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Atmospheric Neutrinos :

IcECUBE

e Primary cosmic ray (mostly proton) interacts
P Atmosphere with nuclei in Earth atmosphere and
produces charged particles like pions and

kaons
T e Short lived pions decay into muons and
H
Vu

K
. neutrinos where the muons further decay
into lighter lepton and neutrinos
N
VE
Earth

+ +
S g VR o 2
,LL+—)€+—|—I/6—|—DM

Krishnamoorthi J Layered Structure of Earth: lceCube-DeepCore Brookhaven Forum (04/10/23) 2



Atmospheric Neutrinos :

Cosmic °
ray
Atmosphere
Atmospheric Cosmic ®
mu n Z wannene]

neutrino

.

~12700 km

R

i Up-going

P 4

4 Down-going N\ N,/ N __...--7 Atmospheric
el neutrino
Cosmi/
ray

Image source : Probing particle physics with IceCube. Eur. Phys. J. C 78, 924 (2018)

* [, = \/(R+h)2 — (R —d)?sin?6, — (R — d)cosf,

IcECUBE

Primary cosmic ray (mostly proton) interacts
with nuclei in Earth atmosphere and
produces charged particles like pions and
kaons

Short lived pions decay into muons and
neutrinos where the muons further decay
into lighter lepton and neutrinos

Advantage

o Baseline®: ~15 km to ~12757 km
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https://doi.org/10.1140/epjc/s10052-018-6369-9

Atmospheric Neutrinos :

IcECUBE

e Primary cosmic ray (mostly proton) interacts
10

S U U DO DO with nuclei in Earth atmosphere and
r SPL all direction average v ] produces charged particles like pions and
- u -
I . kaons
‘%10 e Short lived pions decay into muons and
P neutrinos where the muons further decay
ﬂ into lighter lepton and neutrinos
E
"Eu; e Advantage
]
;510 o Baseline: ~15 km to ~12757 km

o Energyrange: ~0.1 GeV to ~TeV

I HKKM: Phys. Rev. D92, 023004 (2015) -

10°

1 1 IIIIIII 1 1 ||||||| L 1 ||||l|| L L |||I||I L L L L1lll
10" 100 10! 102 102 10%
Ey (GeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.023004

Atmospheric Neutrinos :

IcECUBE

== The expected number of events without neutrino oscillation L Primary CosmiC ray (mOStly prOtOﬂ) interaCts
mmmm The expected number of events with neutrino oscillation with nuclei in Earth atmosphere and
mufem The observed number of events in Super-Kamiokande . . .
produces charged particles like pions and

8 ' kaons

E 1000 |~ T

g e Short lived pions decay into muons and

2 _,_I_I_ == neutrinos where the muons further decay

i — %ﬂ into lighter lepton and neutrinos

[

2 500 -

< _...PJ— e Advantage

5

Q2

5 o Baseline: ~15 km to ~12757 km

[}

. o Energyrange: ~0.1 GeV to ~TeV

1
K ¢ 4 '1' e Neutrinos are oscillating
Upward going neutrinos Horizontal going neutrinos Downward going neutrinos
Flight length: 12800km Flight length: 500km Flight length: 15km
Only a half of the expected Only 80% of the expected Consistent with the
number(blue line) was observed number was observed expected number.

Image source: Super-Kamiokande

Y. Fukuda et al. (Super-Kamiokande), Phys. Rev. Lett. 81, 1562 (1998),
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https://www.google.com/url?q=https://doi.org/10.1103/PhysRevLett.81.1562&sa=D&source=editors&ust=1695824625407207&usg=AOvVaw2wtdMUPgL8JF0rpcTpWInc
https://www-sk.icrr.u-tokyo.ac.jp/en/sk/about/research/

Neutrino Oscillation in Matter

IcECUBE

e Neutrino propagation through matter modify the 0.5
oscillations significantly

T I T T T | T T T | T T T | T T T | T T T | T T T | T
L, = 11500 km, cosf, = -0.9, NO
=3 GeV (Core)

Matter Oscillations

e Coherent forward scattering of neutrinos with matter

Vacuum Oscillations

particles ~ - ~7 GeV (Mantle) 1

e Charged current interaction of neutrino with electrons 1;1
~ creates an extra potential for neutrino o 0.2 E
Voo = +V2GEN, ~ +7.6 x Y, x 10714 [_P}_] o o -
g/cmy -

Y;3 — N(ﬂ/(N])+Nr1,) 0 -

2 4 6 8 10 12 14

p denotes the matter density Neutrino Energy [GeV]
+1 (-1) for neutrino (antineutrino)
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Layered Structure of Earth: In the Eyes of Neutrinos

IcECUBE
1.0
0.8 E, =3 GeV
S cos(6;)= -1
? 0.6 1
= 04 e Interaction of neutrino with
= matter modifies the neutrino
0.0 . .
10 15 oscillation parameters
e 2 e Maximal mixing angle
B T B eyt ete b s e e, et T Tt S ) T g oy o Tt =
o R
0.2 8 . .
— In Uniform & Maximum transition
15
ot . Am?sin 20
3 sin20y = ————
L2 Amy,
8

0 Am3; = /(Am2 cos 20 — Apc)? + (Am?2 sin 26)2

0 2000 4000 . 6000 . 8000 10000 12000
Source Neutrino trajectory [km] Detector : o
(Observable probability) Acc = 2V2GrEpN Y,
Am3, cos 203
MSW Resonance Eres = 31

e  MSW resonance (L. Wolfenstein, PRD 17 (1978) 2369) 2v2GgN,
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.17.2369

P(vy—=vy) P(vy, = vy)

P(vy = vy)

Layered Structure of Earth: In the Eyes of Neutrinos

IcECUBE

1.0
0.8 E, =3 GeV
cos(B,)= -1
0.6
04 e Periodic modulation of density (n)
0.2
o — In vacuum n(aj) = N —|_ nl COS de
1.0 15
0.8 n"g
06 °2 e |If frequency of density modulation
R e T e . € ey e S s B equals to the frequency of
°*] — muniform o ° oscillation, resonance occurs
1.0 15
0.8 o -
0.6 - ku)d = Am(n), k= 1,2
0.4 s g
02 8 Ap(R) = %—”g[(cos 20 — 2V0)2 4 sin® 2¢]1/2
o0 0 2000 4000 . 6000 . 8000 10000 12000 a . o . .
Source Neutrino trajectory [km] Detector (Neutrino oscillation frequency in average density )
(Observable probability) (V - matter potential term)
Neutrino Oscillation Length Resonance (NOLR) (Petcov, PLB 434 (1998) 321) or
Parametric Resonance (PR) (Akhmedov, NPB 538 (1999) 25) NOLR/PR Resonance
Parametric effects in neutrino oscillations, Physics Letters B, Volume 226, Issues 3-4, (1989)
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https://www.sciencedirect.com/science/article/pii/S0370269398007424?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0550321398007238?via%3Dihub
https://www.sciencedirect.com/science/article/pii/0370269389912069?via%3Dihub

Layered Structure of Earth: In the Eyes of Neutrinos

1.0 <
-- PREM profile —— In Uniform (14
Uniform density
—— In PREM
0.8 E, =3 GeV L 12
cos(B,)=—-1____ - —
I F10 ™
} 0.6 E
1 g 2
= >
2 2
& 0.41 6 2
]
,,,,,,,,,,,,,,,,,, 3
,,,,,,,,,,, L4
0.2
F2
0.0 T - \ - y - , 0
0 2000 4000 6000 8000 10000 12000
Source Neutrino trajectory [km] Detector
(Observable probability)

e Probability in PREM profile start to differ from uniform density profile, once it sees the density jump

in PREM (Outer core)

e Further deviation of probability in PREM is visible due to NOLR/PR resonance

Krishnamoorthi J Layered Structure of Earth: lceCube-DeepCore Brookhaven Forum (04/10/23)
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Neutrino Oscillogram: PREM and Uniform Density

- P(v, = v,), PREM (12 layers), NO : . P(v, = v,), Uniform, NO 1 P(v, = v,) [PREM - Uniform], NO
[ & ® ¢ | &+ & & & [ o & b & &

20 -

3

O

ui 10}

B

5
e —— :. T PO
-06 -04 : ; ’ -1 -0.8

cose, cose,

[ NOLR/PR ]

[ MSW Resonance ]
Resonance

e MSW resonance is visible in both the Earth profiles

e NOLR/PR resonance only present in the PREM profile

e Difference in the oscillation pattern occurs at lower energy and higher baseline

e Isit possible to infer information about the layered structure of Earth ?

il sy 0 3 ¢ 5
-06 -04 02

cose,
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IceCube - DeepCore

IcECUBE

1 km3 deep under antarctic ice

5160 Digital Optical Modules (DOMs) detect e e ceT.
Cherenkov photons -‘\':"ﬁ AR eerer
Can see upto PeV - scale
. IceCube Array
i /78 |C strings
i A 8 DC strings
i i E | | 60 DOM/str
LRI R RN LU ‘\ DeepCore
Track-like events: Cascade-like events: it
. Source:v,CC . Source:v_CC, v CC,allNC il ]Emenower
$. [324m
DeepCore 2o
2820 m

8 dedicated strings with denser spacing
Optimized for GeV - scale neutrinos
Uses IceCube as VETO for the atmospheric muons

Krishnamoorthi J Brookhaven Forum (04/10/23) 11



Simulated Neutrino Events

IcECUBE

Flux Oscillation Cross section Detector effect

MC simulated events
(1 GeV - 1000 GeV)

Expected events

e  Convolutional Neural Networks (CNN) based reconstruction
e MC sample exposure: 9.3 years (2012 - 2021)
e Filters are applied to eliminate primary backgrounds: random coincidence triggers and muon contamination is < 1%

e Total no. of events ~ 192 k
Refer slide 23 for the considered uncertainties

Krishnamoorthi J Layered Structure of Earth: lceCube-DeepCore Brookhaven Forum (04/10/23) 12



PREM Profile vs. Uniform Density Profile

IcECUBE

Can DeepCore rule out the hypothesis of homogeneous matter inside Earth?

(Motivated by M.C. Gonzalez-Garcia et.al. Radiography of Earth’s Core and Mantle with Atmospheric Neutrinos, PRL 100 (2008) 061802 )

e In both density profiles, Earth mass and radius are kept constant Radial Density Distribution of Earth
. . 14F : | —— 12-layered PREM
e Earth has been considered as neutral (N_ = Np) and isoscalar ( Np =N_) i ' jf E S noRHDEE
. . 12r ot |
o  Therefore electron number density ratio : Ye = Ne/(Np+Nn) = 0.5 : g:-;—-\—|_:g
i i m 10f 219 £3
(only for Uniform density profile) E & g
2 sf 212 £
i [ gl S
Earth Density Layer Boundaries Layer Density Electron Number Density g L = -
Profile [g/cm3] Y, o | : : ‘—\_H_‘
ar | |
PREM 12 Layers 12 Densities Yel (0.4656), YeO (0.4656) b ! !
YeM (0.4957) [ E i
. . 00 10|0(‘) 20|00 30IOO I 40100 SOIOO 60100
Uniform density 1 Layer 5.53 Ye (0.5) Radius [km]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.061802

Probabilities & Their Differences [PREM vs. Uniform], NO

IcECUBE
P(v, = v,), PREM (12 layers), NO P(v, — v,), Uniform, NO P(v, = v,) [PREM - Uniform], NO
25 % 1 25 " 1 25>||]Ijl1
20 20
r 105
£ = s = 1
= o 150 > 15F 7
% 9} S 10
g > (. I
© ui 10 uf 10n :
- L ] —-0.5
5 5 o !
=== . . pelew el e e g 0§ ¢ g jl_1
-1 08 -06 -04 -02 0 -1 08 -06 -04 -02 0 -1 -08 -06 -04 -02 0
coso, coso, cosh,
P(v, = v,), PREM (12 layers), NO P(v, = V), Uniform, NO P(v, = v,) [PREM - Uniform], NO
25 1 25 1 25 b 1
20 20 20 jl
g r ; 0.5
i < 15 < 15 = 15F ]
- . e S i 1P
S ui 10 ui 10 ui 10F .
& r 1
o 5 5 sk E -05
B melepm | | | cemslemmanelee . qu
-1 08 -06 -04 -02 0 -1 08 -06 -04 -02 0 -1 -08 -06 -04 -02 0
cos6, cos6, cosb,
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Expected Event Distributions [PREM vs. Uniform], NO

Cascades Mixed Tracks

Total: 70857 events Total: 60514 events Total: 61213 events

IceCube Workin Progress IceCube Workin Progress

0.0

IceCube Workin Progress

- 400
-0.2 pn -0.2 -0.2
T 300
¢ -040m -0.4 -0.4
s = 2003
=
lé".“ g —0.6 - -0.6 -0.6
—0.g EE -0.8 -0.8 100
]
]
-1.0 -1.0 -1.0 0
4 8 16 32 64 4 8 16 32 64 4 8 16 32 64
Total: 70715 events Total: 60403 events Total: 61230 events
0. 0 IceCube Workin Progress 0 ; 0 IceCube Work in Progress 0 ; 0 IceCube Workin Progress
400
~ =02 -0.2 -0.2
§ g 300
E ©-04 -0.4 —0.4
£ o 200=
e & —0.6 mm -0.6 -0.6
£33
® _ogEm -0.8 -0.8 100
]
|
-1.0 -1.0 -1.0 0
4 8 16 32 64 4 8 16 32 64 4 8 16 32 64
Ereco (Gev) Ereco (Gev) EI’ECO (Gev)

e PREM & Uniform: For true values of all oscillation and systematic parameters
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Distribution of Simulated Event Differences & LLH, NO

Cascades
0. 0 IceCube Work in Progress
| =
g -02 |
< o
0 3 EEE
5 £-04f un CHEs
E N [
EQ --
28 -06 =
g --=.="‘I
w  -08 EoeE
[
L |
1.0— - . . :
4 8 16 32 64
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Total LLH: 0.112
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-0.2
S
¢ -0.4
I N
:IICD
v 0.6
(9
-0.8
-1.0— " " : .
4 8 16 32 64

Ereco (GeV)

0.0

—0.21

-0.4

-1.0
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IceCube Work in Progress

8 16 32
Ereco (GeV)
Total LLH: 0.159
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64

8 16 32
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64
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0 0 IceCube Work in Progress
—0.2 1
—0.41
~0.6 [ n
HE N
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0.8 jum m mEEEN
5 N EEE
H EEE EEE
-1.0"
4 8 16 32 64
Ereco (GeV)
Total LLH: 0.354
0 O IceCube Work in Progress
—0.21
—0.41
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—0.81
[ |
— (G ——

4 8 16 32 64
Ereco (GeV)

N

o

Nprem — Nuniform

|
N

0.03

0.02

0.01

0.00

e Most of the LLH contribution comes from lower energy and higher baselines (core-passing neutrinos)
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(With true values of

(After minimization)
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Asimov Sensitivity to Reject Uniform Hypo. with IceCube-DeepCore

Asimov Sensitivity [o]

12-layered PREM (True) vs. Uniform Density (Test)

e S e e
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-
-
-
———
-
>

-
—_—-

—=
L
=
=
=

IceCube Work in Progress |

1.2 —————r

[ I NO

[ 10

6cp20°
1.1 [——- 6cp=270°
[ J 6cp= 0, 923 =4-7.5c
10 =
09 |
0.8
0.7 |
0.6 Ll '
0.4 0.425 0.45

Krishnamoorthi J

0.475 0.5 0.525
sinZ0,3 (True)

0.55

0.575

0.6

Layered Structure of Earth: IceCube-DeepCore

True hypo.: 12-layered PREM
Test hypo.: Uniform density

Minimized over relevant oscillation and systematic
parameters

Sensitivity depends on neutrino mass ordering

Sensitivity for NO is higher than IO due to the lower
cross section and flux rate of antineutrino

Sensitivity is increasing with 6,

For NO: 923 = 47.5°& O.p= o°
o Sensitivity=1.12 0

For 10: 923 = 47.5°& Ocp= o°
o  Sensitivity=0.76 o

Brookhaven Forum (04/10/23)
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Conclusion

IcECUBE

e Neutrino uses weak interaction

e Atmospheric neutrinos have a wide range of energies and baselines

e By exploiting the neutrino matter effect, one can infer the information about the interior of
Earth

e Using 9.3 years of atmospheric neutrino MC sample, the expected Asimov sensitivity to reject
uniform density hypothesis is 10 for the assumption of NO

Krishnamoorthi J Layered Structure of Earth: lceCube-DeepCore Brookhaven Forum (04/10/23) 18
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IcECUBE

Backup
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Binning Scheme & Benchmark Values of Oscillation Parameters

Matter effect significant at lower energies and higher baselines
Binning optimization is necessary
Reduced the energy threshold down to 3 GeV

Observables Number of Bins Range Step
Energy 20 [3, 100] GeV log
cos(zenith) 20 [-1, O] linear
[0,0.33,0.39, 1] .
PID 3 [Cascade, Mixed, Trackl linear
Mass | g (deg) | 6_(deg) | 6_(deg) | Am2 (ev®) | Am2_(eV® |5 (deg.)
ordering 12 \9€9- 13 €g. 23 €g. LLIPYR m 31 € cp'9€g:
NO (I0) 33.41 8.54 475 7.41X107° | 2.47(-2.47) x1073 0

Using Log LikeliHood (LLH) as a metric

Krishnamoorthi J

Layered Structure of Earth: IceCube-DeepCore
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Statistical Methods

e Following Poissonian LLH

IcECUBE

- . 1 «— (pj—1By)°
Test Statistics (TS) = LLH + Prior pull = ) [~ Aixiln(A) —In(xi)]+5 > =

i€bins jEsys J

x; - Observed value of " bin
\i - Expected value of i*" bin
pj, Dj, and aj2 are the nominal, best-fit, and Gaussian prior of j** systematics, respectively

[ SenSitiVity (to Ieject Uni|0| m hypotheSiS)
(For the [ f PREM)
(LLH LLH ) ( LLH LLH ) assumphon of true

N, \/(ZX(LLHB—LLH4) ALLH = N(+ALLH,2V/ALLH)

LLH1: PREM (Data) — PREM (Theory) LLH3: Uniform (Data)* — PREM (Theory)
LLH2: PREM (Data) — Uniform (Theory) LLH4: Uniform (Data)” — Uniform (Theory)

" Uniform (Data) is generated with the best fit values from LLH2 fit

See: Mattias Blennow et al., (JHEP 03 (2014) 028) , X Qian et al., (PRD 86 113011 (2012)), and Emilio Ciuffoli et al., (JHEP 01 (2014) 095)
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https://link.springer.com/article/10.1007/JHEP03(2014)028
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.113011
https://link.springer.com/article/10.1007/JHEP01(2014)095

Systematic Treatment

IcECUBE

e Flux uncertainties

o  Cosmic ray spectrum
o  Pion & Kaon production uncertainties Barr et al., Phys. Rev. D 74, 094009

e Cross section

o  Axial mass uncertainty for resonance and quasielastic events
o  GENIE - CSMS transition for DIS

e Detector and Ice properties
o  Optical efficiency of the photo sensor
o Ice scattering and absorption
o  Birefringence (double refraction of light due to anisotropy of ice)  Cryosphere Discuss. 2022, 1 (2022)
o  Muon Light Yield (photon propagation in the ice from muons)

e Atmospheric muon scale gaisser et al.+ Sibyll2.1

e Normalization of neutrino event counts

-> In total, about 40 systematics are tested individually; around 20 high-impact parameters are
included as nuisance parameters and kept free in the analysis

For more details, see: Phys.Rev.D 108 (2023) 1, 012014
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https://doi.org/10.1103/PhysRevD.108.012014
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.094009
https://link.springer.com/article/10.1007/s11467-013-0319-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.094003
https://doi.org/10.5194/tc-2022-174

Reconstruction performance

Reconstruction Performance

IcECUBE

Shiqi Yu, DIS2023

- Flat median against true neutrino energy and zenith;
- CNN has comparable resolution to current method, and better at low energy
(majority of sample)

1.251 ’
—— Likelihood median
> .
> 1.001 —— CNN median
o Vv St
2 u CC Likelihood 68%
- CNN 68%
=
F  0.50;
®
2 0.257
’...
G 0.00R= neen]
(8]
Q
E _o.25]
—0.50 IceCube Work in Progress
20 40 60 80 100

Krishnamoorthi J

True Neutrino Energy (GeV)

Layered Structure of Earth:

.Cube Work in Progre
Ibe W it

_ 075 —— CNN median

kS —— Likelihood-based median
g 050 68% of

8 - % of events

0w

g 025

[ V]

2

£ 0.00 o —————
el

% -0.25

v

=

E -0.50

[o]

o

& -0.75 vy CC

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
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Energy Resolution

Energy Resolution for v, CC

Energy Resolution for ve CC
£ S 1.0
B 1.0 —— Likelihood median = —— Likelihood median
ge —— CNN median g 0.8 —— CNN median
gs 0.8 Likelihood 68% I Bt Likelihood 68%
g 0.6 CNN 68% g ' CNN 68%
sl € o4
5 04 5
: E 02
© ©
§ -02 § %2
e -
8 _o4 @ —0.4
s ! IceCube Work in Progress w IceCube Work in Progress
20 40 80 100 20 60 80 100

True Energy (GeV)

True Energy (GeV)

Resolution of energy reconstruction as a function of true neutrino energy
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Zenith Resolution

Cosine 6, Resolution for v, CC

P

1
)
)
a |

~ SN Y R RIS a2 m B

-0.2 P Nao~Y A 2 2ndh | v w9y

Resolution
reconstruction - truth

IceCube Work in Progress

20 40 60 80 100

True Energy (GeV)

Resolution:
reconstruction - truth

ICECUBE

Cosine 6,e, Resolution for v, CC

"
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LRSS

4 1 X
b /\,"’\\,‘r LA i 2 i
W A R
IceCube Work in Progress
40 60 80

True Energy (GeV)

-0.4 " \»/'\v'\/l\

Resolution of zenith reconstruction as a function of true neutrino energy
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Layered Structure of Earth: In the Eyes of Neutrinos

IcECUBE

0.5
0.4 Ev.= 3 GeV
E’ 0.3 cos(6;) = -1
2
2 021 e Periodic modulation of density
0-11 — In vacuum —
00l = . . . | , . n(x) = n + ny cos wqx
0.5 15
0.4 1 rg
Fo3 e o If frequency of density
R e e 5 2 modulation equals to the
0.1 8 . .
— in Uniform ) frequency of oscillation,
v resonance occurs
& _ = _
10§ kwg = An(n), k=1,2..
: 81 Ap(R) = %—”g[(cos 20 — 2V0)2 4 sin® 2¢]1/2
o 0 2000 4000 6000 8000 10000 12000 N _ o . .
Source Neutrino trajectory [km] Detector (Neutrino oscillation frequency in average density )

(Observable probability)

e  Neutrino Oscillation Length Resonance (NOLR) (Petcov, PLB 434 (1998) 321) Or
Parametric Resonance (PR) (Akhmedov, NPB 538 (1999) 25) NOLR/PR Resonance
° Parametric effects in neutrino oscillations, Physics Letters B, Volume 226, Issues 3-4. (1989)
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e Probability in PREM profile start to differ from uniform density profile, once it sees the density jump

in PREM (Outer core)

e Further deviation of probability in PREM is visible due to NOLR/PR resonance
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