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Light production by (exotic) particles in water and ice : 3

Relativistic speeds
continuous light emission
- Cherenkov light
- Cherenkov light from
secondaries
stochastic losses
- bremsstrahlung
- pair production
- photonuclear interactions

Cherenkov light emission pattern

charged particle
—  »
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Light production by (exotic) particles in water and ice : 3

Relativistic speeds Slow particle speed (< 0.1 ¢) }§
continuous Iight.emission - catalysis of proton decay via
- Cherenkov light Rubakov-Callan or KKST

- Cherenkov light from
secondaries

stochastic losses

- bremsstrahlung

- pair production

- photonuclear interactions

(predicted theoretically in
some models)

thermal shock waves

(not used yet)

Cherenkov light emission pattern Light emission from proton decay

photons

charged particle exotic particle
— 4
—— — ﬁ

atom

anna.pollmann@uni-wuppertal.de 2



Light production by (exotic) particles in water and ice : 3

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

continuous light = not covered vet + catalysis of proton decay
emission y thermal shock waves

stochastic losses

Idea: 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
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Luminescence light measurement

Characterisation via
- light yield

+ decay kinetics

*+ emission spectrum
» quenching

Dependencies

+ temperature

- impurities / solubles
- radiation type

+ pressure

anna.pollmann@uni-wuppertal.de

Light yield / y/ MeV
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Few existing measurements
with very difterent setups and results
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Note:

- sample quality varies significantly

between measurements

- different radiation causes different

amount of quenching



Light yield measurement in water

ultra-purified water degassed in
vacuum

induced luminescence light with
x-particles from 241Am

measured single photons with
photomultiplier

probed background (temperature
dependent)

calibrated & calculated optics

temperaaturg cup with photomultiplier
gaug water / ice

black cover cup
I \ / I I ! ; ! I source (+holder)
- —
arxiv:1710.01197
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Light yield measurement in water

- ultra-purified water degassed in 1200
vacuum
: : : : 1150 40 N
» induced luminescence light with N T
x-particles from 241Am T g
O 1100 30 ©
9 o
+ measured single photons with & 2
. . —_— -
photomultiplier T 1050 20 ©
(®)) @)
o s
+ probed background (temperature s
dependent) +000 0
+ calibrated & calculated optics o5 G010 Time from red to blue (~1day) i
0 5 10 15 20
Temperature / °C
temperztlzjrg cup with photomultiplier
9aug water / ice

black cover cup
I\ /I I! ; !I source (+holder)
- —
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Laboratory measurements

. e . 11000
+ ultra-purified water degassed in
. 10000
vacuum (frozen to bubble free ice)
9000
»induced luminescence light with N 6000
-parti 241 =
x-particles from 241Am S 7000
: , &
- measured single photons with 5 6000
photomultiplier 2 5000
4000
+ probed background (temperature : : : :
3000 - ccc e T D T
dependent) g g g RN R
2000 | | | |

- calibrated & calculated optics

tem Pe rature

photomultiplier

0(—source. a.at Bl Source
— ultra-purified ice

arxiv:1710.01197

anna.pollmann@uni-wuppertal.de @



Previous light yield measurements

102 E | | | O | | | | ||_
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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
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measurement, all others use cleaned water

arxiv:1710.01197
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Previous light yield measurements 1Y ¢

First laboratory measurement at temperatures of neutrino telescopes
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Temperature / °C
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
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South Pole

Antarctica

SPICEcore

Borehole

lceCube

Neutrino Observatory
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SPICEcdre borehole

- filled with anti-freeze / drilling grease (Estisol)
*  measurements in 2018:

- UV transparency - DESY

+ scattering / absorption - SKKU / Berkeley
- this work
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SPICEcore borehole
- filled with anti-freeze / drilling grease (Estisol)
*  measurements in 2018:

- UV transparency - DESY

+ scattering / absorption - SKKU / Berkeley
- this work




Luminescence Logger

Goal

: : : : Electronic
irradiate ice with B-source and + Board |
measure back-scattered light
Mini-
Method -

Oscilloscope
press source against ice

guide scattered light onto

ter — Side
photomultiplier

Camera

Details
diameter: max 92 mm 3 |
length: 1.30 m Mirror

commercial mini USB-
oscilloscope for readout

light detection with
photomultiplier tube

Low

temperature

several sensors: i.e. Batteries

temperature, gyro,

IR camera Bottom

Camera
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Luminescence Logger

Goal
: : . : Electronic
irradiate ice with B-source and + Board |
measure back-scattered light Motor &
Slow control
Mini-
Method , N Oscilloscope
o Spring
press source against ice & wire
guide scattered light onto - Side
photomultiplier Camera
Details Magnets —
diameter: max 92 mm
length: 1.30 m 36Cl- o—Mirror

Source \‘
-

commercial mini USB-
oscilloscope for readout

light detection with
photomultiplier tube

Low
temperature

several sensors: i.e. Batteries

temperature, gyro, T
R camera Photomultlpller\

Bottom

Camera
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Luminescence Logger

Goal

: : : : Electronic

irradiate ice with B—sourcg and +Board

measure back-scattered light Motor &

Slow control
Mini-

Method Spring N Oscilloscope

press source against ice & wire

guide scattered light onto - Side

photomultiplier Camera
Details Magnets

diameter: max 92 mm

length: 1.30 m 36Cl- o—Mirror

. o Source

commercial mini USB- Photo-

oscilloscope for readout multiplier

light detection with

photomultiplier tube Low

. temperature

several sensors: i.e. Batterics

temperature, gyro, T

R camera Photomultlpller\

Bottom

Camera
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Light yield analysis

fit resulting photon detection

efficiency and compared with

measured rates to obtain light yield

bounds

- Estisol luminescence

- unknown average distance of
source to ice

uncertainties included (a.o.)

- scattering (impact: +/- 13%)

- absorption (impact: +/- 13%)

- source activity (impact: -19% +11%)

- anti-freeze (Estisol) luminescence yield
(impact: +/- 15%)

anna.pollmann@uni-wuppertal.de
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Luminescence light measurement

First laboratory measurement at temperatures

of neutrino telescopes

N Radiation type: —_— —_— — Y
10 . T 1F T TR IF T T T T PIL =
S toon EglceCuébe Pre?llmlnqry55 % | @
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Note: Comment:
sample quality varies significantly +uncertainties of new laboratory
between measurements measurement originates from ice quality
different radiation causes different - "Trofimenko” and “lceCube” are the only
amount of quenching in-situ measurements, all others use

cleaned water
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Luminescence light measurement

First Iaboratory measurement at temperatures
of neutrino telescopes & first in-situ measurement

N Radiation type: —_— —_— — Y
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amount of quenching in-situ measurements, all others use
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anna.pollmann@uni-wuppertal.de 11



Time differences

time differences between a pulse and all
following pulses

40-120 ns:

- obtained from waveform
- corrected for PMT effects

> 120 ns: obtained from trigger timestamps

anna.pollmann@uni-wuppertal.de

Amplitude / mV

0 20 40 60 80 100 120 140
Time / ns

arXiv:1908.07231
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Time differences

- time differences between a pulse and all

following pulses
- 40-120 ns: g .
- obtained from waveform S _10
- corrected for PMT effects g :;Z
+ > 120 ns: obtained from trigger timestamps L] ------- ------- ------- ------- -------- ------- ]
o I S S T S N
0 20
- |ce (3a) ==-= Estisol (2¢) Ice (4a)
o lce (3b) o Ice (2e) Ice (2d)
b Ice (4b) .fe 104 5
. | Identified ]
lceCube Work in Progress decay times: 103 J
10° 3§ E
| g 244 +207/ns B 10%;
-
42 10% 4, | 196.1 £39.1ns > ]
: 0 : O 10!-
= X O ]
S 103 ; 189.6 = 29.9 ns z L0 ]
. 5.03 = 0.06 pis >
56.1 + 6.29 s f 101 |
101 I I I I
40 60 80 100 120
Time / ns

arXiv:1908.07231
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Calibration
lceCube and KM3NeT:
- energy reconstruction of high energy neutrinos
- correlated noise on long time scales

- Super-K: particle identification

Cherenkov light proportional to velocity but
Luminescence proportional to deposited energy

for high energy events 1 sec around trigger is saved
in lceCube

challenge in lceCube: dead times of read-out system



Applications of luminescence light in neutrino telescopes

Calibration
lceCube and KM3NeT:
- energy reconstruction of high energy neutrinos
- correlated noise on long time scales
Super-K: particle identification

lceCube Work in Progress
2 L Poisson
10% Correlated ,
. L , Noise
£ Noise
-] -
@)
O
101.
—— Data
Afterpuls —— Background estimation
103 104 105 106 107

Time difference of local coincidence hits at one DOM / ns

Data: taken from a random trigger

Background estimation: reshuffling data by cutting 10us traces
anna.pollmann@uni-wuppertal.de 14



Applications of luminescence light in neutrino telescopes

Calibration

+ lceCube and KM3NeT:
- energy reconstruction of high energy neutrinos
- correlated noise on long time scales

- Super-K: particle identification




Applications of luminescence light in neutrino telescopes °

Calibration
+ lceCube and KM3NeT:
- energy reconstruction of high energy neutrinos
- correlated noise on long time scales arxiv: 1402.0466vZ2

. . ‘o . 1554 . .
Super-K: particle identification P 2012 2013
TE 2 1531 “,{ \\'<—|\__ Eigfrclfie]dugg[ Zp(eaks Cosmic ray peaks
; S 1524 N § around Jan.-Feb.
: : 22 151 <
Neutral particle detection SE ] L i
- neutral exotic particles T 19
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- dark matter annual modulation
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Applications of luminescence light in neutrino telescopes ° !

Calibration
lceCube and KM3NeT:

- energy reconstruction of high energy neutrinos

- correlated noise on long time scales
Super-K: particle identification

Neutral particle detection
neutral exotic particles
- dark matter annual modulation

Detection of slowly moving particles
lceCube and KM3NeT: heavy electric or
magnetic charges
e.g. magnetic monopoles
Super-K: slow interaction products
e.g. kaons

Q-Balls

Affleck-Dine condensate

boundary layer

stable condensates with high “charge”
Q of lepton or baryon number
candidate for dark matter
luminescence enables search for
electrically charged Q-Balls

Magnetic Monopoles

elemental magnetic charge (Dirac)
gp=e/2x=685¢e

with huge mass created

shortly after the Big Bang (GUT) or

in intermediate stages of symmetry

breaking (IMM)



Luminescence to detect exotic particles

Simulation of Magnetic Monopoles

- Monopoles R -

R ——— _ — — ——————— — — — ——— —— ——

- - Q-balls (g, =1e) or (¢=10"** cm?) in IceCube ‘!o z_ ; 5 '; :E,% |

¢ ¢ Simulated Monopoles
& © Triggered & filtered Monopoles
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Muon3 10°
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100 Y A i TR |

' ' | | | | | | | | ]
1074 1073 1072 0.1 0.2 0.3 0.4 0.50.6 0.7 0.80.9 1.0

Velocity / ¢ D VRSN W
Calculated for ice, values vary for water. Color = time (red -> blue)

arXiv:1908.07231 Size 2 light amount
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Mapping the parameter space of magnetic monopoles °

Detection
channels in
heutrino
telescopes:

@@ IceCube 2014 DC 1ly === ANTARES 2017 1y
= BAIKAL 2003 5y @—@® IceCube (40 strings) 2015
— MACRO 2002 e——e IceCube 2015 1y

B B IceCube 8y Sensitivity
IceCube 6y Sensitivity

IceCube Ty Sensitivity

§§Parker Bound

S iceCube Work in Progress| |
-3 —2 -1 0 1
logyy B v
Catalysis of proton Luminescence
decay New sensitivity!
Model dependent.
Could be improved with
luminescence, too.
arXiv:1908.07231
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. : : o 3
Luminescence to detect exotic particles °

Simulation of Q-Balls in IceCube
Faster Q-Balls

- Monopoles
- - Q-balls (g, =1e) or (¢=10"** cm?)

¢ ¢ Simulated Monopoles
& © Triggered & filtered Monopoles

atten iggE i
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Velocity / ¢

Calculated for ice, values vary for water.

arXiv:1908.07231 . L .
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Luminescence to detect exotic particles °

Simulation of Q-Balls in IceCube

Q-Balls are bright events in IceCube ... Faster O-Balls

after trigger | | -
Mean total charge per event 99 1t 1

[ceCube work in Progress i ? - igi 3;. -
1 @ 086 55.4 577.3 X : 3 g S
137{® o 25 &
@ oss @530 547.6 ~
@ 055 @ 529 542.0 20 L T T
100 1 @ os5 @ 500 527.7 %0 v =0.01c
@oss @ 4938 5109 1030
2 @ os4 O 474 4925 1.5 "5 | Q_1 0
) ©os: O 552 4556 = - Msysy=100GeV
= @ oss O 431 4407 et Slower Q-Balls , e
501 @os2 ® w3 4003 1.0 8 TT—— —
@ os1 04 3827 % v=0.001c |
@ o0s0 ® 331 3382 05 o O=1020 !
@ " Y 2795 g |
" Y O 194 193.1 Y Msusy=1000GeV |
11 @07 Q2 3308 @ 0.0 &8 KL P ——
n—4 103 102 — :
10 10 10 before trigger

p

Mean total charge detected
during one event for
different Q-ball configurations
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Luminescence to detect exotic particles °

... but the efficiency to trigger them is low Simulation of Q-Balls in IceCube
Faster Q-Balls

Efficiency to trigger an event which after trigger ;

produces light in IceCube

[ceCube work in Progress ™ 1 if{ ﬁ. -
137 1 @ o001 @ 1547 6079 : & 3
@ oo O 1449 60.15 1 ’\3
@ oo ® 149 59.56 o SR -
100 4 @ o002 @ 1326 59.22 0 ; v=0.01c
. 1462 59.41
. @ oo | ] | s Q:1 OSO
@ oon L Bl 5841 - |
~~ 3
N @ oo @ 0995 57.11 L | MSuSy= 100GeV
= @ oo ® 1034 57.96 —1.9 Slower Q-Balls , R
501 @ o000 @ 0905 56.11 tg e ——— S
@ o003 ® o048 55.38 B—/D v = 0.001c "
@ oo O o616 5434 2 8 : f
, —— Q=1020 :
@ oon @© o423 53.00 .,
@ o003 @ o2 48.85 | frer tri ¢
11 Ooo @ oou4 5.15 _3 | atter trigge
104 1073 102

p

trigger efficiency: triggered
events divided by events wich
produce light in the detector
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Outlook: Spectrum measurement in laboratory and at South Pole

* spectrum of single photons using high
efficiency filters

* first test worked, purchasing more filters

* will test with linear filter too

* filters implemented into logger

* spectrum helps identitying underlying
excitation mechanism

= = Filter Transparancy « PMT Quantum Efficiency
- Total Efficiency

Photomultiplier o 100 PEETrSS S s
o / I
~ 80- ror
- T
. o) reor |
Filter ‘w607 by
L I ,' I
0 .. I
lce and S 20 1
| -
241 Am Source = 0

200 300 400 500 600 700

Wavelength / nm
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Outlook: Spectrum measurement in laboratory and at South Pole

* spectrum of single photons using high —— Quickenden '82 (88K, e~-beam)
ﬁ. . 'H - Measured Signal Rate (-20°C, a-particles)
€ ICIenCy liters mam Filter Spectrum (-20°C, a-particles)
* first test worked, purchasing more filters 200
e will test with linear filter too
. . : — - 150 N
* filters implemented into logger -
. . . . > Q
o i) +—J
spenctrL.Jm helps |d§nt|fy|ng underlying  1.00- 100
excitation mechanism 8 .75 - T
c U -
v 0.50 - o0 5
© 0.25
g - 0
& 0.00 - |
200 300 400 500 600 700
Wavelenath / nm
= = Filter Transparancy « PMT Quantum Efficiency
o - Total Efficiency
Photomultiplier o 100 PEETrSS S s
o / /
~ 80- ror
- | | I
. o I I l'
Filter ‘w60 Fer
L ,' L
& 40+ R
0 . !
lce and S 20+ }
| -
241Am Source =

200 300 400 500 600 700

Wavelength / nm
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Summary

first measurements
of luminescence in i
in lab and in-situ

first analyses ongoin
using luminescence |
detection channel

- |low relativistic mon

Outlook

- (non-relativistic mo
easurements in season 2019:
- chargecietu more statistics -

sensitivity for magnetic monopoles more depths -
exceeds preViOUS ||m|t5 by far new: Wavelengths Spectrum n

Analyses:
will be unblinded within a year -

anna.pollmann@uni-wuppertal.de






Bottom camera ~100m

(8.12.2018 11:48:41h)
20181119 _01_25 46




Spring camera ~150m

(10.12.2018 17:22:59h)
20181119_00_30_08




Configuration 2: Spectrum measurement

Connection Electronic Board Mini- Side Motor &  Spring Mirror Photomultiplier = Low Temperature  Bottom
to Winch Oscilloscope Camera  Slow control \ Magnets l 36Cl-Source Batteries Camera

Mirror  Source position PMT Motor for Wagon

i . 3 _‘"ﬁ_.r.-_. - — &"
- e %_ Y ——
- - " .

. —

A \,—'m’i‘-”—

=4 -
™

Guide for Wagon driving 3x Edge filters 2 Magnets and 2 Hallsensor
Wagon up/down for positioning of wagon

New functionality: Spectrum measurement
« second motor drives filter-wagon into optical pathway behind radioactive probe
« 3 edge filters on wagon can be exchanged to measure spectrum

anna.pollmann@uni-wuppertal.de 29



Light yield analysis

GEANT4 simulation of source and electrons in anti-freeze liquid & ice
(tracks & energy losses)

Mirror Source holder
custom ray tracing of photons separating the Glas o ce
4 contributions of \ | |

»  Cherenkov in anti-freeze ; ;
» Luminescence ) liquid (Estisol) 0
> Cherenkov inice
» Luminescence - ;
(o BTN W IR R saaha e .
~ :
> E
o -10f-f
varied the distance of source to the ice :
varied light yield of ice luminescence

5 L N | |
-15 =10 =5 0 5

Z]/cm
Custom ray tracing highlighting Electrons
Cherenkov (orange) and leaving source
Luminescence (red) photons into Ice
reaching PMT plane (GEANT)

anna.pollmann@uni-wuppertal.de 25



Light yield analysis

100
fit resulting photon detection 80
efficiency and compared with N
. . . I 4
measured rates to obtain light yield i
bounds e 20
Estisol | . &U R ® Simulation
- Estisol luminescence o
. —— 1559 m
- unknown average distance of 20 - 1474 m
source to ice —— 1399 m

IceCube Preliminary

0 5 10 15 20 25 30 35
25 Luminescence light yield / y/MeV

0

lceCubé¢ Preliminary
= 207 * uncertainties included (a.o.)
%15_ I 1 - scattering (impact: +/- 13%)
E ‘! o - absorption (impact: +/- 13%)
_; o - source activity (impact: -19% +11%)
T s - estisol luminescence yield
(impact: +/- 15%)
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Q-ball characteristics

Baryon number Q: 1020 - 1030 @ Before inflation the universe is filled

Mass: 1018 GeV - 1028 GeV with a scalar field
Radius: 10-6m - 10-""m o Afterwards field starts to oscillate

. — disintegrates into Q-balls
Velocity v = 1073 ¢ ¢

Electric charge: 0< Q. <137e A

Interaction for electrically neutral Q-Balls:

© Sarah Pieper

u u

u

— nucleon decay u \/ u
(KKST-process) - '_ G

~ photon - d d
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Q-ball characteristics

= 0
10 { = SECS total loss g. = 1e
| —— SECS electronic loss
1012 4 "
L SECS nuclear loss ~ 10 m—
£ ] === SENS nucleon decay (Q = 10%9) ? = MACRO
) 1011! — 10130 % w— HAWC
S { === SENS nucleon decay (Q =10"") % 104 s COCUDS (pONONSRY)
Q | ——- ge = 20e S — SUSY 1 TeV
1010 . ¢ X * e s SUSY 10 TeV
C p -'.'. E
o= b .—._o— W —— — — — — — 15
V)] .——""".— - S 10
8 10° : &
> 5 10-16
o 1084 s E N e
QC) ]
u'l 7 | 10-17
107 4
10° 4 108
P l ' L lllllll 4 AL L ALALL A AL L AALL ' . LAAL ' ' l‘lllll 4 AL Alll“
] 1 10 10° 10° 10* 10° 10° 10
5 , Cross Section (mb)
10° - arXiv:1310.5662

1074 1073 1072
Velocity in ¢
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Relic Magnetic Monopoles

elemental magnetic charge (Dirac)

time after big bang
gD = e /2 X = 685 e 10—43¢ 0-365 10—325 -

—

with huge mass created

- shortly after the Big Bang (GUT)
1013 GeV = Muypm = 1079 GeV

GUT symmetry breaking

Planck scale

==

- in intermediate stages of symmetry
breaking (IMM)

107 GeV = Myv = 1013 GeV

scale factor of the universe
Big Bang
Inflation
N
\&

. . . . magnetic monopoles
acceleration in magnetic fields for griewic monop
Mum = 1014 GeV to Eiin = 1015 GeV

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

Gluesenkamp 10
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Non-relativistic Magnetic Monopole signature : 3

decay of proton -> electromagnetic cascade

probed speeds: 103 = = 102

typical event length
~ milli seconds

| Monopole signal
background: PMT noise and muons

reconstruction

search for independent |ocal
coincidences

triplets are 3 pairs of hits fulfilling certain
conditions

anna.pollmann@uni-wuppertal.de 35




Non-relativistic Magnetic Monopole signature : 3

decay of proton -> electromagnetic cascade

probed speeds: 103 = = 102

typical event length .
~ milli seconds Monopole signal +

. Air shower
background: PMT noise and muons

reconstruction

search for independent |ocal
coincidences

triplets are 3 pairs of hits fulfilling certain
conditions
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Distinguishing non-relativistic Magnetic Monopoles °

- decay of proton -> electromagnetic cascade

- probed speeds: 103 = = 102

- typical event length |
~ milli seconds Monopole signal +

Air shower + Noise
- background: PMT noise and muons !

- -
o8e -
ee i

coincidences

+ reconstruction of i : d 4
' s . 'R
- search for independent local tRas L 18

..'
¥ e »
= Bl
L
. o "%ee 00 » a -
ot - as -
. “ 208 " s
w

.
2988

\ ] i
.....‘.
- |

~ 8.7V

- triplets are 3 pairs of hits fulfilling certain
conditions

:Mt
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