Physics beyond the Standard Model
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South Pole
lceCube —

lceTop Array
81 stations

-ij: A decade of discoveries

lceCube Laboratory

Working principle
- Particles interact with the
deep clear ice

Emitted light is detected
by sensors

Digital Optical Module (DOM)

Penetrator HV Divider

Flasher

Fully operational since 2011
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Neutrino signatures

Muon neutrinos:
track-like events

vV, +N->pu+X

angular resolution ~ 0.5°
energy resolution ~ 25%

Electron neutrinos:
Isolated cascades

Vo + N> e+ X
Vy + N -5 v, + X

angular resolution ~ 10°
energy resolution ~ 15%

Tau neutrinos:
“double bang”

Ve +N->1+ X

~ 2 expected events
INn 6 years
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Beyond standard model searches in IceCube |

partially

fundamental charged

particles

EWYE

Indirect detection
new physics influences

Direct detection
lceCube detects what

oropagation/development of - reaches the detector

dark matter

narticle fluxes

- induces light production

exotic source of particles in ice

contributes to particle flux magnetic

monopoles

V inter- Q-balls /

... and many more (not

actions nuclearites

even thought off)

... and many more

Advantages to use v-detectors for exotic physics
large detector volume
for indirect detection: high statistics
for direct detection: few conditions on particle properties 4



Dark Matter from the Sun

. Standard”

e DM from galactic halo gravitationally bound in

potential of body (I)lzmzt *FA »C »O-X N

* weak scattering off nuclei in Sun decelerates DM
towards center = Oy

eqmllbrlum'

* DM self-annihilates at center with SM particle
emission = different spectra (only of neutrinos)

* neutrino rate & energy at detector depends on
DM mass & annihilation cross section

DM halo density spectrum

Secluded DM

e annihilation via long-lived mediator decaying
into SM particles outside sun

interaction



Dark Matter from the Sun o T

Expectation / Model:

1 Bkg pdf
1 Signal pdf

my =10 GeV
XX = bb

Analysis strategy: -

©
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- use low energy sub-detector DeepCore

Probability
o
o
w

- use standard lceCube as veto

- distinguish muon tracks and cascade-like
signatures o |:

: : : o 0 25 50 75 100 125 150 175
- reconstruct direction (angular resolution 5-35°) vI)
Observation

- unbinned LLH
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Xiv:2111.09970 8€g!
Dark Matter from the Sun ooy e 0

Analysis strategy:

- use low energy sub-detector DeepCore T
- use standard IceCube as veto 10-38| 110-2
- distinguish muon tracks and cascade-like ; :
signatures 5 41073 <
L . : E
- reconstruct direction (angular resolution 5-35°) = : 5. —: PICO-60 2019
e A ‘5% ==- Super-K 2015 1T

- unbinned LLH

104 Super-K 2015 bb _
ANTARES 2016 bb
- .. ANTARES 2016 77
—— IceCube 2021 T
102 IceCube 2021 bb
“]l_l(l)l L ---1-(|)2 L1 —— IceCube 2021 vv

m, [GeV]
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Dark Matter frOm the Sun arXiv:2107.10778

Secluded Dark Matter

- mediator decays into Vv outside sun, no signal R —
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- signal at higher energies H ... FERMLV o rto- yet/Rsun = 1 s
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- consider muon tracks “from below” 1074 b -
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Magnetic monopoles

Field of a magnetic monopole
(analogous to the end of a solenoid)

http://sse.royalsociety.org/2015/media/8749/mq_iron_filings-full-size.png 9



Detection of Magnetic Monopoles

predicted by many BSM theories

slow or relativistic

Monopole

highly ionising

o

QlCc |C

low tlux possible

massive (up to 1017 GeV)

isolated magnetic charge (~n x 68-¢)

particle o :

chotons

Light yield / (v/cm)

- Monopoles

- = Q-balls (g, =1e orc=10"%* cm?)

5 Indéirectf:

Cherenkov

! Luminescence .../ | . ]

Cherenkov :
¢ light

light

Ll l Ll l

e am e = emap o= oa o B - T

Muon_
direct

Cherenkov]
light

Y A N
4 1073 1072 0.1 0.20.30.40.50.60.7080.91.0

Velocity / ¢
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Event signatures of bright tracks
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Bright relativistic magnetic monopoles j
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Event signature: similar to astrophysical muon I
" 6.5 A SRS SN 102
neutrinos -
oo Upgoing . . 5

8 | 5 5 10° =

\52 SSE g;

Analysis: E =
|

* step 1: copy standard astro-v search

» step 2: work out distinct features of monopoles:

| | |
—1.0 —0.5 0.0 0.5 1.0

- zenith distribution

- tracks
. g
- homogeneous brightness = =
S =
S o
- speed E >
|
A5 R R RREREREEES e 10
Astrophysical neutrinos
4910 —65 ob ds 1.0
cos(6

zen) 1 2



Bright relativistic magnetic monopoles

Event signature: similar to astrophysical muon

neutrinos
—— monopole v, v,
Ve+,u+7' V,u
Analysis:

O L _
 step 1: copy standard astro-v search Y L -
* step 2: work out distinct features of monopoles: =

- zenith distribution L T e & -

a2 . —]
- tracks = LA

O |

h bright 2 o
- homogeneous brightness 0 b T fe e __
- speed [ ; =
—1.0 —(1).5 OI.O - 0.5
BDT score

1.0
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Bright relativistic magnetic monopoles ;

Event signature: similar to astrophysical muon

neutrinos

Analysis:

* step 1: copy standard astro-v search

step 2: work out distinct features of
monopoles:

- zenith distribution
- tracks
- homogeneous brightness

- speed
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@—® IceCube 2014 DC 1y
BAIKAL 2003 5y

—  MACRO 2002
— ANTARES 2017 5y

ANTARES 2021 9y

@—® IceCube (40 strings) 2015
—e [ceCube 2015 1y

B B IceCube 8y Sensitivity
mmm  JceCube 8y
= JceCube 7y

1d

ICRC (2021) 534
ICRC (2021) 1127

Phys. Rev. Lett. 128,
051101 (2022)
(Arxiv: 109.13719)
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Detection of Magnetic Monopoles

predicted by many BSM theories

slow or relativistic

Monopole

highly ionising

o

QlCc |C

low tlux possible

massive (up to 1017 GeV)

isolated magnetic charge (~n x 68-¢)

particle o :

chotons

Light yield / (v/cm)

- Monopoles

- = Q-balls (g, =1e orc=10"%* cm?)

5 Indéirectf:

Cherenkov

! Luminescence ../ | .

Cherenkov :
¢ light

light
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Luminescence of water and ice

Light yield / y/ MeV

few previous measurements
conducted laboratory and in-situ measurements
measured properties are sufficient for use at
neutrino telescopes
Radiation type: _ —_— —
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Luminescence of water and ice

» few previous measurements Neutrir{o,ﬁ

* conducted laboratory and in-situ measurements

* measured properties are sufficient for use at
neutrino telescopes
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Low relativistic magnetic monopoles

Event signature: similar to atmospheric

muon neutrinos or coincident muons

@—® IceCube 2014 DC 1y ANTARES 2021 9y B B IceCube 8y Sensitivity
f rom a | r Sh owers BAIKAL 2003 5y @—® IceCube (40 strings) 2015 mmm  [ceCube 8y
— MACRO 2002 —e [ceCube 2015 1y == [ceCube Ty

— ANTARES 2017 5y

- Parker Bound i
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Analysis:

e work out distinct features of
monopoles:

- tracks

- homogeneous brightness

- speed
 model background with ~boot ool ~_IceCube & ANTARES Preliminary | .F
. . -3 —2 -1 0 1
strapping algorithm log,. B CRC (2021) 534

ICRC (2021) 1127
Phys. Rev. Lett. 128, 051101
(2022)
(Arxiv: 109.13719) 1 8



Outlook

e ongoing search for heavy long lived (anomalously) charged particles

* searching for new detection mechanisms or particles

e Q-balls = luminescence / ’” e
= - nuclearites — thermal shock wave (experiments needed
* detector upgrades new detector devices
- open new parameter spaces, esp. at high energies
- new detector ¢ = = - = =




