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lceCube neutrino telescope

IceTop array
381 stations

Digital Optical Modules (DOMSs)
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60 optical sens
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Magnetic Monopoles

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

with huge mass created
- shortly after the Big Bang (GUT)
10" GeV = Mym = 10" GeV

- In intermediate stages of symmetry breaking (IMM)
10" GeV = Muyw = 10'"° GeV

- at accelerators (electroweak and other)
Muv ~ TeV, @ ~10%“cm@s sr’
lonization power
Edep ~g2 (Muons: ~ 7° / B2)
acceleration in magnetic fields for

M = 10'* GeV to Ex, = 10" GeV

trapping around galaxy, sun, Earth

v~10° /10" /10° ¢

scale factor of the universe

Y

time after big bang
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Planck scale
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Monopole detection at relativistic speeds

Monopole Signatures
Cherenkov radiation in lceCube

|

Direct
a charge with velocity > 0.75 ¢
Cherenkov light originates from a cone

o
0
&

Monopole

Indirect
a charge knocks electrons off their atoms

electrons are energetic enough to
emit Cherenkov light

diffuse Cherenkov light around track
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Selection variables
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hi

number of sensors
gap within the hits

Selection variables
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Selection variables
number of sensors
- gap within the hits

=
- qV

QP mu -

© s 8§ B

b Oee -
(@) Cp.w :
Q) O &H T ;
6 [ ] ®e e [ ]
g

@)

5

an

LL

L I L L B T R N R R R R LR R T R R

L e e e R o I PRI YW R WIS A P Ah L by a e Yy

AR A R R R R N R R R R R e R I L L A,
S R 0 % 40 0 R rRm AR R A P AP AN MY A .-

L S B SR I DI T TN I I N A )

S R L AN Y FANYIOLTENARFRR! & & o 8 &4 TP AL

PILTPA AT S s

L L e A e L B e o L B AL B L N RPN\

DR RC R I RN B LS P e e

IR NSIANTTAINNY AN N s

B ....N_......h.r-..a...-.~..\...,...
.............. AT IR ceas:sesmen cese
TE AR e N e csessp tescsrrivenme TR R T T Y
L -.-\-.\-\\o.sOs\,-.o.-c-\r...\/s. R R L I N N S Y
R R U L s ‘.‘...s\........-.-.-
R L L I e R L N LT N I P PN N PRI ANNRL IR LIV 0

LR A B R A R S S R Wl 3N 2 P A LA AR AU BRI & R \‘.gw.. AV\.,-...hVF-...\\v‘-o.oyo

VWA AN

SN Y I raANY r(..r1~.:l-..\-.4) AR

L L B A )

L L N . L o B et LRt e

N I I N N e N N T T TS, SRR T T

e I el e ' ' L Y
L PP PN P ALY ALY I NN
Irsgreecomccms

P N LENET S -t e

AN . “a.n
\L.I:. o -\.;l‘..! lv'onnl. -~

10N

e

T T E T T Y T R R EEEEE O N R

T AL a#.!(..)ﬁ~.+«v3..2;»~;3.3...¥§..?,i?f..l.a...o.b. y nEFSSety L - LI

R T OAN et Yt A -0l LILE S O A A L X - " "
Peanguenmy b aalnkd i GURLY ISSNHIVIYA VIR 'S A el Prevmes aeee

N I T AT, e

T T IR .ooo.o¢o.....0 L -

..... S e AT AT AR I AP IYIR s s s msmmb Al dab i tanraen

erasyebddasnnansanuventb besssttsnassnstiiseefencns

c

C LR « vy u o

sl ra At aann sy u
£

(neutrino)

vent select

anna.pollmann@uni-wuppertal.de



hi

Ion

t

number of sensors
gap within the hits

recording a

O
D
D
Q
7p

Selection variables
direc

EPJ C76 (2016) 133

.-
“ressTYTseanens

e
L L I

L B L R N Nrsnara

...... DI B R B R I
L T I R S A S - R R AR R AR RN EETYT Y -
L I T I N S Cdda A CEPLY R A AN .
L L B B I R N B S 4 L T N

B R E N R AR T SR T RIS AR B A Ak Al e YW NI NIV S F Ah Ly ey

smenen e A EN SN SN RN ERA MY RO AT A AN AN S LA R LS AAFE LA
A L R LR I L S T N T SR T SN A SN, LA L L I o I B T A T I T R I I I

D RN N N N L N W LA ) ‘\...g\.u?....a EART RN R R

AL AR AR R RN AINTIILYY AN R A Y A

AN IANTFANN AN b e e
—f...;...wf\...-...

L I T N Y

TR AL B R R R )
PRI ANNRLI IR LA 0

?...,..6...,..2 PR W ETE L I

laan:.wlc.--..'
Iy

N I N S NI N
LEAMARNRIFs L b r o)

PR BT B R ST S R N et 1N 2o e o4 R S SR 3

L B A -o'-.l.(..ol.l\.v(..r?s.oln..\u.:) e
-

KT AT, J N, L DL L

R R R Tl s ol L R R EEE AT ey
L 1l‘Q-'l‘ul-\’"-l-.".v..‘-\..\.-."’..‘.o.. LA L P,

O S A T S o S T B P S PR e b»trr.rttr{:.ss......

N EEE L R T PUPRITEPIN St s m s s ms s s m e -

ridesbdosabdncbdss i 3TONG,

R O A S P b
N IO T

“ne
PO A

10N

» e - A A e .a
err e BTIFEISSALY RS vyu...aa\-.\.o-'-.l-v.)av.‘. e e
0 %% 23 2.0 ...._u.............. FERECON YRR R .
' E R EEEEEE R R . e a0 N I I B N I B R T B B

e e N F A tenak § AP AR SR £ A A .fo..?f)iiia;.(.l’i VAR s

e AR P ' Al e, oy WYy
b o anaenn s B RLONE SRARLNY ERWHRN FRUALIN ufiua.o,o..{:... .

. .. cl
P A A R A AN R ) o'- LAt

R N

P B B )

R L B R I L L B

IR R TN SR B B R B B

muon
(neutrino)

vent select

anna.pollmann@uni-wuppertal.de



Analysis scheme EPJ C76 (2016) 133

simple selection criteria,
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Analysis scheme EPJ C76 (2016) 133

- simple selection criteria,  + background rate of < 3 - 1 & 2: obvious background
followed by machine events / year predicted shape -> muon (neutrino)
learning

- blind analysis based on - unblinding: analysis applied - 3: too dim
background and signal on one year of data
simulation revealed 3 events

. Simul
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Slow monopole interaction  EPJC74 (2014) 2938 ”

decay of proton -> electromagnetic cascade

depends on the gauge group, only for massive MM

speed dependent cross section Monopole
OcaT =00/ [3
theoretical estimation P R o0

102" cm? = gcar = 1097 cm?

free mean path A = 1 / ocar .
® o.ro o
lceCube: 10° =B =107 DOMs
. ' ® ®
typlcal event Iength : L nucleon|decays

» o
~ milll seconds

PMT noise and muons

’monopole

as background
track

11



Slow monopole signature  EPJC74 (2014) 2938 ”

decay of proton -> electromagnetic cascade

depends on the gauge group, only for massive MM

speed dependent cross section

OcaT =00/ [3

Monopole signal

theoretical estimation
1027cm? = ocaT = 1047 cm?
free mean path A = 1 / ocar

lceCube: 10° =B =107

typical event length
~ milli seconds

PMT noise and muons

as background
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Slow monopole signature  EPJC74 (2014) 2938 ”

decay of proton -> electromagnetic cascade

depends on the gauge group, only for massive MM

speed dependent cross section

OcaT =00/ 3 Monopole signal +
Air shower

theoretical estimation
1027cm? = ocaT = 1047 cm?
free mean path A = 1 / ocar

lceCube: 10° =B =107

typical event length
~ milli seconds
PMT noise and muons

as background
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Slow monopole signature  EPJC74 (2014) 2938

reconstruction: search for
iIndependent local

T S
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Slow monopole signature  EPJC74 (2014) 2938 ”

reconstruction: search for -
independent local / N
coincidences ; /‘\\X/:/

tnplejs are 3 lpalrs Of. hlts Reconstructed
fulfilling certain conditions .
monopole signal

duration
angle
speed

event selection: triplets
should lbe consistent with a
straight particle track
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Slow monopole signature  EPJC74 (2014) 2938

reconstruction: search for - )
independent local / N -
coincidences ; /‘\\X//

triplets are 3 pairs of hits
fulfilling certain conditions
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Slow monopole signature ArXiv: 1309:7007

reconstruction: search for -1 year of data; 2012/2013
iIndependent local

coincidences 5 years available

triplets are 3 pairs of hits
fulfilling certain conditions

duration |
10713 , L IC2012 =102
| e IC86/DC =10 sensitivity
angle =% IC86/DCS=10" 4. . .4 MACRO13=10"
?10‘14]\\ @ ® IC59 =107 m.--m MACRO?2 3=10"% |
speea . * % 1C59 f=10""
. . Tw 10715 ~‘l._‘ -
event selection: triplets T Rt Parker bound
should be consistent witha .8 B
: : 10
straight particle track ®
x
S 10
X
>
108 "
. *
IceCube Preliminary
10-1910"26 102 102 102 1022 102
0,y lem? ]

cat



INOS

| neutr

ica

Simulation of a monopole
with 0.99 ¢

- A\
"%

SU/LA0

h fast monopoles from astrophys

INQuIS
p-neutrino
6 = 0.3 PeV

dist
2

LS SR S S S S O

ne
o

tww et

en el AL RS

€U TS UL

LLowoo

vebew
FRC
LA
ceb BB W

.,.p,.o.n.nuaa.

croow

teroa e

PN A A S PPy

crew

R T N

New search at high speeds

New challenge

18

fona

Astrophys.d. 833 (2016) 1

anna.pollmann@uni-wuppertal.de




06397

1610

Arxiv

IC

fter electron

ISSION a

ht em
tal measurement of light yield

9

IC
excitation

trop
experimen

1ISO

Luminescence as new detection method

New search at low speeds

R

S ADIP SR

* enabling new monopole
parameter space < 0.5 ¢

- data taking > 1 year

svAdMasstrEYYmIEPTa LA bAaT Y

trraerr

A T R R NN R

asasatacsavisarsav
et nwrvAtRasvenarwrATHEYTATEBSATE DY
wearvaaanw

"n R R
B T R RS PR R PR R A
PICHS PN Y

* PR BN

- . I o P vge o -~
e L L L AR I R R L L I T bl S e b i *uwre
Ew e

. eimtw 4 e s mem e e b Ty a it anrere vowma ufu

Te e tP B AR
TP R )
T R RO AR R

F S L R I N R R I R
B e b 4P A A E E AT G HY VW A BT SR A S et

4araremsu v LAAPIE PO N Y Y YLS

B R W AP B B
Bt 38 e o i et Sy
D U e b

o RN ETHATRS R A LR AN o »

TA. RS gARS TS AP

e a8 e

C s mas At e eI IR SRS
S4 P4 ravae ean
=y e Wit e 8

R R R R R R T T T T

vy wveuum

BEEEmaaaaaay
Trdres e Lt

TIPS PR S S B n S P 4 S HIMT S S ki Y T MR BT A D MMM M n v P b MM S A Ay

AL RS LY .- S ras st d i

I i A I I I R T

O P T E R ESEAGDIE YT E SR RAG SR E RS S A G S e s s
PRI FESE AN i m A s B A b A s e a A

ML L A N LR

TRt I e m e PR el AN T A Ay
L T

R B T T

CEEES YR MY A Y E R e Bl b

TR A AR BE R F AN e e

CLLNNEER PSR ER Al PR AR A A G e A

M R R T T

S I T T T T

19



Summary

- |lceCube’s large volume provides best
sensitivities to intermediate / high
mass magnetic monopoles

- non-relativisitic searches
108 GeV = Muw = 100 GeV

- relativistic searches
108 GeV = Mum = 10" GeV

* new searches extending to lower
Masses

- ongoing analyses at all channels

/) © Original Artist

SReproduction rights obtainable from
5

— vaww CartoonStock com
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lceCube - highly relativistic - direct Cherenkov / radiative losses ”
lceCube - Highly relativistic

- speed distribution instead of
distinct speeds

indirect Cherenkov light included ~ 10%

L. Total ... Toshhio fuji, IORC'15 319 "
+ challenge: separation from ST 1.9!!!??99!!.?9?? ......................... T .
astrophysical neutrinos § b Pair Production I o P
ater: ultra relativistic speeds 5 | gF T PhotoNudearBffect 7 0
@ % é :
incl. radiative losses from ST ] — T R Pl T
2
monopoles é 104 ........................ ............................ ........................ | mOﬂ:1625e\/ ...............
. s ' . > E -
. exp|IC|t ||m|tS for i" 103 ........................ ................. / / ............................ MmOhN1/V .....................
g 102 ........................ ....... /AR ............................ .........................................................
g=n -go = y;,/ S
. 10 — g.'..'.?..'.?..',.'..'..'..'..'..'..'..'é.'..'..‘..'.T.T.T..‘.T‘T..'.T..'..'.;,. .......................................................
with 7 ; ; .
1 | | | | |
2 4 6 8 10

- N = 1. Dirac charge Lorentz Factor, log 10(\()
- n=2: many GUTs
- n = 3: dinstead of e as elemental electric charge

- n = 6: Dyons have 2gp (Schwinger)
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lceCube - Non-relativistic - Catalysis of Proton decay

Sensitivity

ArXiv: 1309:7007

1 year of data: 2012/2013

4 years available

10713 L 1IC2012 =10
=—a |C86/DC 13:)10 m----8 MACRO 1 3=10 3
T 10'14 ~.“~\~ @it ® IC59 3=10 - W m MACRO 2 !3:10—3 :
= * % IC59 g=10"*
lED 10-15 ~~.' - ""'.
D e Parker bound
g .....
: 10 16
NG
S
> 10°Y7
X
=)
108!
C *
lceCube Preliminary
10719 L 1 , , , -
107%° 102 104 , 104 10% 1074
o lem?]
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lceCube - low relativistic - luminescence

Light Yield of Monopoles

v =0.6C
dN/dE = 2 y/MeV
T =5000 ns

Indirect Cherenkov Light Indirect Cherenkov Light

_|_
. uminescence




lceCube - low relativistic - luminescence

Light Yield of Monopoles

v =0.6C
dN/dE = 2 y/MeV
T =5000 ns

Indirect Cherenkov Light Indirect Cherenkov Light

_|_
. uminescence




Monopole - Electron Cross Section

— Direct Cherenkov radiation from Muon
— Direct Cherenkov radiation from Monopole Mott
Cherenkov radiation from §-Electrons (Mott)

— Cherenkov radiation from ¢-Electrons (KYG) Ruthertord for monopoles

107 | | - quantum mechanical correction
— .
10 // - magneto-static
/ / + semi-classical
10° [
— /
'E 10 ~ KYG
S y ]
z*‘&lcﬁ / - electrodynamic
]
= y // *quantum field theory
10° / d
10" //
L |

1002 0.5 0.6 0.7 0.8 0.9 1.0
v/c 25



Interaction - The k factor

y.

_

Projectile

0 T

SIn™ — = e —
2 21222

T = meclB Y

L+ 25 + (57)°

1
2 +b2

min

T'(b) ;

T, =k - Ty With k = 0.69
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—vent Selection - Sensitivity optimisation

: , — Burn Sample [10:90] — atm. u (HE)
Feldman Cousins with S sim. BG . atm, u (LE)

uncertainties — atm.y, — Monopoles [50:50]

10_2 ) ) T ) ) ) T

cut at
BDT score 0.47 to gain _ : | . e e . .
statistics and stability ool gl T e

N ‘ —
0.16 *—e NO uncertainties

— With uncertainties I

(R 1

100 | |
10 b hi
|

Rate [1/s]
o o

0.14

....................................................

10722 L T ]
0.12| N — 1ot |

01 1 11

-1.00 -0.75 -0.50 -0.25 0.00 0.25

MRF

0.10

0.08}
.00 -0.75 -0.50 —0.25 0.00 025 0.50 0.75 1.00

0.06 , : BDT Score
040 045 050 0.55 0.e0

BDT Score

Data/MC ratio
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—vent Selection - Sensitivity optimisation

: , — Burn Sample [10:90] — atm. u (HE)
Feldman Cousins with S sim. BG . atm, u (LE)

uncertainties — atm.y, — Monopoles [50:50]

200 BDTs

cut at
BDT score 0.47 to gain i ; . o . .
statistics and stability ool gl T e e

B L4 /' .
l.lr ‘«‘.
_ J
j . T ||| ......... ||
T | 1 l T 1T
l| .
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Monopoles

scale factor of the universe

time after big bang

10435 107365 10325
a0
R=
r JJ
o)
—
e
>

= g

S =

wn

v =

) >

s:: wn

R —

¥ =V
@)

o

Big Bang

Inflation
N

magnetic monopoles
freeze out

Excluded for v <0.76 ¢

Excluded for v<0.4 ¢

-1
10 04

0.5 0.6 0.7 0.8

v/c
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Interaction - Energy loss

[ | R | | o | |
?0 —
RE - u" on Cu *
% 3 Bethe Radiative .
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Rate [1/s]

— Monopoles — atm. vy,
. ﬁr—\_\_\_\__'
jn 1
|
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10-11 l

—vent Selection - After Pull-Validation
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i i ; l
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—vent Selection

The Pull-validation process

Previous analysis
(Reconstructions,
basic selections)

oparat o Data reduction/
quality improvements

S —
Choice of variables

.
NResampIing =X

N>

\Y

V

Resampling and
Classification C Preparation )

g;sszmgg;gr( Random choice of small
X subsample S1
and disjunkt large
NResampIing = NResampIing -1 Subsample S2
|
Training of classification
No algorithm on S1
Pull-validation i I
analysis Creation of PDF per event Application of trained
| | classification on S2
Optimization of cut on |
classification output
| C Pull-validation )
Application of cut by
calculation of PV-weights for
all events
Adjust one No 5V-Checks
parameter succeed
atatime
Yes

Following analysis
(Additional selections/
optimizations) 32




Initial Kinetic Energy (GeV)

_arge scale water Cherenkov Neutrino Telescopes

Principle of monopole searches at v-Telescopes

simulation of monopoles according to theories x
y
Dirac charge b .
arbitrary mass / no propagation through Earth &e,,e%_o
light production ———astance Sy,
discrimination from background
/4 ) S
speed h /T3
(O]
light yield NGl S
angular distribution
y
Christy, PD Thesis, /A
UlMaryland, 2011 «\(’

down-going monopole
vertically from north to south

up-going monopole

o — cosf=1.0 |] vertically from south to north
o (r()§0—().5 1 |
, —os8=00 |1+ solid: v/c =0.76
costl =—0.5
[ il 22 — cosfl =—1.0 |7
— . . . . . —1 - (dotted: y =10
10° 10° 10 107 10" 10" 10" 33
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Large scale water Cherenkov Neutrino Telescopes

KM3NeTl and BAIKAL

, www.lifefoc.com/photos/serverd/lake_baikal_ice_in_winter.jog
www.universetoday.com/wp-content/uploads/ upload.wikimedia.org/wikiversity/en/thumb/

2011/12/km3net-geometry-cylinder-example.jpg 3/3b/Baikal_array.gif/200px-Baikal_array.gif 34




