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Astrophysical Neutrino

Source: AGNs, Blazer, GRB

Energy: 1011 — 10%V

+rsource: " > ut +uyiut ety +v,,9W,) P, ) =1:2:0
4+ u source : P(v,) : pv,) : p(v,) =0:1:0

+nsource:n —> pt+e +i,;P,): Pp,)  Ppv)=1:0:0



Oscillation ot Astrophysical Neutrinos

U, Uel Ue2 Ue3 U
Ve v g U, U [’/1 Pop= 2 Vsl
Ll — ul U2 u3 2 i
\,e \lL- “r UTl UT2 UT3 &
PMNS mixing matrix
U — U(923)U(913, 5CP)U(612)
¢(De) Pee Peﬂ PBT ¢O(De) 7T Source: ¢e : ¢/4 : ¢T — - [PRD,59,023002]
¢(U,u) — Pe,u P,u,u le- ¢O(U/,t) M Source: ¢6 : ¢ﬂ : ¢T — O : 1 : O [PRL,108,231101]
¢(I/T) PeT P/“. P,n. ¢O(I/T) n Source: ¢e : ¢//l = ¢T =100 [PRD, 82, 023003]

P ool Por B s P are relevant



Current Status of Oscillation Parameters

Normal Ordering Inverted Ordering
A
m2 — Normal Ordering (best fit)
Mass Ordering: — =B=2 30 range
i P ik s g | sin® 61 0.308+9012 0.275 — 0.345
IgN O A3 ; 3 | 012/° 33.68+073 31.63 — 35.95
()
S | sin? a3 0.47019:917 0.435 — 0.585
@)
ol Am32] <0 é 023/° 43.3% 573 41.3 — 49.9
) =
ez_”ig-y Q sin? 0,5 0.02215+2-09056  0.02030 — 0.02388
= ] " 2 7| 013/° 8.561011 8.19 — 8.89
My =
i) o
Value of 0 ! ) — ) 2 | b/ 212726 124 — 364
_: &N
O 2
by Uu g 10A—75n§/2 7.4910-19 6.92 — 8.05
ps://doi.or . ps 2
https://d a/10.3390/psf2023008007 1OA_TZ</2 +2513i—88§£1) +2451 . +2578
Octant of & : :
23 Higher Octant( > 45°)
Lower Octant( < 45°)



https://doi.org/10.3390/psf2023008007

LMA-DLMA Solutions ot 6,,

DLMA HDLMA 90 == HLMA, [de Gouvea, Friedland, Murayama, Phy.Lett.B. 490(2000)]

Degenerate solutions for sinf,,
Large mixing angle (LMA):sin6,, ~ 0.3

Dark-LMA (DLMA): sin 0;, ~ 0.7

The DLMA sol is rejected from solar
data for standard neutrino oscillations $in’0 $in’0

SOL SOL

Source: Miranda, Tortola, Valle, JHEP. 10 (2006) 008.

In presence of NSI, DLMA-LMA degeneracy gets revived

Probability Invariant: As; — — Ayy; sinby, — cos 0,9;0cp = 180" — Ocp;€,, > —€,, — 2
[Coloma, Schwetz, PRD 95 079903 (20|7)]




Degeneracies in P,

_1 B0
2,84 _ ’.\\ ,\(0 Pep |
i‘ N T[]aA P 7 '16: |
2.66 ~ - o\
270 DEIY :
2.49 %4‘3' RN <E /
{2.31 o ““55 2 _
180° s [ N = |
12.13 ‘OU "o%\\ _ ]
: 1.95 | < ~ -~ ” _
90 N /—
1.77 //)l'B/ RN \\ 05%‘0
1.59 N (T
10 42 44 46 Ags %p
0,; [°]
= =) 5 ) 350) . 0 . : 2 2)
= [5 s1in“ 20, cos” 6,3 + sin” 05 SIn” O,5(2 — - sin“260,,) + = sin 20,5 sin 0,4 sin 26,, cos 20,, cos 5CP] cos” 03

Fixed 6,5: P, 5(015"", 8cp) = P,s(0"4,180° £ 6cp); A-A’,A’-B,A-B’
I B0 oo P (0000, EE

Ocp = — Ocp; Within LMA and DLMA solutions; A-B, A’-B’



Degenerate Solutions

AP,z = P,;(0,,) — P, 590" — 0,,) For Degenerate Solutions: AP, = 0
AP,, = AP(sin” 03 sin° 0,3 — cos” 03), AP, = AP cos 20,5(1 + sin” 6, 3)

AP, = AP,AP, = — AP AP = sin20,, cos 20, sin 6, cos* @, sin 265, cOS Sp

* [. AP =0 tor o-p = 90°,270°
e II. AP =0: At fixed 6,5, 55 = 180° — 55M4

e TIL AP = 0: At fixed 5.p, sin 62 + sin 6 = 0 = > 6L = 360° — 62
M, co8 Spp(sin” 0%, — sin 0% sin 02 + sin” 053) + M, (sin 055 — sin 605)) + M, cos 5qp = 0



IceCube Neutrino Observatory

La bdratory

l’ ’

3
Amundsen-Scott
South Pole

Station
Antarctica

Digital Optical Module
DOM 2820 m
86 strings

5160 optical sensors

Eiffel Tower 324 m

bedrock > A :

Detection of atmospheric, astrophysical v
Searches for sterile neutrino
Determination of oscillation parameters

COSMIC

ray
\ Atmosphere .
COSMIC
b IceCube

o neutrino
X <

.\‘ ' o muon
atmospheric | £ /
muon ' A, |
A i *
: AN
v £ | | X

¥ upgoing /N OJIET ,
T down-going . Cherenkov light detection
* atmospheric , 2] modul
neutrino n optua modules

COSMIC /

ray Source: Prog.Part.Nucl.Phys. 102 (2018) 73-88

Penetrator
PMT Base
HV Supply
LED Flashers
Main Board

Delay Board

Waist Band
Pressure Sphere

Mu-metal cage

Silicone Gel
PMT Photocathode
IceCube CEY-
DOM Component identical DOM

Component eliminated
Component redesigned




Analysis of Flavour Ratio (R)

Category Events (E>6O TCV) Category Cascade Ir aCk Double Cascade
-~ . Total 72.7% (Pc) 23.4% (Pt) 3.9% (Pdc)
Nu_e 56.7% 9.8% 21.1%
Track I
Nu_mu 15.7% 72.8% 14.2%
Double Cascade < Nu_tau 27.6% 10.5% 64.7%
Total 60 Muon 0.0% 6.9% 0.0%
04
track 17—-1 PtZa Pidq
== - —~ 0.372 R = : -
shower 4142 P, Za DPPat B Za PiPa
2
0 [Rexp R(Hl 9 5CP)] (1 = Rexp)Rexp
e = o = N: Total no of events
2 EXP
Ocxp \ N



Sensitivity to LMA/DLMA Solutions

7 Source: Lowest y” at

upper octant of 0,,, best fit

excluded at y* = 1.7(2.4)
for LMA(DLMA).

1 Source: y* = 0 region,
best fit prefers LMA.

n Source: Least favoured,
prefers lower octant, best
fit excluded for LMA

(DLMA) at y* = 7.9(6.5).




Remarks

= Degeneracy of 6,, is with 6,5 and 5.
= [ceCube Data cannot break this degeneracy alone

= Knowing the 6,;, 6.p from other experiments will help in removing the
degeneracies between LMA and DLMA solutions

= Can be looked into using new high energy neutrino data and also add
atmospheric neutrinos in the analysis
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