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I v-oscillations as a single Feynman diagram

( QFT approach)
II. Neutrino-antineutrino oscillations and 0vB3-decay
I11. Oscillations of Quasi-Dirac neutrinos
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Standard Model v is a special particle in SM:
(an astonishing successful o |t is the only fermion that does not carry electric charge

theory, (like y, g, HO)
based on few principles)
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o There are only left-handed v’s (Vg v, vy )
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 (!)
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Global neutrino

oscillations analysis
(PRD 101, 116013 (2020))

1 0 0

Roys=1 0 ci2  S12 3 neutrino masses, 2 mass squared differences
{1.5 e om* =ms —mj, Am®=mj— (mi+mj)/2

0 513 € ¢

1 0

0 c3 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? 2485  2.453-2.514 2.419-2.547 2.2389-2.578
sin® 6,/10" 3.05 2.92-3.19  2.78-3.32 2.65-3.47
sin? 015/102 2.29 2.14-228  2.07-2.34 2.01-2.41
sin® fa3 /1071 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® fy3/1072 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




Source

Bruno Pontecorvo
Inverse beta processes and

non-conservation of lepton charge
Zhur. Eksptl'. i Teoret. Fiz.
34, 247 (1958)

Detector

Va = Vg

distance — L

p'P

Process is governed by
the oscillation probability

rﬂﬁ‘!‘: —

Neutrino oscillations
(Quantum Mechanics Approach)

Massive neutrinos and neutrino oscillations

S. M. Bilenky
Jaoint Institute of Nuclear Research, Dubna, Union of Soviet Socialist Republics

S. T. Petcov

Institute of Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, 1784 Sofia,
People’'s Republic of Bulgaria

The theory of neutring mixing and neutrino 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; (i1} oscillations of neutrines (iii) the implications of CP invariance for
the mixing and oscillations of neutrinos in vacuum; (iv) possible varieties of massive neutrinos (Dirac, Ma-
jorana, pseudo-Dirac); (v} the physical differences between massive Dirac and massive Majorana neutrinos
and the possibilities of distinguishing experimentally between them; {vi) 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 pu—ey and p—3e in theories with massive neutrinos are considered. The basic elements of the
theory of neutrinoless double-f7 decay are discussed as well. Finally, the existing data on neutrino masses,
oscillations of neutrinos, and neutrinoless double-3 decay are briefly reviewed. The main emphasis in the
review is on the general model-independent results of the theory. Detailed derivations of these are present-
ed.

Rev. Mod. Phys. 59, 671 (1987)
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Neutrino oscillations (QM) — concept of oscillation probability
(Propagation of neutrinos described by a plane wave)

Evolution of flavor eigenstates
ms 1‘1-’-, —id mass (IJ . = E L — £
Z * | Z * 10Ky mass) k kU — Pk
Oscillation phase AP = &; — &, = AEt — px

Same momentum prescription Same energy prescription

Tl AE =0

) 2 a2 A 2 Q;r',rg_.z

En. — 2 4 ?’n.% AT U s Iy _ i 9 9 _Ap = _ ~
k \V/ P 2 k AE ~ 2w =2 pr =1/ B* —mg P=p1— P2 °F
m3 Arn? Am?
~pt ot g AT ~p_ Tk Ap=2T,
L ~ t Time-to-space conversion No time-to-space conversion necessary

d7p p (MeV)

482025  Standard phase = lose = Ao =~ 248 m AmZ (eV2) 6
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An example: T +n—pu +e +p
N A Viy Vy Ve, Vet N —pte

Hamiltonian:
_|_

prtnouttpres _ [ AT (Ey) Py (B) o7 (E,) dE

dE, 47 L2 Y Y

3 2
i i —_— a2
Oscillation probability: PHHUE(EH) _ Z U:;;;Ueke imy L/(2Ey)
k=1
Energy distribution of v, in n-decay

’;T—>H‘|—Up, PTFE(O:'m’?T)? PﬁE(pH?Eﬁ)? P“E(p“’E“)

Pr

]
U

wt+P, Pi=mi, P:=0

Neutrino mass assumed to be zero
4/8/2025 Fedor Simkovic /



Hamiltonian: Energy distribution of emitted v, in n-decay

B = S (1= e)n(e) 0,07 (@) + He
18Dy = @n)S(Ps — By~ P) (fIT)
T Ty = —iC2 T (0) my TP+ (P
YRS SO

Neutrino mass assumed to be zero
Differential decay rate:

a0 = S [FITI) 2 @r)6(P, — B, — P,) SRu 0P

spin (Zﬂ.) (2?1')3
Energy distribution ﬁ E, — 70 E.dE,
IS monoenergetic: T o Gﬁ ( \/ﬁ) My ( v )Py

: 0 _ 2/ 2
with B, = m.(1+m,/m;)/2

4/8/2025 Fedor Simkovic 8



Cross-section

Ve+ N —p+e :
of reaction v,+n— p+e-

o | G
Hamitonian: 1) = =2 #(x)y”(1 = )ve(x) @) plav — 905)p(@) + Hoe
S-matrix: (fISP]i) = (2m)*6(Pe + B, — Pu = B,) (fIT3)
i Gg _ _
{(fIT]e) = —?j% U(Pp)Yp(gv — gavs)u(Pn) W(Pe)y”(1 — v5)u(B,)
: : 1 1 1 c
Differential I — — - 1T14) |2 x
cross section: e ] 2k, 2FE, 2 Z 1T

spin

dp. dp
2n)*6(P, + P, — P, — P.) i
4/8/2025 (2m)°0 g 2E, (2m)3 2E, (2m)°




. .. G 2 | |
Calculation a2 | U8 9 9 |
of traces: Z ‘<HT\3>\ o (\/5) 64 [( gy + .‘?A) A’jnjwp (Pu Pe)

+(gv — ga)*(P, - B)(P.- P,) + (gv + g4)°(P, - B)(P. - P,)]

spin

P,=(M,,0), pp=P, —Pe, My>~M, =M, E,~M

_ G\’
/dQE > AT = (\/’%) Am 64 E,E, M? [g3 + 393].

spin

Simplifications:

Cross-section of the

1 o2 2
reaction v,+n— p+e-: . Gﬁ 9y + 394 (B, — E.) peEdE,

do =

|

1
o(E,) = = G [g9y + 3g3] peE.

4/8/2025 T 10
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The production rate T +n—p +e +p
(standard approach) ™ st vV, Vetn—pte

o+ d®,(E') Py, (E.)
Fn :l_..n — 2 Eu’ dE.f
/ dE!, 4?TL2 o (Ey)

J > P (£0)
I E |
27r2 G’B <\/§ mﬂ Y 4mwL?
with

(93 + 39%) pEe

3
P.s(E, L) = Z U;jUﬁje—imgL/(zEvj
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Neutrino oscillations as a single Feynman diagram
S+ D — g;— + 05 + S+ D (within QFT, Walter Grimus approach revisited )

(F15Pi) = _i/d%lJE(P&jRg)e“':(‘o“‘oé“oﬁ)'“” X

Va = Vg | 3
digta:we_L P / d4£2‘]5( EJJ PD)GE(PJH_FPB_PD)IJ:EZ erijﬁﬁ.: X
k=1
s o po U(Po; Aa) V(1 —5) D(xe — x1,myp) (1 — v5)vu(Pgs; Ag)

; — _ Choose a reference frame. The physical representation is an outgoing
The neutrino emission and detection Spherica| wave of v from the source.

are identified with the charged-
current vertices of a single second- D(:r.: m) = 9(.139)D_ (:1:; m) _@@j
order Feynman diagram for the " ’
underlying process, enclosing

neutrino propagation between D*(z; m) = dq F(—q-7+wy’)+ meﬂ-(_q.HWO)
these two points. ] (2n)3 N

! !
Integration over time variables results in i 0(Es + Ep — Ep + Ey + Eg — Es)
energy conservation and energy denominator w+ Ey+ E. — Eg +ic

-



2

Neutrino propagator

[ o g+ m J—

(27)3 2w(w + Eo + E5 — Eg + ic)

1 eiPHXQ—x” PE'XD ,—1Pk'XS i

P — (@), +my) ~e e 7 (@ + muy)

4/8/2025

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

N "

Energy conservation
Fedor Simkovic 13



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

Momentum conservation Momentum conservation

_ at source at detector
Energy conservation

(F18@i) = (2’”)7’%} — L,

Tfﬁ 5;3}5(113;: T+ Pa T Pfg — Ps) 5%»}_;, (P,B + Pf[} — Pp — Pk)

eipkL

47 L

UﬂkaEk

X

with
Ef—Ei:E‘@—FEE]—ED—i—EQ—'—Eg—ES

177 = JE(P§, Pg) J5(Ph, Pp) B(Pai A)vu(1 — 75) @i 1u(Ps; Ag)
4/8/2025 Fedor Simkovic 14

Lepton current



ei (pk —Pm ) L

Master Formula (13 aB
dl U.uxU.. Uk ( X F
(Fermi Golden Rule Z ak™ gk~ am™ pm ~ 412 km

for a second-order process

with on-shell intermediate state) O(Pk + Pa + Ps — Ps)d(ps + p'}_) —PD — Pm)
(27)" : :

Es+E,—Ep+E,+E;—E
4ESED 5( B_I_ D D_I_ Oc+ S S)X

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

with
—4ry 5 (T“ﬁ T30) + 13 (137))
spin
(@77 (P;)| @7 (Py)) = (2m)* 2By Oy, ,, (P; — Py)
Two normalization volumes: 0 (Qn — P) 6(Q,, — P) ~
1) source; Vo1

3 Y]
II) Detector. Fedor Simkovic (2,”-).3 5 (5V(Qﬂ _ P) + dV(Qm -

P))



An example: nt+n—=sut+e +p
J. Phys. G 51, 035202 (2024) .+ ut Vi Uy — Ve, Vetn—p+e

. . T— Ll Gﬁ fﬂ'
Hamiltonians: H™ M (z) = 7 U, ()7 (1 — v5) () \ff} , &7 () + H.c.
.f Gg _ _
H () = 7; e(z)7 (1 — ¥5)ve(z) T(x)Y,(gv — ga7s)p(z) + Hoe.
Neutrino mixing: Vo = Z Uak Vk
k
G2
Second order process S@ = (—i)? (—ﬁ) X
in weak interactions V2

/N {6(332)7‘0(1 S “/5)2 UekU o Sk(2 — 1) (1 — v5) (1) | ¥

4/8/2025 N [ﬁ(ﬂfz)%(gv — QA’YS)p(SJ"Q) (I)—I_(Il)} dﬂ?g dﬂi‘l



Neutrino propagator:

dP, _. AP, .
Sk(T2 — 1) = /—ke—ﬁp'(mz—xl)gk(p) _ / k_o—iP-(z2—1) Py 4 my,

(27)4 (27)4 p? —mi +ie
— —fs}/ (;11-))5 (eiEk(t?tl)er'(xgxl) Pg}:nk@(fz —11)
T S : Ei TEQ(t - tg))
= — z/ (;Sge”’k'(mzm) Fﬁé}?k Oty — t1)

t, > t, iIs assumed
(propagation forward in time)

4/8/2025 Fedor Simkovic 17



S-matrix of the process:

| c1(2) ] GJB ’ *
(£18@i) = - (\_@) D> Ukl %
- substitutions:

u( P )75(1 — "/5)(?&, + 1)y (1 = 75)v(B) X (b1 t2) = (t1, 7 =t2 — 1)
P )r}’J(gV QAVJ)U(P )X (Xlr, tg)

/dﬂ?lfdil}' B1(}:13+F’ —P,)-xo 1(P P)a:lx

1
—11‘7;: (L'I?Q ..E'l} e t _f
I @ 25, Ot 1)

— (X1, = X3 — X1)

Integration over '\ BetBp=En—Ep)ts ol ButEr=En)aQ(t, — ¢,)dtdts
the time coordinates:

i
— 276 (E, + E, — E, + E, — E,) |
m0 (Be + By = En + By — B Iy e

4/8/2025 Fedor Simkovic 18




Integration over / dp P (x2—x1) P+ m
neutrino momentum (2m)? 2By (Er — E, — Ej + ig)
(in the complex plane): 1 etPrlx2—xi]
= (Pr + my)

Energy conservation D = \/E mk _ \/(E?r . E#)Z B mk _ \/ B+ E ) ) m%
in the source and
at the detector E,=E, P. = (pr, E,)  Pr = pr (X2 — X1) /|X2 — X4

Xy —X; = Xp + L —Xg

Xs and X, coordinates L=|L|, L>|xs|, L> |xpl
associated with the source
and detector, respectively, | |
' Dk | X2 —X1 ipp L
are introduced € ~ iPRXD o iPEXs e

|X2—X1‘ o L

4/8/2025 Fedor Simkovic 19



Amplitude:

‘ ‘ G 2
(f S(z)|’i> = 276 (F. + Ity = W =B By, = E.) ¢~ {PetpPp—pn)-L (_ﬁ) v

V2
’E}');,;L

Z Uek U;k AL (QW)SCS (pk + Pp — pﬂ') (ZW)S(S (pe + Pp — Pn — pk) X

E(Pe)’]/ (1 — 75) (F;r + ?’Hk) ’}‘p(l — WE)FU(RL) E(J!D;E-')’-\J/f:r (gV — 9A75)u(Pn) ?':f’i‘T(P?T)p

T-matrix introduced:
<I‘S{2}‘?> — 2?1'5 (Ee + E;U — E:r.i, + Eﬁi - Eﬂ) X
S " (@7)%6 (pr + Py — Pr) (27)%6 (Pe + Pp — Pu — Pi) (fIThl3)

k

4/8/2025 Fedor Simkovic 20



The differential production rate (Master formula):

1 1
dl’ = 2n6 (E.+ E,— E,+ E, — E;) X

2m. 2m,,

1
5 Z ((2'}'{')35 (pk -+ P, — pﬂ) (2?1‘)3{5 (pg + Pp — Pn — pfm,)
km

+(27)%8 (Pm + Py — Px) (27)°5 (Pe + Pp — Pn — Pi)) X

1 . s APy dp. Py
52(]“\%\*’*) ((F1Tm2)) 2E, (270)3 2E, (27)3 (2E, 27)3

Spin

4/8/2025 Fedor Simkovic



Is there an entanglement W +n—e +v.+e +p
of v production and detection?

_ b —v,+e +Ve, Vy—>Ve, Vet+tn—>pte
(7 momenta in a game)

source // ~Tr 7,(1 = 75) (P, — ) (1 —75) (P, + me) X
P, P., P >

;‘” i v—prop. Tr Y Py’ (1—75) (P, +mu) V" Py’ (1 —75) (Pe, +me) X

k 1 2 2

detect 2Ty Ay, (gy — i — gAY, f
P, P, P, etector  STr % (gv = 94%5) (P +1m0) 1s(9v — 9475) (P +mp) X o
164 (P, Po)(Pa— P, — B) - By) + (Poy P)(Po- Py)
Additional terms —84 P (P (By— Fe, = Bi)) (B - B)(Fe, - Fo)
_26}){3“[.!_)(5,5 P Py, ((P‘f’s . PP) ('P’-’l ) Pfi‘) ('F:E.é I ) ( Pk
Simplification: +(Bp - Pr) (Pe, - Po) — (P Py)))
g\l/;g?):l ‘|—261’C$f’%1’“1’p (P., - P) ((P - Py) + P?
k™' 1

+ep,,po o, (2(Pe, - Bu) (P Pr) — P2 (P - Py
—2(Py - Bp) (B - Py) +

4/8/2025 _I_Eptfdpr:s PPy ( e ) + Epcdptrs Py Py ( e ) + Epe.dpnpppk ( o ) + € €P. I.LL‘E)?PF" ( )

+2CH;P¢1PPPA‘. (.")_i_CPﬁSPr?.RT)Pk (-'.)+CR73P“PPPR~. (”')+ Pppﬂpﬁ ( )

)
‘)
+eép., P PP, (Q(Pes - By) (P - Pe) — Pﬁ (B~ Pr) = (B ) Pg)
)
F)




source // ~Tr 7,(1 = 75) (Pz, — M) 11 = 75) (Pe, + M) X
v—prop. Tr 7Py’ (1 =) (P, +mu) V' Py’ (1 = 35) (Pe, +me) %
1
detector  STr Yo (gv — ga75) (P + 1m0) %5(9v — gavs) (P + 1)
dpe, dp,, 1
P.+P, — P, - < =-2 1
3 (P, + P, = Pg) = = = 1 256 x 16

{ Cg (PH . P,IL) + Cpp (Pj —
[(9124 - 91?/) My p (Ped - Py)

(P, Py) (P.-Py)—P7) ) x
+(QA_QV)2(PEd'RL) (Fp - Pr)
+ (gv + Q'A)2 (Ped ' Pp)(Pﬂ, ' Pk)}
—i 256 x 8 x Py (Cy — Cpp (P: — (P, P)) } X
(Pe = P)) + (94— gv)* (Pey - Bu) (B - (P — P))

+ (gv + QA)2 (Pey - Pp) (P - (P — Pu)”

(g4 = gv) mamy, (P,

Product of traces under
the phase-space integration

2

c 1 ng — m? (P(% — -mg)
=6 FZ ' P?
1P3+2m?2 (P} —m?)’
Cpp =

— I8
3 (P2)? P2

Pé — (}:‘:u — PU)Q = ?’n;i — QE'u,Ey —|_ pp‘-EU COS (9;1“/)

Entanglement of production and
detection processes:
additional term ~ v—mass squared:
Processes with intermediate-charged
lepton processes need to be investigated!

Separately for production and detection processes

source //%Tr Yo(1 = 75) (Ps, — mu) ma(1 —75) (P, +me) X detector
dpes dpve 1 2
§(Pe, + P — o) == = =5 64 x (g3 —

1
= 5256 x (Cy (P P) + Crp (P -

m

(Pﬂ‘Pk)) ((P;L'Pk)

)

1
ETI' Vo (QV

— ga7s) (P + mu) vs(gv — gays) (P:o + mp)

912/) myMy, (Rﬁd : P.-'c) + (QA _ gV)Q (P(id : Pn,) (Pp ’ Pk)

+(gv + 94)* (Pey - P)(Pu - Py)]



/dg_zﬁ 1r (Ft, —I_me) 70- -F)k (]- — 75) (PP" o mp'.) Fm 75 (1 _|_A1/5) X Calculation
of traces

Tr (P, + M) Yo (gv — gavs) (P, +mn) Vs(gv — gays) = 4w 64 M*x and assurmed
1
((g%’ T 3931) EeEp: (EuEu + pkpm) + (9?4 - g%r) EEEEU (pk T pm)z)

~ A1 64 M? (gy +39%) EeE, (ExEm + prpm)

approximations:

My LMy =2my, =M, E,~E,~M
3y = 18 = 1y, = 105 90 1d, — I8, == 6

1 4 ( f 2 m?
The productionrate 1" = G (_W> —E E) X

(QFT approach): (2m)? V2 ﬂ’;ﬂ |
* I e!tPm PRt ] PkPm
G (1+75)

4/8/2025 [g?; + 39,24] Pe e



A comparison of standard and QFT 4 n—outte +p
approaches N N ) | )
J. Phys. G 51, 035202 (2024) =PV, Vy Ve, Vetn—>pte
ntr d®,(E,) P (E))
l—m.‘".‘n. — v f4 Er‘ dEr
oscC / dEl,r 4TTL2 ( ) LV
1 f , P (E,) f
— =G Gz - EZ — Zr 3 2 'gEe
272 (ﬂ) my, = 4wL? (97 +303) P Standard QM
with approach
2
Pas(Ey, L) = ZU Ugje~ms L/ (CE)
71=1
: 1 f m., _, Pe(E,)
New QFT W+”-=—G ( ﬂ') g2 Dpe 2 4 9,2 E.
approach G om TP\V2) me TV 4mL? (9v +39a) e

(no decoherence,
no factorization of
two processes)

in
n?

with

1 — PEPm
s Gt o (11 722)




Neutrino Mass Term Majorana

Dirac 1
L ==Y varCl' Mz v, +He
5 7 D 1855 L 3
Ln‘mss - VaRr Mﬂﬁ Vg, + H.c. ksl 2 % e} afB YBrI
af
3 1 3 ;
T
= — myv;. C'v
= — MV Vg 9 ; kVk k
k=1 — 6
Cx, — €, L, T
, 0 =€ U, T, VI MP U= Mcﬁag L L T asM ;MM
Mg = Mg, U™ M7 U= Mg,

Dirac-Majorana
LD——.-M _ ZW.}R A’f[fga_kﬂf NﬁL i He
o

‘mass

vV,
N( C)? &!6:'8}”57-381352?33

UT MP+M [y — DM

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

34, 247 (1958) v, of different combined parity.

= — b)
v « anti-v oscillation — @

thought massless back in 1979. Weinberg does not take credit for
predicting neutrino masses, but he thinks 1t’s the right interpre-
tation. What’s more, he says, the non-renormalisable interaction
that produces the neutrino masses is 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.”

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

OLUME UMBER OVEMBER 201

Steve Weinberg
v-mass generation




Even mass
number

Nuclear
double-
decay

(even-even nuclel,
pairing int.)

N, Z odd

Nuclear mass

BB’

Bp

N, Z even

[ [
Z+1 Z+2

|
z2 71

Atomic number

Phys. Rev. 48, 512 (1935)
Two-neutrino double-B decay — LN conserved

(AZ) - (AZ+t2)+e +te+v, +v,
Goepert-Mayer — 1935. 15t observation in 1987

Nuovo Cim. 14, 322 (1937)

Neutrinoless double-pB decay — LN violated
3y (AZ) — (A,Z+2) + e + e (Furry 1937)
Not observed yet. Requires massive Majorana v’s

Phys. Rev. 56, 1184 (1939)
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Cosmological measurements 2= m+my+m, Tritium B-decay
10g T T T
E | | E Z <O.90 eV 10; T T IIIII\| T T IIIIII| T T T T TTTT T T IIIIIIE
- 1 C disfavored by .
B <0.26 eV (PIaan CO”') i KATRIN experiment i
i disfavored by cosmology <0.12 eV L
1 E -
% ; ; ; B future KATRIN sensitivity /
— i | ‘2' 0.1 —
N —— . S E
0.1p----==-===- :::_‘:‘__/' - = B i
——— s ] 0.01= E
L NS _ m.,<1.1eV . ———T1S disfavored by 3
| | ,B ) = NS cosmology -
O.%]UO]. | I | IIII()I-O]. | | IIII(I)-]. I I I IIIII]. 0 1 1 IIIII\| 1 1 IIIIII| 1 1 IIIIII| 1 1 |
m,_ [eV] Bhoot 0.001 0.01 0.1 1
v m, [eV]
. OvppB-decay S
S | ms = \lamd + chstmi + shm3
- ‘F%QC%BE‘MI M+ Crg 859"y + 82413
I ' . ) “‘Normal” “Inverted”
10" E L .
— c E Am 2
% ] 1 *
I_'a 10'2 disfavored 3 Ve
o by . Am,;?=2.5 X 1073 eV?
23 3V,
g cosmology ] W Amy3?
o E 2 Vo
C ] |
i ] Am,,2= 7.4 X 1075 eV?2
4 ! al 1 I R —

T
10, = 06/08/%§>

107
m, [eV]

0ty 4p < 36-156 meV

?

Needs to be resolved



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 o o chiral (y) symmetry
O = ;; LS Lz H {(Q”’H)a (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 )

[

jrli' F-“ j' p— gﬂ! "3 1.'.. F |

Confinement, Hadrons & nuclei
w2 Mass generation
— gt’lﬁ (% I
) A ~ afew TeV
. [] o
Jop = Gag+0as v/V2 V2= (H we get the neutrino mass

4/8, W= <qq> lf? <§q> 1/3 ~ —983 Me Vvic in the sub-eV ballpark =



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

gaﬂ <ZIQ> o gaﬁ

v
maﬁ _

V2N 2

(a) PRL 112, 142503 (2014).

(&)

(b) PLB 453, 194 (1999).

| [eV]

v
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



PIERRE DEFEKMAT 16011665 ol

Around 1637, Pierre de Fermat wrote
In the margin of a book that
the more general equation
M D S : an + bn =N
1‘2;7/17- » AR had no solutions in positive integers if n
s 7 4.50F is an integer greater than 2.

) 100z 31504 v1 *=1

xtayaze ~0,69€

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

Some long-standing tasks of humanity ...

n-ton-class Ov exp.

. : If mgg <1 meV,
with discovery potential

S TR what
E DEL POSITRONH After Kam LAN D'Zen 800 After technology iS
05 . égglilD 2 needed for
pors oD ars  clnaton
NEXT
"o CUPID
Y PandaX-xT 2

1937 o etc

vietata




neutrino < antineutrino Second order process

Nuovo Cim. 14, oscillations with real intermediate neutrinos

322 (1937)

S+D -l +(;+8+D
S—)SI—FE;—FUQJ l}'ﬂ—}ﬁﬁj EJ—I—D—}DI—F{(J}'—

_ _ Oscillation probability
Amplitude proportional to v—mass OFT =
8} 7:) = EIL“ L — 1/ fjnﬂ

17 = J4(Ph Py) (P, Pp) % s (B D) = N0al7e)

_ 3
'U(Pa; ACE)’Y}LL(]- — 75)W’ka}fuu(P,3; /\ﬁ) _ Z [7* ~U§-m€_i?n?L/(2EU)
g~ OF Ev

j=1

Replacement: Particular process:

o

Uy = U, T+ p—ou+e +n

*
Ugm — Upm Production rate

9 QFT .
Fg}%n = ! Gﬁ; ( fﬁ ) mi PU“I_)E (Eyj L) 9

4/8/2025



A connection of neutrino-antineutrino
oscillation with OvBp-decay

ml_:oee = Mg 10_15_ NO
S L
§ 310—2_
FT _ =
Pa (Bu, L =0) = |(ve[7e)|” Ui &
= ] |1
_ (mY)? (mﬁﬁ)
S BB 107
; ] | | IIIIIII| | IIIIIII| | II| | IIIIIII| I
mas = |p1€™?* + pae®?? + ps 10?0—5 107 107 1072 107
_ 2 2 _ .2 2 .2 V\
P1 = C19C13M1, P2 = S19C13M2, P3 — S131M3 mlighte? (e mBB can be
P2 = ps| = p1, i p1 <[p2 = p3l : region [, strongly
min mgg = { 0, if |pa — p3| < pr < p2+p3  : region I, \suppressed

P1,¢2 p1 — (p2+ p3), if pa+ p3 < pr : region III. (?)




1 — W/0 VT 205_ m1 - 20 meV I(Z"J“ -
- — L/E = 300 m/MeV 5 Y LE
~ —L/E = 10,000 m/MeV :
> . -
° -
4%1 0—2:— E
10—3;— - | l'
i B ! y |

10—4 | | | IIIIII| | | IIIIII| | [ II| | | IIIIII| | | IIIIII| . [ IIIIII| I_lJ-I—H'I'I'i/' | | IIIIIIIH: | | IIIIII| | I[ll (LN

10° 10* 10° 102 107 1 1 10 102 10° 10

mlightest (eV) L/E (m/MeV)
35

Dependence of mb,, on my;;pees and L/E

41812025 Symmetry 14, 1383 (2022)
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Dependence of m*,,

3

2 f o

E U e My
J

L=0 — . y 101 . . 12 .
0N Myjgreest aNd L/E M™ee=Mpg g5 = = |ciacigmie®® + siocizmae®® + siymy|
. .ﬁm-%l p ﬂ””%]
1 LJE =0 b = (U2 my + Uy e 5L 4 U2 g i
[0 - — L/E = 300 m/MeV | — L/E = 300 m/MeV

> B -
G ;
-2 |
1 %10 - -
107°E -

10_4| | IIIIlIIl | IIIIlII| | IIIIII| | IIIIIII| | IIIIIIll 10_4|_ | JIIIIII| | IIIIIII|_ | IlIIIII| | IIIIlII| | IIlIIII|

10°  10* 10° 102 10° 1 10°  10* 10° 102 10° 1

Mightest (€ Miightest (€




Oscillations of reactor antineutrinos to neutrinos

ve +190 Mo =100 T e
IUUTC* _}100 Te + ’Y"S
107c 310 Ry +e” + 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_H1 ° events Rrxu ~ 1 —6 (mﬁﬁ)Q 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 e
C12C13 135192 € 513 et 0 0
tPMNS 10 i 1oy
E_,. — —(C93512 — € C12513593 C12Cy3 — € 519513593 C13593 0 ettt 0
id id
512523 — € C12C23513 —€ (3512513 — C12523 (C13C23 0 0 1

Fitting 9 parmeters of 3x3 Majorana neutrino mass matrix

VM MM citen  A\gM iger Neutrino flavor states are projected
e epl eT
_ IM  ice, M M _igr onto mass states
ML, M cH B;:;;w M b y M W € with Erobenius covariants
tQer / QT :
MM eiver MM eidur N
M M- — A
M =M* =M Fre=[re)(r+|=]] ) i\
+ ~  All the processes can be rewritten SET " °

with Frobenius covariants
4/8/2025 instead of mixing matrices
< : ) p(\) = det ||\ — MM || =0



Tri-bimaximal mixing model of Majorana neutrinos

v mass matrix

L Y Y
y r+uv y—1u
y y—1v T4

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//6 1//3

0 ]

—1/v/6 1/v/3 —1/V2

| —1/V6 1/V3

1/4/2

3 3

1 1
——mq + 5?’713

2

Fedor Simkovic

C

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 |

39



P(ve

Quasi-Dirac neutrino oscillations at different distances

1r- 1l "t & MW 180 km. 10O
[ 15 km. 10 [ 180 km, 10
0.95+
T 009}
0.85¢ e=0 — |
L m3=0.01 eV, €=0.0001 eV —
m3=0.01 eV, £€=0.0002 eV —
0.8 5 54555 E 8 o
! 1.5 km, NO
0.95
T o9
0.85 e=0 — 4
- m1=0.01 eV, €=0.0001 eV —
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0.8

1 2 3 4 5 6 7 8 9 10



Oscillation of six Quasi-Dirac neutrinos

Dirac-Majorana mass term

Em. — 5 ( Uy, I/"R )M U + .C.

Diagonalization: 6x6 unitary mixing matrix
(15 mixing angles plus 15 phases)

M = HT Mdmg U

mE = £m; + ¢

U
- Ul 0
A= ( 0 1 ) ’
Parametrization 1
of X = ( X
mass matrix -

+ O(X?)

—_

Mass matrix

M= ( ME Mg )

Mp - 3x3 complex matrix (18 real numb.)
M| g - 3x3 symmetric matrix (9 real numb.)
(36 parameters)

Product of 3 unitary matrices.

A and S mix exclusively active

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

V4l
X given by 9 angles and 9 phases,

small parameters.
41



IM, | «[Mj | Close to a restoration of 3 Dirac neutrinos

Uni . . _ 1 ( 1 -1 )
nitary mixing matrix =
Introduced v2 1 1
U=x -7- A-3S8 Expansion of mixing matrix in X
1 a1+ XxhHut —(1-XNHvt 5
1= ( a-xur aexyi ) TOED
Full restoration of Dirac neutrinos (M, g=0)
Meiag (6 = 0) = U*(X = 0) M(Mp g =0) U'(X = 0) Simplified QD-mixing scenario
U'U=1=VV 1 U U
mp; 0 O Uqp = E ( _Vr U )
Myine =U'MpV =] 0 my O

0 0 mg

42



Mixing of 3 active and 3 sterlle neutrmos

Mixing of 6 Majorana neutrinos Vo) = Z Uylvi) + — ZT wit |Vir)
(e )=als v ) ()
Vor ) A2\ -V V Vi 1
|yr:t — ZV:J ath 2 ZV@%’"WO
i'=1
+_Z[LH “Ef‘l'i‘f >

) = ZV& rit € g i’ +3 |IJ'L _|_5>

Time evolution of flavor states

2
e
—
=~
p—
|
|
Sl [S—
o
3
""f-bl

1=1 1’ 1
1 3
Active-active <V.B| vo(t)) = 5 Z U*.Usg e tEi 4 Z Z U*, e itEiry 3
and i—1
active-sterile
oscillation amplitudes (rxﬁf\z/ _ - Z Lu_favﬁ” 2 Z U, Vﬁ:t'i’ o itEir i3

4/8/2025 E; 1



Oscillation probability for QD neutrinos (active-active)
(6x6 generalization of the PMNS matrix)

Uqgp = L ( o ) -’n'a.f =dm; +¢ (e>0)

N A A%
3 Dirac masses and 1 universal Majorana mass
Oscillation probabilities among splitting ¢
active neutrinos

3 =
Pap= Gag— Y |Unsl|Usil* sin’ ”;EL — N RUZ Usi UaU,) ( gin?

i=1 i>j=1

9 Aﬂ?g — 2€ Z'TH,.-‘,;' &m?j —+ 2€ Z?ﬂtj 9 Am2 — 2(‘&?’?’13}
L)

2 .
Amg; + 2eAmy; -
4F

19 ] . 9 . 1]
G L + sin T L + sin s

3 2 2
1 Am; + 2eAmy; Am;; — 2e Xmy;
+35 Y S(UnUs Uﬂjagj)(sm L L sin ——

+ sin

1>75=1

Amfj + 2e Xm;; I+ sin Am,?j — 2eAm;; L)

g 28 o8



P(ve

Quasi-Dirac neutrino oscillations at different distances
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The survival probability of Quasi-Dirac neutrinos

electron antineutrinos and constraints on neutrino masses
2719
e L
4 4 9 4 4 2 4 9
P 55.(€#0) = B 5.(e=0) — Iz G136 + C13512M5 + 313’”13]
272 2 2
e“L [ Ams, L 0 s o . Ami, L
——— 14ch5% 2.2 m2, cos + 482,057,055 45, COS :
4E2 13°12%12 21 2E 13~13%12 31 2E
Am?2, L ,
+4 825CT3579 M3y COS ——22 } + O(e"),
2F
Tritium B-decay Restriction from

R 2.2 2 2.2 2 2.2 >
mp = \/m1612613 T M3C13875 + M3S13 + € Cosmology

1| -
1 2 = ’
=mg}) (l+ 5 (E/mg})) —|—) 9 ; ‘M”

OvBp-decay
Mpgs = M’fL} e mss S 30 meV  for NO

L 2 2 201 2 2 2ty 2 . .
— € |(312"313 T e T C3S1p e S3 ‘jors'mko‘”c < 1meV for IO

Daya-Bay data (3c):

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

3
— Z m;  Survival probabilities
i=1
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