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Look inside of the Earth using neutrino

® Neutrino has perfect features as a probe for
investigating inside of the Earth

® |t interact with matter in two way

® Matter effect of neutrino oscillation — see
talks In tomorrow sessions

® \WVeak interaction with matter (some
neutrinos are absorbed by the Earth)

® [his analysis detects absorption of neutrino by the
Earth

® \We use atmospheric and cosmic neutrinos.
Atmospheric neutrinos are generated inside
atmosphere, while cosmic neutrinos are

directly fly from cosmic sources such as
Active Galactic Nuclel(AGN).

® Atmospheric muons are main background
events
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Why we use atmospheric or cosmic neutrinos

. 180 deg
|, Multi-energy spectrum 160 deg

® Matter thickness of the Earth varies as a
function of arrival zenith angle of
neutrinos, thus sensitive energy for
absorption varies too. Atmospheric or
cosmic neutrinos have continuous
energy spectrum and we can just select
proper energies to detect the deficit. 100 deg

140 deg

120 deg

2. Avallable anywhere on the Earth

® \/\e assume cosmic neutrinos are

uniformly distributed /.1 PeV
480 TeV
® [or atmospheric neutrino model we use 150 TeV

Honda flux 49 TeV
35 TeV

*Energy of neutrino which interaction length is equivalent to the total matter thickness (column depth)
along the neutrino's trajectory, with different arrival angles at detector. Assuming PREM Earth Model.
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Why we use atmospheric or cosmic neutrinos

Astrophysical 160 deg 180 deg

Conventional Atm.

Prompt Atm.

Muon-Template
— Sum
Exp. Data

Absorption
@ core

102 10° 10*
Muon Energy Proxy / GeV

R.Abbasi et al Astrophysical Journal 928 (2022) 50
Improved Characterization of the Astrophysical Muon—neutrino Flux with 9.5 Years of IceCube Data



lceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice
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lceCube Sensor — Digrital Optical Module (DOM)

® Optical sensor Is facing down,
sensitivity has zenith dependence

® Also bubble column affects to
the sensitivity

® Bulk ice has layered structure

® \We calibrate these effects using
LED lights attached to the main
board

direction of photon

—
o

direction of photon

relative sensitivity

[ceCube "hole ice"

) — IceCube nominal
10

J

-1 -08-06-04-02 -0 0.2 04 06 08 1
cos(n)

Vel

Bulk Ice
Scattering
and
Absorption
length
varies as a
function of

depth

Bubble Column
(scattering length of [photon is
smaller than bulk ice)
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Science with lceCube

Searching Neutrino from a

Source

~300 TeV neutrino located within less
0.1 degrees from TXS0506+06 blazar
(September 22,2017)

HESE (7.5y Full-sky)
Phys. Rev. D 104, 022002 (2021)
Inelasticity Study (5y, Full-sky)
l’hysﬁ Rev. 1D 99, 032004
Cascades (6y, Full-sky)
Phys. Rev. Lett. 125, 121104 (2020)
This work: Through-going Tracks
"~ (9.5y, Northern-Hemisphere)
ANTARES Cascades+Tracks
(best-fit: 9y, Full-sky) PoS(ICRC2019)891

flavor , 2~ xy— )
/1078 GeV Tem 25 Lsr !

easuring Power Law

v, per
J0TeV

; : : 2023 3. 3 S Spectral Index of Energy and
il ‘ ‘ H $ l § : 83 1 & - lux for Cosmic neutrino
P 3 Es : > E ; .: ; H . : Spectral In_ciex YSPI
TR E £ . B Astrophysical Journal 928 (2022) 50
. f 388 B OE

Measuring Neutrino’s Cross And More..

Section
Two analysis has been published,
updated analysis are in preparation

® (Cosmic Ray Physics

® [Dark Matter

-= Neutrino

~&- Antineutrino

® Beyond Standard
Model

— Weighted combination

— This result
= [C2017 [NO] (this work) v SKIV 2015 [NO]
- MINOS w/atm [NO] NOvA 2017 [NO]

T2K 2017 [NO] atite,

0,/E, (x107%8 cm? GeV")

Measuring Neutrino’s
Oscillation Parameter

using Deep Core
Phys. Rev. Lett. 120,071801

3.5 4.5
log[E, (GeV)]

Nature, 55 :596-600 (2017)
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Measuring density of the Earth using Atmospheric neutrino events

® Majority of events collected by IceCube are atmospheric
neutrinos

® More than 30000 neutrinos that pass through the core region
may be observed in 2010-2020 season (above TeV)

® For most of analysis they are treated as “background’’, but can
be used for measuring Earth’s core density

® Need precise control of systematics

® Assume Standard Model neutrino cross-section based on
HERA PDFs* which has £1.5% uncertainty in the measured
energy range (smaller than other sources considered here)

*Cooper-Sarkar, A, Mertsch, P & Sarkar, S. The high energy neutrino cross-section In
the Standard Model and its uncertainty. |. High Energ. Phys. 201 1,42 (201 ).
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Using layered structure for Earth model
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Checking performance of the analysis — Asimov lest

making expected bin count from PREM model simulation

prem expectation(mu)
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Calculate arrival flux of neutrino at detector using NuFATE*

* NUuFATE is a program that calculates arrival flux of neutrinos after

total number of atoms x has been traveled through. .
Eigenvalues

/

arrival flux
number of target atoms

Eigenvectors

Eigenvectors and Eigenvalues depend only on cross sections and energy nodes, therefore
can be calculated at the beginning of run.

in addrtion to cross section and energy
nodes, so as long as the primary flux is fixed, it can be calculated only once a run.

Gliving the total number of target x we get arrival flux. In fact NuFATE returns the ratio

between primary flux and arrival flux, which corresponds attenuation factor.
[t Is fast enough running in the fitting loop, but we used NuFATE to generate attenuation

table in order to speed up the program even more.

*https://github.com/aaronvincent/nuFATE
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2D attenuation table (generated with NuFATE)

log10(energy) 3.000000

. 1.00 1 —e— interpolation
attenuation for astro, gamma 2.300000 —— table values
7 1.0 0.98 -
§ 0.96
L=
6 - -0.8 £ 0.94
—_ 7
> £ 0.92
(@) ©
0 2 0.90
c
v 0.88 -
'
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g’ total colum depth[g/cm2] lelO
3 .
log10(energy) 5.000000
1.0 1 —e— interpolation
2 : : : —— table values
8 9 10 0.8

loglO(total column depth)

Minimum column depth corresponds 200km ice
Maximum column depth corresponds the
longest path of Indium(22.56g/cm3) Earth

05 1.0 15 20 25 3.0
total colum depth[g/cm2] lelO



Parameters for fitting

Physics parameters are :
ol and p 2 .. averaged densities of each layer

However, while the fitting process we have to take into account of
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® Frror of normalization of atmospheric flux

Crror of normalization of prompt flux
Crror of normalization of astrophysical (cosmic) flux

—rror of power law spectrum of cosmic ray (affects to atmospheric and
brompt)

—rror of power law spectrum of astrophysical flux
Ratio of components in cosmic ray (kaon, pion, neutrino, anti-neutrino)
Error of DOM efficiency — acceptance of Cherenkov light at DOM

Ice Properties — ice Is not uniformly transparent, because this Is natural ice.
In addition, bubbles generated during deployment of DOM affects angular
acceptance of DOM.



* multiplied as scale parameter for each bin while fitting loop
(linear interpolation Is used)
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DOM efficiency table (ratio to nominal value p=1.27)
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hole Ice table
(ratio to nominal value -1.0)

* multiplied as scale parameter
for each bin while fitting loop
(linear interpolation Is used)
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0.34(14-1.5x3/2)+p1- x(x>-1)% + py-e10x(@=1.2))

p1 = 0.30, p2
p1 = 0.30, p2
p1 = 0.30, po
p1 = 0.30, po
p1 = 0.30, po
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using 37 4million simulations each, may be increased x10
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Results from 100 Asimov lests

Scaled for 11 years of IceCube data

asimov test 100 trials asimov test 100 trials

B mantle(fitted)

mm core(fitted)

1.0 1.2 1.4
density [kg/m3]

density [kg/m3]

Systematics studies are still ongoing
* Atmospheric spectrum will be updated with new MCEgQ* program

*Error of bulk ice properties are not included in these plots

*https://github.com/afedynitch/MCEq
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Results from 00 Asimov Test

Scaled for 11 years of IceCube data

x104mean of fitted densities of asimov test 100 trials

—— PREM
4 Mean of fitted density

asimov test 100 trials
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Y-axis error bars represent standard deviations of fitted densities of 100 trials

Systematics studies are still ongoing

* Atmospheric spectrum will be updated with new MCEQ* program

*Error of bulk ice properties are not included in these plots

https://github.com/afedynitch/MCEq
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Comparison with the past analysis

Andrea Donini, Sergio Palomares-Ruiz, and Jordi Salvado
“Neutrino tomography of Earth” Nature Phys. 15, 37 (2019)

—— PREM model

All events - Max 1D pos.

nner core
OQuter core

, Atmosphere

IceCube lyear data

+

3

T T T T T T
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o v mean of fitted densities of asimov test 100 trials
E®°>15Te
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<4 Mean of fitted density
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*Nnner core

Atmosphere

Py

density [kg/m3]

Asimov test scaled 1 year

0 1 2 3 4
radius [m]




K.Hoshina, MMTE 2022 @Snowbird |9

Summary

* Performance of measuring Earth’s core and mantle density using lceCube

| | years data Is presented with Asimov lest under current knowledge of
systemic errors.

* Study of systemic errors will be updated in next 6 months, and the

new systemic errors and atmospheric model prediction may decrease
the error bars.

* Using the same analysis framework and assumed cross-section, the
performance for | year lceCube data Is estimated for comparison with
the published results by Andrea Donini, Sergio Palomares-Ruiz, and Jordi
Salvado. The simulation set, event selection, and analysis programs and

binning Is different from their result, but the size of error bars looks
consistent with their study.
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backup



Attenuation of atmospheric spectrum
with PREM model for SAME number of targets TARGETS

atm flux attenuations for different zeniths
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*  We initialized two nuFATE objects with different zenith angles, but fed the same number of
targets (number of atoms) because this parameters can be calculated easily on the fly.

* The effect is less than 1% and much smaller than other systematics, thus | ignored the zenith
dependence of the propagation weight.We calculate the propagation weight with 145 deg at
the beginning of the run, and use it for all zenith angles.
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Deviation of propagation weight of atmospheric neutrinos
when we change primary cosmic-ray gamma parameter

atm flux cr_index = 2.65+dgamma, 180 deg
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* usually we take within 0.05 for deviation of gamma, thus the effect is negligible.
Same situation for prompt flux either.

* highest energy point is fixed, need to use proper energy range for actual analysis
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Deviation of propagation weight of astrophysical neutrinos
when we change the gamma factor of the power law

astro flux gamma=2.300000+dgamma, 120 deg
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* Astrophysical flux have wider range for delta gamma, but still 1% effect below 100 TeV.

* For this analysis(below 100TeV) astrophysical flux is not dominant and the effect to
the final fitting is smaller than other systematics, thus this effect is ignored. For higher
energy, though, | reccommend to treat the issue properly.
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otal column depth : PREM vs 2-layers model

Difference of total column depth between frue PREM and 2-layers

flat density model at core region is 5%. At larger cos(zenith) anyway
Earth is transparent for atmospheric neutrinos, so the effect due to
simplifying the layer structure will be less than the statistical error.

lelO

1.0 —— average column depth of PREM inner earth
~ —— average column depth of two innerlayer earth
E 0.5-
o

9:9: \

—— ratio two innerlayers / PREM

~1.0 ~0.9 ~0.8 —0.7 ~0.6 —0.5 —0.4
cos(zenith)
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it results vs number of layers

— Prem * 4 layers : no separation

4 average

* 3and 2 layers : | sigma or more it
systematics Is perfectly understood
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It results vs energy ranges

—e— error bin 0
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*Reducing energy ranges helps...

Set ID 3 * Shrink simulation size
loglOE = (3.4, 4.6)

o
0

* Avoid using unknown sources at high
energy end (uniform diffuse assumption
may not be true)
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* Avoid lower energy data pulls fit results
-1.0 -0.8 -0.6 -04  -0.2 .' :
cos(zenith) when systematics are not fully understood




