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Neutrinos & the Universe
The lceCube Neutrino Observatory

Neutrino Sources & Multi-
messenger Astrophysics

Extremely High Energies & lceCube
Gen2

IceCube-Gen2

https://higgstan.com
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Neutrino sources are varied NQUtn nos & The U 1 IVe rse

and diverse - far away

astrophysical sources, 108
atmospheric neutrinos, 012
supernovae. ‘T: - Solar (thermal) Solar (nuclear)
Large variety of sources E 10 < heactors
covering a huge range of 5 e
energies. s
E 107 > Atmospheric

Approaching higher energies, | & 10" N
fluxes fall off - need very § 10724 A \'fe%&e;)’ata
large detectors to probe < o ¢
fluxes beyond GeV-scale! ) Cosmogenic ===,

10 107° 1073 107 10° 10° 107 10" 107 107®
Open questions related to the Energy E [eV]

origins of these neutrinos,
and their role In the universe.

Snowmass Neutrino Frontier Report - Huber, Patrick et al - arXiv:2211.08641FERMILAB-FN-1215-ND-PPD-SCD

Colton Hill - Chiba University 3


https://cds.cern.ch/record/2841792?ln=en
https://cds.cern.ch/search?f=author&p=Huber%2C%20Patrick&ln=en
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Amundsen—Scott Sout
strings of D Pole Station, Antarctice
86 strings of DOMs, A A,

IceCube Laboratory _ i 2 B 4
Data is collected here and PR Hdda managed research facili
sent by satellite to the data
warehouse at UW-Madison T
60 DOMs
on each
string

1
DOMs  ~ |
arel/
meters [
apart = )

Digital Optical

Module (DOM) 2450 m |
5,160 DOMs P
-

deployed in the ice

Antarctic bedrock
Colton Hill - Chiba University




The IlceCube DOM

5160 Digital Optical Modules
(DOMSs) deployed into the
Antarctic ice.

Uses a single 10 inch downward-
facing photomultiplier tube (PMT)
to detect Cherenkov light.

PMT & electronics sealed in a
pressure-resistant glass housing.

The Gen1 DOMs have been a very
successful and robust design:

 High detector up-time (98%-+).

e Low failure rate (<1%).

Colton Hill - Chiba University o



B | Each sphere in this event display
SN L A IS one optical module
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5 _'.f;j T A '-,_'_'-1--}'_-;_;_ Each sphere in this event display
R fr is one optical module
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A History of Neutrino Astronomy

in Antarctica

ICECUBE

NEUTRINO OBSERVATORY

= I 4 N -
O O O O O O O O O
1988 2000 2001 2011 2013 2018 2021 2022 2023
Telesco?e in the AMKI DA Atmos_pheric Iceabe Astrop_hysical Firstg)'u rce Gla;ow Secon;Source Third?ource
lce Envisioned Completed Neutrinos Completed Neutrinos TXS 0506+056 Resonance NGC 1068 Milky Way
Detected Discovered |dentified Igeut_r}_n% |dentified |dentified
entifie

Colton Hill - Chiba University 10
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—  (Cascades (Ve)
—— (Cascades (V)
— (ascades (v,)

High Energy Performance

lceCube's performance continues to climb
into the PeV energy range! ("Diffuse”

neutrino cascade & track samples).
103 10 {56E [Ge\)]()? lceCube is ideal environment to investigate
the high energy frontier in neutrino physics
_q—-,;.-’i'—-_;_ _\_‘_H -

- = __[—l
! A

— Full zenith range
— cos(0) €(-1.00,-0.75) -
—— cos(0) €(-0.75,-0.50)
- cos(8) £(-0.50,-0.25)
cos(0) €(-0.25,0.08)

I I LI I | 1 1 I | | 1 l'
10° 10° 10° 107 10°

Neutrino Energy / GeV

What is the connection between
astrophysical neutrinos & other sources”?

What does the flux reaching the Earth from
these sources look like?

Colton Hill - Chiba University
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A T S VR —— ~=Single Power Law (This work)
— -6
' Cub Single Power Law ' 14 - —= Broken Power Law (This work)
" 107°¢ IceCu , = LogParabola e — ~ ® Segmented (y=2) (This work)
v = Work in Progress —— Broken Power Law : N CN
] 7)) S
$ Segmented E=* Flux 95% CL n NIy arXiv:2402.18026v1
= Segmented E~2 Flux 68% CL ~ 10“7—175
Y 1077 _ ; - -
> arXiv:2308.00191 9 -
— O _g
S x 107%
s 107 ; S i 188
—_ 1D | il
o+ =
o > . 4
L
A =2 1079F U
W 102 : N - _
L] . v Cascade 6 year 1
. - ®m NS Tracks 9.5 year
”ilOB - ]'_104 — “ilos ' HESE 7.5 year | |
. 10—10 1 | L 1auld | | | | 1111 | ] | 1 1111 | | | 1Al 11l
neutrino energy E, [GeV] 10° 10* 10° 10°

Neutrino Energy [GeV]

The all-sky characterisation of the astrophysical flux is being performed with

unprecedented precision - but the exact shape of the flux is still in question!

Colton Hill - Chiba University




¢ Diffuse y (Fermi LAT) ¥ IceCube cascades (PRL 2020)
. ¢ Cosmic rays (Auger) < IceCube Glashow (Nature 2021)
10 f  Cosmic rays (TA) <+ IceCube tracks (AP) 2022)

E2x ® [GeVs tsrlcm™2]
o
<
-4
b-4
J +
+
<

v:v=1:1
all flavours

10—10

10° 101 10't 10'2 103 10 10> 101® 1017 1018 101® 1049 1041
E [eV]

arXiv:2203.08096v2

Colton Hill - Chiba University 13



* At sufficiently high energies

(6.3 PeV), ve can perform an
electroweak resonant

production of a real W-boson:

(Ve + €-).

lceCube observed a neutrino

with energy consistent with
production from W-boson
decay - first ever Glashow
Resonance candidate!

Exciting for future studies of
v/v ratios from astrophysical

SOUrces.
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Neutral Current (NC)
Interactions reduce
energy.

* Using the Earth as a
Atmospheric Neutrino shield against
Flux atmospheric y, we're
v able to build high purity
selections for "up-going”
neutrinos.

/

I ! !

«-'" IceCube

Diffuse Astrophysical

Neutrino Flux (ve, vy, v2) Most neutrinos travel

unattenuated, but
starting from TeV
energies, the Earth starts
to become opaque.

We can use this to our
advantage to probe
Interaction physics.

v Regeneration:

CC interactions
reduce energy.

Charged Current (CC) ["v_
Interactions remove
events.

Colton Hill - Chiba University 15



Neutrino Interaction Physics

e As the neutrino cross section
grows, more and more of the initial 107
flux becomes attenuated.

=
-
(o))

For up-going neutrinos at PeV+
energies, almost none reach

logio(Ey) [GeV]
-
<

lceCube un-attenuated.

—
o
&

But this presents a unigue

1.0CC, 1.0NC x Standard Model cross-section

IQIIIllllllllllllllIllllllllllllllllllll

. . 103-;
opportunity to measure the neutrino s Monte Carlo Only
cross section primarily at the TeV- - lcgCube Work In-Progress
Scale_ —1.00 —OI.75 —OI.SO —Ol.25 0.00 0.125 O.ISO 0.175 1.00

T

Up-Going
Colton Hill - Chiba University

coso,,

T

Down-Going

- 1.0

- 0.8
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Center-of-mass energy /s [GeV]

, 10 10! 10 10° 10 10°
— 10 g L A | l | LI} I | | I ‘ 1 I I | | I A [ | I ‘
NE‘. -+ T2K(Fe)14 W  GGM-SPS8I LEP Tevatron
I T?2K(CH)14 ™ M-PS 79
o 6 T (CED) GOGMPS © FASER Pilot 21 (avg. v + 7)
0 10° & * T2K(@)13 ¥ IHEP-ITEP79 » S -
T " A AgoNeuT1d V IHEPJINR96 7 FASERat5f7" (avg. v +7, proj) -
= - ® ArgoNeuT12 ® MINOS10 < FASERv proj. i
e 105 - * ANL79 A NOMAD 08 =
8 > = O BEBC79 ¢ NuTeV 06 g
N A BNLS&2 X SciBooNE 11 ]
S 10 4 © CCRRY7 ® SKAT 79 _
o = O CDHS87 E
e : .
8 i i
y 10°F -
o = ]
8 I Accelerator v High-energy cosmic v Ultra-high-energy cosmic v _
= 102 - [ceCube tracks (avg. v+ 7) IceCube-Gen2 Radio (10 yr, projected) E
8 i (IceCube 17) Using cosmogenic v flux, -
T) 1 B * [ceCube showers (avg. v+ f.-) fit to TA UHECRs (Bergman & van Vliet) .
g 10 3 (Bustamante & Connolly 17) Using IceCube v, flux (9.5 yr), E
I\ o lceCube HESE (avg. v + ) extrapolated to UHE
S . (IceCube 20) ~ Using cosmogenic ﬂ}JX -
o 1 OO u - from all AGN (Rodrigues ef al.) _
E's' : E
%J - F - vN DIS prediction b.f. = 1¢ (BGR18) -
_1 1 1 lllllll 1 L lllllll 1 1 lllllll | 1 lllllll 1 | lllllll 1 1 lllllll 1 L lllllll 1 L lllllll 1 1 lllllll | 1 lllllll | 1 lllllll 1 L L L1l
10t 10 10t 102 10° 10* 10° 10 107 108 10° 101 101

Neutrino energy, E, [GeV]

Interactions in IceCube are almost exclusively in the Deep Inelastic Scattering region.

Measurements at TeV-Scale limited - IceCube & FASER»

Colton Hill - Chiba University

arxiv:2008.04323
arXiv:2204.04237
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Center-of-mass energy /s [GeV]
100 101 102 10° 104 10°

lll | 1 | ] lllll
T2K (Fe) 14

-+ o GGM-OFS 81 LEP Tevatron
. <4 T2K(CH)14 W GGM-PS79 , i
1 06 L ¥ T2K(Q)13 Y  IHEP-ITEP 79 © FABER Pilot 21 (avg. v + 7) |
= A ArgoNeuT1d V IHEPJINR96 FPERat5®7 (avg. v+7, proj)
-~ ® ArgoNeuT12 ® MINOS10 < F/PERv proj. :
105 . * ANL79 A NOMAD 08 |
= O BEBC79 ¢ NuTeV06 -
. A BNLS&2 X SciBooNE 11 .
1 04 _ ¢ CCFR97 ® SKAT79 _
= 0O CDHSS87 =

Accelerator v

High-energy cosmic v tra-high-energy cosmic v

102 - [ceCube tracks (avg. v+ 7) ceCube-Gen2 Radio (10 yr, projected) -
i (IceCube 17) Using cosmogenic v flux, -

1 B * [ceCube showers (avg. v+ f.-) fit to TA UHECRs (Bergman & van Vliet) 7
10 3 (Bustamante & Connolly 17) Using IceCube v, flux (9.5 yr), E
- o IceCube HESE (avg. v +7) extrapolated to UHE ]

i (IceCube 20) ~ Using cosmogenic flux -

- from all AGN (Rodrigues ef al.)

— uvNDIS prediction b.f. + 1o (BGR18) 7

Neutrino-nucleon cross section, ‘71(/:1\(7: [10738 cm?]
e
-
(&%)

1 llllllll | llllllll | llllllll 1 L L Ll

10 10 106 10 108 10° 1010 10U
Neutrino energy, E, [GeV]

_1 1 llllllll 1 llllllll | llllllll | llllllll

10-1Y 100 10! 102 10

Interactions in IceCube are almost exclusively in the Deep Inelastic Scattering region.

Measurements at TeV-Scale limited - IceCube & FASER»

arxiv:2008.04323
Colton Hill - Chiba University arXiv:2204.04237 18



‘enter-of-mass energy /s [GeV
102 103
o A A
LEP Tevatron

FASER Pilot 21 (avg. v + 7)
FASER at 5 fb~! (avg. v + 7, proj.)
FASERv proj.
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- g
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a” v

llll
-

High-energy cosmic v

IceCube tracks (avg. v + )
(IceCube 17)

s [ceCube showers (avg. v + 77)
(Bustamante & Connolly 17)

o) [ceCube HESE (avg. v + 7)
(IceCube 20)

NIRRT BT R TT] B S A I R TT] B S S R AT |
» 10* 100 10° 1
Neutrino energy, E, [GeV]

—— MC Sensitivity (10)
1.2 -

Monte Carlo Only

IceCube Work In-Progress

-
-
]

O
O
|

(022 + on)2 X 1/ocsus
=
(@)

cD\)/CD\')

2.5 3.0 3.5 4.0 4.5 5.0
logio(True Neutrino Energy) [GeV]

o
o

Continuing to improve on existing neutrino cross section results, incorporating newest

detector knowledge and flux models.

Colton Hill - Chiba University
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Data for ve & vy are plentiful, but v; has
historically been elusive.

Through oscillations over cosmic distances,
the ratio of ve : vy : v IS expected to be

roughly 1:1:1 at Earth.

This means, the astrophysical neutrino flux
provides opportunity to directly observe v

events. "Double Bang"

VT CC

These v: events are able to CC interact (slmulated)

thanks to their high energy, producing
distinct signatures.
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With 10+ years of data,
finally isolated a

: . 25 25
significant number of Q.. =4.0e3 pe.
astrophysical v: 0 o p

candidates. J’

10t 35

| L
! | l{mm Il 40-IJ_FI,FFLJ f—) 0.6
o -

W
un

Leveraging power of
CNN-based tools.

DOM number
N
O

N
un

45 -

Median energy of ~200

TeV. 1o \ J

50 | 50 0.0—

S(Cq)
. L=
Absence of astrophysical N i .
: 0 0 00 50 200 250 30070 0 00 0 200 250 300
v flux ruled-out with 50 e s ns . 2 ime 3 ne .
confidence.
arXiv:2403.02516

Colton Hill - Chiba University 21



Neutrino Sources

KRA? Model KRA? Best-Fit v Flux

AStrOphySicaI nGUtrinO ﬂUX iS _ <=+ KRAY Model —— KRA?® Best-Fit v Flux
constructed from a huge number of | +++ 7 Model  —— x° Best-Fit v Flux
. . . lceCube All-Sky v Flux (22)
individual sources. 1076 -
One such cluster of sources is the £
galactic plane - 4.50 significance P

. =
observation! 5

%Lg 10

This observation Is consistent with our i

expectations based on charged Tt
decays.

Source models and characterisation of

the flux the focus of the future studies. 103 10% iy C;of/] 10° 107
, [Ge

Colton Hill - Chiba University Science380,1338-1343(2023) D2



Latitude [b] Latitude [b] Latitude [b] Latitude [b]

Latitude [b]

15°

y Qptical
Oc
A
-15°
15° , 2.0
y Gamma Ray
0° |
-15° 0.5
15" 4
Predicted r° Northern Sky Northern Sky
57
Southern Sky Southern Sky
-15° 0
15° 0.5
v Analysis Expectation
0° Typical Event Uncertainty
_15° 0.0
15° 4
» Obsarvad- III[ S
/‘/. o
- — O
0 - 2208
[=
=
-15° oY
180° -180°
Galactic Longitude [/]
arXiv:2307.04427

Colton Hill - Chiba University
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Extremely High Energy Neutrinos

lceCube can also constrain the neutrino
flux beyond PeV energies (EeV) - world-
leading lImit.

These neutrinos originate from ultra-high
energy cosmic rays interacting with the
cosmic microwave background photons.

Based on these new results, 100%
proton fraction of cosmic rays strongly
disfavoured.

In combination with future results from
lceCube-Gen?2 radio, expected to
strongly probe GZK flux models.

Colton Hill - Chiba University

10~° 3 o N, Anita I-IV
1 = IceCube 12.6yrs "~ N -7
IceCube 12.6yrs sensitivity it Ty <.
| === Ahlers 2010 1 EeV e \'\.a"'
----- Ahlers 2012 o

10~7 4

E2-® / (GeV cm™2sr~1s71)

10—9 -

10 10

1078 -

— = van Vliet 2019

.. Auger (ICRC2017)
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PeV-Scale Neutrino Event

riy‘
. "=

! CreditK. Mas
w»  CreditK. Mase

oA RT o . Wl
Colton Hill - Chiba University




From IceCube to Upgrade to Gen?2

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

25 m

Colton Hill - Chiba University arxiv:2008.04323 20



The lceCube Upgrade

l“!l"
: \s

——

’

P
<y Jial' &
- ot o
$ A
N -

L
| B

 Upgrade is primarily the GeV-scale extension to lceCube, but will be a
testing-grounds for new optical modules & calibration subsystems.

 Modules already on their way to the South Pole for 2025/2026 deployment!

Colton Hill - Chiba University 2(



Resolving the high
energy sky: TeV -
EeV energies.

Probing fundamental
physics with high
energy neutrinos.

Understand highest
energy cosmic
accelerators through
multi-messenger
observations.

Discover sources In
the Milky Way and
beyond.

i
4 &
h J° \ :-::j
» . y .‘ < - —’4}6
{ N -

effective local density pur [Gpc 2]

/

o
] O
N

“"Colton Hill - Chiba University

Gen2 Science Goals

A Qe -

1061
105}
104}
103}
102}

10+

(-

10—3_

low-Itymi

starburst\ga \

\ —

radio-quiet ’

[ IceCube
| IceCube-Gen2

10 10% 10 102 10% 10% 10% 10% 10% 10%8
effective neutrino luminosity L[erg/ s]

arxiv:2008.04323
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Summary and Outlook

 Reaching high enough sensitivity to
study specific astrophysical flux shapes | Significant observation of neutrinos
- huge progress in the last 10 years! consistent with the galactic plane.

Best limit EHE neutrino flux beginning to
resolve aspects of the cosmic ray
composition.

First detection of a candidate neutrino
produced via the Glashow resonance.

Continuing to improve on neutrino DIS

lceCube Gen?2 will unlock new
measurements and be a leader In the
growing multi-messenger astrophysics

community.

cross section measurements critical for
precision measurements of
astrophysical neutrinos & beyond.

Colton Hill - Chiba University 29
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Neutrinos & The Universe

Cosmic rays are accelerated up
to Immense energies beyond
what we can produce on Earth.

But our knowledge of these
highest energy sources limited.

The universe is filled with a variety
of sources: Active Galactic Nuclei,
Gamma Ray Bursts, Supernovae.

These sources and their cosmic
rays can produce neutrinos as
primary or secondary particles.

E*°F(E) [GeV'® m?2 s-1 sr-1]

—
()
'

-
&
W

—
&
©

-
&

I
€« 0O 0<¢ O0O00OO0O0OJO

Akeno
CASA-MIA
Kascade
Kascade Grande
IceTop

HiRes 1

HiRes 2

Auger

Telescope Array

1014

15 16

10 10
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flavor 11 0-18/GeV/cm?2/s/sr]

(Dv + v, per —
@100TeV

.
o

. . W
U o U

N
o

90% CL sensitive energy range [GeV]

Cascades 6yr(2020)
HESE 7.5yr(2021)

Through-going ,,—'”-—--“‘s\
tracks 9.5yr(2022) P N
ESTES 10yr ol \
(2022, prelim.) R \‘
m GlobalFit (this work) ,
!
/
/
/
y
”
/7 i
/
’
/ .
// /"-—_.————""—‘— — 68% C.L.
-
(____.--—” lceCube Preliminary --=- 95% C.L.
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lceCube Gen2

15

* For detecting specific
sources, Gen2 will lower
the time a source needs to
be active.
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