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* Low energy cosmic-rays can't escape local
magnetic fields

» High-energy cosmic rays hitting gas clouds
or interstellar dust interact and deplete

* p+p or nucleon+p type interactions give

neutrinos

Absorption of cosmic rays means creation of
neutrinos

J. Cronin, T.K. Gaisser, and S.P. Swordy, Sci. Amer. v276, p44 (1997)
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EJ(E) [km? yr'srt eV

10's and 100s of EeV cosmic rays have been observed
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2011, arXiv:astroph/1107.4809
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TA talk from yesterday, T. Okuda

Above ~5 x 1019 €V, cosmic rays interact with CMB to produce pions:




Dedicated GZK Neutrino Searches
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Study of Acoustic Ultra-high energy Neutrino Detection
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Ocean floor (~1-2 km beneath surface

Hydrophone

Search for Acoustic Signals from Ultrahigh Energy Neutrinos in 1500 km3s of Sea Water,
N. Kurahashi, J. Vandenbroucke, and G. Gratta, Physical Review D 82, 073006 (2010)

Oceanic Ambient Noise as a Background to Acoustic Neutrino Detection,
N. Kurahashi and G. Gratta, Physical Review D 78, 092001 (2008)
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vy ray lelescopes

Ground based imaging air Cherenkov
telescopes 100 GeV - tens of TeV

Space satellite telescopes
0.1 GeV — few hundred GeV

------
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Images: phys.org

Image:kicp.uchicago.edu
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Producing y rays

Leptonic Processes

‘/ \

Bremsstrahlung, etc

Hadronic Processes

P+P or P+ vy creates?tO

v

creates nt"" too!

Produces V too
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E2dN/dE [ MeV cm 2 s1]
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Leptonic or Hadronic?

Supernova Remnant RX J1713

—a— Fermi LAT (24 manths)

—s— HESS {Aharonian o1 al, 2007)
——— Berezhko & Yeelk 2010

— Ellison et al, 2010 {mYdominated)

Hadronic Models

Firakashvili & Aharaonian 2010 [Hudﬂminatedj
Zirakashvili & Aharonian 2010 (1C/T0 mixed)
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—a—— Fermi LAT (24 months)
— & HESS (Aharonian ef al, 2007)
— —  Paorter et al, 2006

— —  FEllisan 2t al, 2010 {1C deminated)

Ziraxashvili & Aharonian 2010 (|G cﬂminmelt:lfl
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A.A. Abdo et al., ApJ 734 (2011)

Neutrinos would be definitive evidence of hadronic emission

10 10° 10°
Energy [ MeV |

10°

10°

If neutrinos are observed — Confirmation of hadronic emission
If neutrinos are not observed — Limit on the hadronic emission

Neutrinos do not attenuate at high energies! Spectrum keeps going....
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Neutrino Astronomy
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lceCube Sees Excess Events at High
Energies Using Contained Events!
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lceCube Sees Excess Events at High
Energies Using Contained Events!
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The IceCube Detector

lceCube Lab
e e lceTop
= T — ST = 81 Stations, each with
50m[— g, g, 2 lceTop Cherenkov detector tanks
\ e 2 optical sensors per tank
IceCube and its two extensions . 324 optical sensors
DeepCore
IceTo [
g 1 IceCube Array
86 strings including 8 DeepCore strings
' 80 oplical sensors on each string
. | 5160 optical sensors
: December, 2010: Project completed, 86 strings
1450 m

17m vertical spacing
125 m String spacing

2450 m
2820 m

Completed almost 3 years ago!

DeepCore

— s | Digital Optical Module

Eiffal Towar




detection principle
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Topologies of different event types
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lceCube Sees Excess Events at High
Energies Using Contained Events!
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Events per 662 Days

10

10° -

What should IceCube see?

L : : L : - 1
3 EBackground Atmosoheric Neutring Flux
A Background Atmespheric Muon Flux
Background Stat, and Syst, Uncertainties 1

—  Signal+Bkg, Astrophysical E-7 Spectrum |]

sva Daia

Cosmic Ray =3
icecube  Atm. Neutrino —Jp

.

10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)
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Events per 662 Days

10° -

What should IceCube see?

A Background Atmespheric Muon Flux

—  Signal+Bkg, Astrophysical E-7 Spectrum |]

sva Daia

;. TcéCube Preliminary:

.

[ Rackground Atmospheric Neutring Flu MJM

Background Stat, and Syst, Uncertainties 1T

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

Cosmic Ray =3
Atm. Neutrino —pp-
Atm. Muons =

Southern sky

Northern sky
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Events per 662 Days

10°

ili)

What should IceCube see?

™ T T T T T T

[ Background Atmospheric Neutring Flux |4
! | Background Atmesgheric Muon Flux
Background Stat, and Syst, Uncertainties 1

i | = Signal+Bkg, Astrophysical B Spectrum |]

P levs Data

;. TcéCube Preliminary:

7

|

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

Uncertainties on neutrino products
in the shower from fast decaying
mesons (“prompt” component of
atmospheric neutrinos)

Cosmic Ray =3

icecube Atm. Neutrino —pp
Atm. Muons =
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lceCube Sees Excess Events at High
Energies Using Contained Events!
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Why is hlgh energy |mportant’7
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/K Atmospheric Neutrinos (dominant < 100 TeV)
Prompt Atmospheric Neutrinos (expected > 300 TeV)

(maybe dominant > 100 TeV)
GZK Neutrinos (10° TeV)
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lceCube Sees Excess Events at High
Energies Using Contained Events!

M M M h M LI |
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! |EEE Background Atmospheric Muon Flux
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i | = Signal+Bkg, Astrophysical E¥ Spactrum []
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Events with interaction vertices More likely to be
contained inside the IceCube detector = neutrino events

: __—90m
veto region /
' . Could be an
[ 22 edge strings atmospheric muon or
o o could be a muon
fiducial volume caused by neutrinos

,=-160m T charge cut
:z=-220m

fiducial volume

o | layer of DOMs

Most likely a neutrino

The higher the energy, the better this works!




Tagging atmospheric neutrinos

P

p = proton
L= muon

T = pion

V = neutrino

et = alactron
e~ = positron
¥ = photon

The accompanying
muon trips the
veto!

\/ Schoenert et al.

Phys.Rev. D79 (2009) 043009



Events per 662 Days

: ws Data
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lceCube Sees Excess Events at High
Energies Using Contained Events!

M h M M h LI |
[ Background Atmospheric Meutrine Flux |
i | Background Atmospheric Muon Flux
Background Stat, and Syst, Uncertainties | |

| | = Signal+Bkg, Astrephysical E* Spectrum

10° 107
Deposited EM-Equivalent Energy in Detector (TeV)

Predicted

background
+

Flux ~ E~ fit

| Flux = 10°E*[GeV/cm?/s/str]
7 (per flavor, assuming 1:1:1)
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The Numbers

28 events observed (21 showers, 7 tracks)
expected background of 10.6 +5.0/-3.6 (sys+stat)

- _ -

To first order.....

A flux level of ~10°E*[GeV/cm?*/s/str]
predicts another 3-6 events in 2-10PeV

All Neutral Current
range } shower

Ve, VT, Charge Current

o Vu Charge Current ——  track

Speculation of a cutoff at
~couple PeV or a slightly
softer spectrum

Track-Shower ratio seen is

consistent with a 1:1:1 neutrino
flavor signal




Events per 662 Days

Declination Distribution of Events

= zenith
Southern Sky Edowngning}] [Nﬂrthern Sky {upgning]]
B Background Atmaspheric Muon Flux
10} B Bkg. Atmospheric Neutrinos (=/K)
Background Stat. and Syst. Uncertainties
— Atmospheric Neutrinos (Benchmark Charm Flux)
— Atmospheric NMeutrinos (90% CL Charm Limit)
8l —— Signal+Bkg. Best-Fit Astrophysical £ * Spectrum i
ses Data
IceCube Preliminary
6
4 F. 5 ‘/
{,——"%{// -
V// —
Y _ ‘
27—
90 -0.5 0.0 0.5 1.0

sin{Declination)

Muon background only in
the southern sky

Diffuse signal

Atm. Neutrino background dominant
* in northern sky (tagging shower muons)
* but near the horizon (earth absorption)
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Declination Distribution of Events

= zenith

ALL EVENTS
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B Background Atmaspheric Muon Flux
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Background Stat. and Syst. Uncertainties
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Events per 662 Days with deposited E > 60 TeV

EVENTS > 60 TeV

[Southem Sky {downgning}] [Northern Sky {upgning]l
B Background Atmospheric Muon Flux
10t B Bkg. Atmospheric Meutrimos (x/K) i
Background Stat. and Syst. Uncertainties
—  Atmospheric Neutrinos {(Benchmark Charm Flux)
—  Atmospheric Neutrinos (90% CL Charm Limit)
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ese [Data
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IceCube Preliminary
6
4r 4

S0 =05 0.0 0.5
sin{Declination)

28



Summary So Far

* Above 40 evidence of astrophysical flux
» Consistent with 1:1:1 flavor ratio
* Flux at ~10°E*[GeV/cm?/s/str]

e There seems to be a cutoff at a few PeV or a
slightly softer than E* spectrum

* Declination distribution of events compatible
with a diffuse source — similar flux level at
northern and southern hemisphere

29



* First Evidence

) ° Neutrino Astronomy v1.0
 Beyond v1.0



So what are the source(s) of
these events?



Test Statistic Map

Most likely event direction
x track-like events
+ shower-like events

---.-.UBEPRELIMINARY

FAll p va/ues are post trial

| shower events
‘p-value = 8% o

all events |
~—|p-value = 80%] _10:

32



Reconstruction Capabillities

@ 100 TeV energies 44 |

Energy Directional
Reconstruction® Reconstruction®

Tracks Okay Good

Reconstruction map of a ~60 TeV
shower-like event in local coordinates

Showers Good Okay

* against primary neutrino energy and direction

| -44
21,5112 logLLH 151442



Likellhood Search for a Point Source
- Test Statistic (TS) Calculation -

Maximize the likelihood L at every point in the sky x
# of events from source

Total # of events = 28 .
Y W )

T
n n,_.-n
=X S (x)+ “—X B (x)

L(:f):l_! B N L o

Feconstruction map Uniform value

value at position x for each event
from event 1 at every position |

* Events' energies not used in the likelihood

TS is calculated for every point in the sky x

L(‘y
TS(x)= 2x1 | |
( 1) Dg[ LG(I) J where [, = L{x.n, = 0



How many sources?

In the Northern hemisphere:

“traditional” point source analysis Astrophysical Flux ~ 10-8 GeV/cmz/s/sr x 2T
using clean muons in the detector ~6 X 10-11 TeV/cma2/s
— IIC86+?9+59+40 E—I2 Discovery Potentilal
—_ |CB6+79+59+40 E-2 w/ 3 PeV Cutoff Discovery Potential
- - 1C86+79+59+40 E-2 Sensitivity
- /\ - - IC86+79+59+40 E-2 w/ 3 PeV Cutoff Sensitivity
W 7 e ” .
2 r/ traditional” PS analysis
S discovery potential is
N ~2-6 X 10-9 GeV/cmz/s
O
i H i H
=~ | N.ources 2 15
% E-2 injected Y R sources ==
| E-2 w/exp. cutoffat3 "y N : L
% PeV injected v e ma” _
102N e Many ways around it
Icecube Preliminary ~i.--"7 - extended sources
~1.0 05 0.0 0.5 1.0 - much softer spectrum

sin(d) - different flavor ratio



Could it be Starburst Galaxies?

Starburst galaxies: predicted v emission

lceCube does a stacking
Waxman, TeVPA ‘13

analysis on close-by starburst
galaxies using clean muons
and has a strong upper limit \

y .
AMANDA \'ﬂ]: Baikal{\'r]

7

10 f
WEB Bound
Star Bursts
LI
8|

arxiv:1307.6669

l';i ® |GeViem® s sr|

Stacking of catalog of 127 starbursts
. Within z < 0.03
. Fer(60 micron) > 4 Jy
. Fragio(1.4 GHz) > 20 mly

.

Unbroken E* flux limit: 7 x 10-10 E2GeV cm-2s-1sr-1

36
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Do the events cluster around the

C UBE PRELIMINARY
shower events 17’ | iy = g ',
._’p-value = 8% +: . : ;
| 3 al’; evenfs
: . p-value‘=_ 80%]| - I0:
| E—
0 TS= 2log(L/LO) 12.4
P-values for chance All 28 Events 21 Cascade Events
correlation
+/- 2.5 degrees > 50% 41%
(unblinding)

+/- 5 degrees 14% 41%
+/- 10 degrees 5% 43%

*Only +/- 2.5 deg is a priori 37



Summary of Neutrino Astronomy v1.0

* No clustering in space (or time)

* No clustering in Galactic Plane
* Not from close by starburst galaxies

* “Traditional” point source search limits suggest
many sources contributing to the flux

* Everything so far points to diffuse sources

38



* First Evidence

* Neutrino Astronomy v1.0
m) . Bcyond v1.0



Challenges of Neutrino Astronomy

The Neutrino Astronomy Catalog

The Sun Supernova 1987A
100_—
$ 0
* ﬁo; kamiokande
E
& F e s gL
-02:30 0 260 | I I dlllt'l
super-kamiokande T ““““““““
At 16:35:35 (#1 ) . 1987,
VERY close by source No direction, just timing
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Challenges of Neutrino Astronomy

* The higher the energy, the fewer there are

* True for any high-energy telescope

41



Challenges of Neutrino Astronomy

* The higher the energy, the fewer there are
* Neutrinos don't interact much until very high energies

« Same characteristics that make neutrinos great messengers
make them hard particles to detect

In some ways, this is front-loading the problem.
- Cosmic-rays & gamma-rays: easier to detect, but harder to interpret (source? Spectrum at source?)
- Neutrinos: harder to detect but easier to interpret

v
« High statistics of events is crucial!
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To go beyond v1.0....

* The higher the energy, the fewer there are

* Neutrinos don't interact much until very high energies

)

* Only first 2 years of lceCube data, lceCube will
run a lot longer — we will have many more events!
» Future: Maybe a bigger IceCube?

 Still need to “point” - otherwise it's not astronomy

)

* We need tracks! Tracks are crucial for the
discovery of the first source!

» Spacing of array need not be so dense for very
high energy track reconstruction — bigger
lceCube could be sparser!

41



DecaCube, the future of lceCube?

[m]

£ 00

1504 1

1004

500 ¢

Ok

-500}

—1004

—1500

~2004

DecaCube (1/2/3)  IceCube DeepCore
g e D Spacing 1 (120m):
LR .*{:-;:;:}.-..-- lceCube {1 hmaj
& B l:. :-":;l-.III + EE Et”ngs E'I’E km3}
i .“.. .'i :.E- .l-I:I:I:I.I.I.I.I — E.3 Hm'ﬂ.
L R R -r*-;: *H.wl.-:i-:
A L LR X Spacing 2 (240m):
o coa gy e iceCube (1 km?)
NN R LRI +995trings[5.3km3}
PO R S :_':'_1.*:': =6,3 km*
R =TT Spacing 3 (360m):
LI N I N I I spacing 120 m leeCube {1 kma}
LI T I I N ®  spacing 240 m | :
+ 95 strings (11,6 km®)
¥ spacing 360 m .
: d
000 —2000  —1000 3 1000 2000 000 12,6 km

Im)
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— IS convincing
* First Evidence

— clearly shows astrophysical neutrinos!
* Neutrino Astronomy v1.0

— too early to discover their sources
 Beyond v1.0

— The hunt for sources is on!

:LL,J:-! 4 #i? -Ai_ﬁj_‘jﬂ ~

| i o -
= "
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Backups



Could it be a Point Source?

. Back of the envelope:

— best-fit diffuse flux is ~1 x 10-8 GeV/cm2/s/sr
— Convert to v, all-sky flux multiply by 4n = 12 x 10-8 GeV/cm2/s
- But only ~25% of events near hottest spot: ~3 x 10-¢ GeV/cm2/s - 3 x 1011 TeV/cm2/s

— 90% of the times, we should start
seeing a hotspot there too with the
“traditional” point source analysis
— We don't
— many ways around this
Not a point source (extended)
Not equal in flavor
Not a constant source

E* AN/dE [TeVem ™2 s™!]

-1.0

“traditional” point source analysis
using clean muons in the detector

——— IC86+?9+59+40 E- 2 Discovery Potent|al
= |C86+79+59+40 E-2 w/ 3 PeV Cutoff Discovery Potential
IC86+79+59+40 E-2 Sensitivity

/_\ - IC86+?9+59+40 E- 2 w/ 3 PeV Cutoff Sen5|tlwty

100

E 2 m;ected |
E-2 w/exp. cutoff at3
PeV |njected |

| I
=0.5 0.0 0.5

1.0



Speculation of a cutoff

Neutrino Effective Area [m? ]

A flux level of ~10°E*[GeV/cm?/s/str]
predicts another 3-6 events in 2-10PeV
range Glashow

resonance
10° F{ 47/ all-sky | """""""""""""""""""""" """"""""""""""""""""""

H
o
)

{ IceCube Preliminary — " |
10* 10° 10° 10*
Neutrino Energy [TeV]
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(E,/GeV)?dN, /dE, [GeV 'em 25 1sr™ ]

10—10 |

1

™ — ' ——— ' ——— ' L——— L——— ' L———

. | — HKKMS06 + ERS atmos. v, (H3a CR knee) = ]C59 Diffuse v, Limit x 3 ]

— Waxman Bahcall 1998 x 3/2 1C86 All Flavor EHE Limit (Prelim.) |}

i — ESS v, + ve, 2001 = 1C79+86 Starting Events (“HESE”) ||

— Ahlers et al. Best Fit AMANDA-IT atmos v, forward fold.
Decerprit et al. Proton mm 1C40 atmos v, forward folding

R = 1C22 Cascade Limit B B IC40 atmos v, unfolding 1

mee  AMANDA-II Diffuse v, Limit x 3 i
IceCube 5
_Prelimina |
1 .i !

2 10°

.104 .

.105 .




The Event Selection

__——90m

~

[ 22 edge strings

[ TN

“High Energy Starting Events” N
Analysis

fiducial velume

z=-160m
:z=-220m

fiducial volume

+ charge cut

I
= | layer of DOMs

charge in the
detector vs. time

total charge in
|~ time window

" charge in the veto
Q region (for incoming events)
] 7/& Reconstruction

pe— -free veto!

charge in the veto
region (for starting events) \
time window
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A case for multi-messenger astronomy

WHERE and HOW do cosmic rays get accelerated?
HOW do gamma rays get created?

Are cosmic rays made where we see Y ray emission?
energy (ev) —

Galactic
Nucleus

log[Flux — cm 2s7'sr™)] log (E/eV) Supernova
l -8 -4 0 4 8 12 16 20 Remnants
T T T T T T T T T " T T T T T 7T TT]
- Pa
| o Y W
7/ a3
o O m\ A
- O 2 ﬂ\r l-‘\)
s @© o '
- X T
< oF- Q@ *"\ TeV sources
S5F o=
|.|__4:_ % " cosmic Active

particle flux

lllllllllll||lllllllllll|llllli

In the Universe - %
i Lo 11 [ I T T O T T O R A _
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A case for multi-messenger astronomy

WHERE and HOW do cosmic rays get accelerated?
HOW do gamma rays get created?

What happens at the source?
Crab Nebula PP
A supernova remnant Flare State

April 2011

+OPTICAL

. x- ray (Chandra)
Neutrinos optical (Palomar)

infrared (Keck)
radio (VLA)
v ray (Fermi LAT)
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Developed cascade direction reconstruction!

—— Best cascade fit Reversed orientation -+ - Exp. data
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