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Overview of the Talk :

Introduction

Multi-messenger Earth Tomography

PREM profile of Earth and Seismic measurements

Motivation for Oscillation Tomography

Matter effect on Neutrino Oscillation - sensitive to chemical composition(Z/A)
Multi-detector location in terms of LLSVP?

Sensitivity Calculation for Hyper-K like detector(work in progress!!)
Conclusion

© Nk WN R

CMB: not Cosmic-Microwave Background!!
IC: OC:
LLSVP: now called LLVP
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Introduction : PREM profile of Earth, composition

Mass, Moment of Inertia of Earth S -

Use seismic waves from earthquakes
These are mechanical waves of

Gravitational Measurements
e Gravitational interactions

¢ Information on Earth's total mass A e’/i'..gu acoustic energy that travel through
I or over the Earth

v :
Multi-Messenger e Reveal the internal structures and

#

and moment of inertia

P identify large-scale variations in
y Ef—.ll’th matter density and properties
Density of Earth Tomography
(o Neutrino Oscillation Tomography
_— Weak interactions

Coherent forward scattering of low-
energy (MeV-GeV) electron neutrinos
with ambient electrons

e Modify neutrino oscillation patterns

Neutrino Absorption Tomography
e Weak interactions
e Absorption of high-energy
(TeV-PeV) neutrinos

Composition of Geoneutrinos l
’ e Brings crucial information about the mantle
Ea rth S CrUSt e Disclose information on the radiogenic
contribution to Earth's heat budget Focus of
this Talk !!
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Seismic Measurements :

waves from earthquakes
ucing ceismograme recorded

i ceismometer

S waves

RN
D)
',""'f‘&foeof‘f‘fo,

S Wave iii"“:“;" o
Wz
Z

Particle Motion

Geologists study ceismic A

P-waves

Amplitude
L F

S wave shadow zone - 154" \

S-waves

Surface waves
AL Aedih

|

Time

P waves

P waves‘thayaed through the core
From S, P wave studies we inferred the Earth’s Core is liquid U
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Preliminary Reference Earth Model(Density Profile):

Earth's Density Profile and Structure (PREM)

Earth's Layered Structure Densityvs.Ratius

=
o S R T S
K |
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g | |
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4
2 e e S T S
| Inner ! H ! H
| Core i Outer Core | | Mantle | Crust
% 1000 2000 3000 4000 5000 6000

Radius from Center [km]

** Preliminary Reference Earth Model(PREM)/ Authors: Adam M. Dziewonski and Don L.Anderson (June 1981) U
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Motivation : Can we identify the chemical composition of the inner Earth?

Rock (SiOz): ZIA=
0.4691 (typical Earth crust)

Iron (Fe): ZIA=
0.4633 (Earth core)
Water: Z/A=0.5000

(pure water)

LLVP composition (likely):
- Oxygen-rich silicates

- Iron oxide rich

- ZIA=0.465-0.475
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Figure: Spectrometry of the Earth using Neutrino Oscillations

10

** Rott, C., Taketa, A. & Bose, D. Spectrometry of the Earth using Neutrino Oscillations. Sci Rep 5, 15225

W:ﬂdoi.orgﬂ 0.1038/srep15225

~

Neutrinos passing
through different
layers of Earth
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Motivation : Can we infer 3D Earth structures using Neutrinos?!

Global maps of the LLSVPs Seismic shear-wave velocity anomalies (6Vs)

African LLSVP

LR

; Hawaii * 8 \
. ~\§ SN
v 160°E Ohaoe w'sen

v, -'Louisville
,+* (Ontong Java)

Hotspots o .

1 Azores 6 Samoa &= y g 0.8

2 Madeira 7 Cook-Austral E— ’ ofe

3 Cape Verde 8 Society Island 0 Pacific LLSVP
4 StHelena 9 Marquesas 0.8

5 Comores 10 Pitcairn 1.6

** Doucet, L.-S. et al. (2020). Nature Geoscience, 13, 511-515. doi.org

**A Large Low-Shear-Velocity Province (LLSVP) is a massive, continent-sized region in the Earth’s lowermost
mantle, beneath Africa and the Pacific, characterized by anomalously slow seismic shear waves. u
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Matter effect on Neutrino Oscillation:

Ve, = £V2GEpNe (4)
Vyel — —/2Gp Ny, /2 (5)

These affects the total hamiltonian of the system!

: Probes composition in core/mantle
Now, N can be re-written as: /
. . % Probes matter densit
I\/Ieasured in neutrino .Ne(r) - —(r % p(?’) % [ ((\){)
oscillation patterns A m_

where, N4 is the Avogadro numbper, p is the mass density, and % is the
proton-to-nucleon ration defined as:

VA Zi
A =Zwij (7)
i 1

where, Z;, A; and w; are respectively the local atomic number,
standard atomic weight and weight fraction of element i of the
material. So, different ZZ{ will generate different oscillation pattern!

//\ Z Z Z Z Z >4 Z Z Z v L Z i iz - & &

o Ve

(a) Charged current
interaction via W boson

Ve Uy Vs Ve, Vi, Uy

e pn e .pn

(b) Neutral current
interaction via Z boson
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The Hyper-K experiment is expected X Hyper-Kamiokande

to provide competitive sensitivity at Design Report

the energy scales relevant for (Dated: November 30, 2018,
https://inspirehep.net/literature/1672899

tomography study

The Hyper-K Collaboration has identified
tomography as one of their scientific targets.
Sensitivity study has been focused on light

2 3 ~
Amgy 0813 v ey [ 458/oM ( =3 GeV (core) elements in the outer core.
2V2Gr N, p 2.4 x 10-3¢V* = 7 GeV (mantle) Joxiie

- Resonance energy for enhanced neutrino oscillations in matter :

Eres =

5
: :
for neutrinos if Am2,, > 0 / antineutrinos if Am?2,5 < 0 BT X
- depends on the neutrino mass hierarchy - not yetmeasured... S ! | WK
g
**Probing the earth’s interior with neutrinos, Veronique et al. 2021 §  H P T
- e Se— ?9
We are using Atmospheric Neutrinos(2-10 GeV) for our gl e o :
Tomography study Fieey
Hydrogen content [wi%c] 9 2‘0 4.0 §0 BIO 190
This is NOT a Hyper-K collaboration talk!! gen comt ] 0100
e ;.
UNIVERSITY

OFUTAH ¢



Public Oscillation frameworks :

1. NuCraft data to generate the oscillograms: I
https://nucraft.hepforge.ora/

2. PISA - Public oscillation package, originally developed by
the IceCube collaboration > Uses symmetric/1D Earth Model
https://github.com/icecube/pisa

3. EarthProbe from APC tomography group,
https://qgitlab.in2p3.fr/apc-tomography/earthprobe J

4. OscProb(base neutrino propagator for EarthProbe), »  Uses 3D Earth Model

https://qithub.com/joaocoabcoelho/OscProb
i

wilearr PISA W
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€0S 6z, true

Example Oscillograms from PISA:

Oscillogram for nue_cc Oscillogram for nue_cc
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Example Oscillograms from PISA:
Difference in Oscillation Probability for NUE_CC

True Cosine Zenith

1.00

0.75 A1

0.50 A1

0.25 1

0.00 A

—0.25 1

—0.50 A

—0.75 1

-1.00

- —

1

2

4

8 16 32 64 128 256 512
True Neutrino Energy [GeV]

0.02

-0.01

- 0.00

- —0.01

—0.02

Difference in P(NUE_CC) (59-layer - 10-layer)

Here, | took the difference
between two different PREM
layers. However, if | would have
fixed the PREM layers but varied
Z/A value, that would be
interesting to see.
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Example Oscillograms from Nucraft:

Oscillation Probability (v = ve) | Ye =0.4680

Oscillation Probability (v, = ve) | Ye = 0.4550
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Example Oscillograms from Nucraft:

Difference in Oscillation Probability

This is the probability difference

CMB

6.56
’ —  between two oscillograms for two
N <2 different Z/A(outer core), 0.4680 &
: " 0.4550(randomly chosen).
, g With numu - nue channel
{ 1.64 E
S of &
S | 5
= 000 &
2 g
L £
164 @
4 s
3.285
. &
:-4.92
/
-6.56
11.0 :—0.8 -06 -04 -0.2 0.0 u
Cos(67)
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Energy (GeV)

Earth Layers Affecting the Oscillogram — Uniform Earth

Uniform p=5.51 g/cm?

e
R
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Earth Layers Affecting the Oscillogram — + Crust & Ocean

1.0 Crust + Ocean at real PREM densities

0.8
%) B 0.6 /\1
2 S
> T:_
g =
c -0.4 &
L
0.2
0.0
NH (NUFIT 6.1) | 1D PremModel CcOoSs ez
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Earth Layers Affecting the Oscillogram — + Upper Mantle

Upper Mantle + Crust real

Energy (GeV)

NH (NUFIT 6.1) | 1D PremModel cos eZ
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Earth Layers Affecting the Oscillogram — + Lower Mantle (Full Mantle)

Full Mantle + Crust real

Energy (GeV)

NH (NUFIT 6.1) | 1D PremModel cos 6,
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Earth Layers Affecting the Oscillogram — + Outer Core

Outer Core + Mantle + Crust real

Energy (GeV)

NH (NUFIT 6.1) | 1D PremModel COoS 62
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Earth Layers Affecting the Oscillogram — Full PREM

All layers at real PREM densities (prem_44layers.!

Energy (GeV)

NH (NUFIT 6.1) | 1D PremModel Ccos 92
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Moving to 3D Earth in OscProb :

6000
4000 1

2000+

Y (km)
o

—2000 A

—4000 4

2D Earth Density Cross-Section (Equatorial)

—6000 -

Inner Core

Figure: Modified PREM model with 15% density anomaly near the CMB(core mantle boundary)
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Density (g/cm?)

12 4

10 A

Corrected 1D Profile: LLSVP Anomaly vs. Standard PREM

——- Normal Mantle (Background)
— Slice through LLSVP (+15%)
----- CMB (3480 km)

0 1000

2000 3000 4000 5000 6000
Radius (km) [Center = 0]
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Moving to 3D Earth in OscProb(multi-detector positions) :

Baikal-GVD ORCA

0 ‘ A
JHMBTI*

African
LLSVP

Components & Detectors
Earth Surface

Core-Mantle Boundary

Inner Core

LLSVP Structure

« Path ¢ =0"° (no LLSVP)

Path ¢ =225° (African LLSVP)
Hyper-K (36.4°N, 137.3°E)

I

o> |

THEu

Pacific DUNE (44.4°N, 256.2°E)
LLSVP ORCA (42.8°N, 6.0°E)
IceCube (-90.0°N, 320.4°E)
JUNO (22.1°N, 112.5°E)
@ Baikal-GVD (51.8°N, 104.4°E)
19
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Moving to 3D Earth in OscProb :

A

Earth Model Legend
I [nner Core
Outer Core
B LLSVP Material
% Hyper-K Detector
A

African
LLSVP

Utah Location

X-Axis (Lon 0°, Lat 0°)
Y-Axis (Lon 90° E)
Z-Axis (North Pole)

Pacific
LLSVP
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Neutrinos travelling through specific region of Earth :

Neutrino path, phi=270 deg

$=270"

African
LLSVP

Simulation Components
Earth Surface
Inner Core
LLSVP Structure
Hyper-K Detector
Path ¢ =0° (not touching LLSVP)

Path ¢ =270° (just touching African LLSVP)

Pacific
LLSVP

| |11

THEu

AR UNIVERSITY
g 7 % 7 z 5 7 7 7 5 7 2 7 7 7 7 Z Z < < & OF UTAH 24




Oscillograms generated using OscProb(for 3D Earth) :
Recent oscillation parameters from NuFIT 6.1(http://www.nu-fit.org/?g=node/309) with Normal Mass Hierarchy

Neutrino Energy E, [GeV]

Oscillogram with LLSVP Earth Model

-1.0 o 2 0.0
Zenith Angle cos6,

Neutrino Energy E, [GeV]

10 Oscillogram with Standard Earth Model

1.0

1 '’ e e
-1.0 i 0.0
Zenith Angle cos 8,

phi(azimuth) = 225 deg

With LLSVP

w/o LLVP
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Difference seen in the oscillograms :

Fixed Azimuth Angle

/

Aslice shows a focusec  Fixed Azimuth Angle

longitude sector (¢) eyt
VS. an average cone. ¢ = 225° Slice

e Haveto add area search for the
sensitivity of the specific region!

Neutrino Energy E, [GeV]

Difference in Oscillogram(LLSVP - w/o_LLSVP)

- Core

0.020

0.015

I 0.010

- 0.005

I 0.000

AP(v, = vy)

- —0.005

-0.010

-0.015

-1.0

0.6 —0.4
Zenith Angle cos6,

-0.2

-0.020
0.0
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We assume a Hyper-K like Sensitivity for this data set :

detector with the following Sensitivity Projection — HK (phi=225 deg)
. - HK Sensitivity :
performance: T i
L751]..... Required Exposure
Spectral weighting: ~ E™'
Energy Resolution: o /E=5% 8
e AngularResolution: 29 = 5°/\/EGeV el
e  Significance (o) = V[y“| 5 : 7s (1.56 Mton-yr)
e  Plots the cumulative significance § R (0 i ot s & et B T e e Y
(o) as a function of Exposure @
(Mton-Years). 8 075
e  Forafiducial mass of 0.187 Mton =
the atmosphericv event o
considered is 22,145 per year, o2
Note: Current normalization
reflects total global rate; upgoing OIS | . |
v, specific scaling is ongoing. 0 : 2 3 4 5

Exposure [Mton - Years]

—> Modified PREM model with 5% density anomaly near the CMB (Core-Mantle Boundary) u
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Other Interesting Tomographic studies for Hyper-K(from Carsten’s Talk at Neutrino Geoscience 2025 ):

Oscillation tomography with solaE nNEUERINGS Earth tomography with supernova neutrinos at
P. Bakhti and A.Y. Smirnov, arXiv:2001.08030 d p fUtu re neutrino d etectors
« Study oscillation tomography of the Earth with the boron neutrinos (peak ~ 14MeV) ,Phys. Rev. D 101 (2020) no.12, 123031.

R. Hajjar, O. Mena, S. Palomares-Ruiz Phys.Rev.D 108 (2023) 8, 083011 + e-Print: 2303.09369 [hep-ph]
Assuming adiabatic propagation inside the star
Oscillations governed by solar mass-squared for SN neutrino spectra (~40-100MeV)
Assuming a Supernova at a distance of 10 kpc and the SN burst to occur on the opposite side of the detector

« Due to the attenuation effect, the Day-Night asymmetry mainly depends on shallow density structures: crust,
upper mantle and crust-mantle border

« Next-generation detectors will establish the integrated day-night asymmetry with high confidence level and can
give some indications of the nadir dependence of the effect - different earth models can be distinguished (20yrs

« Earth’s core density can be determined with <10% precision at 1o (for Hyper-K)
of Hyper-K, THEIA, DUNE) Warren 9 o Garching 19M o Channel | HK | JUNO | DUNE
THEIA WC 20 YEARS SOLAR v DATA HK 20 YEARS SOLAR v DATA
0,045 T T T T T — 10°% DB X x
>
2 011
0.04 ; 107 v-e ES x x X
o 1074
0035 =) ve-0 CC X
g 1074
003 W 304 v-C CC x
L oo2s :{—’—\ 10 ve-Ar CC x
o ~ N DUNE 10 R HK NO JUNO NO
9
0015 8 84 84
7 7] 7]
0.01
6 6 6
0.005 N5 57 54
5 4 20 44 20, 4 20
e 3 3] 3]
30 40 50 60 70 80 90 20 30 40 50 60 70 80 %0
Nadir Angle(Degree) Nadir Angle(Degree) 2 24 " 2
10 T 10
CRUST] - global 3D model, | x | degree grid, density and depth of borders of eight layers of the crust: water, ice, upper sedi middle sedi lower sedil upper 1 a "&\ /JM 1 )
crust, middle crust, and lower crust. Mohorovicic discontinuity: hmoho= 40km @ Kamioka. G. Laske, G. Masters, Z. Ma, and M. Pasyanos, Geophys. Res. Abstr. 15,2658 (2013) o 00 7 08 09 10 11 12 13 o U T T T T
SAWG642AN - global radially anisotropic mantle shear velocity model based on a global 3D tomography of the Earth. Density profile of mantle starting from the depth of 07 08 09 1.0 11 12 13 AR = St ’ 0.7 0.8 09 1.0 1.1 12 13
hMoho = 24 km, down to 2900 km. No crust structure is available. C. Megnin and B. Romanowicz, Geophys. ]. Int. 143,709 (2000). Nc < Ne
East Asia - East Asia model down to 800km with Mohorovicic discontinuity: hmoho= 33km @ Kamioka. K.Tao, S. P. Grand, and F N. Niu, Geochem. Geophys. Geosyst. 19,2732 « Most optimistic cases: DUNE (IO) via electron neutrino interactions and for HK, JUNE, (NO) for IBD
(2018) & 5
Shen-Ritzwoller - North America - Bayesian Monte Carlo inversion of geophysical data. Density change from the sea level surface down to the depth of 150 km with hmoho : Sensgf ?t}es strongly depend on ﬂ,le trueivalne All} N .
= 52 km beneath the Homestake - W. Shen and M. H. Ritzwoller, ]. Geophys. Res. Solid Earth 121,4306 (2016). « Sensitivities not at levels to be of interest to geoscience community
Neutrino Geoscience Neutrino Geoscience
2025 Kingston 28 Carsten Rott 305 Kingston 29 Carsten Rott

Reference: https://indico.global/event/14476/contributions/137722/attachments/63850/123334/Rott_HK_NG25K.pdf
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Summary :

1. Neutrino Oscillation Tomography is a complementary tool to scan terrestrial bodies like Earth
other than seismic studies!

2. We need more data for studying the chemical composition or 3D structure like LLSVP.

3. Put constraints on the LLSVP region(specific azimuth & zenith) & consider exact density
variations for these regions.

4. Include exact oscillation parameters, energy and angular resolution to find Hyper-K like
water cherenkov detector’s sensitivity to these LLSVP ..........

Thank You

THEu

UNIVERSITY
Z L L L L & P L L Z Z & & oL OF UTAH 29




