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A hundred year old puzzle...
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- § | i
o) Dl i-;‘: | JG U



A hundred year old puzzle...

== Apparat 1
== Apparat 2

W
Ul

w
o

W\
> jonization increases \\ |
with height!

lonisation [cm3s]

o (N

4 5 6
height [km]

o> 3. |
it i. JG|U



A hundred year old puzzle...
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“The results are best explained ... by

the assumption that some radiation of
high penetration power enters the
atmosphere from above.” - height [km]

V.Hess, Phys. Z (1912)
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Cosmic rays today

Cosmic ray spectrum

m mostly protons / hadrons
= power law spectrum F & E27
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Cosmic rays today

Cosmic ray spectrum

m mostly protons / hadrons
= power law spectrum F & E27

Normal energy (< GeV)

m the sun

(GeV cm™@sr's™
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Cosmic rays today

Cosmic ray spectrum

m mostly protons / hadrons
= power law spectrum F & E27

Normal energy (< GeV)

m the sun

High energy (GeV-PeV): ?

m plausible scenario
> supernova remnants
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Cosmic rays today

Cosmic ray spectrum

m mostly protons / hadrons
= power law spectrum F & E27

Normal energy (< GeV)

m the sun

High energy (GeV-PeV): ?

m plausible scenario
> supernova remnants

Ultra-high energy (> PeV): 222

m possible scenarios
> Active Galactic Nuclei
» Gamma-ray burst

> ...
@ PRiISMA
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Cosmic Neutrino Sources

S

I Ray Bursté

Source power: up to 10%° Joule
Fermi Acceleration: Protons with energies up to 10'9 eV

Particle interactions: in cosmic ray sources

p+p—m K, ...
|—>7T%,LL—|—VM
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Cosmic Neutrino Sources

S

I Ray Bursté

Source power: up to 10%° Joule
Fermi Acceleration: Protons with energies up to 10'9 eV

Particle interactions: in cosmic ray sources

p+p—m K, ...
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The cosmic ray - gamma - neutrino link

Particle accelerators:

e electron accelerators
— photons

e cosmic rays accelerators
— neutrinos, photons

Neutrino detection

Propagation
e charged cosmic rays

> deflected in magnetic fields

e photons / neutrinos

= pointing back to source

2> “smoking gun” for CR acceleration
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Neutrino sources

\.
Astrophysical neutrinos \\-\
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Neutrino sources

Astrophysical neutrinos

m p+y/p interaction in the source S
m e.g. synchrotron radiation RN .
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Neutrino sources

Astrophysical neutrinos

m p+y/p interaction in the source
m e.g. synchrotron radiation
» generic spectrum ~ E-2

— 1
Cosmogenic neutrinos > -
_ _ _ = 10 |— atmospheric v
m p+y interaction with the CMB e -
L _
> guaranteed neutrino flux » 107
S
L _
. . S, 10-18—
Atmospheric neutrinos < _
_ o = - astrophysical v _
m p+p interaction in the atmosphere 10-24— COSmMogenic v
> but /K interact B
10-30_
m steeper spectrum ~ E37 -
m also charmed mesons 105
I AN NN TN (N NN NN AN SN MU NN NN B

=
> prompt flux ~ £ 109 10 12 10 15 1018 1021

Neutrino energ
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Fact sheet

m three flavors (ve, vy, V1)
= no charge
m tiny mass (~ eV)
monly interact via weak force
> extremely low interaction rate
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Fact sheet

mass - =2.3 MeV/c?

m three flavors (ve, vy, vr)

charge - 2/3

m no charge o U/

= tiny mass (~ eV) up

m only interact via weak force d
> extremely low interaction rate " do;:
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Fact sheet
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Neutrino interactions
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hadronic
shower

= Charged secondaries
emit Cherenkov light

~array of optical sensors
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Detection principle

Vi / b ve
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9
hadronic
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Charged secondaries
emit Cherenkov light

array of optical sensors







The IceCube observatory

IceCube Lab
X‘:‘: e IceTop
gt gt ;- e 81 Stations, each with
- - = - = 2 Cherenkov tanks

2 sensors per tank
324 optical sensors

l 5 IceCube Array

| 86 strings

60 sensors on each string
5160 optical sensors

1450 m

DeepCore
/optimized for lower energies

Eiffel Tower
Y- 324 m

-
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Digital optical module

msensor 10" PMT
Hamamatsu

m digital waveform
ot = 40ns

m ambient
up to 200bar
down to -55°C

Penetrator HV Divider

™ / LED
Flasher
Board
DOM
Mainboard
4
\ y =0

4

y
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Delay . /
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PMT : RTV
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T
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Cherenkov light

vy + N~ (100 TeV)
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Cherenkov light

vy + N~ (100 TeV)
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Ice properties

ici models
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South Pole ice cap Light propagation
m temperature profile m scattering

-55°C(top) to -10°C (bottom)

m dust layers
(e.g from volcanic ash)

m absorption
> still very clear in optical

= low radioactivity Attenuation length

> B(Bg/m3) ® Aatt = 45m
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Event reconstruction
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Event signatures

Tracks
vy + N = p+X
m pointing resolution
oy ~ 1°

Cascades
Ve +N = e+ X
vi + N = vi+ X

m energy resolution
oe ~ 0.1 loglO(E)

As well as...

= muon bundles (cosmic rays)
m double-bang (vr)
m exotic states (monopoles,...)
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Background
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» need >10° background rejection!
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Background rejection

— 1 e 1075 =

i B /)] -

% -6 _ "_:- 10-8% i ,"/E'

= 10 @ = atmosphericpy .~ =
— — o~ -
5 I £ 10°:
2 1017~ 5 =
NG - = 4010
E o s 10

5,107~ astro v N a1l D —

< [ 101

L 10— COSMo v 1012 d

0% 107 ———

10-36: 10'145_ —f

I B T E S R R SR S B 10-153—7 ﬁé

0% 0% 0™ 10 10 - atmospheric v :

Neutrino energy [eV] 107" = =

Rejection techniques = N RN

or
o
o
()
—

4

.°>—
N -
o-

10-171LL.1LL.1111LL.11H
[ ] nt direction -1 -0.8-0.6-0.4-0.2 -0
- COoS Gu

menergy
m event topology

@ PRiSMA Neutrino(astro)physics with lceCube — 20 JG|U




., JGlU



vy pointing resolution

Angular Resolution vs. Energy
T T T T

— MPEFit TT
; ; : g g — SplineMPE
25_ .............. .............. .............. .............. ...............
< : :
5 | | - Co,
3 i | Pointing test My
= 5 5 '?(%
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: : -g-, 3 ] e
i . . ; . i i Z= 2
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log,(E,(GeV)) ;
Pointing resolution
0
m energy dependent {004
-1
»og(8,) = 1" at 1TeV
. . -2
» dominated by v-p scattering angle
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(o, - 0ty cos(d,,,) [deg]
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Point source searches

. heutrinos

10"

Atm

N
S

107

tm. muons

10°

L L L B B B B B B B B

llllllllllllll lilll

&

2 3 4 5 6 7 H{:8 9
log,[EX* (GeV]]

Dataset
m |ivetime 1371 days (4 years) = 394,000 events after cuts

»40% up-going
» 60% down-going (at high energy)
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Significance skymap

+85

Hottest spot

mDEC: 29.25°
m RA: 10.55°
m-logio(p) = 5.318
mns=43.04,y = 2.88
> no close-by candidates

Northern Sky (6>—-5°) Hottest Spot

) IR T — | S | = Scrambled trials ||
' — Observed p-value

observed p-value 0.226

n
0.0 0.6 12 18 24 3.0 3.6 4.2 4.8 54 6.0 E 0.08 .
dio P %‘ 220/0 ‘ :
. r—p :
§ 0.06 , B SO
Analysis S ICECUBE
© ‘PRELIMINARY
i 0.04 ]

m calculate over-density (p-value) of real data

m scramble event directions 0.02 -

®m count accidental occurances 0.003 ; : Y e : - 3

-log,y(p-value)

> 229 have equal or larger max. p-value
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Unresolved sources
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vu energy spectrum

10* ———— ———————r ——
| Conventional atmospheric m——
7 Prompt atmospheric mmm—— |
Atmospheric neutrinos E™“ astrophysical me——
Sum of predictions 1

e follow prediction
e above 1PeV
» 3.90 excess

Experimental data

Astrophysical neutrinos
® best fit

%) Z ®
=R J i) 108 E2 GeV cm2s sr
L : . .‘ ?
ol n T =
10° F s
n
. Prompt neutrinos
10™ Fo- e spectrum not
m hard enough "—\_\_\_
'2 2 a2 2l " 2 PR S | PR W | 2 a2 2 2
10
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High Energy Starting Events (HESE)

Active veto layer

m reject events with
early hit in veto layer

m keep starting events

Atmospheric flux
_ _ muons
m atmo. p rejected in veto

u rejected by
> energy cut
> U companion
Result

m Optimized for 1 PeV region
> factor 3 gain in sensitivity
m Sensitive to all flavors

@ PRiISMA
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Background Atmospheric Muon Flux
Dataset Bkg. Atmospheric Neutrinos (n/K)

|~~”) Background Uncertainties
m]347 days (4 yrs) = Atmospheric Neutrinos (90% CL Charm Limit)
full detector —— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2%)
5 - « Bkg.+Signal Best-Fit Astrophysical (fixed slope E?)
EventS 10 """""""" I... Data
= 54 events " '
: >
> 15 track-like 8 100l = 1 _
» 39 cascade-like i IceCube Preliminary
a
Background estimate g 100 T
m atmo. p: 12.615.1 2 -1
)
m atmo. v: 11.515.7 e
107! ]| e
Significance Z
. 27— 1
= well above 5o 102 03 10%

Deposited EM-Equivalent Energy in Detector (TeV)
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Dataset

m 1347 days (4 yrs)
full detector

Events 102}
m 54 events "
> 15 track-like 8 ol _
» 39 cascade-like i IceCub¢ Preliminary
m - [ Lol |
Background estimate 21;)_ 10° cF O p e
matmo. p: 12.6+5.1 4"&" |_|_ .
matmo. v: 11.51+5.7 :>j |
107! )| i e
Significance A
A1
= well above bo 102 10° 10%

Deposited EM-Equivalent Energy in Detector (TeV)
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north vs. south? correlation with
-> earth becomes galactic plane?
opaque to neutrinos -> most likely

band = 7.5°
-> 2.8% probability

Galactic
hot spot? -
-> 7.2% statistical | —— .
fluctuation 0 TS=2log(L/LO) 13.1
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Flavour analysis

Flavours at source V//

muon-suppressed
€——  pion decay
(0:1:0)

m regular decay
p(p/y) — 7%/m° + anything
™ - ut 4y,
L et + v /Ve + /7,
> flavour ratio = 1:2:0

pion & muon

<«—  decay
(1:2:0)

Flavours at earth

m altered by oscillations

neutron
B assume average

over many sources

» flavour ratio ~ 1:1:1
(bi-maximal mixing)

U, Ve
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Flavour analysis

Results
m regular decay
> p-value = 309%
® muon-suppressed
> p-value = 60%
= neutron decay
» excluded at 3.20

Ve - vr degeneracy

®m can not resolve
vr at TeV energies

@ PRiISMA

v, v, . at source
e Y My - — 20
= 0:1:0 %

o 1:2:0
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. 2
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Astrophysical
neutrinos
discovered!

What next?
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The High Energy Extension (HEX)

Goal

m increase effective
area by factor 5

m 50 events / year
> find point sources

Method

m increase string-spacing
> raise threshold
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The Surface Extension (SurfE X)

radius ~5-8 km

Air shower veto

m increase Aeif by
» 509% if effective at 300 TeV
» 1009% if effective at 30 TeV ... plus cosmic ray physics
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| Neutrinds on Earth . -
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IceCube

lceCube (in operation)

m /8 strings, 125m / 17m spacing
u Ethresh -~ ].OO GeV

> optimized for
astrophysical CR-sources

» discovered!

@ PRiISMA

IceCube Lab

x__—_— e IceTop
i \-: =

2 sensors per tank
324 optical sensors

IceCube Array

86 strings

60 sensors on each string
5160 optical sensors

1450 m|

DeepCore
optimized for lower energies

Eiffel Tower
2 | 324 m

2450 m

2820 m
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IceCube’s low-energy v detector

lceCube (in operation)

m /8 strings, 125m / 17m spacing
u Ethresh -~ ].OO GeV

DeepCore (in operation)

m +8 strings, 72m / 7m spacing
mEinesh ~ 10 GeV

g : ° A DeepCore
i 4
of o A »
e | A
E A A A |
L | L

L MRS B PN EREET N SRR
-100 -50 0 50 100 150 200

X (m)
@ PRiISMA

IceCube Lab

x__—_— e IceTop
i \-: =

2 sensors per tank
324 optical sensors

IceCube Array

86 strings

60 sensors on each string
5160 optical sensors

1450 m|

DeepCore
optimized for lower energies

Eiffel Tower
2 | 324 m

2450 m

2820 m
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IceCube’s low-energy v detector

lceCube (in operation)

m /8 strings, 125m / 17m spacing
u Ethresh -~ ].OO GeV

DeepCore (in operation)

m +8 strings, 72m / 7m spacing
mEinesh ~ 10 GeV

g : ° A DeepCore
i 4
of o A »
e | A
E A A A |
L | L

L MRS B PN EREET N SRR
-100 -50 0 50 100 150 200

X (m)
@ PRiISMA

IceCube Lab

x__—_— e IceTop
i \-: =

2 sensors per tank
324 optical sensors

IceCube Array

86 strings

60 sensors on each string
5160 optical sensors

1450 m|

DeepCore \

optimized for lower energies

Rasbiffel Tower

2450 m

2820 m
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Atmospheric neutrinos

Event rates (trigger level)
my,~10°/ year
my.~ 103/ year

-> Huge data sample

m cosmic ray physics
m y-oscillation physics

14
@ PRiISMA

flux [cm2 s sr! MeV -]

—
o
no
N

10-30

1036

astrophysical v

\ = signal

" atmospheric v

10°

10 12 10 15 10 18
neutrino energy [eV]
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Neutrino Oscillations

Weak interactions couple to superpositions of neutrino mass eigenstates:
lve) = cosf|vy) 4 sin @ |vo)
vu) = —sinf |v1) + cos 0 |vy)

Time evolution

V1 2) = e 2t uy o)

Flavor transition probability

Pyse(t) = [(vele™ |v,)

. . . . 2
= ’ _sinfcosfe 1t L sinfcoshe ZEQt‘

= sin?(26) sin’ ((El — Ezﬁ)

2

@ PRiISMA
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Neutrino Oscillations

Weak interactions couple to superpositions of neutrino mass eigenstates

Vo) = cosf|vy) 4 sinf |vg) Sound wave analogy
‘VM> = —sin 6 |V1> +cos |V2> '\ 1{\ n' | |||| | {\l'l'pl“l‘ |||' 1”' |lf.nl“|m|U' ',|' |V1>
Time evolution added to
v12) = ey ) 12y
results in
Flavor transition probability V‘ JWVV\/V\” |V >
i (&
P, e(t) = |<I/e‘6_ZHt’I/u>|2 V\/\/w

. . . . 2
= ’ _sinfcosfe 1t L sinfcoshe ZEQt‘

— sin?(26) sin” ((El — Ez)t)

2

@ PRiISMA
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Neutrino Oscillations

P._,(t) = sin*(20) sin” ((El — EZ)’f)

2

Using m< E and ¢~ L:

AmzL)

Pe—m (t) — Sin2(2(9) sin2 ( 1E
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Neutrino Oscillations

P._,(t) = sin*(20) sin” ((El — EZ)’f)

2

Using m< E and ¢~ L:

AmZL) Am2 = m5 — mjy

Pe—m (t) — Sin2(2(9) sin2 ( 1E
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Neutrino Oscillations

P._,(t) = sin*(20) sin” ((El — EZ)’f)

2

Using m< E and ¢~ L:

AmzL)

Pe—m (t) — Sin2(2(9) sin2 ( 1E
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Neutrino Oscillations

P._,(t) = sin*(20) sin” ((El — EZ)’f)

2

Using m< E and ¢~ L:

P, ,(t) = sin®(20) sin® (
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Neutrino Oscillations

P._,(t) = sin*(20) sin” ((El — EZ)’f)

2

Using m< E and ¢~ L:

AmzL)

Pe—m (t) — Sin2(2(9) sin2 ( 1E
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Neutrino Oscillations

P._,(t) = sin*(20) sin” ((El — EZ)t)

2

Using m < £ and ¢t~ L:

AmzL)

P, ,(t) = sin®(20) sin® ( o

Three neutrino flavours:
= two Am? and two signs (Am221, Am?23p)

m three mixing angles (812, 623, 013)
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Neutrinos vs. earth

1st oscillation minimum

Atmospheric neutrinos B Lmax = 12-103 km
m y-oscillations in earth mE, ~ 20 GeV
» wide range of L/E nuCraft
= measure only vy > B
> sensitive to 823, Am32? EJ 1
o S
: :
10.6
10° lo.5
10.4
0.3
0.2
0.1
10° ” 0.0

’1.0 —0.8 —6 0.4 -0.2 0.0
cos(zenith) )
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Oscillation analysis

5293 Events in 953 days sample peaks
0 : ' ! 7] at oscillation minimum
—— MC best fit =
600f|- - - MCno osc. s
= $ Data -y -
¢ 400} Ao
.) L] .
- E : good agreement (limited
200¢ — 1 statistics) in control region
o IceCube Preliminary ‘-lbr‘i‘_h
10' 10° 10°
1 4 Lreco/Ereco (km/GeV)
12 | good description
. of oscillation region
S 1ot et e T{
o
© 0.8k 1
£ o
< 0-6[] IceCube Preliminary — observing oscillation
0.4H_—— "MCbestfit --- MC no osc. $§ Data]| Maximum and rise
0.2 1 1
10" 10° 10°
LI’GCO/EI'GCO (km/GeV)
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Oscillation result

Proof of principle

i — competitive
i —— result!
== T2K2014 [NH]| o

sel |— IceCube 2014 [NH]
. ==  MINOS wlatm [NH]

""" SK IV [NH]

|Am2| (1073 eV?)

What next?

P, I R S R i
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 012 3 4
sin2 (923) —2AInL
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Neutrino mass hierarchy

Oscillation parameters

= amplitude
> mixing angles

m frequency

2
AmZin,

> | mass splitting|

Order of
mass eigenstates?

m matter effects

<
>
=
N
g
»-<

Am?Z,
> break degeneracy
m for v, &>y Vs
» solar neutrino inverted hierarchy normal hierarchy

oscillations v
% Y

mforvs;e— v, ?
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Neutrinos vs. earth

Atmospheric neutrinos
matter effects
m y-oscillations in earth
m strongest in core

» wide range of L/E E, ~ 3-15 GeV
mE, ~ 3- e

m matter effects

> mass hierarchy

normal

Energy / GeV

1 08 -06 -04 -0.2
cos(zenith)
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IceCube’s low-energy v extension

lceCube (in operation)

m /8 strings, 125m / 17m spacing
n Ethresh -~ 100 GeV

PINGU (proposed)

m +40 strings, 25m / 3m spacing
mEihresh ~ 1 GeV
> neutrino mass hierarchy

~100

e |ceCube

Y (m

. : ; : + DeepCore
Y PINGU

50_ _________ _______________ * X **
.1003_ ..................... ......................... ..... * * .....................

T S ...................... - S — —_—
| PRELIMINARY
-200 L T SR

r [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-100 -50 0 50 100 150 200

@ PRiISMA

IceCube Lab

50m —— e i

IceCube Array

H
1450 m i

A eee

@

Eiffel Tower
324 m

2450 m

2820 m

Bedrock
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Neutrino Mass Hierarchy

neutrinos anti-neutrinos

> >
(0] (0]
© © IS
> : s
— — O
o o S
L L
08 -06 04 02 0 9 07" 08 -06 -04 02 0 0
> >
(0] Q S
> > t
o <) ~
o o <
e [ L=
L L

08 -06 -04 -02 0 08 -06 -04 -02 O
cos 0, cos 0,
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Neutrino Mass Hierarchy

neutrinos anti-neutrinos

Signal

m matter effects (MSW)
> inverted for v <> v

Energy / GeV
Energy / GeV
normal

15 1 15 ‘ 1

10 10

Energy / GeV
SO O O O «
a
Energy / GeV
inverted

o
=]

0.8 -06 -04 -02 1 -08 -06 -04 0
cos 0, cos 0,
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Neutrino Mass Hierarchy

Signal
= matter effects (MSW) >
O -
> inverted for v <> v N g
(@] .
m similar flux from o g
atmosphere -
d(v)/DF) ~ 140.1
2
2 3
@ s
L5
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Neutrino Mass Hierarchy

Signal

m matter effects (MSW)
> inverted for v <> v

normal

m similar flux from
atmosphere

o(v)/d(v) ~ 1£0.1
m x-sections differ
o(vN)/o(wN) ~ 2

Energy / GeV

- few 9, effect

Energy / GeV
inverted

206 -04 -02 0
cos 0,
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Neutrino Mass Hierarchy

Signal

m matter effects (MSW)
> inverted for v <> v

normal

m similar flux from
atmosphere

o(v)/d(v) ~ 1£0.1
m x-sections differ
o(vN)/o(wN) ~ 2

Energy / GeV

- few 9, effect

Energy / GeV
inverted

Requirements

m high statistics

m very good control

. )1 08 -06 -04 -02 0
of systematic effects cos 6,
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Signatures in PINGU

250
Detected events (1-80GeV, after cuts) 225
m ~50k vy + anti-vy per year 200

m ~38K ve + anti-ve per year 11758

» small but distinct signature 3 11508

c

> 11255

5 1

5 {100 3

=

=

o

)

cos 4,

zenith
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Signatures in PINGU

ierarchy 250

Detected events (1-80GeV, after cuts) 225

m ~50Kk vy + anti-v, per year 200

: ©
m ~38k ve + anti-ve per year 175 §
» small but distinct signature 3 11508
S ot =
> 10 1255
o - 5
] o
2 | 1100
c
on, LS
| 1
'-i;:: -5 i g
||
5y -
g -3
. -
1070 7208 ~0.6 -04 ~0.2 00 °

cos v,

zenith
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Signatures in PINGU

Normal-Inverted

Detected events (1-80GeV, after cuts) Vu (CC)

N
s

m ~50k vy + anti-vy per year

[
[e)]

m ~38k ve + anti-ve per year

(o)

» small but distinct signature

Energy [GeV]

[ [S)
o0
Counts per bin per year

|
[
(@]

|
N
N

0 . s . '
10—1.0 -0.8 —0.6 -0.4 -0.2 0.0

Cos 0zq‘|1il h
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Signatures in PINGU

Normal-lnverted

Detected events (1-80GeV, after cuts) VU (CC) 15

m ~50k vy + anti-vy per year 1.0
m ~38k ve + anti-ve per year
10.5

1] i

» small but distinct signature

Energy [GeV]

|
o
wn

Detector effects

Counts per bin per year

m energy resolution
> ~209% above 10GeV

m directional resolution

|
=
o

|
)
w,

|
g
=}

: : : 10° - - -
> improving with E =10 0.8 =06 = =04
Ccos "‘)zvuilh
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Signatures in PINGU

Normal-lnverted

tracks
Detected events (1-80GeV, after cuts) 0.75
= ~50k vy + anti-v, per year 050 §
- s 1025 @
m ~38k ve + anti-ve per year 3101_ .—‘ a _ &
.y . 10.00 =
» small but distinct signature g 5
[ Qo
S -—0.253
-0.50 3
(@]
Detector effects Normal-Inverted ~0.75
= energy resolution cascade L6 7100
> ~209% above 10GeV 12
. . . 108 ®©
m directional resolution 9
. . : S 104 @
> improving with E 3 2
g 0.0 &
b g
5 —0.4ﬁ
Particle identification | 053
O
m v, (CC) = tracks -1.2
m v (CC) + vx (NC) = cascades -1.6
10°

> quite distinct 10 -08 -06 -04 —02 00
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neutrino mass hierarchy

o vs. Time, at nu-fit (2014) values of 6,,, Am2,

10
Normal
Inverted
- -- NMH, stat.onty . _=-T
- == IMH, stat. only ’_,—"
Analysis results 5
m for worst case o
(023 = 42.3°) 4
m hierarchy significance
»~30 in 3.5 years 2
0
0 2 4 6 8 10
Time [yrs]

Comparison to others

= PINGU could be the first detector
to make this challenging measurement
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1012
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106

10-12

10-18

10-24

1030

10-%6

solar v

diffuse

supernova v

/\ supernova 1987A

astrophysical v

atmospheric v

IceCube

A)/’ldf we have...

cosmogenic v
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1012

10 1° 1018 1021
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1012

106

106

10-12

10-18

10-24

1030

10-%6

solar v

diffuse

supernova v

/\ supernova 1987A

astrophysical v

PINGU

atmospheric v

IceCube

A)/’}df we topt...

cosmogenic v
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1012

106

106

10-12

10-18

10-24

1030

10-%6

solar v

diffuse

supernova v

/\ supernova 1987A

A coe dreanr of ...

astrophysical v

PINGU

atmospheric v

IceCube

cosmogenic v

HEX

109
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Neutrino energy [eV]
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Conclusion

1

(11N -uil;
(U r.hll’lill;u

High-energy neutrinos can tell us about the sources of cosmic rays
- |ceCube just found first neutrinos from outside solar system

Oscillation of low-energy neutrinos can tell us about their
fundamental properties

= [ceCube can also measure these

lceCube-Gen2 will bring major advances for both of these fields






Performance

«+—588 DOMs —» «— 1390 DOMs—p<e— 2514 DOMs —»

<+—5032 DO
100 . -
Installation . 1T
2 98 CCTTTLT
m 5484 optical modules ® A
. 5 96 A4
installed o« i 1L
. S o4
» 128 DOMs failed S
(during installation) » 92
> 509 fixed again 90 | .
u expected Statistica| Feb-05 Feb-06 Feb-07 Feb-08 Feb-09 Feb-10
l Ifet I me detector uptime - successful runs clean uptime
» 14.000 years 100%
y o5 /\/\ M\ -\
VAN WA VAATMAIAERYN
. 90% N \ / \\/ \/ \ /\/ \/
Data-taking -
{ — M
m average detector uptime 80% /
> >99% last years % IC86-2011 IC86-2012 IC86-2013 \I IC86-2014
_ 70% | F——D - » - » _———»
m ysed for data analysis V
65% -—T— T ——
> >95% over 5 years 203 03 ¢ ¢4 8 g 8 8 8 5 5 58y
A & & = A2 & &4 = & & & = 3 & & =
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vy pointing resolution

IC59 BDT
vy |C59 Straight Cuts

25}

20

15)-]

1'0_. . B

Angular Resolution (°)

0.0

> 5 @ 5 6 7
log)) [E, (GeV)]

Pointing resolution

® improves with energy

e dominated by
v-u scattering angle

Energy resolution

e estimated from
dE/dx of muons

e dominated by stochastic losses
= 0o(Ey) = 0.3 log1o(Ey)

@ PRiISMA

Pointing verification

Cos '
e +4° window around moon ¢4,

-> 130 underfluctuation in IC59
(14 moon cycles )

c

8000
6000

4000

6event - emoon [deg]

2000

-2000

83 2 1 0 1 2 3
(¢ )*Sin(eeven() [deg]

event B ¢m00n
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Combined analysis

Results from multiple searches

m 2 dedicated track searches
m 2 dedicated cascade searches

m high- and medium energy
starting event searches

» all are consistent

Best fit result

m spectral index
» y=2.50 = 0.09

= matches predictions for
Fermi acceleration

m no indication of break
in power law

Q) T2 3 401234
C PRISMA Dorompt [ERS] —2AInL



Geometry studies

18 r T T
string spacing and instrumented detector volume 4000 [
16 — IceCube-86 (Vi . g0 n=1.26 km®*) [~ 3000 :
—  240m (Vi 1 60 m=9-73 km® ) 3000}
LS B _ sy | B 2000w ] ;
300m (Viggt 460 m =14.24 km* ) £ : :
— - - 5 :
P ; € ; : : 2000}
. 9 : i 8 5
1S : o 1000 P
o~ : k- g !
© h
o : 2 1000
' o
IS ! = 0
kel . b :
£ E 3 z
Q@ : 2 of=
5 : 2 ; E
4 ; £ —1000|----- ,
J f =4 .
" o 2
Ao e e K : : : : : —1000[
f Q —2000f - eSS g
2 USROS UUURU U SUUTRRUUUURRRR : .i.
: : —2000- @ g -
/ : \ —3000L ] 0
0 | i | Downwind Sector | Quiet Sector
1 1 1 1 1
1.0 0.5 0.0 0.5 1.0 —2000 —1000 0 1000 2000 -3000 L
cos(zen) —-4000 -3000 -2000 —1000 0 1000

position offset w.r.t, IceCube center (m)

Constraints Wish-list

m South Pole sectors m active veto technique
> radial assymmetrie > avoid regular grid
m optical ice properties / bedrock = no channels for background

> only slightly thicker detector
m polar assymmetrie
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effective area [m? ]

Expected performance

Tracks

® same resolution
for horizontal events
> region with
= low p-background v/

m |ittle earth absorption v/

105 ; T T T T I T T T T l T T T T ] T T T T l_ T T T T ;
- —— Sunflower 360m cont. Ve 1 Ve .
104 - Sunflower 240m cont. NString >3 —
- —— Sunflower 240m trig. =
103 é —— IC86 cont. é
10° E
1()1 j * 240m cont. / IC86 cont. ;
= = - 240m trig. / 240m cont. 3
ofF | | 1 = =+ 360m colnt. / 240m cont. |
10, g——+—+—+—T+—+"+—F—T—++ .'E Tt
82_ rree- ="t '-l.a"'--"‘__'-l"----" L --.T
© gp==7 |
2 rm——— T B R
O:=l:-|,1:‘l‘.--1”-—l 1 1 1 1 1 1 T 1 1 =I J. 1 1 1 1

4 5 6 7 8 9

Log10[E, / GeV]

angular error for muon tracks with 100TeV (rlogl < 8.5)

1.4 ,
(rlogl < 8.5)
12H, - R |ceCube AAAAAAAAAAAAA N
= — Sunflower 120 strings
[}
o 1.0 — Two Clusters (2x60 strings)
2 : : :
€08
!
2 0.6
(%]
C
ke A
S 0.4 :
£ : :
0.2
0.0 i | |
-1.0 -0.5 0.0 0.5 1.0
upward cos(zenith) downward
Cascades

m effective area grows with

» volume
» veto efficience

m additional help from

Glashow resonance

Ve +e - W™

Neutrino(astro)physics with IceCube — 64 JG|U



.. Transient-sources .

.
.

JG|u




.. Transient-sources .

.
.

JG|u




Gamma ray bursts

External Shock
-
m collapse of massive star Internal Shock thesurnaing medium

Collisi betw. diff.
m total energy release ~10%° Joules _

> candidate for cosmic rays

Fireball model (long GRBs)

m yltra-relativistic jets

» PeV neutrino emission 22

~10"cm >10"°cm

lceCube GRB search 10° | | | |
. _ -~ Waxman & Bahcal [Nature, 484 (2012)] {10°
m coincidence analysis ~ — IC40 limit
1 == |C40 Guetta et gl. U AR e
> time window (AT = 0.1-100s) =° o959 Combined, —% N &
: : " IC40+59 Guetta,* U £
> d|reCt|On (A"I’rlceCube = ].O> ?;E etal. ‘ “‘\ b ;
“\ ‘\ v
= per-alert emission model > ; =
© 10° S POR -
m 5.2 events expected - ;. S ot
= no events observed w R ER
-> starting to constrain GRB models TS 0 o

Neutrino energy (GeV)
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Follow-up program

Idea transient
event
e trigger follow-up observation by neutrinos in IceCube (SN.GRB, ) S
> online neutrino analysis u

Online alerts

e multiplet trigger northern
N, 2 2, AY = 4°, At < 100s separation  hemisphere
institute

Follow-up program
e optical: ROTSE, PTF = first results T

o X-rays: SWIFT
‘ Irld*Um\/

e y-rays: MAGIC, VERITAS



IceCube online neutrino filter

(e
M

il
l

‘-“uh 1] t
111
| \ ‘h{ “
\‘M‘Il‘ 18

Neutrino multiplets

Trigger

N. Measured Expected ~3000 Hz

T 853 .l
IC 40 general muon Level 1

3 0 0.003 filter  ~30 Hz

BT | | | .t
IC 59 5 high-quality Level 2

3 0] 0.004 . . ¥ _up-going events ~3 Hz

=130 425 i il
IC79 neutrino Level 3

L2 0.012 selection ' Dy ety |

e TN TR il
IC86 |

3 0 0.005 90% atmospheric Latency

neutrinos * 3 minutes



Optical follow-up - first results

Supernova jet model

m Are there GRB - like jets
in core-collapse SNe?

First year of optical follow-up

m 34 alerts send to ROTSE
m O SN counterparts observed

@ PRiISMA

[Abbasi et al., A&A 2012]

|
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10%
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Summary

Motivation / |
Neutrinos & Cosmic rays |

eutrinos from heaven
Point sources i

:
| Transient sources N
a Diffuse flux ’- |
e -> High-Energy extension
g,o;;-':_ f
g‘:ﬁ ;

f Neutrino from earth

- PINGU | i R




