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Table of content: Part 1

@ Where are we in the Universe?
- Messengers and their limitations

@ Neutrinos
- High energy cross sections
- Decoherence
- Production of astrophysical neutrinos
- Production of background atmospheric v’s
- Some history

@ |ceCube
— Detector and detection principle

Goal of astroparticle physics: Explore sky
outside of visible electromagnetic band







Exploring the Sky with Particles

... sensitivity determined by energy range, effective area ...

Type | Experiment | Eypeq [eV]

Fermi-LAT 106-10° 1 m?

Satellite based

Hubble 1 5 m?
Neutrino telescope IceCube 1010-101> 5 m?
Cherenkov telescope array CTA 1010-1013 10 m?
Cosmic air shower array AUGER 1018-10%°  3x10° m?
e TR similar effective area for a serious comparison,
b g o (16 e but signal flux oc 1/E?2 other parameters matter ...

angular coverage

1 km

obstruction by matter

magnetic field sensitivity

@
@
@
@

backgrounds




Transparency of the Universe

photons of all energies abound
In universe (3K — visible)

Interactions with p and v:

P+ VEBK) > A(1232) > p+Tr

Y+ V(R +3K) > e*e

Py 3'} ¥ lrﬁ)”'vi,.""‘?_p")!? W“W‘h :

Wi, eryj

limits ,,seeing”“range ...




fransparency of the Universe

log,,[Fraction of Observable Universe]
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Galaxies and stars within 60 MLy

Corona Borealis Bootes
Supercluster (0.072) Supercluster
(0.061) Coma Cluster (0.023)
Hercules Virgo Cluster (16 Mpc)
Supercluster (0.037) &
Ursa Major Supercluster ) LA Rl 7T Leo Supercluster (0.032)
(0.058) . AN . ¢ 3 NTa : Shapley Concentration (0.048+)
Ophiuchus AW L ' 3
Cluster (0.028) : o - ) F Centaurus Cluster (0.02)
Abell 634 s e , cZ. . . RE e IRAS dipole
Cluster (0.025) ~& « .» L < ' - A ; S N
o ASy ; . ¥ ; < CMBdipole
/ - ! ! Gty - Y
‘t" - >
_ Abell 569 P s ; Vol e "y Hydra Cluster
“luster (0.019) ,‘ 3 Ay e 0 . - ' (0.01)
b o $ ~ - '
> Batie v < . \ ) - ¥ '
‘,‘ - "% .‘. " - b 1 . ¥ - ]
» " ,'. 4'” % -~ ) v .- » ) ¥
. g ) ,.c" i
\ >, w " DR i : Orion Molecular]
Yoie T8 Y S - Cloud
¥ .": “ ’ - . “
Taurus Molecular NP ¢ eI ' :
Cloud .. ¥ o . % > ' Columba
Tt ' "’ Cluster (0.034)
o, B
Perseus-Pisces 2.3 N Gregé)rATt?'a%tor
Supercluster (0.017+ ‘
up ( ) M31 (0.016)
(1 Mpc) LMC
Pislces-Cetus . . t . o ¥ it B Fornax Cluster (20 Mpc)
Supercluster (0.063 ; = orologium
R ( ) M'(l:ky tWay Pavo-Indus Superc?uster (0.067)
enter Supercluster (0.015)
Sculptor Supercluster (0.054

10%° eV p, 100 TeV vy : seeing range 60 million light years
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Fluxes of cosmic neutrinos

Cosmological v under- optical: - air
ground - deep water - rad
soldry - deep ice - aca

Terrestrial anti-v

Supernova burst (1987A)

/ Reactor anti-v

Background from old supernova

Atmospheric v

showers
io
yustics

v from AGN
GZK v
10°¢ 103 1 10?7 10° 10° 102 102 10"
peV. . meV eV keV MeV GeV TeV PeV EeV

Neutrino energy

Kamiokande also uses neutrinos from accelerator beams (e.g. T2K)



Production of neutrinos

example: proton acceleration in supernova remnant shock fronts streams O(10° m/s)

@ “lucky” particles pass shock fronts frequently, experiencing accelerating ‘kicks”
@ neutrinos (and gammas) created in beam dump made of gas or photon fields

isospin! v Y

Expect: v :v,ry=2:1:1
energy distributions different

1 PeV v = 2 PeV v~ 20 PeV cosmic ray

Electrons: produce bremsstrahlung and synchroton radiation
Protons: interact with y‘s or protons to produce pions and kaons - Waxman-Bahcall limit




Waxman-Bahcall upper Iimit

0 B e ;

‘ power required over 100 years to produce
(1= s .

O 1 measured cosmic ray flux:

erg

£<10%
Mpc®year

E3J(E) [km? yr!sr!eV?

.| ® Augercombined
W07F — it

Nucleons interacting in surrounding

. material by py (and pp, pn) interaction

e e @ ey — pions and kaons — neutrinos
Assume:
» ,optically thin sources”
. E2 '

E* flux for extrapolation to Benchmark for building detector

lower energy
- Cosmological evolution with ey 19x107° GeV

<

maximal rate o Evz cm?s tsr



Potential sources of astrophysical neutrinos

* Which object accelerates to what

energies? 102G N eutton stars
» Difficult to explain energies >~102! protons
eV for protons Z »
& 10°G |
. . = LHC
e Easier for heavy nuclei @ Tewmol th warfs
(@]
p R m Sunos.pcts
=— V)< H— L
ngro ( ) — ﬂ o 16 |-
ZqB 2 A )
o >
=
<2 g7qBR E
~N — = InterplanetarySpace B
p 2 q 106G Galaitic Cluster
Galactic Halo N
1 | | | | |
E < —C,BZQBR 1 km 10°km | 1pc  Tkpc 1Mpc 1Gpc
9 1AU
Size R
Bc: velocity of scattering centers — transforms R< 2R,,, »>R< 2R,/



Example: Gamma-Ray bursts

NS - NS
merger

N

L g

)

L 'I' ;:gﬂs
L
«
/’_'\\/
N

Y

NS/BH - He core merger
after common envelope

|S. Woosley, Ringberg, 1997

Hyperaccreting Black Holes

BH- NS
merger

7N

w7

0.01 M, J“."”, 0.1M,
torus torus
merger

few M,
torus

\*/
W

collapsar =
rotating, collapsing
"failed" supernova

ACCRETION DISK =~

ELECTROMAGNETIC
POYNTING FLUX

. FORGE-FREE HELIX

et - “GONDUCTING
Tl ke, MEDIUME,
" masweTIC 7
< WA e

INNER ACCRETION

DISK

Li, Colgate, Kronberg

Source of magnetic field — “dynamo” in accretion disk

~ 80° in Mi iple!
80% of stars in Milky Way multiple! Source of jet energy - accretion disk + black hole spin



v progagation and interaction




v osclllations & decoherence

d | Vud Vus Vub d
Sl — Vcd Vcs Vcb S
L b'_ _th VtS th 1 L b a
Ve U el U e2 U e3 Vl
V= U a U 2 U w3 || V2
Vo] Ua U, U jve
weak mass
eigen- CKM or eigen-

states PMNS matrix states



Neutrino oscillations

ycreation vpropagation vdetection

2.B. B*-Zerfall propagates as different neutrino flavor when
mass eigenstates  detected by weak interaction

et /
BB

DN VY wising with non-
N interacting sterile v
Different masses create time and — detected deficit !

space dependent phase differences

Weak interaction produces
neutrino in flavor state

= f (eji , (mjz — miz)é)

J

Pa_)ﬂ _ ‘<Vﬂ ‘Va ('[)>‘2 _ |ZU;Uﬁi e—imiZLIZE




Coherence In propagation

wave package separation:  Av,, L/c
no more overlap: Av, Lfc=> o,

coherence length: L, =32 &, E%/(Am?c%)

X

.. coherence also determined by conditions of creation and detection ...

Example 4 MeV neutrinos http://users.jyu.fi/~jojapeil/thesis/coherence_in_neutrino_oscillations_040211.pdf
2.000.000 km

— vs; L)

Py, — vs; L)

decoherent!!

Plv,




Neutrinos from far away sources

http://users.jyu.fi/~jojapeil/thesis/coherence in_neutrino_oscillations 040211.pdf

1. Which information does a neutrino carry when it is created?
2. What happens on the way to detector?
3. What can be measured in the detector?

ad 1: Neutrinos are created as flavor eigenstates v, (ve, v, ,V. )
identified by energy, momentum, spin direction and neutrino flavor

* Neutrino oscillation length much shorter than travel distance

« Source extension larger than oscillation length

* Broad energy spectrum leads to varying oscillation lengths

« Wave packets separate so that oscillations are no longer possible

What remains is an averaged effect:

505—),6’ = Z‘Uﬂi‘z‘uai‘z




v's from far away sources

P = Z‘U _‘Z‘U i‘Z Initially assume that U, = 6,5 = 0, 0,;=45°
s and v, : v,: v, =1:0:0 at source

ﬁe—w = Z:|Uei|2|uei|2 :‘Ue1|4 +|Ue2|4 = C142 +Sl42 =a :1_2b
C12 S12

0 _
U . S 1 C 1 1 Pe—w :Z|Uei|2Uui‘2 :‘Uel|2Uy1‘2 +|Ue2|2U,u2‘2 25122("’122 :b
a — | C12777 1272 2 B !
S 1 _C 1 1 Pear :Z|Uei|2|uri|2 :(Uel|2Urlz+|Ue2|2Ur2 2: S122C122 :b
12 /2 1272 T2 i

trigonometry:a=1-2b

flux at source: v, @ v,iv, =1:0:0  fluxatEarth: vo: v v, =1-2b:b:b
flux at source: vg: v,iv, =0:1:0  fluxatEarth: vo: v, v, =b:%(1-b):%2(1-b)
flux at source: vg: v,iv. =0:0:1  fluxatEarth: vo: v, v, =b:%(1-b):%2(1-b)

ifveiv,iv, =1:2:0 (tr*- decay): flux at Earth = 1-2b+2b :b+1-b:b+1-b=1:1:1



Some dependence on 6,5, 0,5 and 6,

If one takes measured mixing angles and accounts for possibility of CP violation:

Pian beam sources

A 1 pFion beam _ EPFF T PEF
EP#E_PEE_EP#T_PE‘T
055 ~ (130 =0.14 8,5 cosdpp

In principle: flavor ratio can be used
For CP violation studies!

T

(.45 — i {2 ] 1 .. if production process were known
im0 LS
- min (2 =001
More later ....
ﬂ.lﬂ- - * ”
b L L Ir ™
a 2 q



Neutrino cross sections

s < 10* GeV? = —*5 {azd(az) + (1 —y) :cu(ac)]
dx dy T
- 10'30; X : fraction nucleon momentum carried by q

y : fraction E, transferred to final state

xd(x) = momentum distribution
of d-type quarks

Xu(X) = momentum distribution

eralcrrent .
S ut -ur of u-type anti-quarks

Obvious questions:

 Why is there a kink?
 Why o(anti-v) lower?
 Why is there a resonance?

r rd H H H H H H H | N0
;o : : ; | | ; |
_38% oo i i i 1 1 i 1 1
d S e
L1 ISR L L L Ll IR Ll Ll (IR WA

2 3 4 5 6 7 8 9 10 11
10%10°10*10”10° 10" 10° 10”10 "0
laboratory energies E1GeV]



Effect of the W propagator

Exchange of massive real W needs to be accounted for energies > 40 TeV

reasonable cross section approximation above W threshold:

Oor = 1.2 x 1072cm?*(E, /10*%eV )4 ... no longer ~ E,

Glashow resonance: resonant production of real W- from v, hitting ambient electrons

Resonance paramters:

neutrino laboratory energy: 6.7 PeV
resonance width: +130 TeV
peak cross section: 5x 103> m?

S<Amplifier® at very high energies!



Why are o(vqg) & o(vg) differente

v @ neutrino has helicity -%2
B o L
IZ/ vy or v guark prefers helicity -
v 0y @ Overall spin =0,
~ any scattering angle possible .
<= —> @ spin 0 system has no
S //I S directional preference
0/
@ conservation orf spin gives
y-dependence for s=1
v
p// vg or vq @ Only seen at low energies:
v o\ 9 Overall spin = 1, sea quark symmetrlc betw.
« . P large scattering angles suppressed quarks and antl-quarks
5 5



* average path length L, for a particle A travelling through
medium of particles B with number density p;

La=1/(pg0a_ss)

example: o, (1 TeV) =103° m?, p=0.4/cm3 > L=2.5x10% Ly

— larger than size of universe ...

* Blessing and curse of neutrino astronomy:

— neutrinos pass by almost everything ... also by the detector



v Interaction length in Earth

#nt v interaction length
15

—1 Earth diameter

£ [em]
— 100010% 10° 10° 107 10°% 10 10'%1 0!
Ll I

. -

5 o ]

3 £ E

; T decay length ]

E. povml s T AR T T BRI BTSN T BN T BT AR Rt ....E
000 10* 10° 10° 107 10%® 10° 10'° 10 10%®

Energy [GeV]

Interesting role of T neutrinos: regeneration v.— 1> v, —>T....



Probbabillity fo convert v intfo

Rg,: average muon range
E™n: minimal detectable muon energy

P,, ~ 1.3 x 106 E%[TeV]

a~0.8 for 1 TeV<E<]1 PeV
1 a~2.2 fir E<1 TeV

TeV: P,,~ 1.3x10°
10 TeV: P, ~ 8.2x10°
100 TeV: P, ~ 52x10°

Iog10 E' [GeV]

E
: do
P, =N, |dE, = R(E,)
Emln /U
! . 53 77, |
- .
° : " 1
LJ
[ ]
® *
3 3.2. 3f4 3f6 3‘.8 ; 4L.2 4J.4 4‘.6 41.8

5






High energy neutrino astronomy

Moisei Markov (mid 1950°s):
proposal for deep underground and underwater neutrino observatories

Markov warned the soviet leaders in 1947 about
,dangerous political-ideological moves that threaten
to separate soviet science from the rest”

This was a brave (almost suicidal) move, as he and
other scientists were charged of
yuncritically receiving western physical theories and
propagandizing them in our country”
Stalin, however, ,chose the atomic bomb over ideology”
— which saved their lives ...

,We propose to install detectors deep in a lake or in the sea and to determine the direction of charged particles with
the help of Cherenkov radiation Proc. 1960, ICHEP, Rochester, p. 578



junction box at 4800 m depth
sea floor

1993/94 deployment failed due to leak in
penetrator: project (256 PMTs) abandoned

— Lake Baikal, AMANDA, Antares
lceCube, Km3NeT ...




Main Goals (of IceCube)

cosmic ray

Measure fluxes of
@ atmospheric muons (250 Million per day) and
@ atmospheric neutrinos (> 200 per day)

air shower

at higher energies & with better statistics than,
previous experiments

Any deviations from what is expected is new .
/// | muons and neutrinos
® neutrino physics or /// | from air showers
@ new astrophysics o

Realistic: Understand more about origin, composition and cosmic ray interactions
Dream: Dark matter, new, rare particle interactions, galactic supernovae, etc.
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What happens in the detectore

Electron, muon or tauon

O(20 m) long electron showers (except for highest energies)
km long tracks, narrow Cherenkov cone for muons,
50 m/PeV long faint tau tracks, as Bremsstrahlung ~1/m

for neutral current interactions:

only hadronic cascade visible!

+,-€ e e -
ee+ee+ et eeee e
+ ?e— e
Positron et =
Annihilation N
Broad
Cherenkov Cone

Let's look at the propagation of electrons, muons and tauons ...



Electron interactions and propagation

Processes leading to energy loss of electrons:
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muon energy loss

pair creation
dominant!

e+- pair production

bremsstrahlung

bremsstrahlung

—_
o
I

1/E dE/dx
radiative energy losses per energy | g'1 cm? |

photonuclear

/ i Ly
1onization losses are mn [ 10" GeV g'lcmz] \/
| 1 IHIIII‘ 1 \IIIIIIl 1 \Hlllll 1 |||||||| Il \I\I\Hl Il IIIHHl 1 IIIHII‘ 1 IHHH‘ 1 I\I\Illl L

1 0 ool vl :I L
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... effect on Cherenkov radiation

Number of Cherenkov photons: z :27[? (1- 1 ~) ~ 335/cm
didx A Bn,
1
Cherenkov angle: cosf, = ———
.np
20

nuclear process
C oc Muon energy

-
~ZLL 7 pair creation
oc muon energy

bremsstrahlung
oc Muon energy |

jonization
G adds 8% to Cherenkov radiation from muons

While muon Cherenkov radiation is at fixed angle, widening by showers/ionization



entries

400 GeV muon

40 TeV muon

10 20

2 TeV muon

10° TeV muon

0

10 20 30 40
distance z | km |

Range [km)]
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average range R in ice:

E, 1 dE /E“ 1
R . Eﬁ'i" {d_E/dX::; Eﬂl]il] 1 _|_ b . E
1 l a/b+ E,
— log :
min
b % alb+ B
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Mmuon — neutrino angle

"'::. 10 T ——T — ~ -
180 —'!‘:“ LAt
5 Wl w7 TeV
A o
) E,' “ h““l,.%? TeV
k) S

o = 0.1° =
© G'im - ‘H"‘-.. 4
N < ~
>.\ 0-010 L"‘-
= 320 TeV s
N 1n1 "‘-._“‘
e ]
(@)
c m" 1 1 P [ 1
] [ 2 3 4 5 & 7

Ingm E, [GaV]

3000 average for high energies:

angle= 0.7°/ E[TeV]"®

Sub-degree directional resolution makes sense only for E > TeV
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Atmospheric v: n and K decays

lightest charged mesons only decay via weak interactions:

m* = |ud> > pt+v, + cc (¥100%)
K*=Jus> > pt+v, + cc ( 63%) ,
Kinematics: E,(from ) <0.25x E_

E,(fromK) <0.78 x E,

Above ~ 100 GeV, interaction length of w and K
in atmosphere shorter than their decay length ...

oKk KL e b

— v energy spectrum dN/dE ~ E-37 i e

// /| air showers

Muons co-produced with neutrinos may decay and produce further neutrinos:
Ww2et+v +v, and poe+v +v,

at ~ 1TeV the v, /v, flux<0.1, v, flux actually dominated by K° decays



Neutrino fluxes
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... less background from atmospheric electron neutrinos !!



The Earth as a shield

40 billion background muons per year ...

A0Opoto0 ci’“:/"”r/
Votnssphene s

4

A

Stupid to see only half of the sky ... can one do better?



Can one reduce atmospheric v's¢

Phys. Rev. D.79(4):043009, 2009, Phys. Rev. D 90, 023009, 2014.

atmospheric neutrinos from pion and kaon decays accompanied by muon
Downgoing atmospheric neutrinos can be partly vetoed!!!!

| TeV Total flux

101

10-2| W TeV

- .
- .
-

E3®, [GeVZem 2sr—1s71]

1073 kg .
‘ Jj&fte]ﬁ veto b
Conventional v,

10—4

- o 0-0 0.5

cos @

can veto muon with surface detector or in detector boundary



Ine lceCube opbservatory
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Location: Amundsen-Scott Station
@ geographic South Pole

...data taking with complete
detector from May 2011






lceCube detector

5160 sensors (optical modules)
on 86 strings

— 1 km?3 sensitive volume

f

~98% of all sensors working
° ¢ ¢

~99% data taking efficiency
TS ? .... 365 days of the year
© (@) ©
! I ?

Plot includes envisaged , Pingu” IceCube w/ DeepCore

. >few 10 GeV
low energy extension”



The IceCube Digital Optical Module

Penetrator

N

DOM
Mainboard

HV Divider

LED
Flasher
Board

PMT

T

Glass Pressure Housing

RTV
gel

Mu-metal
grid

Coarse lattice of DOMs to maximize size

— essentially no redundance

*On board HV, 330 MHz digitization,
and rate measurements (1.6ms bins)

*Low power: 3.75 W
*Low noise: ~ 540 Hz
* Fast timing: betw. DOMs: At <5 ns

Large dynamic range:
-103pe /10ns

-10%pe /1 s

0.025

ﬂ
0.02
0.015
0.01 Digitized Waveform
0.005 \[\

0 20 40 60 30 100 1|20 ns



Coarse detectors to maximize volume




P

~60 kW power to electronics

90 GB/day filtered out and sent on satellite

2 winterovers

summer population (around 5-7 pop Dec - Jan)



Ohio State Umvemty

Pennsylvania State University
Southern University and A&M Colle
Stony Brook University

University of Alabama

University of Alaska Anchorage
University of California-Berkeley

- University of California-Irvine

University of Delaware
University of Kansas
University of Maryland

— UnlverSIty of Wlsconsm-Madlson
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e West Indies

Fonds de la Recherche Scientifique (FRS-FNRS)

Fonds Wetenschappelijk Onderzoek-Vlaanderen
(FWO-Vlaanderen)

Federal Ministry of Education & Research (BMBF)

German Research Foundation (DFG)
Deutsches Elektronen-Synchrotron (DESY)
Knut and Alice Wallenberg Foundation
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The Swedish Research Council (VR)

University of Wisconsin Alumni Research
Foundation (WARF)

US National Science Foundation (NSF)
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new station operating at least until 2035



Table of content: Part 2

@ Experimental challenges in IceCube
@ Point Source searches

@ Starting track searches

@ Diffuse searches

@ Summarizing the results

@ The future

Make people trust we see astrophysical v’s




Inhomogeneous scattering and little reduncency

Scattering in the ice Bubble hole column

e
T
Mg e —_ S~ ...,.-—,--»—-.~M"’

Camera froden jnfe e



Crux (and fun) of natural media

@ no access to site during Austral winter

@ special infrastructure / experts needed for drilling

@ detector frozen in, can‘t be repaired

@ tilted dust layers causing variable scattering and absorption

Contrary to particle and nuclear physics with > 50 years of experience and
many standard tools, understanding is still needs to build up, methods progress...

one example for illustration...
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The crux of natural media =
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dust causes scattering and absorption tilt


http://icecube.berkeley.edu/~bay/dustmap/7way.eps
http://icecube.berkeley.edu/~bay/dustmap/array.eps

Scattering and albsorption at Pole

Absorption length Effective scattering length
10 m
om
20m
.10m
100 m
50 m
200 m
1_100 m

350 400 450 500 550 350 400 450 500 550
wavelength [ nm ] wavelength [ nm ]

Ice extremely clear but not uniform in depth, wavelength dependent ....



________ Anisofropy of scattering .

1.4| - 0-50m Away
1.2} @  Alignment of ice crystal grains and
a0 ;'g“ W Sty T g impurities intimately related
c 0.8} 1
@ 0.6 | | | |
5 O 1 2 3 4 5 6 @ |ce undergoes vertical compression and
. 100-150m Away longitudinal externsion along flow
.Z 1'2_ i~'~ ..’“.. 1
B LOWT e~ B
0.6/

0O 1 2 3 4 5 6

>
-<Flow O
e @,

Important at larger distances ...
particularly for showers and
v, /v distinction ...



Cherenkov photons from

electron
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Cherenkov photons from muon




Directionality of showers

I — Best cascade fit — Rewversed orientation  —+ 4+ E=xp. l:la-tal
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.... at high energies, angular resolutions of 10-15% achievable ....



Energy and direction uncertainties

Muon neutrino energy resolution ~ 0.35 log(E /1 TeV) lousy for throughgoing tracks

determination of electromagnétic shower energy _
AOf oo el SYSt@MIAtICSS

hadronic energy from
Interaction vertex etc

o(E) ~ 10-15%

U PR | i s . i ——en s i . s —
10? 10° 10

_, 60 1 Knowledge of depth
g 50_‘ ................................... ICEGUbepre"mmary Quantile | dependent ice
40 - 0811 properties
S g g — 0.5
o U O PP DU I o
5 | 22| otw)~a0ase
r_’E 20_ .“-\“‘Wlthsyster.r]atlcs .............. " -
g’ 10_‘\"."":".:::::‘ R R Tt e e -"".'_:_'.""'..".',;'."."-'-i"';'_""_','""'.'\':"."': """" (depends On posltlon)
< L —— :

0 .
10° 10° 10*

nlot showe statictical error onlv Mean deposited enerqyv [TeV]



track reconstruction

... photons delayed by depth and angle dependent scattering in ice layers

— propagate photons using GPUs
— store results in 2 billion tables
— fit results with spline surface

muon below DOM

FT—T 1 T T T T [ T T 1T T [ I 7 T [ T T T T [ T T T T 1 T T 13 muonabOVGDOM

—
N
|

50 100 150
Residual [ns]

—_—
T

IceCube: < 0.3° at high energies
(like running Antares)

Q
o)

Km3Net: < 0.1° at high energies
only phase 1 financed

o
n

median angular resolution [°]
o
o

...further improvements possible

3 4 5 6 7 8
log(Muon Energy / GeV)






Likellihood method

£:H(%S(A\I!,;,J@-,Ei;fy (1—N)B (6:, E;) )

* Use unbinned clustering likelihood to search for [ ) o

steady sources ®
« Signal S: Gaussian clustering around source *
location [ )

 Background B: Distributed homogeneously
around source

« Energy: Signal at higher energies (~E”) than
background (~E*)

« Fit for spectral index ¥

Ener‘gy




South
atm. p

0.0 0.6 1.2 1.8 24 3.0 3.6 4.2 4.8 54 6.0
—logop

Full sky clustering search 2008-2015 (700000 events)
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IceCube Preliminary I
Best Fit o 1079 < 1086-2013
1C40 « 1086-2011 v 1C86-2014

[e]
+75 2 1C59 »  1CR6-2012

‘ atm. Vv

[ceCube Preliminary

- Post Trial: 44%

252 251 250 ] 249 248
Aq - cosd /1°

S S South
"""""""" Equatorial — atm. p
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IceCube Preliminary ‘
o BestFit « 1079 < 1086-2013
o 1C40 - 10862011 v 1086-2014
.+ 1050 > 1C86-2012

North
atm. v

Southern sky (a =174.6°, § = —39.3°)
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Flux_sensitivity

10 Diffuse Waxman-

\ Bahcall flux
- - 4 years (Sensitivity)
RES
— _A_Iﬂ'e- sens — 7 years (Disc. Potential)
Y - - T years (Sensitivity) Need at least
R S adh £ S s b 100 weak sources
o : e + Upper Limits (90%) )
e . to explain flux
e \
3 YL KM3NeT Go)
:410—12- * \\ . —";:é "‘: -
E:|Q : s . -0_’: - —.4- Ll o ” 3
& South . AR
- ; o North
{(Down-going) & o
IceCube Preliminary (Up'gOl ng) 1
10-13 | 1 |
-1.0 —0.5 0.0 0.5 1.0
sin &

Sensitivity can be improved by stacking source candidates,
studying flaring objects or investigating short time phenomena ...



Required # events for discovery

... just an example

6 50 GRBs

1 0.1-100's

O

he

2 10

5 time integrated
S

é 5

3 ... many analyses
(V]

o0

©

o 2

o

[

o]

7

.6 1

(=

107 10°® 10> 10* 103 10?2 101 1 10 100 1000
Duration of time window (days)



Methods to improve sensitivity

biggest problem: too many background events ....

@ Non-stationary sources using external information (gain factor ~5)

Gamma Ray bursts (satellites)
Cherenkov gamma telescopes , x-ray

-
»
L |

@ Stacking of sources (gain factor < ~10)

—
N
i

—
o
T I 1] T

@ Duplets/Triplets (in space and time)

(-]
o R

@ Veto atmospheric muons
currently limited (1 km? IceTop)

Photons s cmr“
N
L L

....of course, more data,

54700 54800 54300

improved resolutions always help ... Modified Julian Date



Future Point source analyses ...

... not yet in 1/Vtime regime ..

E1e—12 r 1 | | r 1
—e sin(d)=0.0

T e—e sin(5)=0.33 1
o—e sin(d)=0.67

- - yzAj\/t_@ 3 yrs
" LT y=A/Vt @ 6 yrs ||

Discovery Potential for E° dN /dE [TeVemn *s']
Y

2 - —
1 - .
IC?9t59+4U J J l l J
2 3 i 5 B 7 8 Q9
Years of lceCube
2016

expect Icecube to run at least until 2022, longer if extensions are built ...



Still ... are we on the wrong tracke

L Argument by Paolo Lipari (2005)
¢inclusive — E : ¢single source

all sources

dominated by large distances ...

resolvable:

Olbers paradox:
Why is the night sky dark?

“expansion of Universe cuts
summation”

inclusive search is up to 100 times more sensitive than single source flux

... of course, background is much higher ...






What would be a convincing analysis?

Try clear-cut experiment based analysis

Only study very high energies (> 4000 photo-electrons)

Only use well reconstructable contained events (tracks start in fiducial volume)
Use veto to reject atmospheric muons and neutrinos

Calculate all backgrounds from data

® @ © @ ©

Like always, do blind analysis - — 90 m

.‘veto region I/

- edge strings
* 420 Mton fiducial mass (~1/3) * d/l

« all flavor 4 sensitivity > 50 TeV ' seucial voume
for contained events ‘
q_( =160

z=220m

fiducial volume

[ =1 17m




Signal extraction by veto criterion

background reduction by veto:

Factor 10> atmospheric muons
(~ E~-1 spectrum after veto)

Data

factor ~ 5-10 atmospheric v's

10° ¢
v 5 [
> 107 F
g "%
-%l 107 F
g O | . s
2 y "»'1""‘-!"-". : Clear separation of signal and 00
'E 10° F Py a 4.7 a N background population above ~5000 PE <
E 1[]1 E e T ‘:. ' Q(Q
L F i ks '2:‘\"
- - &)
107 e
1000 10 O
o
>
@
0
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Collected photo-electrons

Fix background from data:

* Define second veto layer to determine Charge Threshold
atmospherlc muon background -I Bkg.‘Atmospheric Muon Flux (Tagged Dat‘a)

I Bkg. Atmospheric Neutrinos {n/K)
221 Bkg. Uncertainties (All Atm. Neutrinos)
= Atmospheric Neutrinos (90% CL Charm Limit)

H H — Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2%)
i FlX atmOSphenC U baCkground uncert' 105 777777777777777777777777777 - - Bkg.+Signal Best-FitAstrophzsical(fixed slope E%) |
(prompt and charm) from v, analysis = Al Events Trigger Level)
% 104 | L lIceCube Preliminary |
D H
Reduce background by veto: 2 e
107
» factor 10%-10° atmospheric muons g 10°
c
-5.1 o
(E=-1 energy spectrum after veto) g 100

e factor ~ 5-10 atmospheric v’s

Excess of 41 events !! 10°

10* 10°

ESt. baCkground 12.6 events Total Collected PMT Charge (Photoelectrons)



HESE 4 year

Deposited energy (underestimates energy of muon neutrinos)

2 3 Background Atmospheric Muon Flux
10 b A A A 3 Bkg. Atmospheric Neutrinos (#/K) ]
: Background Uncertainties '
== Atmospheric Neutrinos (90% CL Charm Limit)
7)) : —— Bkg.+5ignal Best-Fit Astrophysical (best-fit slope E-25) |
%‘* T | ~ - Bkg.+Signal Best-Fit Astrophysical (fixed slope E2) ||
0O 10} Bl » |eoe Data I
"l‘_"‘ : l 1 - IceCube Preliminary |
m L -r T ]
l_' — L - .
— 1 - o pur Lol |
5 o R o
o 10 - B R i B e T SR SRR
" / l _ ,
- : - =
Y :
>
Ll 1 :
10" | i
%
7% L i N N
2 3 4
10 10 10

Deposited EM-Equivalent Energy in Detector (TeV)



[Southern Sky (downgoing) Northern Sky (upgoing)

3 Background Atmospheric Muon Flux

1[;]2 - | Bkg. Atmospheric Neutrinos (#/K)

L2271 Background Uncertainties

— Atmospheric Neutrinos (90% CL Charm Limit)

—— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-%5)
- - Bkg.+Signal Best-Fit Astrophysical (fixed slope E?)

101 F . u-Data
'l [ceQube Preliminary |

1 4 = i A

10” I ,{/f” / 7!»-”/’.: _;- -_-i
A T

vy /

Events per 1347 Days with deposited E > 60 TeV

-1.0 -0.5 0.0 0.5
sin(Declination)

=

.0



54 events expected background from atmospheric sources: 12.6 events

80 I '_I" o neutrinos don‘t | Shl—?,;vglzg l_._'IBGI -

60 r-}l e pass Earth N .
é 40 | ++ + 8¢ || no obvious cluster ...
8 20| »e »#; |
= +
= 0 —| 11 upgoing  showers
§ .20 1, % )_; _|| 27 downgoing showers
g -40 |- ; - 5 upgoing tracks
Q ’_}" Fe 10 downgoing  tracks

60 | _

< A% »
-80 - L . AL 9 (1 coincident event)

10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)



Ratio cascade to tracklike events

From 54 clean 15 events with muon topology
events seen: 38 events shower like topology

500

Effective
Mass M ¢

Effective Target Mass [Mton]

| — v, cc
v, CC
All Flavors NC

FIceCube Preliminary

101 10° 10° 10*
Neutrino Ener

Mege(track-like) =mgg(v,) <meg(v) < meg(ve) << meg(shower-like)

wforv,: v, :v,=1:1:1 — astrophysical flux 81 % shower-like !!



0 TS=2log(L/LO) 13.1

angled crosses are neutrino-induced muons
vertical crosses are cascades






inclusive (,,diffuse") searches

Reminder:

©Anne Schukraft
Atmospheric neutrinos

Cosmicray @

Cosmic ray

Dominating at
> 100 TeV
Dominating at 1

<100Tev P @

]
."I | i 0
e y N D", D~
. . RN D - f\ +/-
+/- +/- | ‘.,\ NS
|_| ! K . "‘\{ : \ \ ".L
Conventional /o KO | \\\
atmospheric /o I '. Prompt -
neutrinos ' || T[ V. . I|| atmospheric EXtraga|aCtIC
® . y Y ', neutrinos Neutrinos
VoW Ly * / . o
B 1} 3 ""l _,-" -l—[ \UI ) 'U . l_‘-
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. R a

| v. only ffom D=,
Different energies, flavor ratios, angles

prompt flux very badly known (LHC!)



Signatures for v

.. components can be distinguished statistically by energy and angular distribution

g | | rrri I | L | I | | I crri I | I I I | I IE % :I | I I rrri LI I LU I L I rrri I LI 1! LI I rrri I L I:
%.-" 10* s COTVEMSOAS BtMS. v, (HKKM2007) = E 1600 — —
k3 - prampt &ims. v {Enbarg et aly : LiH - . 1
10° 2 s asirophysical v, {107 ° E% _§ 1400 :_ 4._!—| _:
102 | 1200} | .
3 B —
10 —; 1000 00000 "_’
i 5 800 :— ]
10" ] 6001~ Zenith angle adds 25% sensitivity
§ i e GOTNVENNIORE] A1MS, v, (HKKM2007)
102 — 400 200 * prompt alms. v, (Enberg et al.}
N — B0 " asirophysical v, (1077 EF) ]
10° | 2001 -
S - | L1 I - | I | I N T | II_|_|_ [ I | T T | :I 1 Ll | | I | | I | I. | | I | I | L1 I || I || I:
2 3 4 5 6 7 8 9 -1 9 -08 0.7 -06 0.5 -04 -0.3 02 -01 0
log10(E_ [GeV]) cos(8,)

At high energies, cosmic ray beam, cross sections (e.g. charm at x~10°)
carry large uncertainties

... perform likelihood analysis to determine fluxes from data ...



Diffuse muon neutrinos

Select essentially background free upgoing neutrino samples:

2009 (IC59) 2010 (IC 79) 2011 (IC86) 2012-2014 (IC86)

+++ Exp. data EEE Astrophysical «, +i, ~ EEE Conv. atmospheric o, +0, B Combined e, +i,

10 lceCube Preliminary lceCube Preliminary lceCube Preliminary e leeCube Preliminary
= T e = Rt
E Wy r . i ™, N
o - o ' S "
LA 5 P W ¥
=% Hh,_ . BN L
= 100 T, b %, B
E 10" 1’ I - :
10 . - 3
107 =t - ] b
-1.5-1.0-05 00 05 10 15 20 25 30 3 4 5 6 T 2 3 4 5 & T2 3 L] 5 B 7 a8
hml,ul:l:ul:lltl energy  loss  proxy) I:rg],,,-:lmlr.m EIETEY  [ArOxy) '||r|(],,lllll.|:m EWTEY  Proxy) Il:ul,l,,jl:nlllltl COEEY  HOxy

#+s+ Exp.data WM Astrophysical v, +i, R Conv. atmospheric v, +i;, W Combined v, +&,

10
lceCube Preliminary lceCube Preliminary leeCube Preliminary lceCube Preliminary
10* H =
- Atmospheric oo ! p——
_ lna o b e b |
£ .r ] 7
; 107 ) 4
E 10 Astrophysical [ R
.
10— = .—-—'—-_'_-_-_-_-_h‘j.l I i
1
ln.—l.ﬂ -0.8 -0.6 0.4 -0.2 o0 -1 -08 -0& -D4 -02 (1] =10 -0B -06&6 -04 -02 0.0 =1.0 -0.B -—-06 -04 -0.2 0.0
coslzenith) coslzenith! coslzenith) coslzenith)

Consistent overshoot at high energies ....



Unfolded spectrum

Assuming best-fit power law:
+++ Unfolding Il Conv. atmospheric v, +#,
Bl Astrophysical v, +7,

L ; . 1 = — o T ' 1.0
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.6+- 0.4 PeV deposited energy

2

Highest energy neutrino event seen
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Search for sterile neutrinos

Are there any features in the atmospheric neutrino spectrum?

3 * ¢ Data (IC86) 1000 « « Data (IC86) | | |
” ] L MC no steriles | [ MC no steriles
3 - » 800k -
“aal A
T o
< ] < 600 7
<t
>t =
=~ 2
1 ~
3 0 @ 400 .
o - o
o} i QO
> - >
84 - M 200 -
10'E
F [ceCube PRELIMINARY ; 0
- 10—Lo—.—.—.—o—o—o—l—A—o—o—o—'—'—'—Lf—*+—i—H ! o 1.0
© . g 1. (3T
o4 4 R t ¢
0.5- L ) Ly i- 0.8 | I I I | ]
10° 10? -1.0 -0.8 -=0.6 —O.im -0.2 0.0 0.2
Eu.,m'o;ru/GeV Coseﬂ.:

Disappearance search: expect (matter enhanced deficit)




...sterile neutrino sensitivity

MINOS: arXiv:1104.3922
Kopp et al. : arXiv:1303.3011

10%; —— —~77 .
| =T / _ SK: arXiv:1410.2008ed

- IceCube PRELIMINARY

IceCube (IC86) 90% CL | !\ N ' _ .
IceCube (IC86) 99% CL ‘g % * No sign of energy spectum distortion
Kopp et al. =
5 THEP 1305 (2013) 050 | 13 S e Strong bounds by IceCube
].0 _2 I I_l I I I I I []
10 10 10

sin” 26,,



Flavor rafios (Ve Vv,V

T+ oée_ccej (1:2:0)
afer arsrliahon,

nea%@n"‘ffgc&7 (1:0:0)

Ratio after oscillations depend on production, mixing angles and CP violation phase



Global fit — flavor ratios

Ve 1 v, : v, at source o IceCube 20
= 0:1:0 2 oo Preliminary B
e 1:2:0 o ’ 118
A 1:0:0 :
------------- 116
114
Muon damped nt decay allowed
v 112
=
mn decay allowed 10 4
9
Pure neutron decay rejected 8
at3.70 — 6
............................................... e\, 0.17
\.’% 4
S 0.00 9
S & XK & & X 8§
Q Q Q N3 Ny Q N 0

Contribution of v_ so far unconstraint ... dedicated searches are under way
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At first sight: good agreement of fluxes for starting and throughgoing events
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Summary so far

@ No single strong source; need at least 100 weak sources to explain diffuse flux

@ Stacking of sources show that there are many different kinds of sources

Blazars <17% (preliminary)
Nearby Starburst Galaxy < 8% (preliminary)
Young galactic supernova remnants < 5% (preliminary)
Galactic Plane < 14% (preliminary)

@ 80% of sources with redshift > 0.5 (7 Billion light years) arXiv:1602.06625

Discovery limit not yet 1/\time dependent, chance to see galactic source
@ Chance to identify v, interactions
@ |ndication of break in spectrum & spectral index / flux differences north/south

(@

Need more data and a bigger detector !






PINGU- 40 strings - _ IceCub
IceTop

IceCube-Gen2 High
Energy Array (HEA) -

120 strings

IceCube-Gen2 . g
Cosmic Ray Array
(CRA) -

~800 stations s

A/ South Pole
Station

IceCube-Gen2

Radio Array - '
120 stations \

(Proposed)




Geometry studies

14
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lceCube Gen2
Penetrator
PMT base Redesigned
2 TR E Removed
Improvements : NSl =
L s LED Flashers =gl - o
on known  fs Main Board ——Hpr T T —
, ' ' Delay Board =
technology —— By B —

A , Waist Band -
New ADC front-end N————F—— Pressure Sphere A
NeW fll’mware e ._1" Mu_metal Cage e ———
Improved communications b -

Silicone Gel
PMT Photocathode
other designs being considered:
2 8-inch PMTs = 24 3-inch PMT
> i active base
Wavelength-
shifting optical
module

T~ reflector

support structure




Sensitivity to point sources

Steady sources

T | T T T | T 100 transients/year, 10 s each
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Years of operation Year

Not in 1/ time regime yet...



Next steps with astrophysical v's

Just one example for additional reach with Gen2:

,magnifiying glass” Expect 0.88 (7.2) events/year with IC86 (Gen2)

Glashow resonance :
(~10 % background)
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Main goal: establish the mass ordering T [
of neutrino mass eigenstates: V) = mj
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PINGU LOI V2

Also other neutrino parameters measurable with much improved precision:

2.80 0 PINGU 4 year, maximal mixing == NOvA - projected 2020 (95% CL)
2 75 k=== PINGU 4 year, Fogli 2012 global inputs  « « T2K - projected 2020
' === PINGU 4 year, NuFit 2014 global inputs
2.70 Normal mass ordering assumed, 90% CL contours
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@ Full IceCube data taking from May 2011 (~ 99% of the time available)

@ IceCube rather ,,multi-purpose” for an astroparticle experiment ...
o by factor ~30 largest detector for atmospheric and astrophysical neutrinos
o excellent cosmic ray detector
o highest statistics supernova detector
o best sensitivities for spin-dependent WIMP cross sections, monopoles and other exotics

o competitive for determining 6,; and Am?,;

@ IceCube reaching sensitivity of astrophysical importance

o 1000 x sensitivity compared to 1995)

@ Many future options
o Km3Net in Mediterranean (phase 1 funded ) (Phase 2: 3-5 x IceCube volume)

o IceCube Gen2 (5-10 times IceCube volume at higher energies) + PINGU






