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Design Question:

e \What Is the origin, and the
physics describing the
acceleration, of the highest
energy cosmic rays?



Cosmic Rays...
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Neutrinos
from cosmic ray Interactions
at acceleration site




Neutrinos
from cosmic ray Interactions
In the Earth’s atmosphere

Low Energy




Neutrinos
from cosmic ray Interactions
In the Earth’s atmosphere
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Conventional atmospheric neutrinos




Neutrinos
from cosmic ray Interactions
In the Earth’s atmosphere
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summary

at source: Astrophysical

neutrinos
At source:

Signal

Cosmic rays interact

In the Earth’s  Atmospheric
atmosphere:  neutrinos

At Earth: conventional

\ Background
\Background

prompt
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Neutrino source FTluxes
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Need a large detector...
Can be sparsely Instrumented




Run 115994 Event 55636526
Fri Jun 4 10:26:13 2010 .




Neutrino i1nteractions 1n
the 1ce
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““Cascades”

Showers are i1nitiated
by 1)electrons and
2)the hadronization of
the nucleil debris -

Cherenkov radiation 1is
emitted from all charged
particles 1In a particle
shower

The shower 1s contailned
iIn a volume of less than
5m3 (for E < 10PeV)

Due to scattering the
Cherenkov light will
have an 1sotropic
distribution around 25m
from the shower




Neutrino signatures iIn
IceCube
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What do we want?

e Good pointing resolution to Iook "
for sources - best with muon
neutrinos

 Good energy resolution (to ¢~
obtain energy spectrum)
— best with cascades

 Flavour identification Ve Vu Vi



SearCh fOund: 28 events - 7 with visible muons

622 days May 2010-May 2012 Inconsistent with background at 4.1c

»

Atmos v background: 4.6 + 3.7/-1.2 Atmos u background: 6 +/- 3.4




Angular reconstruction of

events
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Accurate Ice properties

~to get

a clean window on the Universe
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Backgrounds to
astrophysical neutrino
searches. ..



CosmiCc rays - source of

atmospheric neutrinos and muon
background detected by lceCube

. Muon rate:
In 1ce: ~3000 Hz

Atmospheric neutrinos:
~1 neutrino/10 minutes

Neutrino Detection:
Requires 10° background
rejection




Background rejection techniques

e Muon neutrinos — select upward going
tracks

e Cascade channel — select events with
cascade shape and no visible tracks,
usually using veto cuts to remove events
on the edge of the detector

Require Monte Carlo simulation of signal
and background
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Evidence for Science
extraterrestrial L

IceCube Collaboration, it

NEUTr 1NOS science 342, 1242856 (2013)

Strategy:Look for high-energy, /// e
starting events in the detector , v RN

Use outer
parts of the
detector as
a veto-
region




Veto criteria

reduces both muon and
southern hemisphere atmospheric neutrino
backgrounds

Accompanying
muon trips the
veto




SearCh fOund: 28 events - 7 with visible muons

622 days May 2010-May 2012 Inconsistent with background at 4.1c

»

Atmos v background: 4.6 + 3.7/-1.2 Atmos u background: 6 +/- 3.4




Energy spectrum
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DecaCube?

Christopher Wiebusch RWTHAachen

DecaCube (1/2/3) IceCube DeepCore
2000 = . \ . /
‘N*’**\“II
A dr dr e e o [l [ | |
1500 | ® ® 0 G+ SiS+OEEEER
¢ ¢ ¢ & wHpeafpr-EEEENR
® ® P vPS4PEEER l*l
#4444+ HAHER L F ]
1000 - ¢ ¢ ¢ @ o @ Pk} S+EEEN (1L
A4 dhkhkrAEEERNEE
® ® & ® ©® PPy S+-yrEEEEEER
& & & & & hdfprrANEEER
& 2 & & 9 @ A AR AR A
500 b e e e
& & L B @ 0 P & 0 Pk B SridiB
A e e o ol i ol o
e & & & & & & & 2 @
— i L ¢ ¢ ¢ ¢ ¢ ¢ ¢
E 0 ® ® ®» ® ® & ® ® @
& & ¢ ¢ ¢ P e P &0 3 0
_ | a & & & & @ @
00 o ¢ & o o @
e & & & & @
¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢
—1000 m |ceCube 86
LA S A A AN A € + spacing 120 m
—-1500 - ¢ ¢ ¢ ¢ ¢ @ e spacing 240 m |7
¢ spacing 360 m
_209%00 ~2000 ~1000 0 1000 2000 3000
[m]

Chosen geometry not optimum (i.e. for HESE)
... historically chosen to demonstrate that we do respect boundary conditions

Spacing 1 (120m):
lceCube (1 km3)
+ 98 strings (1,3 km3)
=2,3 km3

Spacing 2 (240m):
lceCube (1 km3)
+ 99 strings (5,3 km3)
= 6,3 km3

Spacing 3 (360m):
lceCube (1 km3)
+ 95 strings (11,6 km3)

=12,6 km3



Spacing 1 — 120m

(Typiz NuMu
E(GeV): 7.99e+06
Zen: 80.85 deg E, ~8 PeV
Azi: 232.33 deg
NTrack: 11/11 shown, min E(GeV) == 12.27
NCasc: 100/2847 shown, min E(GeV) == 6.27
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Spacing 3: 360m
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— the muon is observed by a single string/layer
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Spacing 3: 360m

Type: NubbuBor ~ 18 TeV
F(GeVv )@ _1.87e+04

Zan: 8% 5k deqg
Azl 209.08 dcg

NTrack: 11 sheown, min E{GeV) —— 16ZR2.Z2
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= Even for large spacing the threshold will be of the'order of a few 10 TeV
(energy loss increases linearly)



Spacing 2

T}fp NubMuRAr

E(Gev): 4. 42e+07/ ~ 40 PeV
ZEN: $o.4 L Geg
Azi: 141.19 deg

NTrack: 11/11
NCasc: 100/4250 shown,

shown, min E(GeV) == 5,45
min E(GeV) == 1.30

— In DecaCube-2 the muon is observed
by several strings/layer
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Improvement Factor w.r. lIceCube-86

Aeff [m™ 2] new detector/ Aeff [n™2] IC86
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Cascades Improvement Factor w.r.
IceCube 86

—— spacmg 2
1611 1 spacing 3
14|~ IC86  Events contained
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e Improvement o« Volume oc d? Go for now

e Large spacing fully effective only > 30 PeV with option 2



Symmetrical geometry (spacing 240m)
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HESE volume
0.4 Gton

Outer strings improve veto :

v' 3 outer layers more than sufficient
» Full IceCube volume can be used

to the side - edges
» + 1 outerring if 4 layers

Unidirectional DOMS & High QE PMT
-> petter Veto !

DecaCube strongly improves

starting event capabilities

Starting events estimation (A)
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Starting events estimation (B)

Assume:
 One outer layer veto
(but thicker Top Veto)

e atm. u veto threshold increases
with spacing

* No unidirectional DOMS & High
QE PMT

» HESE volume can be extended if
threshold is raised by factor ~2

Note that atmospheric neutrino BG
(prompt/conventional) decrease

DecaCube will yield a
high statistics HESE

Ernie&Bert sample + 1 outer
veto ring

0.4
3-5

2000 ‘ . ‘ ;
= IC 86 strings | :
100 H
15001 ¢ Slt” 95| SR
e ¢ * * ¢ ¢
1000 ’, =T\ .
Y AU A
e @ : ‘X
500f L G Y RIS S
:. 0‘-".-.-:le ® 0 ¢ *
® 0 . ........ 3 ..-:. .
N g @ (L) ... 8
TP iy
[ e EEN mmmEE Cof *
—500L ° ‘A Q e ...l..-l..: * 0 |
o \oi® © s e @ *
: Y :
* ‘ * g ¢ :‘ : ‘ L
-1000} Ryree e Jf
' S
: ~a i H
—1500} g : gt
= o o *
-200 L H L i L . i
—-2000-1500-1000 =500 O 500 1000 1500 2000
x [m]



Ideal world: Surface veto

Extend IceTop (of course) but not possible to the
most interesting horizontal regions

» Exploit (non-)imaging air Cherenkov technique

 New telescope concept FAMOUS for
fluorescence detection

* Silicon photo- Frespel FAMIOUS
mulitpliers Lensz__:___{_: =

\ éﬁ;Focal
&7 Plane




So where to now. ..

e Characterise astrophysical
neutrino spectrum and search
for point sources...

e lce calibration

e Prompt neutrino component? To
identifty (will probably require
combination of muon and
neutrino spectrum)

e A bigger detector
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