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Motivation

m)  Oscillation probabilities depend on Majorana phases for
neutrino decoherence, with an off-diagonal term in

decoherence matrix.
F. Benatti et al. Phys.Rev.D 64(2001),085015
A. capolupo et al. Phys. Lett. B 7929(2019) 298-303

= Towards distinguishing Dirac from Majorana with

Gravitational waves.
Stephen S. King et al. 2306.05389



Our Proposal

®» The decay-Hamiltonian 3 = A7 —iI'/2,

(a1 O B by gne’
M= (0 az)’ L/2= (lne_ig bo

2
a; = mi/2E and ay = m3/2F
® The time evolution operator for neutrinos in the mass
eigenbasisis U = e Mt
n, = T%[(—i?—lt).aul]/Q U=e" [coshn oo + % sinh n]

* |n flavor basis
Uy = UUU! P.g = |(Uf)asl?

Nielsen, M., Chuang, |. (2010). Quantum Computation and Quantum Information



Outcomes

In the limit 0.65

by =b=by and n < |ag — a1| 4
P, = e (PJ3° + 2nsin(€ — ¢)B) %

= 0.50¢

[
sin(26) sin® [$t(a2 — a1)] 0451
(CLQ - al) 0.40 ¢




Outcomes

In the limit bl — b= 62 and U, < |CL2 — a,1| 0.65["

_ : 0.60
Peu — e 2bt (ng;w + 277 s1n(§ — qb)B) 05|
B sin(26) sin® [%t(az — a1)] 3050
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CPT Conservation M = M and T'=T*
1 ¢»——¢ §——¢
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Outcomes

Peu _ e—th (Pvac + 277 Siﬂ(ﬁ B ¢)B) 0.60 -

— 1%0

0.55}
sin(26) sin® [3t(a2 — a1)] 5 o0s0
(a2 — Cll) - 0.45

CPT Conservation M/ = M and T'=T"*

Jo-—0 ¢
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0.60

l 0.55+

X 0.50
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Sensitive to Mass
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Do we ever observe this effect ??

e Supernova 1987A, 7, > 5.7 x 10° s (my, /eV)

I, =b~10"%" for my =1eV.
J.A.Frieman et al. Phys.Lett.B 200(1988) 115-121

The new effects considered in this work are of order

n/(az — a1) = nE/Am?

» FEffects are of order 10% for Am? ~ 10~ *eV? if @

* Ultra high energy neutrinos from astrophysical sources provide
a platform to study the effect.
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= The fundamental nature of most intriguing
particle neutrino: ther they are Dirac
or Majorana fermions, is still an open

question.
Y u

To probe Majorana Mgt - ldip
nature, many experi [ ——
ments loaking for sig- W€

nals of neutrinaless nidt————dip
double beta decay ——w
Source: wikipedia

Objective of our work

- Well established fact: Vacuum oscillation
probabilities do not depend on the
Majorana phases.

- The ascillation probabilities depend on
Majorana phases for neutrino decoherence,
with an off-diagonal term and also these
probabilities are CP-violating.

Benatti et al Phys Rev.D 64085015

= The question we ask: “what are the other
possibilities under which the Majorana
phases appear in neutrino oscillation
probabilities and lead ta CP-violation?

Vacuum neutrino oscillations

= The matrix T needs to be pos )
ie. non negative —> by by = 0 and 7 < dbyb
= The mass eigenstates are not decay eigenstates
{n # 0) and evolution equation.
d (a+a;)  (ay— .
{El’u.\“ = [‘)m\ 4{}” o
~L(by + bajery, — 200,
2 7

(@.50L07 | wit)

where T = [eos £, —nsin £, — (b — by)].

- Since a, and @, do not commute with Uy,
matrix, the Majorana phase o remains in the
evolution equation.

Evolution Operator and Probabilities

= Meutring mass eigenstates i mix via a
unitary matrix with flavour states i, as

v = U ws = O Upn

=1y 1)Tand

fe ul ¥
sinf) . 10
“= (7\-“;& zma) U = (n,-‘-)

= The traditional diagonal Hamiltonian in
mass-basis that governs the time evolution
of neutrino mass eigenstates

N T W ()
“\oa)T T2 T3

where. a, = m?/2E and az = i
*® In flavour basis, evolution Hamiltonian
becomes

o ta) (e
u, [H 2=y e, !,mu]

= Since, Uy, and o, are diagonal matrices they
commute and o. term simplifies to Q.07
and the phase ¢ disappears from the
evolution equation

- Also Majorana phases do not appear for the
matter effects (pure SM interactions or
nonstandard interactions).

Oscillations with decay-Hamiltonian

= Time evolution operator in the mass eigenbasis
is { = &, can be expanded in the basis
spanned by a and Pauli matrices.

i), m, = Trl{—itt).a,

u

coshin g + 22 sinh
"

~
2 4+ 1

n=

= Oscillation pruhabmnes can be obtained as
Pua= [)asl’ Uy = VLU
= In the limit By

b: and 5 < Jaz — ai].
— neos(§ — @)A)
+neos{§ — $)A)
=+ 2 zin(€ — o)B)
— 2psnlE — ¢)B) .

where, A=

CP-violation

= The terms with B, present in oscillation
probabilities, have oppasite signs for the two
cases az > a {mz > m) and ax < ax (ma < ma).
— Oscillation probability (Not the survival
probability) is sensitive to mass hierarchy.

Different types of ('P-violation are possible:

{a) due to the Majorana phase ¢ which we call
£ P-violation in mass.

{b) due to the phase £ of Iy, which we call
CP-violation in decay.

{c) most general possibility is  # 0, € # 0 and
@ # 0. In this case. we have CP-violation
dlue to bath mass and decay provided ¢ # &

= In two special cases, when & = £ or when ¢ =
&= 0, there is no € P-viclation even if  # 0. In
such a situation. the flavour conversion
probabilities are insensitive to off-diagonal
elements of [ but the flavour survival
probabilities do depend on them

= We assume C PT-conservation which implies
M =M and T=
- For antineutring probabilities, substitute
§— —and £ — —E.
P, # P, — CP-iolation
Fuy # P = T-violation

Results and Discussions

Observational effects
= Supernova 1967A, 7, = % 10° (mu/eV)
— ~ 10 eV form, ~ 1 eV

LA Frieman et al. Phys.Lett B 200(1988)
= The new effects considered in this work are of
| = nE [ Am?. These effects are
of order 10% for Am? = 104V if £ = 107

Ge.
= Ultra high energy newitrinos from astrophysical
sources provide a platform to study the effect.

Conclusions

= The general decay-Hamiltonian

H=M il
_fm by lpe
'”’(u a) e~ by
System of two particles which can oscillate
inta each other, these matrices can have
off-diagonal terms, as in the case of neutral
meson system

(

= When decay eigenstates are not aligned
the mass eigenstates (off-diagonal term in
probability expressions are sensitive to
Majorana phase ¢.

a5 function of &.

= Presence of 7 violates the equalities Py, = Pa
and F,, = F,, that we see in the case of two

flavour vacuum oscillations.

= We have showin that, in addition to the
off-diagonal dissipator matrix, the off-diagonal
decay matrix is another possible source for the
appearance of Majorana phases in the
oscillation probabilities and the corresponding
CP-violation

= \We point out another interesting result that the
CP vioiating term in the oscillation probability
is also sensitive to the neutrino mass ordering.

= We have given a short discussion on the values
of parameters for which the effects described
in this work are [kely to be observable.

= The extension of this work for three flavour
oscillations s straightforward.
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