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Particle types in IceCube

Atmospheric Muons (~108 per day)
cosmic HE particles interact with
atmosphere (cosmic ray)
a particle shower develops through the
atmosphere (air shower)
muons reach IceCube

cosmic ray



Particle types in IceCube

Atmospheric Muons (~108 per day)
cosmic HE particles interact with
atmosphere (cosmic ray)

a particle shower develops through the
atmosphere (air shower)
muons reach IceCube

Atmospheric Neutrinos (~200 per day)
cosmic ray induces air shower
neutrino is created in shower
neutrino interacts in Earth or ice
visible muon or shower in lceCube
energy threshold ~10 GeV
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Particle types in IceCube

Atmospheric Muons (~108 per day)
cosmic HE particles interact with
atmosphere (cosmic ray)
a particle shower develops through the
atmosphere (air shower)
muons reach lceCube cosmic ray
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Atmospheric Neutrinos (~200 per day)
cosmic ray induces air shower
neutrino is created in shower
neutrino interacts in Earth or ice
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visible muon or shower in lceCube

energy threshold ~10 GeV
atmosphe

Astrophysical Neutrinos (~10 per year)
neutrino from outer space passes
through Earth
neutrino interacts in Earth or ice
visible muon or shower in IceCube
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/ atmospheric p

cosmic ray



Outline

* Introduction of IceCube
» Beyond Standard Model physics with IceCube
- Direct detection of exotic particles
» Standard detection channels
» Development of new detection channels

- Development of new detector modules



Beyond Standard Model physics with IceCube : 3
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Indirect detection Direct detection
exotic source of particles + exotic particle (or interaction
contributes to particle flux secondary) passes through

. . . the detector
exotic interactions/particles

contribute to propagation +often distinct event signature
of particle fluxes expected

unexpected particle
properties at
unprecedentedly high
energies

different fundamental laws
of physics appear at long
scales



Relic Magnetic Monopoles

elemental magnetic charge (Dirac)
gD = e /2 o = 685 e time after big bang -

10435 0—36s 107325

—

with huge mass created A

- shortly after the Big Bang (GUT)
1013 GeV = M|\/||\/| = 1019 GeV

- in intermediate stages of symmetry
breaking (IMM)
107 GeV = Myuv = 1013 GeV

GUT symmetry breaking

Planck scale

=<

Big Bang
Inflation
e
<,

acceleration in magnetic fields for
Mmm = 1014 GeV to Eyin = 1015 GeV

scale factor of the universe

magnetic monopoles

trapping around galaxy, sun, Earth freeze out
v~103 /104 /105 ¢

Gluesenkamp 10
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Light production in water-Cherenkov telescopes

Relativistic speeds
Continuous light emission
- Cherenkov Light
- Cherenkov light from!

Monopole light yield

secondaries — Direct Cherenkov light
. — Indirect Cherenkov light
Stochastic losses 107
- Bremsstrahlung
- Pair production 10° |
- Photonuclear interactions
. 10° |
Cherenkov light emission pattern = ; | ; ; ; |
~ 10* Fe s o e A |
o : 5 5 5 5 5 ]
Q
>
D107 el
e
=
—l 102 Y AR IR g
particle j § § 5 5 ~ Muon |
— 1 _ ______________ ______________ _____ dt_
10 [ : ; ; : Chererlmrkegv:
- ' ' ' ' light -
10° | | | | |
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Velocity / ¢
me



Light yield / v/cm

Monopole light yield

—— Direct Cherenkov light
— |ndirect Cherenkov light

—— Proton decay with cross section ¢,6=10"%" cm

IR S N IR
0.1 0.2 0.30.4050.60.70.8 0.9 1.0

Velocity / ¢

Slow speeds | 7" 105 |
- catalysis of proton decay
+ thermal shock waves (not used yet)

= model dependent

Light emission from proton decay

photons

monopole
atom



vrasoo@oosna

L IR N

BT

o0 ¢ D@t t & Fol &R Poth R S0y § G Pt kAL R B Dot @ S Rud 4 Y

© o mrdede

b E £ EE R
€ e e e W EEITRETE

A

EB b &k P AP S
ccoeveruior Koww

erevsovar vuee

CeEVELES P VELEOO G a S

CcvceecbuedboovTvEooTeveeEas

| feemEOLEVYAPOEYMOECUVEOETLEIDEY

vosvauvaad

cuitatseusoivvaaseyadiofya

aave

INOS

NebfeEteanLeriCOV e O REEY

cose favoCErsacEEUVCLLOPVEULED0OTIOYE

L b2aoDicVRdaABA0OIVRIASAIT OBV
G e EEEEVUVURO OO DELEYABAOODEVYYE a v

sisvizevevabauIITIOTA

. Cahk]

Color 2 time (red -> blue)
Size 2 light amount

neutr

howers

alr S

bundles from

ident

CoiNci

9

EPJ C76 (2016) 133



Mapping the parameter space of Magnetic Monopoles

@—® IceCube 86 DC - ANTARES 17 B B IceCube 86 II Sensitivity
——e BAIKAL 98—-03 @@ IceCube 40 =11 JceCube 86 I-IV Sensitivity
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radiation radiation
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EPJ C74 (2014) 2938
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Mapping the parameter space of Magnetic Monopoles
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MACRO o—e JceCube 86 1
Ll O AR
T ;iParker Bound . . N
P [ g e
10710 L. A
T
2 X N 28 9
~ 10V 7 O 218:10 Tem”
|E . _ M '
© Ll Sso No sensitjvity with : i‘
~ 107 L SH S e
o 3 ~ recent detectors yet 1
© [PRELIMINARY i 1. _:
10 b RSN S PSSP TEEITPRS ISP P S POS o SAREEAEY -
-3 —2 -1 0 1
lo : .
Catalveis of 810 07 Indirect Direct
atalysis o :
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Light production by (exotic) particles in water and ice © :

Relativistic speeds Intermediate speed Slow particle speed (< 0.1 ¢)

continuous light + catalysis of proton decay
emission = not covered yet

stochastic losses

thermal shock waves

ldea: Luminescence light | | o
o o Luminescence light emission pattern
ionising radiation passes through
matter

it excites atoms/molecules

relaxation with light emission |
particle

» works for all speeds

» works for all ionising particles

Light yield defines detectability! matter ight

11



Luminescence light measurement ° !

Characterisation via
light yield
decay kinetics
emission spectrum
quenching

Dependencies
temperature
impurities / solubles
radiation type
pressure

Light yield / y/ MeV

Few existing measurements

with very different setups and results

102 F T J1F T T T T T I T T T ]
s 1k () | — - - ]
'Steen < o 12 | Radiation|!
(1972 < I0 .
- L N2 €

10* E Quickenden El3 | : : L
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3 % f |

1 @ | 1
-1 Trofimenko |
10 3 | ER3 | | | | | 7992 L 1 | | E
—200 —-170 -40 -30 =20 -10 0 10 20 30

Temperature / °C

Note:
sample quality varies significantly
between measurements
different radiation causes different
amount of quenching



Direct Cherenkov light
Indirect Cherenkov light
Luminescence with yield 1.0 4/MeV

Proton decay with cross section ¢,4=10"* cm?

Light yield / v/cm

Muon_
direct

Jo o b
10~ 10 0.1 0.20.30.40.50.60.7080.9 1.0

Velocity / ¢




Laboratory measurements

. e . 11000
+ ultra-purified water degassed in
vacuum (frozen to bubble free ice) 10000
9000
» induced luminescence light with N 5000
-parti 241 =
x-particles from 241Am g 7000
. . o
+ measured single photons with 5 6000
photomultiplier 2 5000
4000
+ probed background (temperature | | | |
dependent) 000 o {00
2000 | | | |

- calibrated & calculated optics

emperature

temperature Auge 74___‘;
photomultiplier B |
X-source at Solrce — T
# ultra-purified ice »

arxiv:1710.01197 13




Previous light yield measurements

102 E | | | O | | | | ||_
[Steen = 1L
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Note: Comment:
sample quality varies significantly *uncertainties of new laboratory

between measurements

measurement originates from water quality

different radiation causes different -+ "Trofimenko” is the only in-situ

amount of quenching

measurement, all others use cleaned water

arxiv:1710.01197 14



Previous light yield measurements : 1¥ ¢

First laboratory measurement at temperatures of neutrino telescopes
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Note: Comment:
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between measurements measurement originates from water quality
different radiation causes different -+ "Trofimenko” is the only in-situ
amount of quenching measurement, all others use cleaned water

arxiv:1710.01197 14



South Pole

Antarctica SPICEcore
Borehole

lceCube

Neutrino Observatory
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650 M "

SPICEcore borehole
- filled with anti-freeze / drilling grease (Estisol)
- measurements in 2018 / 2019



South Pole

Antarctica | SPICEcore
Borehole

lceCube

Neutrino Observatory
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SPICEcore borehole

- filled with anti-freeze / drilling grease (Estisol)
+  measurements in 2018 / 2019




Luminescence Logger

Goal

irradiate ice with B-source and
measure back-scattered light

Method

press source against ice

guide scattered light onto
photomultiplier

Details
diameter: max 92 mm
length: 1.30 m

commercial mini USB-
oscilloscope for readout

light detection with
photomultiplier tube

several sensors: i.e.
temperature, gyro,
IR camera

16
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— Side
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@ <« multiplier

Low

temperature
7 Batteries

: Bottom
. Camera
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Luminescence Logger

Goal

- irradiate ice with B-source and

measure back-scattered light

Method

* press source against ice

guide scattered light onto
photomultiplier

Details
diameter: max 92 mm
length: 1.30 m

» commercial mini USB-
oscilloscope for readout

- light detection with
photomultiplier tube

several sensors: i.e.
temperature, gyro,
IR camera

Motor &
Slow control

Spring

& wire

Magnets

36C]|-
Source

Photomultlpller\

16
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Luminescence Logger

Goal

- irradiate ice with B-source and
measure back-scattered light

Method

* press source against ice

guide scattered light onto
photomultiplier

Details
diameter: max 92 mm
length: 1.30 m

» commercial mini USB-
oscilloscope for readout

- light detection with
photomultiplier tube

several sensors: i.e.
temperature, gyro,
IR camera

Motor &
Slow control

Spring

& wire

Magnets

36C]-

Source T ——~_§

Photomultlpller\

16

Electronic

4« Board

I\/I|n|.-
Oscilloscope

— Side

Camera

A/I\/Iirror

| “ Photo-
@ <« multiplier

Low
temperature
Batteries

Bottom
Camera



‘2 By
Results: Luminescence light measurement ! |

Radiation type: —_— —_— — Y
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Results: Luminescence light measurement !

5 Radiation type: —_— —_a — Y
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5.03 £ 0.06 pus

56.1 + 6.29 us



. . o %
Results: Luminescence light measurement °

Radiation type: e~ — — Y
10 llceCube Prelimi '
E 1lceCube Preliminar : g o
1Steen : y : § 12
- - -1 . m
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arXiv:1908.07231 Temperature / °Cc  Publication under preparation

Spectrum of luminescence

Decay times c 0.10

O $ Corr. Spectrum
2.44 + 2.07 ns E $ No Estisol

= ¢ No Cherenkov
196.1 = 39.1 ns £ 0.05 -
5.03 + 0.06 s °
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300 350 400 450 500
Wavelength / nm
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Applications of ice luminescence

+ searches for exotic particles incl. neutral particles
- calibration of ultra high energy neutrinos

+ particle identification

- ice classification on icy moons in the solar system

Magnetic monopole exclusion limits

@—@® IceCube 2014 DC 1y === ANTARES 2017 5y B B IceCube 8y Sensitivity
e BAIKAL 2003 5y @—® IceCube (40 strings) 2015 =+  IceCube 6y Sensitivity
—— MACRO 2002 o—o IceCube 2015 1y = = JceCube 1y Sensitivity

I I I I I

Parker Bound




IceCube Upgrade IceCube Gen2
(construction end 2022) (starting ~2025)

.
. \ S
\ .

=)
100m

.‘ .o .Q
IceCube DeepCore Upgrade




Towards more sensitive & larger particle detectors

mDOM: new detector module for Mechanical integration
the Upgrade (2022) - low coverage of sensors
+ 24 instead of 1 PMT - safety at extreme environment
better signal/noise ratio
directional sensitivity Current status:
450 modules to be build in Berlin - prototype reviewed
and Michigan - test production

of 10 modules =




Towards more sensitive & larger particle detectors

WOM: new detector module for

the Generation 2 (>2025)

+ 1 prototype on its way to the
ocean network canada (ONC)
15 modules for the Upgrade
2022
O(1000) modules for Generation
2 >2025

Prototype for ONC
Electronics based on logger

21



Towards more sensitive & larger particle detectors

WOM: new detector module
the Generation 2 (>2025)

for

1 prototype on its way to the
ocean network canada (ONCQC)
15 modules for the Upgrade

2022
O(1000) modules

for Generation 2
>2025

fil

Tasks (Sept. 2021)
overall mechanical
Integration
pressure vessel

ling

material

—_—

Physics to improve sensor

/

",

electronics development
calibration (with others)
production (with others)

|

T

wavelength- _-¥.

shifter

"

7
pressure
housing .

-
N\
N

n=1.33 ' n=1.5, n=1.33

ice

‘quartz = opt. fill

~~ quartz tube

/ .
wavelength shifter
-+
fr’(‘ coated tube
f"
) ¢ — matrix quartz glass
MAA pressure housing
® A
/ 4” PMT
|
. n=1.5 n=1.0
- Quartz air

22



Back to beyond standard model physics : @,’ !

- fractionally charged particles

- Q-balls (via standard methods and
using luminescence)

 nuclearites (via thermal shocks,
maybe experiments needed)

... and many more

23
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M-theory heteretic)
G ﬂolonony E‘!E'

fractionally charged particles Matter

Anti-matte

Q-balls (via standard methods and
using luminescence)

nuclearites (via thermal shocks,
maybe experiments needed)

... and many more
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Summary

large neutrino
detectors are
sensitive to any
ionising particles

large detection v
facilitates unprece
sensitivities to ne

many channels to

= | ots to discover!




Backup
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Dark Matter annihilation and decay 3

TeV WIMP increasingly disfavoured due to non observation at LHC/elsewhere

Search for annihilation / decay of DM in
galactic DM (anisotropic)
extra-galactic DM (isotropic, red shifted)

Decay
heavy DM decays into SM particles (directly

Annihilation
heavy Spin-0 particle annihilates into SM

particles such as mono-energetic neutrinos or indirectly) with neutrinos in final state

. E R ¥
10-22- XX—=HTH 1022 IceCube preliminary X—=HTH
] ° "
1 ”~ 28
— 10723 10 LM - ———— - -
I | — —
) ' -
' — 27 7’
mE 10—24_i 2 10 //.-..-\
< 10725 10%72
5 s IC: HESE 7.5yr e MAGIC +Fermi 1
6 3 == = [C: Cascades 2yr === VERITAS 1025 1 mmmm |C: HESE 7.5yr == = HAWC: M31
10 IC: Muons = ANTARES § == = [C: Cascades 2yr === Fermi
] e HAWC: dSPH == H.E.S.S. 1024 ;—\HAWC: GC = VERITAS
101 102 10 104 10> 10° 107 103 104 10° 10° 107

Neutrino 2018 & arxiv:1804.03848 & 1705.08103 o6



Beyond Standard Model physics with IceCube -

Indirect detection

exotic source of particles
contributes to particle flux

exotic interactions/partices

contribute to propagation

of particle fluxes

unexpected particle
properties at
unprecedentedly high
energies

.
.
.
.
.
.
o
.

different fundamental laws
of physics appear at long
scales

e . .
e,ga(f}@ ---------- > Neutrino crosssection
atmospheric neutrinos pass
different lengths of Earth
~ different amount of matter
09 -
-+ Neutrino

0.8 - ~+ Antineutrino

07 - L — —Weighted combination
S b ) S — This result
) -
S o6
g 0.5 -
:‘PE 04 - w.
yi 03 i" l v
°

0.2 Accelerator

0.1 Data

0.0 | Nature 551 (2017) 596-600

1.5 2.5 3.5 4.5 55 6.5

log.o(E, [GeV])
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Neutrino oscillation

Strategy

+ atmospheric neutrinos from a wide range of baselines (~angles)

- energies: few GeV to 100 TeV

Model expectation

Amy, =7.5-10"eV?
Am} =2.32-10 %eV?
0,,=33.9° 6,,=9.1°
0, =45.0°

v, disappearance

cos(f)

v, disappearance

ass ordering

. \\
-1.0 10 100
E | GeV

< > < >

matter resonances vacuum dominated

Event histogram

Vv, enriched sample

Cascade-like Track-like

1.0 1000
31 94 237 374 423 312 210 113 || 43 68 121 177 221 181 114 59
101 218 [ 412 7 2 4 800
600
4400
1200
257 347 421 402 356 246 138 100 || 200 177 220 178 185 133 122 131
-1.0 b e : ——J Lp
6 810 30 506 810 30 50
Ereco (GeV)

v, disappearance
(less up-going
track-like events)

Number of Events

Phys. Rev. Lett. 120, 071801 (2018) og



Neutrino oscillation

Strategy
+ atmospheric neutrinos from a wide range of baselines (~angles)
- energies: few GeV to 100 TeV

Event histogram

Model expectation v, enriched sample
0.0 1.0 1 1
Am} =2.32-10 %eV? 3l 94 237 374 3 312 210 13 || 43 68 121 177 21 181 114 59
02 0,,=33.9° 0,;=9.1°
' 0, =45.0" 101 218 | 412 46| 273 180 [ 67 103 169 205 272 29 25 141 300

-0.4 E
— . 600 <
S v, disappearance S
§ B

i i
—0.6 v; disappearance 100 2
=
. z
\ ass ordering
-0.8 1200
\ 257 347 421 402 356 246 138 100 200 177 220 T 133 2
~1.0 ~ A | P : 1L
1 10 100 6 8 10 30 506 810 30 50
E/ G(’V Ereco (GCV)
< > < > -
: Vv, di arance
matter resonances vacuum dominated u disappe

(less up-going
track-like events)

Phys. Rev. Lett. 120, 071801 (2018) og



Neutrino oscillation

Strategy
+ atmospheric neutrinos from a wide range of baselines (~angles)
- energies: few GeV to 100 TeV

Event histogram

Model expectation v, enriched sample
0.0 1.0 1 1
Am} =2.32-10 %eV? 3l 94 237 374 3 312 210 13 || 43 68 121 177 21 181 114 59
02 0,,=33.9° 0,;=9.1°
' 0, =45.0" 101 218 | 412 46| 273 180 [ 67 103 169 205 272 29 25 141 300

-0.4 2
— ! 600 S
S v, disappearance s
S B
o . )

-0.6 v; disappearance 1100 =

=
. z
\ ass ordering
-0.8 1200
\ 257 347 421 402 356 246 138
-1.0 ~ MR | P Lo
1 10 100 6 810 30 506 810 30 50
E/ G(’V Ereco (GCV)
< > < > -
. v, di ran
matter resonances vacuum dominated » disappearance

(less up-going
track-like events)

Phys. Rev. Lett. 120, 071801 (2018) og



o o o
Neutrino oscillation °
3.4 ' " '
Strategy ==  T2K 2017 -+ NOvA 2017
+atmospheric neutrinos from a wide 32 o MINOS 2016 — 102017 |
. SK 2017 - |ceCube, Analysis A
range of baselines (~angles) 30
- energies: few GeV to 100 TeV S o
- distinctive pattern in energy /angle/ = ,; . "
particle ID histograms 5 % D R
22}
Recent result
. . 2.0
»improved handling . . _ . .
. 0.3 04 0.5 0.6 0.7
of systematics sin®
+  MC driven background 25
hand Iing IceCube v, Appearance
X X i 20 1 Analysis A
» consistent with previous
. I CC Expected (N;=1.0, 68%)
lceCube / long baseline 15 m NC+CC Expected (N, = 1.0, 68%)
. cil e e == CC Best-Fit
experiments within 3 — NC+CC Best-Fil
10

statistical uncertainties

(shift due to statistical 5
fluctuations)
»maximal mixing preferred 0.0 05 10 15 2.0
v;: Normalization

Phys. Rev. D 99, 032007 (2019) 29



Sterile neutrinos :

Strategy

+ for Am241 ~ 1 eV2 sterile neutrino Wil [
) No sterile neutrino
states produce a change in the
matter potential
10.8
‘)'.).” T T T T rTrr T T T L rrrry T T
s+ SK,NO (2015), 90 % C.L n
SK, NO (2015), 99 % C.L. 3
0.25F e wem  |ceCube, NO (2016), 90 % C.L. || passing ‘ T
....... we=  |ceCube, NO (2016), 99 % C.L. [ - {] 10.6 5
- = M., = IceCube, IO (2016), 90 % C.L. Ol &
= 990 N +» IceCube, |0 (2016), 99 % C.L. " AC‘OSG—-'I 2
S N | _5
; With sterile neutrino "‘g
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Non-standard neutrino interactions

Strategy
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Lorentz Invariance Violation

Strategy
» atmospheric neutrino sample

Standard Model extension describes

COsSmic rays

different LIV effects as operators of
different dimension

+ these change the neutrino oscillation

probability

+ signal: anomalous muon neutrino
disappearance
»using 30k > TeV scale muon neutrinos v, i
+ result: best limits on LIV for higher PR ik
dimensions
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Sterile neutrinos at high energies

10°
Strategy
- for AmZ4y ~ 1 eV2 sterile neutrino
states try to identity the resonant 10t
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Sensitivity for Fractional Charges
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