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1. Introduction

1.1 Status of v oscillation study

® Both

are allowed

= _S12/\/E C12l\/§ 1/V2
S12/\/§ _C12/\/§ 1142

[ C., S,, 5} hierarchies

12 ~ 11/6, 923 ~ 11/4

10, , || € < /0.1/2 ® 0,;:only upper
Arﬁz —8%x105eV?2 bound is known

IAm =2.5x10-3ev2[l| © O :undetermined




1.2 Exact oscillation probability
in matter with constant density Ju-|u

Py —v3) =6as — 4> Re (Xfﬁ)?gﬁ*) sin®
j<k
+ 2 Tm (Xj“ﬁ)'égﬁ*) sin (AﬁjkL)

i<k

AEL
2

Evaluation of U&j is the
hardest part




Kimura, Takamura, Yokomakura ‘02

Ean

Un; US| in matter

simple known functions

® Their derivation is complicated & confined only for N =3
in constant matter - Another proof & generalization is
given here

® There has been no example which was derived for the

first time using KTY — a new result using KTY is presented




1.3. High energy
astrophysical v

E?j(E) eV cm?sectsrt
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Neutrino Energy (eV)

Flux of high energy cosmic v
from Active Galactic Nuclei
or Gamma Ray Burst
etc.
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S/N ratio is
expected to be
large due to little
background of
atmospheric v




® Precise normalization of flux is not known

— The ratio of different flavors is important
quantity to observe

@ |nitial flux:
Just like in v ;.. , the
source of v is 1 decay

0 « 0 « =0
—p F (Ve)'F (v”).F (vT)
~1:2:0
® Observed flux on Earth:
Due to Vv oscillations : .
F(ve) : F(vp) : F(vT)

1043]<<1 |/4-0,5 |[<<1 =P 1.1



A few scenarios to predict deviation from
1:1:1 have been proposed

Standard flux + v decay
a:1:1 (a=1.4~6)

Standard flux + pseudo-Dirac v
a:1:1 (a=2/3~14/9)

Electromagnetic energy losses of T & LI
a:1:1 (a=1/1.8~1)

Here | will consider the possibility of standard
flux + v magnetic transitions + magnetic field




2. Another proof of Kimura-Takamura-
Yokomakura formula

d]&g (El, EQ, E3)
diag (A, 0,0)

U : Mixing matrix in vacuum

o

[/ : Mixing matrix in matter

Basic strategy is to take o, component of both
sides and to use the following identity:

(ﬁé”ﬁ—l)aﬁ =Y (ﬁ)aj (E;)" (ﬁ*)jﬁ = ZJ: Usi (Ej) " U3 = ZJ: (E;)" Xas
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® |t can be generalized to the case with
adiabatically varying mass matrix in L=co limit:




=
Il

L . diag (A, + A,. A, A,
® Generalization of Kimura- tag ( )
Ae — \/iGFNe

Takamura-Yokomakura’s result for the |
case with magnetic transitions & An = EGFNH
magnetic field

uaB: magnetic
transitions

el

X%

J

r
In principle

can be obtained from this



3. Flavor ratio of high energy astrophysical v

In standard NV=3! when L—o0 Learned-
oscillation probability in vacuum Pakvasa

‘95
2 (¢, sp O
i [ 8h/2 ch/2 172

2 2
s12/2 c12/2 1/2

F(v,)=F°(v,)(P,, +2P, ) =F°(v,)(1-P_, +P, ) =1
F(v,)=F°(v,)(P,, +2P, )=F°(v_)(1-P, ,+P, ,)=1
F(v,)=F°(v,)(P,_ +2P, ) =F°(v_)(1-P,_+P, )=1

F(v, )= F°(ve)Pw +F°(vu)Pu = F°(ve)(Pea +2P )

P +2P .=(P, +P . )+P, =1-P  +P, =1



CHOOZ+v . . |0,43|<<1
Vatm:  [T0/4 -0,3 [<<1

Deviation from 1:1:1 is small




For simplicity we consider the Majorana case
with CP invariance

® Majorana v: = =0, == =pure imaginary
oL ofd Ba

® no matter effect: A=0
® KM-like CP phase 0 decouples (<|0,5]|<<1)
® no CP phase from the charged lepton sector: 3’, v’ =0

V* diag(m;) V1

/ 7 o _
emz 13 g ew A8 U|€ v\/)\g zﬁ)\gl

V diag(m?2) V1 = 237 [ diag(m?2) Ut e~ 8¢~ 2
V* diag(m ) VT — g~ s =182 diag(m ) UT ¢ X3ei7 28

NB: 3, Y (Majorana CP phases) don’t appear in the eq.




In this case analysis of 6x6 matrix is reduced
to that of 3x3:

UEU-'  |B.i|u
|Bilp UEU!

UEU + |BL|u 0 )( 1 1)

0 USU_1_|BJ_|;,L -1 1
We consider the situation in which
B(t=0)O0 - B(t=L)=0

occurs adiabatically




Assuming adiabatic approximation (|B(t=0)[>0
—>B(t=L)=0), oscillation probability in the limit

L—00 can be analytically expressed :

UEU™ + |By|u UEUY +4|BL|Im(p) =U EU!

P(Va — vg) = P(Va — 13)

P(vy — vg) = P(Vq — v3)

P(vy, — vg) + P(Uy — 1) =

F(v,)=F°(v,)Y Xoo(Xuw -XT7)@xueu - XTTBERF(v ) =F(v_
3 ) Fv)
F(v,):F(v,):F(v.)=a:1:1 J




The ratio of v, +v,_ can be analytically expressed :

Lt DUl (100 = 0P = |Uns (¢ = 0)[7]
J

2 B (e —#er) { o 8T
AEgl AESl AE732
(w? —v*)/4
(AEgl =} AE21)2/3 — AEglAEgl + u? s v S5 w?

1

L+

1 Cla St
8 sin ¢ (sin(gb —7/3) - sin(¢ + 7’(‘/3))

u=|BL|tyr, v=|BL|pter, w=|BL|tey

3

{(U — ’ZU)QAEQJ + {\/5812’& — c12{v + w)r AEzl}

3
1
) R E(AE& + AEgl)(AE31AE21 _ U2 o U2 . ’(JUQ)

[(AE‘M + AE21>2 B AFE5AFEy; 1

3/2
+ g(u2 +v° + w2)]

3 3




The effect of the magnetic transitions becomes

largest when |uu'c |>> ““leu |’ ““le'c |’ |A Ejkl/lBJ_l

In this case the ratio F(I;;:(f)(“‘*) -3/2

Unfortunately, for the above condition to be

satisfied, (v energy) X (magnetic field at
production point) has to be unrealistically large:

(E /1TeV)(|B,|[1G) >1
assuming |l . [=10-% g But if this condition is

satisfied, then nontrivial energy dependence of
the ratio ru.) + F(z) should be observed




@ Simple proof and generalization of Kimura-
Takamura-Yokomakura formula is given

Generalization to the case with magnetic
transitions

Generalization to the case with non-
constant adiabatically varying matter effect
and/or magnetic field

@ Flavor ratio of high energy astrophysical v

Is expressed analytically taking into account
of N, =3 mixing matrix under certain

assumptions (Majorana v & CP invariance)




Further situations to be considered in future:

® Possibility of non-adiabatic transition

® Effect of phases from the charged lepton sector: 3, y’
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