + m.n) ’)’a(gv - QA"‘/5) (Pp + mp)

dpe, dp.. 1 — .
B, B, =5 04%[(94—9v) mamy (P, Be) + (94 = gv)" (Pey - Po) (B - B)

:%256X %ﬁyngﬂ'Pk) + Cpp (PE_(P#'PFC)) ((PLL'PkJ_PE) ) +(QV +.QA)2 (Ped '15;})(9.*1 Pk)]

5 (Pﬁs + PVe — PQ)



Neutrino Mass Term Majorana

Dirac 1
LY = =S I et ME; v, + Hee.
7 D 1855 L ’
LIJ?MHH - VaRr Mﬂﬁ Vgay + H.c. ksl 2 DﬂZﬁ e} afB YBr
af
3 1 3 ;
T
= — myv;. Cly
= — MV Vg 9 ; kVE k
k=1 - 6
&, =6 M, T
, P =6, UL,T, VI MP U = Mcﬁag L L T asM ;MM
Mo = Mg, U™ M7 U = Mg,

Dirac-Majorana
LD—-—JM _ Z NQR A’f[(g;-ﬂf NﬁL n He
o3

‘mass

vy,
N( O)? &!626}1-1‘/57-381352?33

UT MP+M = MPIM

diag




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 i.e., a symmetric and antisymmetric combination
Zhur. Eksptl'. i Teoret. Fiz.  ©°f ' :
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?)




L B L A A A A B LR BN B T &

0 Even mass * 180,08 I'i'l rl':'
g number 6 ]
N I = 70r 155152&?“5: i

uciear s N, 7 odd 154D :I; .
double-$ 9 N — 1 _

d ; | N DR
ecay Z [ 12g 120TE il o n1;0n136>(
o n
(even-even nuclei, B3 BB 50 | %0 ;.n:""%'sfg;e Te ]
pairing int.) ST fropy Cd
N, Z even 40 | ol e ?OGMO ]
[ 74g.w i_rl
| | | | i B . S€ :
z2 Z1 é Z+1 Z+2 ol e
40 50 60 70 80 90 100 110 120
Atomic number N
Phys. Rev. 48, 512 (1935) . 50 J"|
) ] {2V 2 30
Two-neutrino double-B decay — LN conserved Bp v [ e H
(AZ) > (AZ2)+e +te+v, +v, e o1 L
Goepert-Mayer — 1935. 15t observation in 1987 0.90 :{_j; 1.10

dN/d (K, /Q)

‘09 ©@.
Nuovo Cim. 14, 322 (1937)  Phys. Rev. 56, 1184 (1939) | © ' Ovpp

Neutrinoless double-pB decay — LN violated

y (AZ) — (A,Z+2) + e + e (Furry 1937)
Not observed yet. Requires massive Majorana v’s




neutrino < antineutrino 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.
9/1/2024 27 V2 My 47 L2




A connection of neutrino-antineutrino
oscillation with OvBp-decay

ml_:oee = Mg 10_15_ NO
S L
. E,?, 10—2_
FT _ -
Pa' (Bu, L =0) = |{vel7e)|” Uigr| &
= 1 |1
_ (mg")? (mﬁﬁ)
S BB 107
; ) | | IIIIIII| | IIIIIII| | II| | IIIIIII| I
mpgg = |;f5'1€2w1 + Pzﬁzwj + P3| 107 -5 4 -3 2 1
5 o 5 o ) 10 10 10 10 . 10
P1 = C19Ci3M1, P2 = S19C13M2, P3 = S131N3 mlighte? (eV mBB can be
P2 = ps| = p1; it o1 <p2 — ps : region 1, strongly
min mgg = { 0, if [p2 — p3| < p1 < p2+p3  : region I, \suppressed

P12 p1 — (p2 + p3), if pa+ p3 < pr : region III. (?)




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

L

Meag = fapl F >

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

0w o= — (@3  (Gg)"? ~ —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

V2IN T2

(a) PRL 112, 142503 (2014).

(&)

(b) PLB 453, 194 (1999).

| [eV]

Vv
ee

|m

- KamLAND-Zen

mo [eV]
Neutrino spectrum (NH) !!!
(PRD 103, 015007 (2021))
2meV <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



L
Dependence of m*,,

mL=0 _=m Mas =
ON Myjgnest aNd L/E = S

2 2 21¢ 2 2 219 2
p— ‘012(513'?’?116 21 + 812(313'}'3“126 "92 + 813’;'?’13‘

3

2 f 5

E U e My
J

.-im-%l . f_\.'rnl.z

1 L/E =0 = (U8 my + Uy e S 4 U my L
10_1__—L/E=300 m/MeV " LJE = 300 m/MeV
> i
S 7 -
-2 _ |
_|$10 - -
107°E -
10_4| | IIIIlII| | IIIIlII| | I 111 II| | IIIIIII| | IIIIIIll 10—4| | JIIIIII| | IIIIIII| | IlIIIII| | IIIIlII| | IIlIIII|
10°  10* 10° 102 107 1 10°  10* 10° 102 107 1

Mightest (€V) Mightest (€



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)

9/1/2024

[ IIIIII| I_lJ-I—H'I'I'i/' [ IIIIIHI [ IIIIII|

Ll

10 102 10°
L/E (m/MeV)

1072 10~ 1

—

Symmetry 14, 1383 (2022)

10*

21



Oscillations of reactor antineutrinos to neutrinos

ve +190 Mo =10 Te* + e
IUOTCx _}100 Te + ,Y!S
007 4190 Ry 4 ¢ + 7,

Reactor

M,=1ton
W =1 Gwatt
L=10m
F(Z,E,) Bgr =5x0.33
R = 5.33 % 10-13 (MT) (lg : mol'l) y u ~ 100 g mol-
lkg J

% - W 1_111 ° events Ryu ~ 1 _6 (mﬁﬁ)z events
(leV) (1GWatt) ( L) F(Z’EE)BGT( S ) ! leV year



Towards fixing parameters Phys. Atom. Nucl. 86 (2023) 5, 709-724

Fitting 9 parameters: 6 of neutrino mixing matric plus 3 masses, assumption NH or IH

—id 2%
C19C13 135192 e 513 e U 0
tPMNS 10 it 1y
E_,. — — (93512 — € C12513593 C12C3 — € 519513593 C1a3S593 0 et U
id id
S12823 — € 12023513 —€ Cp3zS12513 — C12523 (13023 0 0 1

Fitting 9 parmeters of 3x3 Majorana neutrino mass matrix

/M MM piten  A\fM iger Neutrino flavor states are projected

T ee el eT
_ M ice, TM M _igr onto mass states
MLy M H em ﬂf;ﬁt y ﬂ”j;ﬂ ¢ with Frobenius covariants

LQPer / LT :
MM eiver MO eitur M

MM — A,

+ ~  All the processes can be rewritten SET " ®

with Frobenius covariants
9/1/2024 instead of mixing matrices
( g ) p(\) = det ||A — MM || = 0



Tri-bimaximal mixing model of Majorana neutrinos

v mass matrix

L Y Y
y r+uv y—1
y y—v x4+

Phys. Atom. Nucl. 86 (2023) 5, 709-724
Phys. Part. Nucl. Lett. 21 (2024) 1, 1-4

xr =

2 1
S+ 5me

3 3
1 1

y=—=mq+ -ms

(/] =

tri-bimaximal mixing matrix

2/V6 1/V3

0 ]

—1/v6 1/v/3 —1/V2

| —1/V6 1/V3

1//2

3 3

1 N 1
——mq + —m:
SR

Fedor Simkovic

Frobenius covariants

IE‘1|:

2/3
~1/3
~1/3

1/3

1/3

1/3

0

0
0

~1/3
1/6
1/6
1/3
1/3
1/3

0
1/2
~1/2

—1/3

—1/2

1/6
1/6 |
1/3
1/3
1/3

-

1/2 |

24
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