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Oscillations in Vacuum

* In general, neutrino mass eigenstates 17; mix via a unitary
matrix to introduce flavor states 1/, of neutrinos

Vo = U v; = O Upp v

)T

where v, = (ve v,)" and v; = (11 12)', and

cosf) sinf 1 0
0= (— sinf cos 9) Uph = (O ei‘ib)

 Hamiltonian that governs oscillations in vacuum,
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1 = (al 0) a1 = m?/2F and ay = m3/2F




Oscillations in Vacuum

z’%u,;(t) — [(al ;@)ao _ (a2 ; al)az} vi(t)

l, Flavor basis

d | (a1 + a2) (a2 —a1)
zdtua(t) = [ 500~ 5

OU,1,0- U;hOT] Ve



Oscillations in Vacuum

. d | (a1 +a2) (ag — aq)
ZEV@(t) = [ 500~ 0= v, (t)
l Flavor basis
d (a1 + az) (a2 —a1)
zaya(t) —= [ 500~ 5 OUphJZU;hOT Ve

/

Phase ¢ disappears from the evolution equation

—a)t
P(ve — v,,) = sin® 26 sin’ ((a2 . a) ) = pyac




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

=) Jowards distinguishing Dirac from Majorana with

Gravitational waves.
Stephen S. King et al. 2306.05389



Our Goal




Our Proposal

® The decay-Hamiltonian H =M —il'/2,

(a1 O B by %neig
M= (0 a2)’ f12= (lne‘@f b2

2

* For a system of two particles that can oscillate into each other,
these matrices can have off diagonal terms, as in the case of
neutral meson system.

A. de Gouvea et al. Phys. Lett. B 742 (2015) 1407.6631
A. Dighe et al. Phys. Rev. Lett. 129, 011802

The decay eigenstates are not aligned with
the mass eigenstates.



Evolution Equation

= Evolution equation in mass basis

'éil/i(t) _ [(a1+a2)00_ (az—al)gz ot

dt 2 5 5 ((bl + b2)oo + E.f)] v; (1)

= |n flavor basis

Oo. 0"

. d (a1 +a2) (a2 — aq)
z%ua(t) = ! 500~ 5

i 2 -
— §(b1 -+ bQ)JO — EOUph(OF)U;hOT] Va(t)

where T = ncos§, —nsing, —(ba — b1)]



Evolution Equation

= Evolution equation in mass basis

’&'%Vi(t) — [(al ;aQ)O'() _ (CZQ;al)o-z — % ((bl + 52)0'0 —I—&f)] 7/7;(1'5)

= |n flavor basis

. d (a1 +a2) (a2 —a1) T
zava(t) = [ 590 5 Oc.,0

i 2 -
— §(b1 -+ 62)0'0 — §OUph(UF)U;hOT] Va(t)

0, and o, do not commute with Uy,
B &, — (b2 — b1)]




Probability calculation

®» The time evolution operator for neutrinos in the mass
eigenbasisis f = e_"mt, , can be expanded in the basis
spanned by 0 and Pauli matrices

This expansion is parameterized by a complex fourllvector

n, = Tr((—iHt).o,]/2

n.o .
U =¢e""|coshn o9 + — sinhn
n

In flavor basis
Up = UUU ! P.g = |(Us)apl?

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



Outcome-1

In the limit 0.65]

by =b=0bs and n K las — a1 DL
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Outcome-2 O
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CP Violation P:j # P,



Outcome-2 O

by =b=1by and n K |az — ay| 0.65" T~ —
A N — 7=
—2bt . 0.60 / "\k o
Do =8 (Py¢ + 2nsin(§ — ¢)B) | / 0
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1 ® Due to Majorana phase ¢
CP Violation P:j # Pe, ® Due to decay phase ¢

® Due to both phases



Outcome-3 O

Pee _ 6—2bt (Pvac . UCOS(£ ¢) ) A = sin(29) sin [(az — al)t}

(a2 —a1)

iy = e 20t (PV‘C + 27 sin(€ — ¢)B) 5 sin(26) sin® [1t(a2 — a1)]

e
(a2 — a1)

where, Ao — A1 = Am2/2E




Outcome-3 ﬂ

sin(20) sin [(a2 — a1) ]

Pe = e 2 (P32 — peos(€ — ) A)| A -

(a2 —a1)
Pep = e (P + 2nsin(§ — ¢)B)|  , _ sin(26) sin® [3t(az — a1))
(a2 —a1)

where, as — a1 = Am2/2E
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Sensitive to Mass
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Do we ever observe this effect ??

* Supernova1987A, 71, > 5.7 x 10° s (m, /eV)
L, =ba 1072 for m, =leV.

J.A.Frieman et al. Phys.Lett.B 200(1988) 115-121

The new effects considered in this work are of order

n/(az —ai) = nE/Am?



Do we ever observe this effect ?? g2
* Supernova 1987A, 7, > 5.7 X 10° g (my/ev)

I, =b~10"2%" for m, =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?

mmm) FEffects are of order 10% for Am? ~ 10~ *eV? if

* Ultra high energy neutrinos from astrophysical sources provide
a platform to study the effect.






Backup slides

At any time ¢, the state of the system |¢)(t)) can be written as a linear combination of the light neutrino eigenstates
lv9:) and the |@ox) as

P(t)) = Zf’z(t )[voi) +ch (t)|Pok ),

P, Zm t)|2_1—Z|Ck (t)> <1,

Using Weisskopf-Wigner approximation (WW)

J'VIEJ = (Ez — E)dgj + <V(]i|j20"1”(}j>

(v0i| -7 | Dok ) (Por| 7" |1o;)
-2 E(k)—E ’

Lij =7 Y (il ' |pox) (Gok | " [vo;)0(E(K) — E) .
k









