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® Motivation
® Neutrino Oscillation Tomography

® Understanding sensitivities with a generic neutrino
detector

® Neutrino Experiments Status

® Summary / Outlook
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® What can neutrino detectors do for Solid Earth Science ?

® Muon Radiography

Geo-neutrinos nata

U and Th geo-v

® Atm. airshower muon absorption
® Geo-neutrinos

® Low-energy neutrino detection from nuclear decays

® Neutrino absorption tomography

e Atmospheric air shower high-energy neutrino absorption | § \ i EARTHLY

° ° ° [ b POWERS
® Neutrino oscillation tomography St e St e e
B Nature Geoscience;
® Atmospheric air shower neutrino oscillations Volume: 4, 647-651 (2011)

Neutrino absorption Neutrino oscillation
tomography tomography

IceCube Collaboration
» Nature 551 (2017__)&96-600
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® New Method to
understand inner Earth

® |nner Earth
Composition

® |light elements in
the outer core !

® Understand the
Geodynamo

® | ower mantle
density and
anisotropy

® Apply neutrino physics
to Earth Science

http://www.hyper-k.org/

http://icecube.wisc.edu

Carsten Rott
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Motivation - Neutrino Oscillation Tomography

and understanding general detector sensitivity
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Neutrino Oscillatio

® Neutrinos come in three Source

different flavors: Ve,V ,V+
\/ \ )

® A neutrino created as one " Slong journey AN
flavor can change into a —
1200000, 490, 2 | v, (KM/GEV)
different flavor . E
0.8 [ G T

07 Bl b b

0.5

® This phenomenon (neutrino
oscillations) depends on the y
. o T S SIS Au— Am =24x10%eV: e 3
energy of the neutrino and o 8 S O
the distance traveled B
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Muon Neutrino Energy E | (GeV) (L=12715km)

"j @
o /|,-\ —~ P P
AN ‘Dab-pi

Detector
r N

Survival Prob. P(vu_> Vu)

"Vertical Muon Neutrino Survival Probability
vuS val Pr beIty ----- -

T T

® |t further depends on the
“potential” the neutrino
travels through
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Neutrino Oscillation Tomography
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M

® [he Earth

profile can be determined from
seismic measurements

® Matter induced neutrino
oscillation effects however
dependent on the electron

density

otivation - Methodeles)

® Given a matter density profile the

“average” composition (or Z/A)
along the neutrino path can be

determined using neutrino signals

(Oscillation tomography)

Electron density in core
Y =electron/nucleons

corresponding zenith angles for boundaries

inner core By <169° (cos By < -0.98)
outer core By <147° (cos Oy < -0.84)

Carsten Rott
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e Z /AN

Element yA A Z/A
Hydrogen H I 1.008 0.9921
Carbon C 6 12.01 | 0.4995

Oxygen O 8 15.999 0.5
Magnesium Mg |2 24.305 0.4937
Silicon Si 14 28.085 0.4985
Sulfur S |16 32.06 0.4991
lron Fe 26 55.845 0.4656
Nickel Ni 28 58.693 0.4771

Z - Atomic Number A - Atomic Mass
® //A ratios

Carsten Rott | MMTE 2023, Paris, France



/A\ N

Atmospheric neutrinos are a hatural steady
source of muon and electron neutrinos at

the energy range relevant for neutrino oscillation

Super-Kamiokande Phys. Rev. D 94, 052001 (2016) [arXiv:1510.08127]
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o 10 E_ o Super-Kamiokande [-IV v S . —i
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10 E Frejusv »—-V—o—ﬂv' §
- lceCube/DeepCore 2013 v_ B -
T ¥ lceCube 2014 v ]
10 E lceCube v, unfolding T g
- lceCube v forward folding —_— -
10-8 = AMANDA-IIv  unfolding 1
- AMANDA-IIv  forward folding E
NEULLIISS 109 i 1 L1 L R -1 '
. -1 0 1 3 4 5
® p +A — 1 (K¥) + other hadrons
Log (E/GeV)
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Rott & Taketa 2015
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OgraAmS
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How. to read an oscillograms

Outer core boundary -0.84 P(VM — VH)PREM gcreasing density
10 . I

1.0

An example ...
(A) 4GeV

10.9

Neutrino Energy (GeV)

0.3 A muon neutrino created at (A)
with energy 4GeV has a ~90%
chance to be detected as such

0.2 after traversing the Earth

A muon neutrino created at (B)

0.1 with energy 3GeV has a ~40%
chance to be detected as such
after traversing the Earth

1

-1.0 -0.9 —.8 -0.7 —-0.6 -0.5 —04 -0.3 -0.2 -0.1 0.0
vertical CoS O. horizontal
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Oscillogram (“normal” electron density

Outer core boundary -0.84 P(VH — v“)PREM Increasing density

6
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e electron density

PREM gcreasing density
10 ; ;

Change Earth core
1.0 electron density by
10% to visualize
192 change in survival
probability

10.8

Most significant changes
are seen in an energy
g range of 2-10GeV and

for neutrinos passing
0.5 through the core
region(cosO < -0.84)
0.4

10.7

10.

Neutrino Energy (GeV)

0.3

0.2

0.1

1 &-&
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Rott & Taketa Scientific Reports (2015)
__________ Oscillograms

Fe + 2wt% H \

Pure Fe\ _
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Rott & Taketa 2015 , . J
Statistical Methee

® Generate template for expected number of events and their distribution in

energy and zenith angle for two different outer core composition models
(Model A and Model B)

® Assume one composition and calculate likelihood with respect to A and B and
take ratio

® Perform pseudo experiments

® Distribution tells us the probability to distinguish the two models if the

measurement were to be done ot [FeaavTomes S e oee

- Model B: Y = 0.4957

4!

g L - L(A|A)/L(A|B)
S | - L(B|A)/L(B|B) ,
s - |OMTyrs ass

é Z
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Rott & Taketa 2015
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How. can we increase sensitiVityas

® Dependence on the angular resolution and energy resolution

® Assuming 30MTyrs

C Hydrogen content [wt%] d Hydrogen content [wt%]
0 1 2 3 4 5 0 1 2 3 4 5

100
20 +

80

Pyrolite

Pyrolite

70 |
60 | e —
50 ¥, .. G=ACE - S
0.47 0.48 0.49 0.47 0.48 0.49
Z/A ratio Z/A ratio
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Rott & Taketa 2015

100

A B

0 1000

80

Iron

Model name Z/A ratio | O(wt%) | C(wt%)

Single-light-element model (maximum abundance)
Fe+11wt%0 33 0.4693 11
Fe+12wt%C 3 0.4697 - 12

Fe+13wt%S 3 0.4699 - - 13

70 + -1 100

Fe+1wt%H > 0.4709 - - - 1

Confidence level [%)]

Fe+18wt%Si 2 0.4715 - - - - 18

Exposure time [MTyr]

60

Multiple-light-element model

Huang2011 3! 0.4678 0.1 - 5.7
McDonough2003 3 || 0.4682 0 0.2 1.9 0.06 6
Allegre2001 % 0.4699 5 - 1.21 - 7

0.466 0.467 0.468 0.469 0.47 0.471 0.472

50

10

Z/ A t' Recent papers predict 0.3-0.6wt% H in the core Tagawa et al.
FAllO | NATURE COMMUNICATIONS | hetps://doi.org/10.1038/s41467-021-22035-0

MMTE 2023, Paris, France 22 Carsten Rott



Neutrino Source and D etectoORS

® Detector requirements for neutrino oscillation tomography

Atmospheric neutrinos are a hatural steady

source of muon and electron neutrinos at e good energy resolution = fully contained events,
the energy range relevant for neutrino oscillation
tomography good optical coverage

Cosm.iC'_‘ra)"s, e good angular resolution = precise timing, good

optical coverage

S

® |Jarge volume = acquire high statistics neutrino sample

—

air shower-
o _ . Water Cherenkov Neutrinc
Detectors

J =

' KNO Hyper-K
: .”..?’:g-ka‘ ‘2 I g

| ,.'-" '

ANTARES] M=

@: KM3NeT Lake Baikal
~ ORCA

neutrinos ’ ot IceCube

3 ~

™ Acive F ol Upgrade 5
® p + A = ¢ (K%) + other hadrons Construction | lceCube-Gen2 i
Planned
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Principle of an optical Neutrino Telescope

Charged particles (from a nuclear reactor in the

picture) produce'l&lu ight in water
Array of optical o Tkl -

SENsOrs &pturstheg
" o pi?

SRdn e S g

Cherenko*/

Radiation w
Y . A7(/
vV y V| o)
% interaction O/V@
’ ,\'/ ... l‘/‘/oo
O hadronic
shower i
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Cosmic Neutrino Neuvtrino

Accelerators Astronomy

Oscillations
Multimessenger
Asfro - Sterile Neutrinos

Suplernovo
Explosions Heavy Quark
ASTROPHYSICS NEUTRINO 4

PHYSICS Production

Non-standard
Interactions

Neutrino Decay

Solar Physics
BEYOND DARK -
STANDARD MATTER GlGCIO|Ogy
MODEL
Sgaoce-ﬁme
ymmetry Earth
Tomography

_ ) Indirect Atmospheric

Flavor Ratio Tav Appearance

Gamma Ray
Astronomy

Cosmic Ray FUNDAMENTAL EARTH
Physics SYMMETRIES SCIENCES

Monopole

Strangelets

® Intrinsic to neutrino telescopes to enable extremely diverse scientific programs !

® Example IceCube -Very diverse science program, with neutrinos from 10GeV

to EeV, and MeV burst neutrinos

MMTE 2023, Paris, France 27
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Neutrino Experiments

(large volume water/ice Cherenkov
detector)

MMTE 2023, Paris, France 28 Carsten Rott



ICECUBE

SEoumid PoLE NEUTTRINDG DESERYATORY

50m

Amundsen-Scott South
Pole Station, Antarctice

strings of DOMs, :
IceCube Laboratory ggt lzgﬁeters ah;;rt A National Science Fou
Data is collected here and managed research facility

sent by satellite to the data

warehouse at UW-Madison

1450 m |
! | 60 DOMs
on each
string
!
DOMs -
are 17 {
meters
- apart = N
Digital Optical N
Module (DOM) 2450 m l
5,160 DOMs P

deployed in the ice

Antarctic bedrock

see talk by Sanjib K Agarwalla

MMTE 2023, Paris, France Carsten Rott



® Gigaton Neutrino Detector at the
Geographic South Pole

® Completed in December 2010

® Extremely stable: >99% uptime and 98%
of sensor modules in perfect condition !

IceCube Lab

® Neutrinos are identified through 1450 m|
Cherenkov light emission from
secondary particles produced in the
neutrino interaction with the ice
(0] ZIAHE 20144 018 062X} A2 2300l AR=I&Hch) 2450 m : i ‘; i;
I CMAE 2ol 8 201 il
2820 m |

T\ E=HE FR X Y, HIo] A A7 EHHE SA.. AFA-FHYE S AT

e IceTo
= —’/ 81 Stations, each with

® 5|60 Digital optical modules distributed somg= e
over 86 strings \] e |

2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

| IceCube Array

‘ 1l 86 strings including 8 DeepCore strings
60 optical sensors on each string

| 5160 optical sensors

December, 2010: Project completed, 86 strings

f Ethe~ 100 GeV

DeepCore
/'8 strings-spacing optimized for lower energies
£ 480 optical sensors

Ethr~ 10 GeV

v

Carsten Rott
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__lceCube Upg

|
5N fal &
d | @
. S _

AAAAA 1000m
o
L ]
®
@
@
o .© .
. ® o " @,
o ® ® |
' @ Q Q
o ? Q
* 17m o e
100m et 7m 0
‘ 3m
- | e
? o

o‘ 06 o'@

1450 100m 2150
IceCube DeepCore Upgrade 2 AL 20m

2450m 2450m 2425m
Instrumented Depth

® / new, high-precision strings in the central, densely instrumented region.
Funded, installation in 2025.

® Benefits: New detector technologies. Better low energy reconstruction.
Improved flavor identification. Precise calibration of detector medium

MMTE 2023, Paris, France 31 Carsten Rott



Upgrade

Science goals and objectives
- Tau neutrino appearance - Test unitarity of the
PMNS matrix
- Recalibration campaign - Retroactively apply
improved ice-model to archival data (since 2010)

@D |<Cube Detector

7 DeepCore

@D cCube Upgrade

lceCube DOM mDOM D-Egg

ICEBUBE

UPGRADE

=== NOVA 2019 (90%)

0.003271 ___ 1,k 2018 (90%)
DeepCore 3 yr (10) SuperK 2018 (90%)
0.00304 --- MINOS 2016 (90%)
—u IceCube Upgrade DeepCore 3 yr 2018 (90%)
IceCube Work in Progress ’ 1 yr sensitivity (lo) 0.0028 wemm (ceCube Upgrade 3 yr sensitivity (90%)
/ OPERA (10) %
7h‘_ o = 0.0026 1
——— SuperK (10) g

0.0 0.5 1.0 1.5 0.0024 1
N,

10% precision after 1 year
(6% after 3 years) Competitive with long 0.0020

b.aselme experiments in 0.30 0.35 0.40 0.45 050 0.55 0.60 0.65 0.70
disappearance channel sin?(8,3)

IceCube Work in Progress
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lceCube-Gen?2

v Gen2-Radio ® Gen2-Optical ® IceCube ok IceCube Upgrade

BB om0 g o o

444Amm

ML L U —— ——318mm——

16 PMT option 18 PMT option

* Technical design report
(TDR) ready soon

* Baseline design 120
additional optical strings,
240m string spacing
following Fibonacci sequence
(Sunflower geometry)

* Radio component to target
at UHE

MMTE 2023, Paris, France 34

U Carsten Rott



(Oscillation Research
in the Abyss)

see talk by Veronique Van Elewyck
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____KM3Neil

¥ S ANTARES
=2450m 10km &L o=

ORCA: Oscillation Reseach
with Cosmics in the Abyss

ARCA - TeV-PeV neutrino atronomy

ORCA - neutrino mass ordering with
few-GeV atmospheric neutrinos

ARCA: Astroparticle Research
with Cosmics in the Abyss

MMTE 2023, Paris, France 36 Carsten Rott



KM3NeT 2.0 Letter of Intent;

arXiv:1601.07459 and J.Phys. G43 (2016)

084001

® ORCA (Oscillation Research with Cosmics in the Abyss)
® anchored on the seabed off the shore of Toulon (France)
® Volume of 7 Mton of seawater

® | |5 vertical strings (20m horizontal spacing)

® |8 modules per with 9m vertical separation

* 31 3-inch PMTs in 17-inch glass spher
(cathode area ~3x10-inch PMTs)

* Front-end electronics,
digitisation,
optical signal = glass fibre

KM3NeT/ORCA Preliminary

+ Single penetrator
« Advantages:
- Increased photocathode area

1-vs-2 photo-electron separation
- better detection of coincidences

- Directionality

115 strings - d_ = 20m - Cost/ photocathode area ‘

llllllllllllllllllllllllllll e -
100 50 0 50 100 - Minimal number of penetrations

X (m) - reduced risk

: . y(m)
o
Illlllllllllll]llllllllllllll
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KM3NeT (status.Fall-2022)

Km3Net

* ANTARES completed construction in 2008
* ~2500m deep, 12 Vertical lines, each 350m high
* Decommissioned May 2022

* KM3NET:

* ORCA: 2500 m deep, 20m string spacing, 10 detection
unites running

* ARCA: 3500m deep, 90m string spacing, 19 detection
units successfully deployed

MMTE 2023, Paris, France 38 Carsten Rott



____________ Neutrines:

f= 107
— KM3NeT preliminary PPETTITIN
o 10° e
.."E? ORCA1, 125.3 days livetime Lt
q>) 105 .,.,l‘naW#ooooolltl\'l-'l.'.\'o"':zgv"-:..
(b} .,.,u."
Ee! 1 04 . ¥ all events
o : --<--. ata
'g 10 e atm. muons
g ------ atm. neutrinos
102
10 o
Data: 77 selected events
M MC: 4 10_1 I = atm. muons
. - atm. neutrinos
10 2&
1 0.5 0 0.5 1
N cos(ze i h_reco) N7
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___________ Baikal-GVE

” E Bakal-GVD, 2019, recFeb21_mund, proliminary
e 326 d. single custer velime
S10°;
BAIKAL-GVD > =S
8 1 — T PRI
§,10”:_ - —— il
§ P
102;—
Atmospheric muon bundle, data 2019 :
of -t
* 2022: Successfully deployed 10 clusters, 5 laser stations 10
* Each cluster has 288 OMs and depth 750-1275m 5
* 2025/2026 — ~ 1km3 GVD with total of 16-18 clusters 06 o4 02 0  027®04 06
BDT response
* 2022-2024 - “Conceptual Design Report” for next
generation neutrino telescope in Lake Baikal - . . -
- - o . \!{ 2016
~ >
£ 10 All sk . @ e D ™
§ Ky E>70 TeV N,>19 o= > o 8 2018
2 = A @0e »»
1 —(uatm+vatln+vastro) & 200
8 2021
, R
1 : 2022
10 T Tl ®
750m ‘-;": 4 i ;. OO L
-z AL 86
10 = o AL SR |13l f
LV g
-3 1275 m e B T NV 6 T
adi 2.5 3 35 4 - o[
loglO(E/TeV)
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ver-Kamiokand

see talk by Andrew Santos
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nger- D il
Kamlukande

The next-generation project to unravel ne tiny
subatomic particles and the extreme universe:—=

Toward a next stage of neutrino research and observation of proton decay

https://lib-extopc.kek.jp/preprints/PDF/2016/1627/162702 | .pdf

Hyper-K under construction, completion in 2027

Amiokande

10Mtyr

Pure iron

all X
sin%0,, M— 8
sin“0,, N B
0 0.2 0.4 0.6 0.8 1

Hydrogen content [wt%)] 9 210 40 60 80 100

Oxygen content [wt%] 0100

Possibility of second tank in Korea could double the fiducial volume
PTEP 2018 (2018) 6, 063CO0|I, Prog Theor Exp Phys (2018)

MMTE 2023, Paris, France
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Proposed detectors
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P-ONE Collaboration, Nature Astronomy (2020)
IceCube (10yr) == |ceCube + PLEvM-1 (10yr)

==+ JceCube + P-ONE (10yr) == IceCube + PLEvM-2 (10yr)
= IceCube (20yr)

GC : TXS 0506+056

@ FROM

1018

CE

Ccu

| R

' ; -2660 m
5 0.0 0.5 1.0

[—
=)
—
W
A
(=L S
o
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TRIDENT

a | ¥ | TH | X

® Envisioned full detector:
® [2]] strings
® 30 hDOM per string
® 7.5 km”3
® 3475m depth at South China Sea

® Underwater robots for deployment and maintain the detector

-10 X i
— ' | —50 Disc. Pot. E*(Trident) [l
7 i | --90% Sensitivity E- (Trident)| T T ——
N - 50 Disc. Pot. E~2 (IC) Conceptual Design of hDOM
'~ 1011} 90% Sensitivity E2 (IC) | |
g E I _50_ Disc. POt.E-Z (IC-GCI‘IZ) + String » Junction box ~== ROV path
T - I RESERNES
%) : : . :—h~i?\\;.‘:\ \\\ : ‘\°,
-12| S R T
=10 | | PlUaemm=tll N AR
=1 [ el St N e .
1> : | | S IORIRRTE, N AT ST PR,
- . . _emT 0. .'.\\". et /I *
>=. _,_.-——‘"" I //,." ‘ ;,-’.__.\\. -..\\ e !; //" ..,//:
. A L L I B I XD St a1,
10131 | | s e T
E - boo=--- t---mmmm e S e Ll e
s l 1 -/ B e R O
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® Attempts on-going to coordinate efforts among the
neutrino telescope community

e GNN

® Future Neutrino Telescope Network
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Neutrino oscillation tomography is a novel method to better
understand the Earth interior

® Measure the Earth interior composition
® Extremely sensitivity to hydrogen

® Sensitivity to lower mantle density / LLSVP

lceCube Upgrade/Hyper-K/ORCA will be able to put first
experimental constrains on the Earth Core water content within
first few years of operations (given normal mass hierarchy)

The next-generation of detectors / dedicated experiments offer the
long-term prospect to distinguish specific core models

® very large - high statistics sample

® good energy resolution and angular resolutions
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Density measurement
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W.Winter Nucl.Phys. B908 (2016) 250-267
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o Percentage errors achievable with 10 years of data
Excellent sensitivities to the lower mantle PINGU ORCA
density and give a robust lower bound on Layer NO I0 NO 10
the outer core density Crust (1) No sens. No sens. No sens. No sens.
Lower Lithosphere (2) No sens. No sens. No sens. No sens.
PINGU and ORCA can provide complementary Uppef Mesosphere (3) | -53.4/+55.0 No sens. | -51.2/+53.4 -69.1/+52.2
information due to different locations. Seismic Transition zone (4) -79.2/+38.3 No sens./+72.2 | -61.2/435.6 -52.7/+45.8
ts sh . | i Lower Mesosphere (5) -5.0/45.2 -10.5/+11.6 -4.0/+4.0 -4.7/+4.8
measurements show irregular wave propagation g ier core (6) 7.6/+82 -402/Nosens. | -5.4/+6.0  -6.5/+7.1
zones in the lower mantle Inner core (7) No sens. No sens. | -60.8/+32.9 No sens.
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Garnero, McNamara, Shim Nature Geosci

http://www.nature.com/ngeo/journal/v9/n7/pdf/ngeo2733.p

® Continent-sized anomalous zones with low
seismic velocity at the base of Earth's mantle

® |arge low shear velocity provinces (LLSVP) up to ) P
|,200km above CMB ¥ i
y g
. . TR
Anisotropic lower mantle L. | | .t
S\ \ \_
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Detector ® Tomography with multiple detectors
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Neutrino Oscillations inaiM

slide from Walter Winter

dattel

> Oscillation probabilities in vam=m—o
: : : 2 w*
vacuum: Paa = 1 —sin? 20 sin? 2L " e
4F el e,
. —_— - 2 0 cirn2 Aﬁ'b2L (Wolfenstein, 1978;
mater: Paa T 1 —sin 29 Sin 4 F .\Iikhe}'e\t, Sniirnov,
1985)
~ .~ Sin260 ol L=11810 km
A = - Am2, Sin 20 = , o "
1 2 A 2 % ° /lfj\
£ = 4/sin 29+(c0529—A) , 4| |
1 — 2BV _ £2V2EGpne "o am a0 w00 w00 i
- Am2 Am? = MO For v, appearance, Amg,2:
A - p ~4.7 g/lcm?3 (Earth’s
Resonance energy (from A — cos 26): mantle): E,.. ~ 6.4 GeV
Am? [eV2] - p ~10.8 g/cm?3 (Earth’s
Eres [GeV] ~ 13200 cos 26 p[g/cm?3] outer core): E,.. ~ 2.8 GeV
L
Walter Winter | PANE 2018 | 31.05.2018 | Page 10 DESY
L),
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_____https://arxiv.org/pdf/1 309.3176.pdf
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Rott & Taketa 2015
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Use the best fit oscillation parameters and their uncertainties of:
Capozzi, F. et al. Status of three-neutrino oscillation parameters, circa
2013. Physical Review D 89, 093018 (2014).
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Rott & Taketa 2015
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Uncertainty due to the
Earth mass density
profile is negligible

PREMS500 - Dziewonski, A. & Anderson, D. Preliminary reference Earth model. Physics of the Earth
and Planetary Interiors 25,297-356 (1981).
AKI35 - Kennett, B., Engdahl, E. & Buland, R. Constraints on seismic velocities in the earth from
travel times. Geophysical Journal International 122, 108—124 (1995).
PREM-A - Dziewonski,A., Hales,A. & Lapwood, E. Parametrically simple earth models consistent
with geophysical data. Physics of the Earth and Planetary Interiors 10, 1248 (1975).

MMTE 2023, Paris, France

61 Carsten Rott



