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Cosmic rays
* Bent by magnetic fields
* Do not escape dense environments
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* 100 MPc horizon above 10195 eV
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Particle Physics

LHC accelerator should have circumference
of Mercury orbit to reach 102 eV!

Courtesy of Francis Halzen

G | IceCube Physics Results | Brian Clark, June 9 2022



Particle Physics

Probe cross-sections at energies
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IceCube

5160 photomultiplier
tubes buried 2.5km in the
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but searches ongoing!
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Astrophysics:
astrophysical
neutrinos arriving
Isotropically

Atmospheric u: 2 khz
Atmospheric v: 5 mHz
Astrophysical v: ~1 uHz
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Astrophysical Neutrino Searches

For astrophysical neutrino searches, atmospherics are a background
Two search strategies:
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Astrophysical Neutrino Searches

atmospheric muon shield

# Upgoing events: use Earth as an %
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For astrophysical neutrino searches, atmospherics are a background

Self-veto cuts: use accompanying muon
to tag atm muons + neutrinos
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Astrophysical Neutrino Searches

For astrophysical neutrino searches, atmospherics are a background
Two search strategies:

Upgoing events: use Earth as an Self-veto cuts: use accompanying muon
atmospheric muon shield to tag atm muons + neutrinos
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Astrophysical Neutrino Searches

For astrophysical neutrino searches, atmospherics are g.haswgreeng,
Two search strategies:
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Upgoing events: use Earth as an
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Cascade Selection
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Selection of 60 starting events
above 60 TeV
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Cascade Selection
High Energy Starting Events

Selection of 60 starting events
above 60 TeV

>2X as much data (3—7.5 yrs),
updated detector & ice models,
and systematics treatment
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130 TeV cascade
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The Landscape Today

Several complementary
measurements
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Tau Searches

Look for “double cascade”
signature from initial interaction
and later tau decay
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Tau Searches

Look for “double cascade”

signature from initial interaction
and later tau decay
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Tau Searches

Look for “double cascade”
signature from initial interaction
and later tau decay
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Analysis of HESE event rejects
no-tau hypothesis @ 2.80
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Tau Searches

Look for “double cascade”
signature from initial interaction
and later tau decay

Fraction of v,

—— HESE with ternary topology ID v, : v, : v, at source — on Earth:

i . % Best fit: 0.20 : 0.39 : 0.42 0:1:0 — 0.17 : 0.45: 0.37
AnaIySIS Of H ESE event reJeCtS Global Fit (IceCube, APJ 2015) 1:2:0 = 0.30 : 0.36 : 0.34

no-tau hypothesis @ 2.80 Inelasticity (IceCube, PRD 2019) 1:0:0 = 0.55 : 0.17 : 0.28
"""" 3v-mixing 3o allowed region 1:1:0 — 0.36 : 0.31: 0.33

¢ > o n

Best-fit has all flavor
G | IceCube Physics Results | Brian Clark, June 9 2022 components >0. 21
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Glashow Resonance

A search for partially contained
events identified a cascade
with ~6 PeV of energy
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Glashow Resonance

A search for partially contained
events identified a cascade
with ~6 PeV of energy

Consistent with Glashow
resonance: formation of on-
shell W-boson
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Glashow Resonance

A search for partially contained
events identified a cascade
with ~6 PeV of energy

Consistent with Glashow
resonance: formation of on-
shell W-boson

First observation of this
interaction, and a confirmed
astrophysical ve

ve eeeve

ﬁ | IceCube Physics Results | Brian Clark, June 9 2022

Reet (D>

s
Reeiil (10

A

(49
AR

(R m(_(««uo-
(D e

e i Lo Bl

"y
co @ A,: ".( TR
Wit
¢ o

x . f((f(‘«... -

Nature 591, 220-224 (2021)

22



Neutrino
Oscillations

‘ Sterile Neutrinos

Heavy Quark
Production

Neutrino
Astronomy

Multimessenger
Astr
Supernova
Explosions ASTROPHYSICS NEUTRINO

PHYSICS
Gamma Ray
Astronomy
FUNDAMENTAL EARTH
Cosmic Ray SYMMETRIES SCIENCES .
Physics Neutrino Decay

Solar Physics BEYOND DARK
STANDARD MATTER Glaciology
MODEL
Symmetry Earth
Tomography

; Indirect Atmospheric
Strangelets Monopoles Supersymmetry Searches for DM ScierF\)ces

Cosmic
Accelerators

Flavor Ratio Tau Appearance

A

Non-standard
Interactions

ﬁ | IceCube Physics Results | Brian Clark, June 9 2022

23



Neutrino
Accelerators ‘ Astronomy ’
Multimessen
Astronomy '
Supernova
Explosions ASTROPHYSICS NEUTRINO
PHYSICS
Gamma Ray
Astronomy
FUNDAMENTAL EARTH
Cosmic Ray SYMMETRIES SCIENCES .
Physics Neutrino Decay

Solar Physics BEYOND DARK
STANDARD MATTER Glaciology
MODEL
Symmetry Earth
Tomography

; Indirect Atmospheric
Strangelets Monopoles Supersymmetry Searches for DM ScierF\)ces

Cosmic Neutrino

Oscillations

‘ Sterile Neutrinos

Heavy Quark
Production

Flavor Ratio Tau Appearance

1

A

Non-standard
Interactions

ﬁ | IceCube Physics Results | Brian Clark, June 9 2022

23



Searching for Sources
Time-Integrated Searches
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Searching for Sources
Time-Integrated Searches

Perform all-sky search for
neutrino sources
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Searching for Sources
Time-Integrated Searches

Perform all-sky search for
neutrino sources

No significant emission so far
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ANTARES E~2 Sensit. === 90% Sensit. E=3

Searching for Sources - ANTARES 7 S || == S D P 73
Time-Integrated Searches

50 Disc. Pot. E72
90% Upper Limits £~
90% Upper Limits E—3

Perform all-sky search for N
neutrino sources

—12 | i
10 ~

T C ‘;w::‘:’“'ﬁ;;"“&";}
No significant emission so far

~1.0 0.5 0.0 0.5 1.0
sin(6)

v

PRL 124, 051103 (2020)
(arxiv 1910.08488)
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ANTARES E~2 Sensit. === 90% Sensit. E=3
i === ANTARES E3 Sensit. —— 5 Disc. Pot. B3

= 90% Sensit. B2

50 Disc. Pot. E72
90% Upper Limits £~
90% Upper Limits E—3

H
=
\]

Searching for Sources
Time-Integrated Searches

Perform all-sky search for
neutrino sources

No significant emission so far - | | |
~10 ~05 0.0 0.5 10
sin(6)
But find 2.90 (post-trials) PRL 124, 051103 (2020)
hotspot observed on NGC 1068 (arxiv 1910.08188)

In a catalog search”

*110 sources chosen a priori based on gamma ray
emission
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Searching for Sources

Time-Integrated Searches

Perform all-sky search for
neutrino sources

No significant emission so far

But find 2.90 (post-trials)
hotspot observed on NGC 1068
In a catalog search”

*110 sources chosen a priori based on gamma ray
emission
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Searching for Sources
Correlations with Cosmic Rays
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Searching for Sources
Correlations with Cosmic Rays

Cosmic-rays and neutrinos are
suspected to have common origin —
search for correlations!
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Searching for Sources
Correlations with Cosmic Rays
Cosmic-rays and neutrinos are

suspected to have common origin —
search for correlations!
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Searching for Sources Cosmic rays:
Correlations with Cosmic Rays
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Cosmic-rays and neutrinos are
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search for correlations! ICECUBE
No significant correlations found . N 1.00
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Searching for Sources
Correlations with Cosmic Rays

Cosmic-rays and neutrinos are
suspected to have common origin —
search for correlations!

No significant correlations found

Not necessarily unexpected!

Good CR accelerators may be
optically thin and therefore poor
neutrino beam dumps
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Sterile Neutrinos

Several experimental anomalies
challenge the 3-flavor paradigm
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Sterile Neutrinos

Several experimental anomalies
challenge the 3-flavor paradigm

Use upgoing tracks to look for a
sterile neutrino at the eV-scale
(3+1 model)
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Sterile Neutrinos

Several experimental anomalies
challenge the 3-flavor paradigm

Use upgoing tracks to look for a
sterile neutrino at the eV-scale
(3+1 model)
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A sterile neutrino leads to a matter-

Steri Ie NGUtri nOS enhanced resonance, and near total

disappearance of Earth-traversing
few TeV neutrinos.

Several experimental anomalies 107 100
challenge the 3-flavor paradigm
- 30
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Sterile Neutrinos

Several experimental anomalies
challenge the 3-flavor paradigm

Use upgoing tracks to look for a
sterile neutrino at the eV-scale
(3+1 model)
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Solar Dark Matter

DM can be captured by the
sun, thermalize, and
annihilate to neutrinos
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Solar Dark Matter

DM can be captured by the
sun, thermalize, and
annihilate to neutrinos

Use sample of low-energy
(<500 GeV) events to
search for excess from the
Sun
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Solar Dark Matter

DM can be captured by the
sun, thermalize, and
annihilate to neutrinos

Use sample of low-energy
(<500 GeV) events to
search for excess from the
Sun

No observed excess — set
world-leading constraint on
5-100 GeV DM annihilation
to neutrinos
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Solar Dark Matter

DM can be captured by the
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annihilate to neutrinos
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Sun

No observed excess — set
world-leading constraint on
5-100 GeV DM annihilation
to neutrinos
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The Future: IceCube-Gen2
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The Future: IceCube-Gen2

ICECUBE
GENZ2

Four new elements

1 . ICeCube Upg rade ““.lw"f""lsyi\‘llmlwllI‘! M1 H“H’“""mmm.l’.’ﬁm'"”’
2. Enlarged deep optical array
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The Future: IceCube-Gen2

ICECUBE
GENZ2

Four new elements

1 . ICeCube Upg rade ““.lw"f""lsyi\‘llmlwllI‘! | H“H’ﬂ""““'"iﬁ".’ﬁm'"”’
2. Enlarged deep optical array
3. Surface array extension
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The Future: IceCube-Gen2

ICECUBE
GENZ2

Four new elements . T ——

wl‘lllﬂlu‘ E!mix’-t-nlwlll‘; L A e o ’.’Wl"”

lceCube Upgrade

Enlarged deep optical array
Surface array extension
Shallow radio array

A\
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IceCube-Gen2 Optical
~10x the contained volume of IceCube
5x the effective area

2x the angular resolution (on tracks)
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IceCube-Gen2 Optical

~10x the contained volume of IceCube

5x the effective area

2x the angular resolution (on tracks)

Features new pixelated

module, based on

mDOM development work in the
Gen2 DOM lceCube Upgrade
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Sensitive to sources 5x fainter than lceCube
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Conclusions

Neutrinos are unique messengers to the cosmos

Very exciting first decade w/ IceCube

 Discovery of high-energy neutrinos &
identification of first potential sources

« Powerful probes of particle & neutrino physics
« World-leading sensitivity to BSM physics

lceCube Gen2

IceCube-Gen2: The Window

Futu re IS brlg ht' to the Extreme Ur;iver:se

The IceCube-Gen2
Collaboration
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ThankYou! @

Questions?

 telescope ends, the

ve begins. Which of the
the grander view?”

4 —Victor Hugo
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Particle Physics
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Particle Physics

Astro2020 Science White Paper

Fundamental Physics
with High-Energy
Cosmic Neutrinos

Thematic Area: gy and Fundam Physics

®
.
.
i
.
-
.
-
-
4
y
-
<
“

Astro 2020 White Paper
“Fundamental physics with
High-Energy Cosmic Neutrinc
Ackerman et al. 1903.04333
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Particle Physics
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Astro 2020 White Paper
“Fundamental physics with
High-Energy Cosmic Neutrinc
Ackerman et al. 1903.04333
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Particle Physics

keV MeV GeV TeV PeV EeV ZeV
’é‘ ' : T : : T : : T : : T ' ; T =
B - ____Observable Universe i
Astro2020 Science White Paper ) 25 = GZK BOI'IZOH . ‘ GpC
: = [ Supernova Ultra-high-ehergy J
Fundamental Ph)/SICS _g 20 o ——— : § p
with High-Energy K% - High-energy g =1 kpc
Cosmic Neutrinos O ; § N oc
o = Q) P
Thematic Area: gy and Fundamental Physics : Q) 15 K E %
: ) ’ Solar A
% E 10 F , = AU
> = - Geoneutrinos §9~R R
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: = 1 : ] I : 1 . 1 ; 1 . I : e
3 5 7 9 11 13 15 17 19 21
Logio(Neutrino energy/eV)
Astro 2020 White Paper B sjorana vs. Dirac I violation
“Fundamental thSiCS with Mass ordering - Cosmic backgrounds
High-Energy Cosmic Neutrinos” LeUtiieCs e -
Ackerman et al. 1903.04333

Neutrino cross sections

Sterile neutrinos

Dark matter
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Particle Physics

Ecom = \/4 E, my

=
o
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LHC at 14 TeV
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o
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=
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Particle Physics

Probe cross-sections at energies above | | | |
accelerators
Ecom = \/4‘Ev my

=
o
[¢)]

LHC at 14 TeV

10% | /

Collider COM Energy (GeV)
=
o

10° 10”7 10® 10° 10'° 10'' 10'? 10"
Incident Neutrino Enerav (GeV)
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Particle Physics

Probe cross-sections at energies above | | | |
accelerators
Ecom = \/4‘Ev my

Ex: An EeV (1078 eV ) neutrino
interacting in ice has COM energy of
~60 TeV (note: LHC 14 TeV)

LHC at 14 TeV

10% | /

Collider COM Energy (GeV)
=
o

10° 10”7 10® 10° 10'° 10'' 10'? 10"
Incident Neutrino Enerav (GeV)
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Particle Physics

Probe cross-sections at energies above | | | |
accelerators
Ecom = \/4‘Ev my

=
o
[o)]

Ex: An EeV (1078 eV ) neutrino
interacting in ice has COM energy of
~60 TeV (note: LHC 14 TeV)

LHC at 14 TeV

=
o
SN

i

Collider COM Energy (GeV)
=
o

These are the highest energy leptons
ever Observed' 10° 167 168 169 10‘10 10‘11 10‘12 1043

Incident Neutrino Enerav (GeV)
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Cosmogenic Neutrinos
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Cosmogenic Neutrinos

Pions from the GZK interaction further
decay
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Cosmogenic Neutrinos

Pions from the GZK interaction further
decay

p+y->n+mn’
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Cosmogenic Neutrinos

Pions from the GZK interaction further
decay

p+y->n+mn’

l**»u*’+-Vﬁ
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Cosmogenic Neutrinos

Pions from the GZK interaction further
decay

p+y->n+mn’

l**»u*’+-Vﬁ
L>e+ + Ve +
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Cosmogenic Neutrinos

Pions from the GZK interaction further
decay

p+y-on+n’
L»ﬂ+ +@
e )
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Cosmogenic Neutrinos

Pions from the GZK interaction further
decay

pt+y-n+n"
L’M+ +@
e )
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Cosmogenic Neutrinos

Pions from the GZK interaction further
decay

pt+y-n+n"
L»;ﬁ +@
e )
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Cosmogenic Neutrinos

Pions from the GZK interaction further
decay

pt+y-n+n"
L»;ﬁ +@
e )

Undetected. But! Shape encodes
Important astrophysics:
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Cosmogenic Neutrinos

Pions from the GZK interaction further
decay

pt+y-n+n"
L»;ﬁ +@
e )

Undetected. But! Shape encodes
Important astrophysics:

* Maximum accelerating energy
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Cosmogenic Neutrinos

Pions from the GZK interaction further
decay

pt+y-n+n"
L»;ﬁ +@
e )

Undetected. But! Shape encodes
Important astrophysics:

« Maximum accelerating energy
» Source redshift evolution
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Cosmogenic Neutrinos

Pions from the GZK interaction further
decay

pt+y-n+n"
L»;ﬁ +@
e )

Undetected. But! Shape encodes
Important astrophysics:

« Maximum accelerating energy
« Source redshift evolution
« Cosmic ray composition
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M.A. Markov & |. M. Zheleznykh

G | IceCube Physics Results | Brian Clark, June 9 2022

In the papers by Zheleznykh and myself (1958,
1960) possibilities of experiments with cosmic ray
neutrinos are analyzed. We have considered those
neutrinos produced in the earth’s atmosphere from
pion decay. From the known u spectrum the neutrino

energy spectrum 1s reconstructed. We propose setting
up apparatus in an underground lake or deep in the
ocean in order to separate charged particle directions
by Cerenkov radiation. We consider p mesons
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Optical Cherenkov Effect

“Photonic Sonic Boom”
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Optical Cherenkov Effect

“Photonic Sonic Boom”

A particle outruns its own electric field
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Optical Cherenkov Effect

“Photonic Sonic Boom”

v>c

A particle outruns its own electric field
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Optical Cherenkov Effect

“Photonic Sonic Boom”

v>c

A particle outruns its own electric field
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F-18 going Supersonic
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Optical Cherenkov Effect

“Photonic Sonic Boom”

v>c

A particle outruns its own electric field
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F-18 going Supersonic

Emitted at a characteristic angle (6.),
and has a distinctive blue and UV glow
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Optical Cherenkov Effect

“Photonic Sonic Boom”

v>c

A particle outruns its own electric field

G | IceCube Physics Results | Brian Clark, June 9 2022

F-18 going Supersonic

Emitted at a characteristic angle (8.),
and has a distinctive blue and UV glow
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Atmospheric Neutrinos
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» 7/K Atmospheric Neutrinos (dominant < 100 TeV)
» Charm Atmospheric Neutrinos (“prompt”, ~ 100 TeV)
» Astrophysical Neutrinos (maybe dominant > 100 TeV)

N.Whitehom_twggdg‘smogenic Neutrinos (> 10° TeV)

G | IceCube Physics Results | Brian Clark, June 9 2022

43



IceCube Collaboration meeting in Brussels, May 19 2022
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Astronvmy
First Neutrino Source (2017)
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Astronvmy
First Neutrino Source (2017)
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Astronvmy
First Neutrino Source (2017)

Sep 22,2017 -
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Astronvmy
First Neutrino Source (2017)

290 TeV neutrino observed in coincidence with
flaring blazar (~30)

Sep 22,2017 -

v
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Science Vol. 361, Issue 6398

original GCN Notice Fri 22 Sep 17 20:55:13 UT

Astronvmy oo 2 mraronnonn oz
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original GCN Notice Fri 22 Sep 17 20:55:13 UT
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Science Vol. 361, Issue 6398

original GCN Notice Fri 22 Sep 17 20:55:13 UT
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Astrophysical Neutrino Searches

For astrophysical neutrino searches,
atmospherics are a background

One strategy: look for upgoing events

Uses the Earth as a shield to
atmospheric muons
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Upgoing Track Selection
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Softer, but still consistent with,
previous results
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Upgoing Track Selection

2.37+0.09 Softer, but still consistent with,

Data still consistent with single power previous results

law, fits w/ y = 2.37 + 0.09
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Glashow
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Glashow
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Searching for Sources
Correlations with Photon Catalogs

lceCube follows-up other
messengers

Through AMON, sub-
threshold searches ongoing
between HAWC and
lceCube

Generic fast-response
analysis tool for responding
to the community
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A HAWC-IceCube

coincidence; post-

trials p-value ~7%.
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Cross Section

The Earth attenuates
upgoing neutrinos
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Cross Section

The Earth attenuates
upgoing neutrinos
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Cross Section

The Earth attenuates
upgoing neutrinos

Can use this to measure
the neutrino cross-
section—done most
recently with the HESE
dataset
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Cross Section
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Cross Section

Measurements of the cross-
section probe various BSM
scenarios (e.g. sphalerons,
LEDM, etc.)
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Monopoles

Use IceCube as a gigaton detector
for novel BSM patrticles like
monopoles

Latest search looks for relativistic
(B > 0.75) monopoles -- appears as
"slow” track with a smooth light
deposition pattern

No passing events on background
of ~0.3, set strict upper limit

G | IceCube Physics Results | Brian Clark, June 9 2022
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Non-Standard Interactions
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Non-Standard Interactions
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Neutrino oscillations are affected by matter Vp t Vy
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Non-Standard Interactions
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Non-Standard Interactions

VI VUVVVUUUV U VU

Neutrino oscillations are affected by matter
in the Earth

NSI leads to %-scale deviations from SM
expectations, parameterized by € ut

Search for thisusing TeV vu+ ppp +v,

tVy
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Non-Standard Interactions

Neutrino oscillations are affected by matter
in the Earth

NSI leads to %-scale deviations from SM
expectations, parameterized by €,

2
Amg,

P(v, — v;) = |sin20s3

Search for this using TeV v, + v,

Set world’s strongest constraint!
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Steriles
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Steriles
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The IceCube-Gen2 Facility

vy Gen2-Radio
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The IceCube-Gen2 Facility

v Gen2-Radio ® Gen2-Optical
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IceCube Upgrade

* 7 new strings, ~100
sensors/string

« 5 year construction project
underway

» Key goals: ice calibration,
sensitivity to GeV neutrinos

« R&D platform: pixelated
detectors, wavelength shifting
sensors
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The IceCube-Gen2 Facility

vy Gen2-Radio

® Gen2-Optical

PeV
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The IceCube-Gen2 Facility

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

 Enlarged, 8 km3 optical array in
“Sunflower” layout

o 122 strings, 240m lateral spacing
o 80 Oms/string, 17m vertical spacing

« ~10x the contained volume
* 5x the effective area
» 2x the angular resolution

Features new
pixelated optical
modules

D-Egg
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The IceCube-Gen2 Facility

vy Gen2-Radio

® Gen2-Optical

PeV
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The IceCube-Gen2 Facility
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IceCube-Gen2 Radio

500 km? radio array

Probes even pessimistic
cosmogenic models

M %//"‘ Auxiliary

antennas for
/ reconstruction
: Hpol

Phased-array

for low
Vol threshold
triggering
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