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Neutrinos From Space

Supernova . observed in 1987, exploding star in nearby galaxy,

heutrinos expect 1-3 per century
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(W. Hanlon after S. Swordy)

The Cosmic Ray

1%; + LEAP - satellite

@ roton - satellite
S p e C TrU m : i :aktustk - gtrol:J:ld array

8 qp Haverah Park - ground array
Extraordinary particle @ ©  Meno-groundamay

NE A AGASA - ground array
accelerators somewhere, = O Fiy's Eye- air fluorescence

. . . - W b IRes1 mono - alr flucrescence

but still poorly identified after ~ Z10° [ ] e
a Ce ntu ry ___. .......... ..... ........... ........... ..... e HiRes Stereo - air fluorescence

—r
<
~

Auger - hybrid

* Supernova remnants?
 Active galactic nuclei?
« Gamma ray bursts?

Cosmic ray interactions with
matter and photons near
source produce:

— 0
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Energy (eV)
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lceCube Collaboration

The Collaboration: 12 countries — 44 institutes — 300 scientists
(Main financial support from: USA, Germany, Sweden, Belgium)

Current Spokesperson (2013-2017): Olga Botner (Uppsala)

Largest neutrino telescope in the world
15x more sensitive than next largest (ANTARES in Mediterranean)
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lceCube Neutrino Observatory IceTop: 1 km? surface array

86 strings

60 Optical Modules per string

5 160 total modules in Ice

1 km3 = Gigaton instrumented volume \ \ |
i 2.5 km

Began full operations May 2011

DeepCore
Low-energy Extension

Dark Matter,
Neutrino Oscillations

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20 12
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High Energy Neutrino Detection Principles
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lceCube Data Hit Modules: 610
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lceCube records per year (order of magnitude):

~ 100 000 000 000 triggered events — mostly muons from cosmic rays above ice
~ 100000 neutrino events — mostly from cosmic ray air showers
~ 100 astrophysical neutrinos — that we estimate so far...

Wide-ranging analysis topics across different data sets...

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20
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lceCube records per year (order of magnitude):

~ 100 000 000 000 triggered events

Cosmic Ray Anisotropy

Measured with
* |ceCube events (20 TeV, 400 TeV)
* |ceTop events (2000 TeV)

Large scale structure changes
dramatically with energy

mostly muons from cosmic rays above ice

Gaisser & Halzen, Annu. Rev. Nucl.
Part. Sci. 2014. 64:4.1-4.23

ApJL 718:L194 (2010);
ApJ 746:33 (2012); ApJ 765:55 (2013)

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20

20 TeV

-1.5 -1 -05 0 0.5 1 1.5

400 TeV

-1.5 -1 -0.5 0 0.5 1 1.5

2000 TeV

-3 -2 -1 0 1 2 3

Relative intensity (x107)
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lceCube records per year (order of magnitude):

~ 100000 neutrino events — mostly from cosmic ray air showers

Measurement of Neutrino Oscillation

5gl | = lceCube 2014 [NH]  -- T2K2014[NH]| [parameters (lceCube-DeepCore)
| -+ MINOS w/atm [NH] SK IV [NH]
34 —m /—/—/—m7m7m
oy | ~ 90% CL contours """, | 1-year analysis: PRL 111, 081801 (2013)
L e
T = 3-year analysis
= 30 Phys. Rev. D 91, 072004 (2015)
NG 2.8 i b E
i 2.6t Nt T 1Pathway to future PINGU low-energy
2.4} {extension detector for precision
2.2} I measurements and determination of
20 Neutrino Mass Hierarchy

0.30 0.35 0.40 0.45 0.50 0.55 0.e0 0.65 0.70 <«
sin” (6,3)
Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20 25



Indirect Dark Matter Searches

Neutrinos are typical end products of
X+ X Z2W+W2v+y dark matter annihilation

Galactic Halo Searches:
Annihilation occurs in densest region of
dark matter halo in galactic center

Search sensitive to annihilation cross
section

Solar Searches:
Dark matter particles scatter and get
trapped in sun.

As trapped density grows, annihilation rate
reaches equilibrium with capture rate.

Search sensitive to scattering cross section ceCube LL

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20 26



Indirect Dark Matter Searches

Q’E\ | I | | | 1 I | | | | I 1 | | | I |
35— . - . MSSM incl. LUX (2014) ATLAS + CMS (2012 —
o IceCube Preliminary e HAR W
Q ’ .
9) DAMA no channeling (2008) ey '
o
o == PICO2L 2015
@)
s e

Analysis of 3-year
IceCube-DeepCore
data:

v SUPER-K (2015 IC86 3 years: 1019 Days of Livetime o
—_— ANTARES (201 ) nnnnnnnnnnnnnnn w w
wf== IceCube Limit .
-42 |~ IceCube Sens P =0.3 GeV/cm3 — T 1 _|
local \
| I | | | | I | | 1 1 I | 1 | I |
1 2 3

lceCube sets strongest limits on spin-
dependent WIMP-nucleon scattering
cross-section for WIMP masses greater
40 GeV

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20
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High Energy Starting Event Analysis

ue Aug 9 07:23:18 2011
Require that event:

“Bert” ..
1050 + 140 TeV

- Does not start in veto region
- Has at least 6000 photoelectrons

Veto

Tue Jan 35 03:34:01 2012

NI € O DS A

“Ernie” & 11V
1150 * 140 TeV

NV AP EPASCITINY Friey Ao OO0 ¥ Fr e s A

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20 29



4-Year High Energy Starting Events — Energy Distribution

53 High-energy starting-events now observed in 4 years

| | | | 1 ll |
Showers —e— -
Tracks —>¢

e
+ @4% IceCube Preliminary
40 < _
o | w:; . |

.40 T + + -
ol T %++

Declination (degrees)

L "f" : - _ - L
10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20



4-Year High Energy Starting Events — Energy Distribution

' ' —p—————— .
y, @ Background Atmospheric Muon Flux
10 :. ................................. :\ ....... - Bkg. Atmospheric Neutrinos (ﬂ/K) ,-:
: ' [ Background Uncertainties ‘
- Atmospheric Neutrinos (90% CL Charm Limit)
wn - Bkg.+Signal Best-Fit Astrophysical (best-fit slope E *™) |
%‘ , - « Bkg.+Signal Best-Fit Astrophysical (fixed slope E *) '
1 .
0 10 - LT T Data '
N~
q
o
- = o= )
GL) 0 ' '
- '
2 10 o ST S
) . )
- - -
C -
)
> . <
L |
10 || S R . :

Deposited EM-Equivalent Energy in Detector (TeV)

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20



4-Year High Energy Starfing Events Skymap

lllllllllllllllllllllllllllllll

Equatorial

0 TS=2log(L/LO) 10.9

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20 32



Muon-Neutrino Analysis — Energy Distribution

Upgoing or Horizontal track =

PRL 115, 081102 (2015)

Earth-filtered E‘f”ts
10* ———— r——T ] —rrrry
o’ %o Conventional atmospheric mm— :
Estimated 99.9% pure _ Prompt atmospheric mmm— |
. %P 3 ° E 2 astrophysical H—

muon-neutrino sample 107 F o Sum of predictions E

[ Experimental data e

. . o[ @ Lo

35 000 events in 2-year analysis 10% F .,

3.70 evidence of astrophysical
flux

(nearly) independent of starting
event analyses:

- - 10° 10*
- thru-going tracks vs. starting
events (mainly showers) Muon Energy Proxy (GeV)
- up-going events vs. (mainly)

. Energy estimate for the muon track...
down-going

Only lower-bound on neutrino energy
(interacted before reaching detector)

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20 33



Muon-Neutrino Analysis — Energy Distribution

UpEgoitr;\gﬁfii Ho;izontal track = . PRL 115, 081102 (2015)
arth-filtere
4 —rry v ——rrrrT v —r—rrrrT v Ty
10 of* e, Convelgtional atmospﬂeric E——
Estimated 99.9% pure . °. rompt almospheric W=
E ~ astrophysical =
muon-neutrino sample 10° e Sum of pre%igticl)ns 1
* g B Experimental data o
@
[ )
35 000 events in 2-year analysis 10° y s .
R L)
B J
10° * E
3.70 evidence of astrophysical |
flux Ot .
10 ~ 100s of astrophysica %*i__

tracks, hidden in
background of

atmospheric tracks

(nearly) independent of starting 10 |
event analyses:

[

- thru-going tracks vs. starting 10° 10" 10° 10°
events (mainly showers) Muon Energy Proxy (GeV)

- up-going events vs. (mainly)
down-going

Energy estimate for the muon track...
Only lower-bound on neutrino energy
(interacted before reaching detector)

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20 34



4-year Maximum Likelihood Point-Source Analysis

: . . +85° AplJ 796:109 (2014
Northern sky = ‘'upgoing’ neutrinos | P ( )
(178K events) SR D e TR
+45° 0 % o : RSP e
. . > \ '
24h ...... A ) N S R L ST . " I A ' I IR A I TR W sl L N S owms . Ny LI EY .Y By L-:-0g -~ LA ) DR, 3% WN Oh
-45°
Southern sky = "downgoing” muons S
(216k events) -85°
0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0

-log,, p

Events are predominantly atmospheric background from cosmic rays.
Despite est. ~ 100s of astro neutrinos, No significant point-like excess seen.

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20 35



Sensitivity to Point Sources

------- Sensitivity — ANTARES (5 years)
mm  Sensitivity — lceCube High Energy Starting Event Sample (3 years)
— 50 Discovery — IceCube Point Source Sample (4 years)

- — Sensitivity — lceCube Point Source Sample (4 years)

=

<
=
o
I

E?2 dN/dE [TeVcm 2s 1]

10722 |

—1.0

Southern sky Northern sky

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20
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Sensitivity to Point Sources

Ap) 796:109 (2014) Point-source
107 | g , 1 1 equivalent flux if the

- = lceCube 4-year Sensitivity (90%C.L.) diffuse astrophysical

— IceCube 4-year Discovery Potential (50) |1

e o |ceCube 4-year Upper Limits (90% C.L.) flux came from:
ANTARES Sensitivity (90% C.L.)

5 +++ ANTARES Upper Limits (90% C.L.) o
AEEEEEE EEE E N E N R E RS E R R R E R R R R E RN EEEI onepomtmthesky

il
C\Ilm o fERERERR S S REEEEEES :
=
&) 5
> :
) :
= |
LL 5
° z
— .
= E
© :
L z
L f
: }‘. . . oe . o -
1012 Fn" .'__'..'._'_.'..'._'._!.!_'.'_!:_.'__'._'._'__'__'_ R e TfuStannnnnns 100 points in the sky
- Southern sky ~lepmF ‘Northern sky
-1.0 —-0.5 0.0 0.5 1.0
sin(d)

Population studies with Stacking Searches:
EEE NN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESR 1000 p0|nt5|n the Sky
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Point-Source Population Study: Blazars

Stacked Neutrino Point
Source Search

using Fermi LAT catalog of
862 Blazars (active galactic
nuclei whose jets point
directly at us)

No significant excess seen

Total flux upper limit is below
measured diffuse neutrino

flux

Gamma-ray Bursts already
excluded, < 1% of diffuse

astrophysical neutrino flux

~1

10

10-%}

10

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20

Glisenkamp, RICAP 2014 Proceedings

— Diffuse Flux — Limit

- - - ‘equal weighting

~-Lum. weighting

IceCube Preli@minary
1 wul

.

mwy .4 T ooy T v LA S o T T T TN

102 10°  10°

Neutrino Energy [GeV]

10> 10° 10" 10°

10()
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Diffuse Cosmic Background Radiation

Y. Inoue, arXiv:1412.3886

-2
1 T T T T T T T T
0 ICMB | | 'Galgxi'es (|nOLIJe et al.l’13) -'
Pop-Illl Stars (Inoue et al. '13) I 1

1073 f\ AGNS (Al pp Interactions can

[ Seyferts (Inoue et al. 08) === produce lceCube PeV
107 i ~ Blazars (Inoue and Totani '09) ]

. Radio Galaxies (Inoue '11) =——— : neutrino flux
10 ¥ :
106 ; W corresponding PeV

gamma flux cascades
down, fits Fermi flux

1078

| llllllll 1 llllllll 1 llllllll 1 llllllll

E° dN/dE [erg cm?s’ sr'1]
=

—
ol
0

11 lllllll

10-10 - 1 l | l 1 | 1 | )
10 10* 102 10° 10° 10* 10° 10® 10" 10"
Photon Energy [eV]

lceCube

E*J [GeV cm 2
S

pp scenario

arXiv:1412.5106, after Murase, Ahlers, Lacki, 10"}

SER evolution
Phys.Rev. D88, 121301 (2013)

”10 3 l() 201 1 10 .1.02 ”“103‘
E [TeV]

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20
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Diffuse Cosmic Background Radiation

Y. Inoue, arXiv:1412.3886

-2
1 T T T T T T T T T
0 ICMB | | lGalgxi'es (Inom'Je et al.l’13) .
Pop-Ill Stars (Inoue et al. '13) I 1
1073 ,f\ AGNS (All) m— pp interactions can
- f Seyferts (Inoue et al. '08) == produce IceCube PeV
% 10 l g ~ Blazars (Inoue and Totani '09) ]
_ T Radio Galaxies (Inoue '11) = neutrino flux
» I
~ 107 A
5 06 [ 15 corresponding PeV
®)) 3 1
S « | : gamma flux cascades
— 7 I . .
S 10 ) down, fits Fermi flux
% 108 | ¢
Ty i
107 -
10'10 T 1 l 1 l 1 l 1
10 10% 102 10° 10° 1 &

Photon Ener % |,

~J

o
o)

E*J [GeVcem s

pp scenario

arXiv:1412.5106, after Murase, Ahlers, Lacki, 10"}

SER evolution
Phys.Rev. D88, 121301 (2013)

”lO 3 l() 201 1 10 .1.02 ”“103‘
E [TeV]

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20
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Astrophysical Neutrino Flavor Ratio

Neutrino Oscillations: % , -
muon-suppressed

Al €——  pion decay
(0:1:0)

Whatever flavor ratio the
astrophysical neutrinos start with,
arrive at Earth with nearly 1:1:1

flavor ratio TR R |
pion & muon

&  decay
(1:2:0)

But not exactly 1:1:1...
depends on ratio at source

neutron
decay

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20
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Astrophysical Neutrino Flavor Ratio at Earth

Measurement of flavor ratio for astrophysical neutrinos
based on fit with both shower and track analyses

H muon-suppressed Ve iV, 1 1V, at source o 20
Al ¥ piondecay m 0:1:0 <
(0:1:0) e 1:2:0 1.00 118
116
pion & muon
<«  decay 114
(1:2:0)
neutron
decay
274
(aabllULOILIL I IIILL evnnnns O CEEEEEE LR - L 29%.. (1:0:0)
Ao.. -.
%:'. . \
o ~. ..:;
SO~
A8
Vr Ve
VC

PRL 114, 171102 (2015) & ApJ 809, 98 (2015)

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20 43



Where we stand:

Detection of astrophysical neutrino flux in TeV - PeV range

« Complementary analyses: all-flavor cascades and tracks (mainly southern sky)
and muon-neutrino tracks (northern sky) agree on flux measurement.

* Consistent so far with simplest assumptions of:

— diffuse, all-sky flux
— 1:1:1 flavor ratio

* Spectrum can be reasonably fit with power law between E->2and E2%®

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20
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Universe is bright at PeV energies in neutrinos!

What are the sources? Conventional, Extreme, or Exotic?

_Is the spectrum and unbroken power-law? Or are there features?

What is the flavor ratio? How well can we identify the flavor ratio at source?

nll..l'“

'....

Is it isotropic? Or can we identify a (sub-dominant?) galactic component?

Are the high energy neutrinos emitted from transient bursts? Or steady sources?



Simulated Event in High-Energy Array




PINGU — Low Energy Array

PINGU is DeepCore infill array
* 20 m string spacing, 3-5 m DOM spacing
* 40 strings, 96 DOMs per string

Major goal: determine Neutrino Mass Ordering
A A

V3 V9

2
ms3

Z————— N SR

m, == . )

m? — /|

V3 ms

Atmospheric neutrinos in 3-15 GeV range —
Oscillation pattern affected differently depending on

NMO

3 sigma determination of NMO with 3-4 yrs data

Competitive osc. parameter measurements obtained
with DeepCore demonstrate capability

PRD 91, 072004 (2015), PRL 111, 081801 (2013)

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20
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Cosmic Ray Moon Shadow

Cosmic rays are blocked by the
moon (radius 0.25°)

Causes small point-like deficit
of cosmic ray showers

detected by IceCube

O Moon (to scale)
1000 &

-1000
-2000
-3000
-4000
-5000
-6000
-7000
-8000

9, - 9,, [ded]

There are no neutrino sources bright enough
to calibrate pointing with!

But, cosmic ray moon shadow “negative”
source is used to verify:

* absolute pointing is correct
e ~1° typical point spread function

(size of deficit and shape agree with sim.)

3 2 1 0 1 2 3
(ocll - Oly) cos(ﬁu) [deg]

Chad Finley (OKC, Stockholm) - University of Oslo 2016 Jan 20 Phys. Rev. D 89, 102004 (2014) 43



