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OUTLINE

@ The TeV Universe and its messengers

@®  The cosmic diffuse neutrino signal

® What are the neutrino sources!?

A
N
@ Fundamental Physics: a
E

The future of lceCube

Conclusions




Most of the presented results are obtained by a great team of people
capable of leaving forever a sign of their explorations in the South Pole ice!

http://icecube.wisc.edu/gallery
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53 years to take snapshots of...

Ann.Rev.Nucl.Sci 10 (1960) 63
PHYSICAL

REVIEW
[LETTERS,

At bt ek g 12 TULY 2013

COSMIC RAY SHOWERS!

By KENNETH GREISEN
Laboratory of Nuclear Studies, Cornell University, Ithaca, N. Y.

Let us now consider the feasibility of detecting the neutrino flux. As a
detector, we_propose a large Cherenkov counter, about 15 m. in diameter,
located in a mine far underground. The counter should be surrounded with
photomultipliers to detect the events, and enclosed in a shell of scintillating
material to distinguish neutrino events from those caused by p mesons.
Such a detector would be rather expensive, but not as much as modern ac-
celerators and large radio telescopes. The mass of sensitive detector could
be about 3000 tons of inexpensive liquid. According to a straightforward

| Science

American Physical Society, ey W

i
Science 342, Nav. 20 153

- Fanciful h' t-hispsély‘se‘éin', we spéct that within the next |
decade, cosmic ray neutrino detection will become one of the tools of both
physics and astronomy.
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neutrinos from the cosmos
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Theme |: Cosmic Particle Acceleration

what are the sources of the huge luminosity we obsery
in photons and cosmic rays?

how do the accelerators work? gamma-ray bursts, bla
holes, SNRs

magnetic fields in the local environment and in sources

Theme 2: Fundamental Physics

what is the nature of dark matter and where it is located?
Neutrino oscillations and hadronic interactions (kaons, charm)
Is the speed of light a constant for high energy neutrinos (VLI)



Multi-Messenger approach
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Cosmic Ray Spectrum

galactic
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10°1 erg/3 galactic SN per century power = 10% of SN kinetic energy
provided to the environment through ejecta




The first order |

SHOCK FRONT

wnstream B Upstream

Faster trucks are
~ «better accelerators

like playing tennis with
a truck

Velocity v+2U

Velocity v

DIFFUSION BACK and FORTH the shock =>
particle speed increase 3/4U

PARTICLES ARE ACCELERATED TO A
POWER LAW SPECTRUM

FOR STRONG SHOCKS: E-2
SPECTRUM SLOPE DEPENDS ON THE
COMPRESSION RATIO p2/p1 = U4/U; = 4




Chandra oA

Supernova Remnants in the TeV SN1006 e

? Emax — Z X 100 TeV < Eknee ?

Indirect evidence of protons: clouds.

14.6-

» o molecular cloud

| W51A @ f \ |
.30 kyrs and 5.5 g.
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Fit of spectra prefer GeV
pions (Fermi Agile)
Fermi, Science |5 Feb 2013
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The gamma-ray liaison
dN,
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X Ep_Zexp (—E,/10%%eV)
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Kelner et al. 2006 and 2008

P+ — T + P
orp=Tp

at the source: VU, !V I Vr = 1:2:

—>'7r++n

+ ,
— —|—+ n _

4 — T at Earth: Ve :Vy:vr=1:1
— e + + vV, + 1

Oscillations of the neutrino flavor:




Gamma-rays towards
precision era

» CTA will see whole
Galaxy

= [icld of view + sens.

> Survey speed
~300xHESS

HESS
‘ . ® ’ ‘

CTA




Cygnus region in neutrinos

Source | Source 2 Source 3

! ! -STACKNG
o o

Most Significant Deviation

6 TeV associations with supernova
remnants based on Milagro observations.

p-value of 2% a posteriori in [C4Q.

EFvolved from under-fluctuation in IC59 and
20% in IC59+IC/9.

p-value in [C86+IC/9+IC59: 1.99%
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*F. Halzen, A. Kappes and A. O’Murchadha (Phys. Rev. D78:063004, 2008) 15




...and if the star collapses to
a black hole...

gamma ray burst

v happens in seconds
not thousands of year

v beamed along the spin s ;
axis of the black hole

v ?lceCube, Nature 2011
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Neutrinos coincident with GRBs?

[ceCube Preliminary
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10 7 = Ahlers et al.
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. ______________________________________________________________________________________________________________________________________
Deep ice is a dark transparent medium

1 every million events interacts producing a

3D matrix of ‘eyes’
@ detectable muon

interaction

neutrino

Hadronic Hadronic

cascade cascade



The IceCube Observatory

9160 PMTs

50m

1 km3 volume
86 strings

17 m PMT-PMT
spacing per
string

1450 m

125 m string
spacing

Completed 2010

2450 m
2820 m

lceCube Lab
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lceTop
81 Stations
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized for lower energi
480 optical sensors

Eiffel Tower
324 m




Neutrino Signal and Background

200 neutrino events/day™**

Northern




.. each Digital Optical Module independently collects light
signals like this, digitizes them,

LED
Flasher
Board
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sample number

..time stamps them with 2 nanoseconds precision, and
sends them to a computer that sorts them events...
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IceCube 59-string Data
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IceCube 59-string Data
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IceCube 59-string Data
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IceCube 59-string Data

o s oiolp
..s...-...'g
$albiyp s [N

VA0TSR 0 et ¢

13000ns

Ons,

114505 Event 100910/8

Run



e
IceCube 59-string Data
g Hit Modules: 610

Zenith: 91.2°
Azimuth: 274.1°
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Milestone 1: improve energy measurement

N0|se J /[ _
e+e\. _\v,

“photo-nu\de‘ar “pair-creation
bremsstrah g

»  Muon visible Energy res: = 20% measure at single photons

Differential Energy Reconstruction of 5 PeV Muon in IC-86

Monte Carlo Truth
Reconstructed

Total True Energy Loss: 107.9 TeV
Total Reconstructed Energy Loss: 108.8 TeV

100000
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o

1000 1500 2000 2500
Time (ns)




Milestone 2: improve cascade measurement

Probability density [arb. units]

Cascade Angular resolution: = 10-15%

Cascade Energy resolution: better than
~ 10%(measured with in-ice
calibration laser)

Reconstructed energy [TeV]

Modeling of photon transport in ice
(measured with in-ice calibration LEDs
and other devices (dust logger, ...)

ows statistical error only

plot sh

10° 10°
Mean deposited energy [TeV] IceCube Preliminary g » 0 &:

cgggade =< Vo V. & all flavor



Milestone 3: improve cascade measurement

Muon Veto efficiency tagged on data 6 + 3.4 muons per 2 years

arXiv:0812.4308 ",;

Tagging muons /
NG

21
21/1

how many
passed the
second

veto?
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Galactic supernovae

IIII|I|II|IIII|IIII|IIIIVI,III

m Frejusv
0 Frejusv,

_mm SuperK v,

AMANDA v,
o unfolding
foward folding

/: lceCube v,
e unfolding
| ITl foward folding

%
* cosMic & 102
neutrinos: 5
% 10°
energy $
> 100 TeV . 10%
o
: LLl 105
« atmospheric
background: 10°
1~2 events o7
per year
100 = 10'85
10 = 10°%
events
per km?2yr

0 1 2 3

atmospheric

4

5

Iog10 (E, [C

cosmic



Number of events

>

4..'::..'. 72 //// //

Some Hints: 3. PeV Neutrinos

[
o
P - Im
|| —)
time
| O +/- 0.2 Pe\/
o
sum of atmospheric background
atmospheric [
atmospheric v conventional
atmospheric v prompt ®

cosmogenic V Ahlers et al.
— E2O(v #V,+V,) = 3.6x10™ GeV sr™' cm? 51

e, |

777777

34

lceCUbe PRL111 (2013)
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Some Hints : |. Cascades in lceCube 40

) Super-K v,

m Fréejus v
O Frejus v,

AMANDA v,

o unfoldin
—/ forward

?olding

IceCube v,

e unfoldin
forward

?olding

events per bin [Tje=367.1d]

atm. p W 42-10°GeVsiem?sriE” (v.,.=1:1:1)
atm. ve +v, (conventional) -e data

atm. ve +vy, +ve (prompt) <= atm. Y extrapolation

atm. g + atm. v

preliminary high energy
stat. errors only signal region

U]

7"""’,"{“

4.0 4.5
1OgIO(Erecol GeV)



Fvidence : Upgoing Muons In IceCube /9 and 86-|

Conventional atmospheric m——
Promgt atmospheric ——
E™ astrophysical m—
Sum of predictions
Experimental data e

10*
Muon Energy Proxy (GeV)

36




High Energy Starting Events (HESE): 3 YEARS
37 EVENTS

Showers +—e—

9 ll’acl(-lil(e B\IGIIIS Tracks F-><--

IceCube Prellmlnary

%% |

%%Ff t Emle\% +

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

|° ang. resolution
Muon takes some energy away

28 cascade-like events

|0° — 45° ang. resolution
| 5% visible energy resolution
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3ul08-umop

lceCube arXiv:1405.5303 e



Charge and Energy Distribution
Charge

[ Bkg. Atmospheric Muon Flux (Tagged Data)

@ Bkg. Atmospheric Neutrinos (7/K)

[ Bkg. Uncertainties (All Atm. Neutrinos)

- Atmospheric Neutrinos (90% CL Charm Limit)
— Signal+Bkg. Best-Fit Astrophysical £ * Spectrum
— All Events (Trigger Level)

eee Data

0 Background Atmospheric Muon Flux

[ Bkg. Atmospheric Neutrinos (7/K)

[ Background Stat. and Syst. Uncertainties

— Atmospheric Neutrinos (90% CL Charm Limit)
——  Signal+Bkg. Best-Fit Astrophysical £* Spectrum
e®e Data

IceCube Preliminary
IceCube Preliminary

)]
%* G
3 :
0

5] 2
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Q m
m

-t
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(]

>

W

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

10*
Total Collected PMT Charge (Photoelectrons)
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Declination Distribution

Or: “zenith Distribution” because we are at the South Pole

Compatible with
isotropic flux

upgoing events
absorbed in Earth

Events per

[Southern Sky (downgoing)] [Northern Sky (upgoing)

EE Background Atmospheric Muon Flux
I Bkg. Atmospheric Neutrinos (#/K)

[Edep > 150 TeV]

Background Stat. and Syst. Uncertainties

— Atmospheric Neutrinos (90% CL Charm Limit) ]
—— Signal+Bkg. Best-Fit Astrophysical E~> Spectrum ||
e®e Data

0.0
sin(Declination)




Where do the HESE come from?

ICECUBE PRELIMINARY __——————""37

shower events
p-value: 7%

(all p-values are post-trial)

[

0

TS=2log(L/LO)

all events
p-value: 84%

11.2917




Point Source Search Skymap 4 years

Total events: 394,000 (|/8k upgoing + 216k downgoing)
Livetime: 1371 days

Northern Sky (o > 5 ) Hottest Spot

IC40 events
IC59 events

“1._-.;"-:51;‘;‘?': el | Fogrop) =5318

e o a.: 29°25
0: 10°55

[Post-trial: 22.6%’ _

2 2

i mgcune.née'qﬂmmy

\0.1 \ .
"

. 2% e 30 32
RA ()

o
S
L .
)
S
Q
S
g
<<

x IC40 events
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s IC79 events [
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IceCube searches for neutrinos from accumulations of WIMPs

Dwarf spheroidal Galaxies:

= lceCube-59 limits

Clusters of Galaxies:
= |ceCube-59 limits

(arXiv:1210.3557 2012)

\_ 4

"Local sources (Sun & Earth): |

- lceCube-79 limits
(PRL 110 (2013) 131302)
- Specific models & Global fits

. (JCAP 11 (2012) 057) )

\

/ -
Galactic Halo:

- |ceCube-22 limits
(PRD 84 (2011) 022004)

= |ceCube-79 limits

Galactic Center:

= |ceCube-40 limits
(arXiv:1210.3557 2012)

\9 lceCube-79 sens

/

Searching for DM-annihilations is%
low energy regime for [ceCube.
(~10 GeV-TeV)

Consider "extrema” to bracket
possible neutrino spectrum.

e.g. hard W+W) and soft (bb) /




Neutrinos from WIMP annihilations in the Sun

[] MSSM incl. XENON (2012) ATLAS + CMS ( [~ ] MSSMincl. XENON (2012) ATLAS + CMS (2012)
[ | DAMA no channeling (2008) [ | DAMA no channeling (2008)
— - CDMS (2010) - - - COUPP (2012)
- - - CDMS 2keV reanalyzed (2011) Simple (2011)
CoGENT (2010) — - PICASSO (2012)
-...= XENONT100 (2012) . SUPER-K (2011) (bb)
; ——— SUPERK (2011) (W*W)
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~
=3
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©
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IS
N

--#-- |ceCube 2012 (bb)

—=— |ceCube 2012 (W'W)*
* (vt for m,<m, = 80.4GeV/c?)

--=-- |ceCube 2012 (bb)
—=— IceCube 2012 (W'W)*

2
log10 (m_/ GeV ¢c?)

IceCube, PRL 110 (2013) 131302 =



Neutrino Oscillations

|
—— MC best fit —
600}|~ - - MC expectation i -\ i ¢ | { % I | ]
2 § Data -~ ‘- — IceCube 2014 [NH] ~ — T2K 2014 [NH]
=
o 400 aol = MINOS w/atm [NH] == SK IV [NH]
Z ;
200} 3.8}
IceCube Preliminary 90% CL contours IceCube Preliminary
0 n _ 36
10" 10° 10° :
14 Lreco/Ereco (km/GeV) UJ 34
1-2 | 23
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o g
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0.2 | | i |
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The FUTURE

WIMP-nucleon cross section (cmz)

z‘)°

South Pole Surface 8 G9 v/
i Myymp (GEV/C

g
2
3
[
@

_______ T T T T TN T T T T T | mm 1ceCube-79 hard (2013)
Blue sha&l! areas indicate ) | --- PINGU 1yr sensitivity (soft)

sensitivitie4 possibly obtainable L .
with more powerful analysis techniques."-.__ PINGU 1yr senskivity (h"d).

2020 2025
Date

10
m, [GeV]

Width of bands depends on range of parameters (for PINGU: 40<823<50).
We assume |st octant (623=40), the lower PINGU boundary in both plots.



DecaCube (1/2/3) IceCube DeepCore

The Future (contd) e

1500
1000
An extended surface array 500
would increase the angular of
¢ ¢ ¢ 6 O O SHepP s)ep o
lceTop veto coverage e S R R R A -
—-1000 e e e e e ®  IceCube 86 i
¢ ¢ ¢ % ¢ % % | 4 sgpacingl20m
200 | Flux: 474 X 10_.8 E—23 | -1500 | e ¢ o 9 9 0 n spacfng 240 m |
For HESE-3 flux 3 Energy >30TeV | . , ¢ shacing 360 m
(—)9000 -2000 -1000 0 1000 2000 3000

[ Energy > 100 TeV
] Energy > 300 TeV

150 | . Spacing 1 (120m): IceCube
(1 kmd)
+ 98 strings (1,3 km?®)

~75% increase in rate >100TeV = 2,3 km?

Spacing 2 (240m):
IceCube (1 km?3)

Surface array to 5 km + 99 strings (5,3 km?)
I' = 6,3 km?

50

4
l

Spacing 3 (360m):
IceCube (1 km?)
+ 95 strings (11,6 km?3)

0 ; I I I I = 12,6 km3

2 4 6 8 10
Radius of Surface Veto Array (km)

% Increase in Signal Events, Compared to North
o
A-




