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What is IceCube?

m A gigaton neutrino detector funded through the
National Science Foundation and EU funding
agencies

m We are in our 12" project year and data

taking with the full detector (86 strings) began
In May 2011

m IceCube is the largest Neutrino Telescope In
operation

m lceCube has opened up a neutrino window to the
cosmos and has ushered in the dawn of Neutrino
Astronomy. Science Cover Article November 22nd
2013, and PRL Cover, July 12, 2013.

m http://icecube.wisc.edu/

&
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Cosmic Rays: A century old puzzle

Energies and rates of the cosmic-ray particles
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lceTop

Air shower detector
threshold ~ 300 TeV

Inlce

LIl
86 Strings, \’]l '

60 Optical
Modules per
String

Completion:

December 2010

v'86 strings

v'2010: 79 Strings
v'2009: 59 Strings
v'2008: 40 Strings

Deep Core

lceCube



Radie Continm (408 MHz) Bonin, fodrel! Bank,

and Farkes THE ELECTRO MAGMETIC SPECTRUM
Observing the Universe Qs
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http://mwmw.gsfc.nasa.gov/mmw_allsky.html
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http://apod.nasa.gov/apod/image/1011/bubble_fermi_big.jpg
http://apod.nasa.gov/apod/image/1011/bubble_fermi_big.jpg

Neutrinos as Cosmic Messengers

Source region, e. g.
surrounding dust clouds,

Source, e.g. Galaxies...
® Protons: deflected

Interstellar . ;
dust clouds by magnetic fields.

Satellite
experiments

Photons: easily
Fluorescence y absorbed by CMB

detector
Y backgrounds.

Intergalactic
magnetic fields

Earth

Undergroung
detector

/

Atmosphere
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Slow History of Neutrinos!

1930 Pauli profoses 1956, Reines and Cowan 1967, Davis Solar 1987 Supernova 1998 Neutrino 2013 Dawn of Neutrino
Neutrinos discovery of neutrinos Neutrinos and their deficits IMB, Kamioka Oscillations, Super-K Astronomy

Ali R. Fazely, Miami Conference, December 16 -22, 2015
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Neutrino interactions

ve(ve) H90 e (e*) + X (CC)
v, (v )00 5 pt) + X (CC)

v (vp)+%0 > 1 (x7)+ X (CC)

ve(Vg) +190 - vg(vg) + X (NC)

v, (v )00 - v, (v,) + X (NC)

v (v)+%0 = v (v7) +X(NC)
v(v)e = v(v)e(CC,NC)

- Ve + p —e" +n, Supernova(CC)
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Sensing Neutrino Light

IceCube “Digital Optical Module” (DOM)

Power consumption: 3W
Measure arrival time of every
photon

2x 300MHz waveform digitizers
1x 40 MHz FADC digitizer

Can trigger in coincidence w/
neighbor DOM

Flasher

Transmits data to surface on
request

Data sent over 3.3 km twisted pair
copper cable

Knows the time to within 3
nanoseconds to all other DOMSs In

the ice
Clock stability: 1019 = 0.1 nsec / sec
> Synchronized periodically to precision of
I 33 cm Benthosphere O(2 nsec)

Ali R. Fazely, Miami Conference, December 16 -22, 2015
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Event Topologies iy —ic40da
m Y, Droduce U tracis !
=Angular Res ~ 0,7¢
— Hrpg log(E) ~ 0.3

\/g uu Ve NC creaare
— pow SOLLCES,
—Eres JJ_J %-)—O lﬂJ

16 simulation simulation
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Real and Possible ET Neutrino Sources

Q
Solar Neutrinos - Dark Matter?
Supernova 1987A

Active Galactic Nuclei v L___ Cosmogenic Neutrinos

LTt

Gamma Ray Bursts

Ali R. Fazely, Miami Conference, December 16 -22, 2015




The—rrjajﬁrity of
triggers in

IceCube are from
atmospheric
muons

We record over

6 x10° muons and
74,000
atmospheric muon
neutrinos per
year.

Backgrounds

J Downgoing
" muons

Atmospheric
neutrinos

_'| _|.|.:|._! _I:-I-I_-_I -|.]_ 1 _IHI_E “
Northern sky
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IlceCube History and Rates

AMANDA(19) 2000-06 3.8 years
1C9 2006 137 days
1C22 2007 275 days
1C40 2008-09 376 days
IC59 2009-10 348 days
IC79-DC6 2010-11

IC86-DC8 5/2011-present

""""""""“"s, 09-10 Season
“!

&
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Atmospheric

*Main Background to Astrophysical Search
*Created by high energy cosmic rays colliding with &

[

O and N in the Earth’s atmosphere
*Conventional (Pions & Kaons) vs. Prompt \ o ve. )
(Charmed Mesons)

eConventional ~ E37 Spectrum

*Prompt ~ E*’ Spectrum

p+ON =t KT, D" etc.
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Observation of Highest Energy Neutrinos
Dubbed “Bert, Ernie & Big Bird”.

(PRL 111 021103 2013)
v,CC on nuclei or electrons or v, NC on nuclei and electrons
| Angular resolution on cascade events at these energies ~10°

Tue Aug 9 07:23:18 2011

Jan, 3 2012
Run 119316 _ |
-Event 36556705 L E
NPE: 9.6 x 104 b
NDOM: 312
1.14+0.17 PeV

Tue Jan 3 03:34:01 2012

Dec, 4th, 2012
2.2+ PeV

Run 118545
-Event 63733662
NPE: 7.0 x 104
NDOM: 354
1.04+0.16 PeV

lceCube



Observation of Highest Energy Neutrinos

2.6 = 0.3 PeV, observed June 11, 2014
(ICRC 2015, July 30 to August 6, 2015, The Hague, The Netherlands.)

Ali R. Fazely, Miami Conference, December 16 -22, 2015




Backgrounds for “Bert & Ernie”

+

Atmospheric Muons 0.038 +0.004
Neutrinos from pion 0.012 +0.001

and Kaon Decay

Prompt Neutrinos from 0.033 £0.001
Charm Production *

Total 0.082 +0.001

Ali R. Fazely, Miami Conference, December 16 -22, 2015
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NPE Distributions

(PRL 111 021103 2013)
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Results

IceCube: Science 22 Vol. 342 no. 6161 (2013), Phys. Rev. Lett.113 (2014) 101101
Physics Cuts
1) PMT charge, Q > 6000 p.e., contained events within detector fiducial volume
2) Accept both tracks and cascades
3) Veta background atmospheric p and neutrinos
4) 60 i|eV < Edep < 3 PeV

Ali R. Fazely, Miami Conference, December 16 -22, 2015
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High-Energy Extraterrestrial Neutrinos in
the IceCube Detector

B Background Atmospherc Muon Flux
"0 Bkg. Atmospharc Neutrinos [(=/K)
Background Uncertainties

== Abmospheric Neutrinos [90% CL Charm Limit)

37 events, —  Bkg.+5ignal Best-Fit Astrophysical (best-fit slope £}
(9 tI’aCked 28 : = = Hkg.+Signal Best-Fit Astrophysical (fixed slope E77)
cascades) - 1

observed.

Backgrounds are .__.'_j aaaaaaaaaaaaaaaaaaaaaaaaa I

disfavored at a

PRL 113 (2014) 101101

in Detector (TeV)

26(E) = 0.95 + 0.3 x 1073 GeVem—2s L gr—? :zi.

Ali R. Fazely, Miami Conference, December 16 -22, 2015
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Results, Declination

PRL 113 (2014) 101101

Southern Sky (downgoing) Northern Sky (upgoing)
10° ~ ; ! ;
: [Ed_,,, > 60 TeV
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Results, PMT Charge

PRL 113 (2014) 101101

Charge Threshold

[ T T ™1
Bkg. Atmospheric Muon Flux (Tagged Data)
Bkg. Atmospheric Neutrinos (w/K)
Bkg. Uncertainties (All Atm. Neutrinos)

Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2*)
Bkg.+Signal Best-Fit Astrophysical (fixed slope E2)
All Events (Trigger Level)

Data

—
o
w

(]
o
[

9]
>
0
O
s 0]
o
< 2
5 10
o
)]
-]
c
Q
>
L

—
o
o

104
Total Collected PMT Charge (Photoelectrons)

Ali R. Fazely, Miami Conference, December 16 -22, 2015

lceCube



Declination vs. deposited energy

A few observations.

Sigﬁi‘—eontains 28 cascades
and 9 tracks

Atmospheric neutrinos:
track/cascade = 2

Most events originate from
southern sky because most HE
neutrinos from northern sky
are absorbed by the Earth
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DOWNGOING

Excess from the southern sky
Is not due to atmospheric v,
because they are reduced in
the south by u rejection.
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Astrophysical Muon Neutrinos

Northern Sk

1 04 E Ll LI B ] l' T 1 LI B ] I'I T 1 LA T T LI
o® % Experimerlltal data e R
i o % Sum of predictions The distribution of
3 g = Astrophysical =
10°F B Prompt atmospheric - s reconstructed muon

®e Conventional atmospheric m— energy proxy for

events sample,
compared to the
expected
distributions for an
E-2 flux. Significance
= 3.70
— 330 TeV<E<1.4 PeV
10 [ PRL 115, 081102
-QF.....“I b a g aaual L g gl 1 Laiayl

(2015)
10° 1i0* 10° 10
Muon Energy Proxy (arb. units)

1 |1u|,ul 1 llulu] 1 luuu,l_LLu,u,E

3.9 —19 1 -2 1 —1 .
54 X 10 GeV™"cm “sr s (—10, :
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Astrophysical Muon Neutrinos

Muon Best Fit O
Muon Best Fit E O L
Starting Events (HE) ¢ P N\
Starting Events (LE 1) v
Starting Events (LE 2) A
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22 24 26 2.8 3
Power law index
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Likellhood Search for a Point Source
- Test Statistic (TS) Calculation -

Maximize the likelihood L at every point in the sky x
# ot events fmgl source

Total # of events = 28 -
= de.%mz&

'T:Il'ﬂ_r

L= | =

7

. n..,
X S,(x)+ —2

AN

Feconstruction map

value at position x

from event 1

s X B.(x)

P

7 C

Iy

rof

Uniform value
for each event

at every position |

1e likelihood

i r o e P g e G | - e | -~ £
Fvents' energies not used in ff

TS is calculated for every point in the sky x

[ Llx)/
TS(x)= 2x 1(::«:[ Aﬂ(*\)]

Ali R. Fazely, Miami Conference, December 16 -22, 2015
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Point Source Analysis

Test null hypothesis vs. most likely

LO: null hypothesis All event p-value = 80%
—I‘t‘. maximized likelihood Cascade events p-value = 8%

Ali R. Fazely, Miami Conference, December 16 -22, 2015
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Atmospheric v Oscillations

MINOS, 2012 90%
Super-K, 2012, 90%
ANTARES, 68%
ANTARES, 90%
IceCube-79, 68%
IceCube-79, 90%

| | 1 1 I 1 1 1 Il ‘ 1 1 1 1 | 1

best fit ANTARES

% best fit IceCube

® best fit MINOS

TTIlII(T‘\IIIITW\IlIIIW—
5
5
.
-
anny,
v
'
<

"
0.4

0.5 0.6 0.7 0.8 0.9
sin®(20,,)

Data from IC-79 (319 days)
Amg,?2 = 23708 x 1073 el”
sin2 (20,3) > 0.93 (68%C.L.)

PRL, 111, 081801 (2013)

rate (Hz)
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- T
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e
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RN EEE RN RN AN E RN SR RN RS R
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cos(reconstructed zenith angle)

high-energy sample

4

-

2
[

nonoscillation case, norm uncertainties
nonoscillation case, shape uncertainties

<> world average oscillations, norm uncertainties
world average oscillations, shape uncertainties

data

1

—e—

|

[
== TTTT

09 -08 07 06 05 -04 03 -02
cos(reconstructed zenth angle)
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Atmospheric v Oscillations

Phys. Rev. D 91, 072004, 2015
3 year data 2011-2014
| T 1 [ 1
—— Expectation: best fit 38l = |ceCube 2014 [NH] == T2K 2014 [NH]

600||= = - Expectation: no osc. ", - *'*  MINOS w/atm [NH] e SKIV [NH]
Z 2_Dic i -- — Id 90% CL contours """,
o 400 -9 3.4}
[ a9

200} il

wo 2.8
0 =
(1“' 2.6}

- 1.4 —
Z > 4l
S 1.2} 2.2}
g_ 10 2 O 1 L L L L L L 1 L L 1 L
'; oEH ' 0.30 0.35 0.40 0.45 0.50 055 0.60 065 0.70 0 1 2 3 4
."‘E‘E ar Hil]? {quiJ 2AInlL
& 0.6}

0.4

10' e 5 163
(km/GeV)

L. /E

e reco

Aml, =2.721 12 % 10> eV” and sin0yy = 0.537 5,
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Neutralinos scatter inside the Sun, get _
trapped in its gravity field, and annihilate 31, \iceCube Proliminary: ©__ SAArechamingtios)

—— . PICASSO (2012) _
SUPER-K (2015) (bb)

producing W’'s and other SM particles : 12 SUERK () (o

—— SUPER-K (2015) (t'1)
decaying into p neutrinos that interact | N o e

inside IceCube and produce p tracks which
can be pointed back to the Sun.

IceCube Collaboration, M. Rameez, T.
Montaruli, S. Vallecorsa for the IceCube
Collaboration The 34th International _
Cosmic Ray Conference, 30 July- 6 August, -
2015, The Hague, The Netherlands log10 (m / GeV ¢*)

Ali R. Fazely, Miami Conference, December 16 -22, 2015
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Dark Matter Search in the Milky Way

s M M annihilation channel

_|_

IC-79 (320 days)
No excess found

IceCube is
sensitive to a
minimum WIMP
mass of 30 GeV.

10 ¢
107 1°F XX —* [

£ faluial sLale
-26 | o
2

1000 10
mI[GEVI

IC22 Halo

IC40 GC ;
IC59 Dwarf stacking
IC59 Virgo Cluster [§
IC79 GC sensitivity [
Fermi '
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Gamma-Ray Bursts

FORMATIDN OF A GAMMA-RAY BURST could begin
elther with the merger of two newtron stars or

| L] with the collapse of 8 massive star. Both these
| events create a blach hole with & disk of material

MEUTRON STARS sraund fi. The hole-disk system, in turn, pumps
| \ ® eut a jet of material st close 1o the speed of Bght.

Shock waves within this material give off radistion, | JET COLLIDES WITH
AMBIENT MEDIUM

[mstos
BLOBSCOLLIDE GAMMA
[Imemnal shock  RAYS
i o sLower  "*7¢] |
BLACK HOLE nisK FASTER  BLO f

BLOE

CENTRAL
EMGENE

PREBURST

o Synchrotron A Resonance
\¢  Radiation —

AFTERGLOW

HYFERNDYA SCENMARID
JUAN VELASCO

Figure 3

Fireball model:

* Internal shocks in GRBs — acceleration for UHECRSs.

» Neutrino production in y-hadron interactions in fireball

Ali R. Fazely, Miami Conference, December 16 -22, 2015



1C40 data 2008-2012 (508 GRBs in northern sky). No coincidence found. Note,
analysis has very low background because both direction and timing
coincidence are applied.

ICECUBE-40
Waxman & Bahcall

w IC40 Guetta et al, | ... .o owmemmmm
APl,ieetter 805 1, 2015 cecmess i

¢ IC59 Guetta et al, ’ '
4 years of data, we found 1 COMBINED LIMIT | 74

IC40+59 Guetta et al, |4

neutrino event correlated with
A GRB with p = 0.46

p,(E,) [GeV em™

=

9
b7

E

—€— Ahlers et al.
—— Waxman-Bahcall

Exclusion CL (%)

109
Neutrino break energy &, (GeV)
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IceCube: A Supernova
| Detector

gck-"r'm itu'f-fdaPrf}'fslk"(h'iji"h‘-g'j'

-l:.Be'org R&‘F.GHE a_-ih’la
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_. L {foe/s}

Neutrino Spectra from SN

neutronization

accretion

N Kelvin—Helmh.

cooling

Time (s)
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Milky Way (center) no oscillation 0.5 s
normal hierarchy 0.5s

inverted hierarchy 0.5 s

0.1y~! false trigger rate
10 SNEWS trlgger threshold

internal trigger threshold

20
Distance [kpc

=600 -400 -200 0 200 400 600

A&A 535, A109 (2011) X-axis (m)
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Future Plans, IceCube-Gen2

Larger IceCubes, up to more than
an order of magnitude in
mass/volume. Much higher
statisti¢s in the PeV region, much
high rgy neutrino
acceptance, a deeper view of the
cosmos and source ID of high
energy neutrino production.

Dark Sector : : Clean Air Sector

240 m
Spacing

E
=
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=
=
]
(%)
v
o
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X
oo
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3
e
©
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&
=
5]
c
o
=
wn
I}
o

—2000 -1000 0 1000 2000
position offset w.r.t. IceCube center (m)
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, acronym for Frecision ceCube

ext -eneration !/pgrade, is a
proposed dense array and has physics
goals such as precision measurements
of neutrino oscillations (mass hierarchy,
...) and other physics such as test of
low mass dark matter models.
arXiv:1412.5106

300 m
spacing

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

Downwind Sector Quiet Sector

—2000 -1000 0 1000 2000
position offset w.r.t. IceCube center (m)
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Future Plans, IceCube-Gen2

A simulated 60-PeV horizontal muon

'* Mill M U

Ali R. Fazely, Miami Conference, December 16 -22, 2015



Overall Conclusions

+- IceCube has observed High Energy
Astrophysical Neutrinos and has achieved its
main goal of opening the era of neutrino

astronomy.
m Further question: what is the origin of the
high energy neutrinos?

m IceCube is in it for the long haul and more
data Is yet to come.

m Future plans: IceCube Extensions for Higher
Energies and PINGU dense array for
Neutrino Mass Hierarchy ... ...

Ali R. Fazely, Miami Conference, December 16 -22, 2015
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