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@ Cosmogenic neutrino
@ Neutrino flavor transition
@ Neutrino signals in neutrino telescopes

@ ‘lest of transition models




: Cosmogenic neutrino

originated from UHECR interacting with CMB, IRB...

)
—
“ . A el TP > K4 Y 'as. = .. % T Y v NG -
7 nd 3 i - 1
e -T Hiftes
- 10 o TA »ae .:'. k
St Auges o ™8 ‘
V ol L
l'/': - -8 3
A 7& 10
7 o e IC-88 (10y7)
l 3
G ®* 10 P
-~ o He ‘
.'... E .\. 4
/ o : Si ;
- 3 1079 ke :
’~r’ ~ ;
p ~ ' ! %
/ & 10-11 "‘~., % .
Y o X .". .
;- y ... ry
r ' S '... -
& 10-1al// W\

T
E [GeV]

10°

-

>

. - > . - - - . ~ - . . P - - - -
- - - IR A Comet’ o el w b At . '-—--/— . I.Ow/-< \4,—--/-— R N o N 2 nad v 9 Al g N 4w ot e g .
' e ). v s Y, Ay 57 . 7 87 oy, /

= expected flavor composition of Ve:vy:V=1:1:1 < pion source
3 muon energy loss in situ —> Ve:Vy:v:=0:1:0, damped-muon source
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Astrophysical neutrino
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Flavor transition

& O-representation

& Standard oscillation
& Neutrino decay

& Quantum decoherence

& Pseudo-Dirac neutrino
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(Q-representation

Tri-bimaximal matrix and its eigenvectors %

10 4 4\ [V=(,1,1) I d) 2 2

PTBM=-118- O e | g ‘/2=(O, —1, 1) ,A=1 = s | :/
E3 7 oy Sty ey X

SR

neutrino on Earth—>¢@=P¢@,<—neutrino at the source

§b0= (gbo(’l/e), gbo(Vy), gbo(’l/t))=I/3 VI+dV2+bI/3 ’

Pp=WV@VAVs (30 0 1)1=0(1/3. a, b)T
=>0=A-'PA ;,_.:
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(Q-representation

(G Oy O
Oy On 0O
Q51 O 0O

Flux-conservation = (Q,; Q;, Q,3)=(1,0,0)

v, - v, symmetry =»(Q,; Q,;Q,;)*(0,0,0)
(QIZ ,Q22,Q32)z(07070)

= ()., and O, classity possible flavor
transition models




Standard oscillation

Expand probability transition matrix
with respect to =21V values of the mixing angles

Posc =Poosc(= PTBM)+I)losc T onsc A
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Neutrino decay

:‘ Pag= Y |[UasP+ D |Uasl® Brivs | |Uss|® ,’
& f stable i unstable o
:,-. One stable state One unstable state :_"
,: ScenariO//S-Zl\\ 32y 32Y 321 321 32} J:
,f' N ormal rgg=a|Bry;=0|Bras=a,|Bra1=a|Br;;=0 :j
,; hierarchy all i, i\ Brag=b all i, j
/-.. TABLE I: Decay scenarios for normal mass hierarchy. :‘./

One stable state One unstable state /

{ Inver ted Scena.no/,‘,'li\\ 213 213 213 :/

ro1=a

hierarchy

ria=a Br,;j =0

all i, j V4

TABLE II: Decay scenario for inverted mass hierarchy %
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Neutrino decay

& The heaviest and middle . 1 , v
, , o=| -3(U.L-Wwp2 0 0
states decay into the lightest U, 2= (U, P +U.2/2 0 0

& —

= - 0 0 0
0 6

@ The heaviest state decays Pre 0t

into the middle and lightest Qe — 1 o 28- 5 8 8

ones.-decz 6 r—s 0 2

one.~decr , (4 +2(r+s) 0 2-2(r+s)

Elements of subleading matrices Q** and Q%
12 21 23 0

=21 —r—s)(e + &)/3 —(1+r)e — (1 +5)e re; — (1 —s)e [s(e, + &) —€]/3
21 —r—ys)eg /3 (1 +5)e, —(r — e, —€ — 26> —[(1 +r—s)e; +26,)/3

£:=c0820,;-(¥2/3)sinVy;, €,=(1/2)c0os20,;-¢;




Quantum decoherence

5
Ps = -3-+[§e M (Ug -Up U2 -Us,)

Jiin
L e U 4 U~ 203U+ U —2Uf,3)]

1 0 0 0
Q3°=(o 0 0 ) QF =e 7|0
0 0 e7/3

@ propagation distance dependent

& V—>0 0r d%oo, Qdc= Qosc




Pseudo-Dirac neutrino

pd 3 2 > oAm;
P = 31Ul Peos’ T L(2)

Ami2: the mass-squared difference between active and sterile states.

¢ [z d7
He = HoL (14+2)/Qu(1+2) + Q4




Neutrino signals

& Tracks and showers

@ Muon neutrinos produce track
events through constant energy
[oss.

High energy ta ) QT :
ﬂ:ck) LTI T @ Flectron neutrinos produce

1400 m

Low energy(tau! | |1 [T shower events via charge-
(Bhowe) ’
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@ Signals of tau neutrinos depends




Neutrino events

major processes signal type symbol in Fig.1

7(E, < 3.3 PeV)
7(3.3 PeV< E, < 33 PeV)
7(E, > 3.3 PeV)
7(E, > 3.3 PeV)
7(E, > 33 PeV)

EM shower shower A

energy loss track B

CC int. and 7-decay  shower C

CC int. and 7-decay 2 separate showers D (double-bang event)
energy loss and decay track and shower E (lollipop event)

CC int. and energy loss shower and track F (inverted lollipop event)
energy loss track G

hadron shower shower H

125m corresponds to the decay length of a 2.5
PeV tau lepton.-dist. between strings

~1km corresponds to the decay length of a 25
PeV tau lepton.-size of IceCube

M. A. Huang, G.-L. Lin, T.-C. Lizu, 1054.5154




Observables

Case I: Case I1I:
Ev<33PeV E,>33PeV

R'=p(vi)[(g(ve)td(v))  R"'=¢(ve)/(#(vi) (1))
Sl= ¢(Ve)/ ¢(V1:) Si= ¢(Vu)/ ¢(VT)

RI: track-to-shower ratio; RI:shower-to-track ratio




Observables

® go=(9(ve), p(Vu), (v2))=1/3 Vi+aV,+b V.
@ for non-v, sources, a=1/3+b and let R"=R.

o ﬂllX COHSCIV&tiOH assumed
R(b) = —1 +%[1 —(Q31 — Qxn) — 3(Q3, + Q33)b] 7, le — Q31 - Q32’
— -1 +%[1 — fi2—=3fxnb]™, fxn = Q3+ Q1.

¢ for pion and damped-muon sources

3
R, =-1 +§(1 - f12)7,

Ro=—1+2(1=fot+ifn)
y = > fr 2f23 :
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® ;=11, only pion source %

2 [ ] [ ) J

. . Ru-R o * =gt and u, both pion and 3

— — ? . ,/

Sl )

: o damped-muon sources 5

® 9=10% assumed %
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= Parameter Best fit lo range 20 range 3o range -~

£ dm? /107 eV? (NH or IH) 7.54 7.32 - 7.80 7.15 - 8.00 6.99 - 8.18 >

> sin #12/10~! (NH or IH) 3.07 2.91 - 3.25 2.75 — 3.42 2.59 - 3.50 )

" Am?/107? eV? (NH) 2.43 2.33 -~ 2.49 2.27 — 2.55 2.19 — 2.62 ;,

’/_ Am? /107 eV? (IH) 2.42 2.31 - 2.49 2.26 — 2.53 2.17 — 2.61 y

g sin® f13/1072 (NH) 2.41 2.16 — 2.66 1.93 - 2.90 1.69 - 3.13 %

N sin? f13/10~2 (IH) 2.44 2.19 - 2.67 1.94 - 2.91 1.71 - 3.15 s

S sin” f23 /10~ (NH) 3.86 3.65 — 4.10 348 — 4.48 3.31 - 6.37 /

- sin? a5 /10~ (IH) 3.92 3.70 - 4.31 3.53 - 4.84 @ 543 - 6.41 3.35 - 6.63 7

~ §/= (NH) 1.08 0.77 - 1.36 — — %

e 8/= (IH) 1.09 0.83 - 1.47 — — /
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Statistical analysis

& Legend:

x: oscillation
a:decl-n, a:decl-
o ¢ O:dec2-n

e o m: dec2-1




Pion source only

10 7region 30 region




Pion source only

10 7region 30 region




Pion source only
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Pion and damped-muon sources

10 7region 30 region




Pion and damped-muon sources

10 7region 30 region




Pion and damped-muon sources
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Summary

© Astrophysical neutrinos have been observed.
* 37 events detected and more on the way
* cosmogenic events expected
© Flavor transition can be probed.
* (-representation proposed
* flavor-ratio observables defined

* x’-analysis performed



