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Quarks. Neutrinos. Mesons. All those

damn parucies you can't see. That's what
drove me to drink. But now | can see them.

Fedor Simkovic
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Neutrino masses, oscillations and Ovpp decay
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OUTLINE

I v-oscillations
(standard approach -)

II. v-oscillations as a single Feynman diagram
( QFT approach)

I11. Oscillations of Quasi-Dirac neutrinos

V. Neutrino-antineutrino oscillations

V. Oscillation of neutral atoms
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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
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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




Cosmological measurements 2= m +m,+m; Tritium B-decay
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LU

‘mass

vt MP U = M2

Neutrino Mass Term Majorana

diag

mass

| 1
Linass = 9 Z Vo, J\'Jiﬁ vg, + H.c.
af

1
— 5 kaVgOTVk
k=1
{’}f! /8 — Gp ,ulg T
Mas = Mg, U" MY U = My,

Dirac-Majorana

D+M
Lo+ —

- ZNQR A/‘[C%-'-M NﬁL + H.c.

mass
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Bruno Pontecorvo Neutrino oscillations

Inverse beta processes and (Quantum Mechanics Approach)

non-conservation of lepton charge Vassi g e N
Zhur. Eksptlu | Teoret. FlZ assive neutrinos and neutrino osciliatuon

34, 247 (1958) S M. Bllenky

Joint 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 neutrino 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

lﬁ possible types of neutrino mass terms; (i) 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-

jorana, pseudo-Dirac); (v} the physical differences between massive Dirac and massive Majorana neutrinos

and the possibilities of distinguishing experimentally between them; (vil the electromagnetic properties of

Source Detector

vV, =V massive neutrinos. Some of the proposed mechanisms of neutrino mass generation in gauge theories of the
a ﬁ electroweak interaction and in grand unified theories are also discussed. The lepton number nonconserving
processes p—sey 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- 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.

Rev. Mod. Phys. 59, 671 (1987) , cca 1000 citations (inspire hep)

distance — L

d(bv(Eu) fP&f' (E.va L)
dFE, A L2

S — SI -+ {(f:: -+ Vs r{‘l‘?!‘i — C"(Ey) dEL,
Vo —2 V3

3
S
_ Process is governed by Pos(E,, L) = E U*.Ugie ™ L/(2Ey)
/ x| (Rl ]
vg+ D — D'+ {{ﬁ the oscillation probability 1 *




Neutrino oscillations (QM) — concept of oscillation probability
(Propagation of neutrinos described by a plane wave)

Evolution of flavor eigenstates
Z k‘umrﬁ — ‘UE> _ Z U;ke—?@klymha) (I)k — Ekt — PiL
k
Oscillation phase AP = &; — &, = AEt — px

Same momentum prescription Same energy prescription

. AE =0

) 2 a2 A 2 3';‘{3_2

Fr= /2 tm2 Ama~ M2a—mi_ Am - — CAp = —
k p 2  AE ~ 2 =2, =1/ E mi P=p1— P2 oF
ms A2 12 Am?
~p+ AP — ’”’f ~F _ Mk Ad = ik
L ~t Time-to-space conversion No time-to-space conversion necessary

4d7p p (MeV)

1172092023 Standard phase = lose = A2 =~ 248 m AmZ (eV?) 8



- -
An example: T +n—pu +e +p
" — pb+ + Vi, Vu — Ve, Ve + 10— D1 e

Hamiltonian:
_|_

RTT+T1—},{£++P—|—E_ _ / d]__"ﬁ'—:-,u, Uﬂ-(Ey) Py_ulfe(Eu) O_yen—}pe_(E ) dE

dE, 47 L2 v g

3 2
Oscillation probability: PUMUE(EI;) _ Z U*kU o~ imiL/(2Ey)
k=1
Energy distribution of v, in n-decay
T — U+, P = (0,m), P, = (p,u,aE,u)a 125 = (| B L)

P.=P,+ P, P2 =m? P?2=

Neutrino mass assumed to be zero

J

11/29/2023 Fedor Simkovic



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

H™ " = 3—% V()77 (1 = 75) () \f—fa ¢*(z) + Hee.
— (fISW}e) = 2m)*6(Pr — P, — B,) (fIT}3)
S-matrix: G’B fﬁ

(fIT)i) = - ®(0) my, o(P,)(1 +5)u(Fy)

Neutrino mass assumed to be zero

V2 V2

Differential decay rate:

a0 = ST [FITI) 2 @r)6(Py — B, — P,) 2Ru dPr

spin (2?1') (271')3
Energy distribution ﬁ E, — 70 E.dE,
IS monoenergetic: QW Gﬁ ( \/ﬁ) m. ( v )Py

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

11/29/2023 Fedor Simkovic 10



Cross-section

Vet+ N —pP+e€ :
of reaction v,+n— p+e-

N | G
Hamiltonian: H7(x) = 22 2(a)7*(1 = %)ve(a) W(z)y(gv — ga1)pla) + Hoe
smatic: (fISD]i) = (27)'8(P. + P, — P, — P,) {fIT}3)
_— Gg _ _
(fIT]e) = —?j% U(Pp)Yo(gv — gavs)u(Fn) W(Pe)y (1 — ys)u(F,)
: : 1 1 1 :
Differential Il — — - 1T15) 2 %
cross section: e ] 2k, 2Lk, 2 Z AT

spin

dpe dp
on)*6(P, + P, — P, — P.) =
11/29/2023 (2m)°0( g 2E, (2m)3 2E, (2m)% 4,




: .. G\ 2 | |
Calculation a2 U8 9 9 |
of traces: Z (ST = (\/5) 64 [( gv T .‘?A) M, M, (P, - F)

+(gv — ga)*(P, - B)(P. - P)) + (gv + 94)°(P, - B)(P. - P,)]

spin

P, =(M,,0), pp=pP, —Pe, My>~M, =M, E,~M

_ Gs\°
/dﬂe > (AT = (\/%) AT 64 E,E, M? [gi + 393].

spin

Simplifications:

Cross-section of the

1 o2 2
reaction v,+n—> p+e-: - G,S 9y + 394 (B, — E.) p.E.dE,

do =

SR

|
o(E,) = — Gj lgv + 394] p.Ee

11/29/2023 12



The production rate
(standard approach)

™ s ut v, v, v,

Tt +n— ,u,Jr +e +p

Vet n —p+e

ve ()

Fﬁ"""n _/d®F(EL) P

dL!

T 2
= 5 O3 (\/ﬁ

Pﬂ'ﬁ (EL‘ ) L) —

11/29/2023

4W L2 o(E)) dE|

PUI,;.L"F: (EU)
) g (6% +343) p.E.

A7 L2
with

3
>0 e

Fedor Simkovic



S+D = 4 + 5 +5+D

Va'_)vﬁ

> D
distance — L

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.

Integration over time variables results in

Neutrino oscillations as a single Feynman diagram

(within QFT, Walter Grimusapproach revisited )
e-Print: 2212.13635 [hep-ph]

<f 5(2)‘?{) — /d4T1J (PS?P‘?) (PotPg—Fs)-2: X
3
/d4£2J;J(P£), P ) i(Pg+Prp, PD:}-JJQZ 'U:E;L.Ug;.
k=1

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

D(xz;m) = 0(x9) D™ (z;m) —M,

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

6(Ep + Bp — Ep + Bo + By — Es)

271

energy conservation and energy denominator w+ E, + E" Eg +1e


https://arxiv.org/abs/2212.13635

2

Neutrino propagator

[ 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
11/29/2023 Fedor Simkovic 15



Amplitude

Momentum conservation

at source
Energy conservation

.

Momentum conservation
at detector

15O = (20)8(E, — B Uil o
(fIS*|i) = (2m)"0(Ef — E; - akV gk 4??LX
f'r:? 3 /
27 0y (Pr + Pa + Ps — Ps) 0, (Ps + Pp — Pp — Pk)
with
Ef E; = EﬁJrED Ep+ E, +E§;—ES
Tﬁ. JS(Pb:Pb)]D(PD PD)@A% (P,B )\8)%-’-’&(3’3’ )\ﬁ)
11/29/2023 Fedor Simkovic \ 1A

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
(@7 (P;)| @7 (Py)) = (27)* 2By Oy, ,, (P; — Py)
Two normalization volumes: 5(Qn — P) 05(Q,, — P) ~
1) source; Vo1

3 T
II) Detector. Fedor Simkovic (2,”-)3 § (5V(Qﬂ — P) + (jv(Qm —

P))



An example: ™ +n—=pt+e +p

T — }uﬁL +Vy, Vy—>Vey Vet —pte

Hamiltonians: ~ H™ "(x) = 3% Uu(x)y? (1 — v5) () %3p¢+($) + H.c
G _
H () = 7; e(2)7" (1 — 75)ve(x) M(x)7,(9v — gavs)p(z) + Hoc
Neutrino mixing: Vo = Z Uak Vi

; Gs\°
Second order process S@ = (—i)? (—ﬁ) X
in weak interactions V2

/N {E(xz)"f’o(l —5) Y UekUsSe(wz — 21)v°(1 = 75) (1) |
k

N [7i(22)7p(gv — gavs)p(z2) T (1) day d

11/29/2023



Neutrino propagator:

dP, _. iP. .
Sk(T2 — 1) = / —ke—ﬁp'(mz—m)gk(p) _ / k_o—iP-(z2—1) Py + mu,

(27)4 (27r)4 p?2 —m?i +ie
— —fs}/ (j’?”l:)d (eiEk(t?tl)er‘(xgxl) PZE:%@(Q —11)
§ etifkltat) gipta—x) ~F ) EJ; TEo(t — tz))
= — z‘f (;;35“%'(@ml)ﬂ;é;%@(tz —11)

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

11/29/2023 Fedor Simkovic 19



S-matrix of the process:

| G\’
- substitutions:

u( P )’Ya(l - "/5)(Pk + 1)y (1 = 5)v () X (t1t2) = (b1, 7 =12 — 1)
W(P,) 70 (gv — gas)u(Pa) X (%1 to)

/d$1/dx Ez(JF’,f—l—Ja‘:’ —P,)-xo 1(P P)a:lx

1
—Epk (L'Eg .L'l) @t _f_
| anpe 2, O )

(f

— (X1, = X5 — X1)

In_tegration over Ei(Ee.+Ep-En—Ha-)tzei(Ep-l-hi-—Ew)tl@(tg — t)dt,dts
the time coordinates:

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

11/29/2023 Fedor Simkovic 20




Integration over / dp P (x2—x1) P+ my,
neutrino momentum (2m)? 2E,(E, — E, — E} + i€)
(in the complex plane): 1 etPrlx2—x1]
a (Pk + mu)

Energy conservation D = \/E mk _ \/(Ew _ E#)Z . mk _ \/ E. + E E, ) mﬁ
Iin 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,

; Jipk | X2 —x1| _ ipy L
are introduced e ~ iPRXD o iPkXs e

|X2—Xl‘ o L

11/29/2023 Fedor Simkovic 21



Lorentz invariant amplitude:

| . Gg\?
i) = —276 (E.+ E, — E, + E, — E,) e "PetPr—Pn)L (Tg) X
’Ej‘JkL

Z Uf’ﬁ?UJk AL (QW)SCS (pk + Pp — pﬂ') (ZW)S(S (pe + Pp — Pn — pk) X

(f|S

u(FPe)y’ (1 — %) (Pr + mu) ¥ (1 — ¥5)v(FPu) u(Bp)Ve(9v — gavs)u(Fr) ifx(Fr),

T-matrix introduced:
(FIS@|i) = 276 (E. + E, — E, + E,, — E,) X
> (2m)%0 (P + Py — Px) (2m)%6 (Pe + Pp — Pn — Pr) (f|Tki)

k

11/29/2023 Fedor Simkovic 22



The differential production rate (Master formula):

1 1
dl’ = 2n6 (E.+ E,— E,+ E, — E;) X

2m. 2m,,

1
2 > ((27)%6 (P + Pu — Pr) (27)6 (Pe + Pp — Pn — Pin)
km

+(27)°8 (Pm + P — Pr) (27)°0 (Pe + Pp — Pn — Pi)) X

1 . s APy dp. Py
§Z<f‘T&‘3> ((f'Tm“")) QEH (2;.1')3 QEE (2?1.)3 (QEP 271.)3

Spin

11/29/2023 Fedor Simkovic



/ 10, Tr (P, +me) 77 P (1—75) (Pu—m,) P 7’ (1+75) 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 + pm)z)

~ A1 64 M? (gi +39%) EeE, (ExEnm + prpm)

approximations:

My LMy >=m, =M, E,~FE,~M
by =ty — 8, =8+ 8y, — By, = B,

2,
I = 1@§(£> ﬁggx

The production rate (Qﬂ-) M

(QFT approach): cilpm—p)L 1 PR
2 Vel Uik —— 5 (H kE?m)X

km

11/29/2023 [91%* + 39?4] Pel



A comparison of standard and QFT ™t 4+n—ut+e +p
approaches (e-Print: 2212.13635 [hep-ph]) .+ _ UV, Uy Ve, Vedtnm—pte

Fr+n o / dq)V(EL) :D“ui’ (E") (E*’) dE'’ Standard QM
dE, Am LZ g approach
_ 2 [ fx 2 B (By) 9 o2
B ﬁ G5 (ﬁ) My ~ B, 47 L? (9v +362) peEe
with
3 2 Question above entanglement
Nan - % —im2L/(2E, of processes at the source and
Pﬂ-.iﬁ"(EU: L) — Z Ucuj Uﬁje it ) the detector

e

m_ﬁ Eu A L2 (g%" T+ 3912:1) peEe

with

QM i(pm—pr) L PkPm
11/29/2023 cn’r? ZUﬂk ak Uﬁk ak € ’ (1 + E2 )

L

New QFT  [rin — 2 e (ﬁ
m

)2 m. _, PYT(E,)
approach V2



https://arxiv.org/abs/2212.13635

Oscillation of six Quasi-Dirac neutrinos

Dirac-Majorana mass term

Em. — 5 ( Uy, I/"R )M U + S

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

M =U" Mgie U

mE = +m; + ¢

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

+ O(X?)

—_ P

Mass matrix

L :\ [L ﬂIID
M= ( ML Mg )

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

]’_f'i‘
X given by 9 angles and 9 phases,

small parameters.
26



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-38 Expansion of mixing matrix in X
1 a+XHUT —(1—-XHVT 2
N ( 1-xur  q+xyi ) TOED
Full restoration of Dirac neutrinos (M, g=0)
Meiag (6 = 0) = U*(X = 0) M(Mp = 0) U'(X = 0) Simplified QD-mixing scenario
U'U=1=VV 1 U U
mpy 0 0 Ugp = E ( _Vr U )
Mging =UMpV = 0 my 0

0 0 mg

27



Mixing of 3 active and 3 sterlle neutrmos

Mixing of 6 Majorana neutrinos Vo) = Z Uylvi) + — ZT wir Vi)

ve \ _ L (U U” v; Er_l
Vo ) 2\ -V V Vs 1

|‘Uﬂi — ZV:J |Vt 2 ZV@%’"WO
L=l

Time evolution of flavor states

Vo) (t) =

3 3
1 . vp 1 )
Active-active (vglva(t)) = = Z U Uge B 4 = U, Ugy e Eir+a
and 2 i=1 g i =
active-sterile ;3 ;3
oscillation amplitudes _ r —itE; tE,)
P (varlva(t)) = — D Ux Ve ™5+ > Y Uy Vo € B4

11/29/2023 1=1 =



Oscillation probability for QD neutrinos (active-active)
(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 UajUgj)(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 —
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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—UQ, Vo — Vg, Ed—I—D—)D"—Fl{}_

_ _ Oscillation probability
Amplitude proportional to v—mass

L \2
TP = JU(PL, Py)J% (P, Pp) X FT U e 2 (mgg)
k _s( s> Ps)Jp(Pp, Pp) ng (E,, L) = [{vg|7a)|” = Eﬂz
V(P Aa) V(1 = ¥5)miy,u( Pg; Ag) ’
m —?mgL 28,
Replacement: Particular process: — Z Uﬁj (25
Uni — U, Tt +p—puT+et+n
Upm = Upm Production rate

(9v + 39%) pEe

FT
rtp _ 1o (fﬁ)z il : P (E,, L)
9 B

I —
11/29/2023 @FT M 47 L2




A connection of neutrino-antineutrino
oscillation with OvBp-decay

mLzoee — mBB 10—15_ NO
S L
2 E,?, 10—2_
FT _ -
Pa' (Bu, L =0) = |{vel7e)|” Uigr| &
= 1 I
_ (me ")’ (mﬁﬁ)
S BB 107
] ) | | IIIIIII| | IIIIIII| | II| | IIIIIII| I 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 ml3l3 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. (?)




Dependence of mb,, on Myjgpees and L/E
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<
w
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1
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| IIIIlIIl | IIIIIII| | IIIIII|

L=0 —
m ee mBB

LA I T

— L/E=0

— L/E = 300 m/MeV

| IIIIIIll

| IIIIIIl|
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> 410*  10° 107
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Dependence of m-,, on L/E
for Mjjgngest= 20 meV

Symmetry 14, 1383 (2022)

_ (?’”55)2
PUT(E,, L) = |(nsl7a)| = %

J B

L=0)2 - 2
QFT - (ma-;f-f ) _ (map)
P (EUTL 0) I = "7
| 3
= fop) ZU;jUﬁjmj
L’ le

_ Wi o—im2L/(2E,)
= Z Us;

L ~—

- m,; =20 meV

- |

N | IIIIIII| I_l_I-I—+-H'I1/’ | IIIIIIHI | IIIIIII| | I[ll (M
1 10 102 10° 10

L/E (m/MeV)

10°



Different types of Oscillations

1 1 cos 20  sin 20 Oscillations of v,-v;,
Hpavor = §(E2 B+ §(E2 &) ( sin20 — cos 20 ) (lepton flavor)
% h”r _ ( M — ér My — rlz Oscillation of K,-anti{K,}
el ML -1, M — EF (strangeness)
e Mo VBNV Oscillation of n-anti{n}
eff VBNV AN — T (baryon number)

V. VLNV .
hu‘n'mn _ 4 .i' ) . Oscillation of Atoms (OOA)
eff I.,,fov V Jrff . % r

(total lepton number)

F.S., M. Krivoruchenko, Phys.Part.Nucl.Lett. 6 (2009) 485.

11/29/2023 36



Oscillation of atoms due to
total lepton number violation

Oscillations of neutral atoms

In analogy with oscillations of
n-anti{n} (baryon number violation)

a)
eb eb
o > 'p (.,‘42) — (.14.._,,5 + 2)#*
b b .
A e A A T o e
(A,Z) V., (A,Z—Z) v, (A,Z) 'a‘/j" 5 }I cﬁ [./—1 Z:?: _}|
|
! > > > >
e _ _
Cy \ n+?1Hp—|—p+rf,+rb
b
) e,
> > -
My P, b Effective Hamiltonian
(A,Z) Vu  (AZ42) Vy (A,Z) M. LNV
> > > " My =3
dor Simkovic 37

F.S., M. Krivoruchenko, Phys.Part.Nucl.Lett. 6 (2009) 485



Probability of oscillations of atoms

Effective Hamiltonian Decomposition of evolution operator

M_ V ) e—iHﬁj'j't — e—z(ﬂﬂ—}—Mﬂt/Z—Ft/d X

Heff:( ' T
v (cos(\/a2+62 t) — i2 71 502 sin (v a? + b? t))
i

Effective Hamiltonian
expressed with Pauli matrices

M,—M; i
. =Vt b= + 1)t
M; + My i ! | ( 2 1 )
Herp = (— L 7)1
M, —M; 1
+V oo+ (—5— = 1) o3
1 | < flem ettt > |2 = I X
Probability of g (ﬂ*ﬂ _ ﬂf[f)z +12/4

oscillation of atoms
(initial atom is stable) (L+e 't — 2¢"2 cos [t (M; — Mjy)])



Oscillations of stable atoms (I'=0)

Probability of oscillation of atoms
(both atoms are stable)

e
(M; — M;)2

‘ < f|rf_.é”(_|r_|r.!"lll- ~ “,} —

sin” [t (M; — My)/2]

| < flem i > P = VEE For (M;— Mj) t<< 1
| < J'|r"'_';!.!r.:__rll__r"!|!il- S |2 N 1;2
- (M = My)? For (M;— My t>>1
o ' 16 r
DT | < fle Herffli > |2 < 31077
(M; — My) = 241 keV

Double electron capture (I'#0)
(resonant enhancement of atom)

Mass difference ~ keV . 14 2 Mass difference >>T
| D [
co— N 2 2
(M, — M;)2 +12/4

11/29/2023 2 Fedor Simkovic 39




Resonant Qvee-decay

-"L:E(JW |:3

Ovee capture rate l—.ljpf:'t"'!:'{'"( ),:F\J _

|

-decay Hamiltonian
G

H (z) = 7° e(x)7*(1 = s)ve(x) ju(z) + hoc.
Potential _
. Gg 1 :
Vs = imgs (—) oMo ] A7, dZ;
v-mixing decay V2] \J1+6.5 m;ﬂ JaTmedgy
_— . ~ E—iq_':(fl—fz) d—’
Ver (T Z Uek Xrr( X ‘I’am_j (1) Oy ¥ (1 — ﬂ,rg,)llrﬁmﬁ (7y) ] 2 (25)3
0
s < A, Z =2|],(Z))|In >< n|J,(T2)|A, Z >
n Go + B — M; — g5
N <A, Z=2|J,(%)n ><n|J,(T))A,Z > (@ & B)
o -+ Eﬂ — flf!_ — &q I
11/29/2023



Ovee potential - approximations

The non-relativistic impulse approximation A
for nucleon current JH0,T) = Z T [gv g™ + galor)ng" )6(F — Z,,)

n=1

E,—M;= < E > =~8MeV
Y [n><n|=1

Closure approximation

Ovee potential

1

]I.rfkf'_jﬁ L
(Jf) = py

are factorized

Mos(JT) ~ Ay MO (J7)

E -
&~ m_.ﬂ_.f% \/QJ} + 1Mu,{3(J}T) The atomic and nuclear parts

NME similar as those for OvBp-decay

2
M@0 = <of| ZT—T—h o —E—% + (Gn - Gp)] || OF >,
] v — " - av 5 - P -
M (07) = <07 | Z’r T h(Fm) (P — Tm) - [g—q(crn — ) — (0, x &) || 0F >
——— 2 © . do
11/29/2023 Fedor Simkovic ~ 2(7rm) = —R | jo(qTnm) dq.



Nucleus (n2jl), (n2jl), E, E, Ee T, (keV) A (keV) o (y)  TrE* (y)
52QGd 110 210  46.83 7.74 034 23x1072 —0.83+0.18 17 x 10% 4.8 x 107
110 211  46.83 731 032 23x107? —1.2740.18 4.2 x 103 1.1 x 10%
110 310 46.83 1.72 0.11 32x1072 —7.074+0.18 9.4 x 103 1.1 x 10*
O 210 210 9.05 9.05 022 86x 1073 —6.8240.12 7.5 x 103 8.4 x 10%
210 211 9.05 858 023 83x107% —7.2840.12 4.2 x 103 4.6 x 103
210 310 9.05 205 0.11 1.8x1072 —139240.12  3.5x 10 3.9 x 10%
180\ 110 110 63.35 6335 1.26 7.2x 1072 —11.244+0.27 1.3 x10% 1.8 x 10*
10 g =
1034; 2;211 ]
resonant Ovee-decay half-lives 0" = 283
Mgg =50 meV - :;l_ lsIZp 1535 1-"':2“
g:j 103";— i
Resonant Ovee-decay half-lives =0 1[23 1d
are suppressed at least by 2 0 | i
orders in magnitude when ' |
compared with OvBp -decay half- L '
,lives for the same mg;. dor S 1520, 1645, 180y



LLIZYI12ULS redor Simko

AlP

What is the nature of neutrinos?
The study of the OvBp-decay is one of the highest-priority issues

in particle and nuclear physics WK
74N

(AZ) > (AZ+2) +e +e -
Perturbation theory T ) = L2

) Breit-Wigner form
Vas(J™)|? T
: o (3

1
O
Tl /2

Mpapg

2
G (o, Z) | M

m,

]_—.lllm':'{"‘!:'{'"( ).IF) —
2vpp-decay background
can be a problem

Uncertainty in NMEs factor ~2, 3 ) 2vae-decaydis sgonglly sluppdressed
0*— 0*,2* transitions N+M Ei ne_e ;[o _e e c_u_ate

Large Q-value 0*—0*,0 -, 1%, 1 transitions

6Ge, 82Se. 1000, 130Te 136X¢ --- « Small Q-value

* Q-value needs to be measured
at least with 100 eV accuracy
152Gd, looking for additional
small experiments yet

Many exp. In construction,
potential for observation in the
case of inverted hierarchy (2025)
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