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Cosmic Rays

a century-old mystery
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Neutrino Astronomy with lceCube

ICECUBE

Lower energy cosmic rays:
identified with solar and galactic
(e.g. SN remnant) emission

Highest energy cosmic rays: sources
not yet identified
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Cosmic Rays B &

ICECUBE

production and observation

Cosmic rays — p or heavier nuclei — are accelerated in violent astrophysical objects.

Then e.g.,

p+7m° — p+ (2/3 of all cases)

+
P A %{”+7T+—>”+GA+V,/+I@-|-/7/, (1/3 of all cases)

attenuated by the CMB

Cosmic rays / charged particles travel in curved paths due to magnetic fields

Neutrinos travel long distances largely unencumbered by intervening matter
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The lceCube Neutrino Observatory

1.5-2.5km deep in the South Pole glacier

5160 PMTs arranged on 86 strings
1 km? instrumented volume

Constructed 2005-2010

Neutrino Astronomy with lceCube ULB

ICECUBE

50m

A

IceCube Laboratory
Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

Amundsen-Scott £
Pole Station, Al

ERme e A National Science Fou
managed research facilit

set 125 meters apart

1450 m

DOMs
are 17 {
meters

apart

2450 m
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Neutrino Detection m o) 3

ICECUBE

interactions and detector signatures

CCuy, CCrve / NCu,

vy +N—p+X Ve + N> e+ X ve >17+ X
Vi + N = v, + X
track cascade cascade (or double-bang)
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Cosmic Ray Muon Background B &

two approaches to neutrino selection

Classic v, strategy:
m Earth acts as neutrino filter

m Well-reconstructed up-going tracks
must be neutrinos

— North sky and v, only

Neutrino Astronomy with lceCube ULB

ICECUBE

Air shower i
ir show: *L]—dol‘ﬂlﬂated

v only
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|

Atmosphere
(exaggerated)

Air shower

*

Astrophysical source
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Cosmic Ray Muon Background B &

ICECUBE

two approaches to neutrino selection

Classic v, strategy: Active veto to select starting events:

m Earth acts as neutrino filter

m Well-reconstructed up-going tracks
must be neutrinos

_s North sky and 1, only J — Reduced effective volume,

but full sky and all flavor
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Cosmic Ray Muon Background

muon and neutrino backgrounds

Background and signal differ in spectrum and angular distribution
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Appearance of PeV neutrinos m o) 3

ICECUBE

first hint of an astrophysical flux

Two PeV neutrinos found

2.80 excess over background
[PRL 111, 021103 (2013)]

~ 1.0 PeV ~ 1.1 PeV

Veto methods were implemented to probe lower energies. )
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High Energy Starting Events m 4

ICECUBE

results from four years of data

Search for contained, very bright events

Sensitive to all flavors above ~ 60 TeV
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High Energy Starting Events

results from four years of data

Search for contained, very bright events
Sensitive to all flavors above ~ 60 TeV

53 events in four years

Neutrino Astronomy with IceCube ULB
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High Energy Starting Events vis|

results from four years of data

Search for contained, very bright events
Sensitive to all flavors above ~ 60 TeV
53 events in four years

6.50 above background from maximum
likelihood forward-folding

Best fit spectrum:

®,(E) = &g - (E/100 TeV)258+0-25
g~ 2.2 x 10718 /GeV /cm? /s /sr

Neutrino Astronomy with IceCube ULB

Events per 1347 Days

ICECUBE

2 B Background Atmospheric Muon Flux
10 = Bkg. pheric Neutrinos (r/K)
Background Uncertainties
—  Atmospheric Neutrinos (90% CL Charm Limit)
—— Bkg.+Signal Fit Astrophysical (best-fit slope E~2%)
~ - Bkg.+Signal Best-Fit Astrophysical (fixed slope &%)
101 L eee Data H
IceCube Preliminary
- R
|- ' 1
(] . ' '
10 L‘L; _ i
'
1 . —‘
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’
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10°
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Medium Energy Starting Events &

ICECUBE

probing lower energies with an adaptive veto

0.4 04
[2200 PE

0.2 0.2 i,
B B 1000 PE[H i
£ o0 E o0
> N

~0.2 —0.2 100 PE[f

—0.4 —04
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Active volume decreases with deposited energy — threshold reduced to ~ 1 TeV
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Medium Energy Starting Events

results from two years of data

ICECUBE

I 1.01 x atmospheric 7/K v
I + 1.47 X penetrating p

2 —2.49
+2.24 (100 TeV)

Astrophysical excess down to ~ 10 TeV T 10-18GeV-T om=2 g1 g1
Fit consistent with high energy search g 107
° Southern sky
but errors are smaller Z w ~1.0 <sind < —0.2
f 100
Model disagreement at 30 TeV CR—- LT LH
. I j<al r T 1
not significant (p = 5%) 0 el 10 10° 108 107
ﬁ Northerq sky
[PRD 91, 022001 (2015)] g 2 SemeS Lo
2 100
g
& 1071

103 10% 10° 106 107
Deposited energy [GeV]
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Astrophysical Muon Neutrinos B &

ICECUBE

results from six years of data

. . . = 10* ; ‘
Accept incoming tracks — larger effective area 5 =+ Prompt atmospheric 1, +7, (LXERS)
H‘u; 10-5 [ Conv. atmospheric v, +7, (best-fit) ||
. B [ Astrophysical v, 11, (best-fit)
m Restricts search to North sky v, 5 100
=
m Probes higher energies UM T
3 10°
Best fit spectrum: g .
- 107 Ficacube preiimi
_2 08:l:0 13 ,‘?q: ceCube rg Inary : A
®,(E) = do- (E/100 TeV) =7+ 10° 10° 10° 10° 10’
E,/GeV

by = 0.827930 » 10718 /GeV /cm? /s /sr
0.26

[ICRC2015 / PoS(ICRC2015)1079]

Neutrino Astronomy with lceCube ULB Kevin Meagher 16 / 25



Astrophysical Flavor Ratio B &

constraining source emission with an IceCube global fit foseue

Astrophysical spectrum measured by
several analyses

W
=K

— IC tracks (6yr)
r ~{CMESE eed
— IC HESE (4yr) :
—— "IC combined "

— iIc cascades
— IC tracks (2yr);

m Some are partially correlated

NN
o U
T

m Global fit benefits from best statistics

m Tension may come from different
energy ranges of the analysis

D, 107 Gevlem2stert)
—

o o = o
-
:

Ic;eCube‘PreIim‘inary
4 16 18 20 22 24 26 28 30

Yastro

[ApJ 809, 98 (2015)]
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»

Astrophysical Flavor Ratio

constraining source emission with an IceCube global fit

ICECUBE

Astrophysical spectrum measured by

Ve 1 v, t v, at source IceCube 20
several analyses = 010 %, 1o Preliminary
: ' 18
m Some are partially correlated 16
: . - 14
m Global fit benefits from best statistics
12
. . ~
m Tension may come from different 0E
energy ranges of the analysis g 1
Some sensitivity to ve : v, : v, ratio 6
at source 4
m n-decay dominance excluded at 3.60 2
0

[ApJ 809, 98 (2015)]
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Point Source Analysis b 3

ICECUBE

search for clustering with 6 years of muon tracks

+75

IceCube Preliminary | -ro North

Standard skymap dominated by
atm. v in the North and atm. p
in the South +15°

m North: p = 44%
m South: p =39%

Equatorial

0.0 06 1.2 1.8 24 3.0 36 1.2 18 54 6.0
—logyop
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Point Source Analysis B &

search for clustering with 6 years of muon tracks leeCuse

. 10710 T T T
Standard Skymap dominated by — Hot-Spot Upper Limit (90%)

atm. v in the North and atm. p — 7 years (Disc. Potential)
. == T years (Sensitivity)
in the South

+ Upper Limits (90%)

.
1071 o™ varp o ]
<

m North: p = 44%

eV / (cm? \)]

m South: p =39% l 1012} L e e
Excess of hot spots? ’O‘Ilf‘gm. S T North
m North: p = 42% U 05 \?noo 05 Lo
m South: p =39% [ICRC2015 / PoS(ICRC2015)1047
m Galactic Plane £15° : p=57% (6 year results)]
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Starting Event Source Analyses b 3

ICECUBE

searches for clustering of starting events

ICECUBE PRELIMINARY

Starting events 2 60 TeV (4yr)

mp=53%

Equatorial
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ICECUBE

Starting Event Source Analyses B &

searches for clustering of starting events

Start|ng events z 60 Tev (4yr) IceCube Preliminary

mp=53%

Contained cascades 2 1 TeV (2yr) ) , p—
mp=52% e ; :'fi" ..... ,

’ Equatorial

—logyop
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Starting Event Source Analyses 8

ICECUBE

searches for clustering of starting events

IceCube Preliminary
107 T T T
: : —— 2 Year Sensitivity (E~2)
Y Upper Limits (90% CL)

Starting events 2 60 TeV (4yr)

mp=53%

Contained cascades 2 1 TeV (2yr)
mp=52%

10~

Strong cascade sensitivity in South

E?-(E/100TeV)"2-ON/OE [TeVem 2s71

i
-1.0 —0.5 0.0 0.5 1.0
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Starting Event Source Analyses

searches for clustering of starting events

Starting events 2 60 TeV (4yr)
mp=53%

Contained cascades 2 1 TeV (2yr)
mp=52%

Strong cascade sensitivity in South

m Even for softer spectra or
extended sources

Neutrino Astronomy with lceCube ULB

E?-(E/100TeV)"2-ON/OE [TeVem 2s71

IceCube Preliminary

ICECUBE

1070

107 T T T
: = 2 Year Sensitivity (E~2)
: v Upper Limits (90% CL)
10710
\2 "' v v v
YWY v v :
;

-1.0
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Multimessenger Astronomy b o

follow-up by IceCube iceCuse

Fermi-LAT blazar stacking analysis:

— Limit — Diffuse Flux **
862 blazars observed over 3 years = s

:]E; - - "equal weighting * | :

m Flux-weighted: p = 36% L 1077} o-Lum. weighting ]
o

m Unweighted: p = 6% o108 ]
é 10-9[ 17%
@@ 10-10 IceCL{be Preli‘minaryl "' : 8% :
=] 102 10° 10 10° 10° 107 10° 10°

Neutrino Energy [GeV]

*) Band denotes central 90 % ol ﬂuu:umes of different real\zaﬂuns from the ~-Luminosity Function.
“This limit also holds for all (q pi of their gamma emission.

**) 1-flavor diffuse fit result [arxiv:1410.1749]
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Multimessenger Astronomy

follow-up by IceCube

ICECUBE

Fermi-LAT blazar stacking analysis: 100

862 blazars observed over 3 years

—++  Ahlers et al.
i Waxman-Bahcall

P

:I.“ 90
m Flux-weighted: p =36% T g
m Unweighted: p = 6% 5 17 ?
E - 60 %
GRB stacking analysis: = 1., &
506 observed in tracks, 807 in cascades &
T 63% H40
mp=32% PR L4

10* 10° 10° 107
Neutrino Break Energy ¢, (GeV)

[accepted by ApJ]




Multimessenger Astronomy B &

follow-up by IceCube

Fermi-LAT blazar stacking analysis:
862 blazars observed over 3 years

m Flux-weighted: p = 36%
m Unweighted: p = 6%

GRB stacking analysis:
506 observed in tracks, 807 in cascades

mp=32%
LIGO GW150914

m 3 off-source, low-energy v
within +500s

Neutrino Astronomy with IceCube ULB

ICECUBE

GW (99% CL)
GW (90% CL)
GW (50% CL)
®  neutrino
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Multimessenger Astronomy B &

follow-up by IceCube

Fermi-LAT blazar stacking analysis:
862 blazars observed over 3 years

m Flux-weighted: p = 36%
m Unweighted: p = 6%

GRB stacking analysis:
506 observed in tracks, 807 in cascades

mp=32%
LIGO GW150914

m 3 off-source, low-energy v
within +500s

Neutrino Astronomy with IceCube ULB

ICECUBE

GW (99% CL)
GW (90% CL)
GW (50% CL)
®  neutrino

Rapid follow-up under development!
m GRBs and other flaring objects
m “What did IceCube see?”
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Multimessenger Astronomy

follow-up of IceCube events

Neutrino selection in real-time at South Pole

Real-time Processing

Iridium Data Transfer
to “The North”

o

lceCube v

Neutrino Astronomy with lceCube

uLB

A
ﬁ'
IcECUBE

Gamma (e.g. Veritas)

X-ray (e.g. Swift-XRT)

Kevin Meagher
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http://gcn.gsfc.nasa.gov/notices_amon/67093193_127853.amon

Multimessenger Astronomy

follow-up of IceCube events

Neutrino selection in real-time at South Pole

Iridium Data Transfer

Real-time Processing

o

lceCube v

m “Multiplet” follow-up online since 2008

m “Singlet” follow-up starting this year!

Neutrino Astronomy with lceCube ULB

to “The North” /

A
ﬁ'
IcECUBE

Gamma (e.g. Veritas)

X-ray (e.g. Swift-XRT)

http://gen.gsfc.nasa.gov/notices_amon /67093193_127853.amon
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lceCube-Gen2 / PINGU

extending the energy reach of IceCube

Gen2 would instrument ~ 10 km?

Here: 120 strings at 300 m spacing



lceCube-Gen2 / PINGU ULB

extending the energy reach of IceCube

Gen2 would instrument
~ 10km3

Layout optimization
still in progress

ICECUBE

2000

1500|

Artist conception
Here: 120 strings at 300 m spacing



lceCube-Gen2 / PINGU

extending the energy reach of IceCube

Gen2 would instrument
~ 10 km3

Layout optimization
still in progress

Surface veto could dramatically
improve sensitivity to Southern
sources

Neutrino Astronomy with lceCube ULB
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lceCube-Gen2 / PINGU

extending the energy reach of IceCube

Gen2 would instrument
~ 10 km3

Layout optimization
still in progress

Surface veto could dramatically
improve sensitivity to Southern
sources

PINGU low-energy infill array
would allow studies of
fundamental physics

Neutrino Astronomy with lceCube
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ICECUBE

Summary and Outlook m 4

the dawn of neutrino astronomy

IceCube has discovered and begun to characterize an astrophysical neutrino
flux in the TeV to PeV region.

Real-time follow-up campaigns have been in place through agreements with
other observatories: optical, X-ray, gamma-ray, gravitational wave

Now beginning to release public alerts (starting events, high energy events,
doublets) to broader community in real time for follow-up

IceCube upgrade under development: high energy extension, surface veto
array, PINGU
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Sterile Neutrino Search m 4

ICECUBE

m We unblinded one year of data which

10! .
had ~ 20,000 neutrino events. —
—_— —_—
m Distributions compatible with the no !
sterile hypothes.|s N | o OO%...
m lceCube result is competitive with R
other limits and the World best at <
~0.1-1.0eV2 g
< 0-1
See arXiv:1605.01990 for more details ) _ :
IceCube PRELIMINARY '
IceCube (IC86) 90% CL EM w
IceCube (IC86) 99% CL | ' g %
Kopp et al. B v% =
_9 ]HEP1305(2013)0‘:D Em E
100 5 1 0
10 10 10
sin’ 20,5,
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UHE Neutrino Search ULB

search for cosmogenic neutrinos with maximal UHE acceptance

ICECUBE

UHE neutrinos distributed more broadly throughout
sky than atmospheric backgrounds

107

102

10

10°

[ICRC2015 / PoS(ICRC2015)1064
(6 year results)]




UHE Neutrino Search

m ‘
search for cosmogenic neutrinos with maximal UHE acceptance

UHE neutrinos distributed more broadly throughout R —
sky than atmospheric backgrounds

I Background sum
7;(Alm U + Conv. Atm v + Prompt Atm V)

g 10

Good signal acceptance / background rejection
possible with simple charge x zenith cut

[ICRC2015 / PoS(ICRC2015)1064
(6 year results)]

Neutrino Astronomy with lceCube ULB
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ICECUBE

UHE Neutrino Search B &

search for cosmogenic neutrinos with maximal UHE acceptance

UHE neutrinos distributed more broadly throughout 10°
sky than atmospheric backgrounds

Good signal acceptance / background rejection
possible with simple charge x zenith cut

g IceCube(2012)
i [2010-2012]

this work
[2008-2014]

) [GeV em™ sec! sr-]
s

No significant signal observed

>10° I

H(E

Flux limits calculated in decades in energy

2
v

E
o
<
%

‘IceCube Pre/imlr'nary

m Beginning to constrain cosmogenic v scenarios L AP
10° 10° 100
E, [GeV]

[ICRC2015 / PoS(ICRC2015)1064
(6 year results)]
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Tau Neutrino Search

resolving v products using per-PMT data

2> 80% of v, produce two showers

IceCube cannot resolve two cascades
except at UHE

&

—deca

[PRD 93, 022001 (2016)] O @ U .

Neutrino Astronomy with lceCube ULB Kevin Meagher
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Tau Neutrino Search

resolving v, products using per-PMT data

2> 80% of v, produce two showers

IceCube cannot resolve two cascades
except at UHE

Instead, search for double pulses in
individual PMT waveforms

[PRD 93, 022001 (2016)]

Neutrino Astronomy with lceCube ULB
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Tau Neutrino Search 0+

ICECUBE

resolving v, products using per-PMT data

2> 80% of v, produce two showers

;.::102 L) B L B R L T T T T

& £ E

b 2" waxman Bahcall Prompt GRB x 3/2 Waxman Bahcall 2013 i

IceCube cannot resolve two cascades K-

e 77" stecker AGN Core 2005 v, x 3 777" Loeb Waxman Starburst 2006 |

except at UHE 510k 3

p g AE_ IC 3 Yr All Flavor Astrophysical Flux ~ ~ IC 2012 All Flavor Limit 3

10% e 5

|nStead, SearCh for double pulses in %iw_s ;_ 1C86 3 Yr Astro. E? v, x 3 (This Work) """ Auger 2015 v, Limit x 3 ;

individual PMT waveforms g ol ]
No evidence yet for v, in IceCube 0l

m Flux upper limits set T . :

Lol et il il il

10° 10° 107 10° 10°

E. [GeV]

[PRD 93, 022001 (2016)]
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Neutrino Oscillations

measuring atmospheric v,, disappearance

Can use deposited energy and path length
through Earth to constrain neutrino
oscillations

Best measurement so far is for v,
disappearance

Neutrino Astronomy with IceCube ULB

ICECUBE

— MC best fit P
- - MC no oscil. L= =

¢ § Data

IceCube preliminary

l
1 % #l[# H'{??#}}‘f# q}f# H’}

T

10° 10°
Lrceo/ Breca (km/GeV)

Kevin Meagher

30 /25



Neutrino Oscillations b o

measuring atmospheric v, disappearance foecueE
Can use deposited energy and path length s
through Earth to constrain neutrino o ‘ ‘ : -
H H = |ceCube 4 years [NH] SK IV (2015) [NH]
OSCIHatlons 38 MINOS w/atm [NH] 1C2014 [NH]
36| == T2K 2014 [NH]
. w34 90% CL contours
Best measurement so far is for v, ? 5, e
disappearance S 30 D
;':;2.8
.2 9 2 . . . <]= 2.6 - =
sin“(6a3) vs. |Ams,| fit consistent with 4
other experiments 22 '
IceQube prel[mlh‘ary Lo
20 0.3 0.4 0.5 0.6 07 01234
—2AInL

sin® (033)
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Sterile Neutrino Search 4

constraining oscillations to and from sterile neutrinos foecueE
10!
Similar to standard oscillation search, but 10° |
with a 341 neutrino flavor model =
. .. . Ng ! ,@“’\A
No evidence found — upper limits disfavor 4 ol ; 585
hints of sterile neutrinos from other e !
experiments oo oot | 5|8
Kopp et al. = Z
D) JHEP1305(2013)0‘50 '3 S
10 —2 -1 0
10 10 10

-2
sin” 20,
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Magnetic Monopole Search

search for bright signals from magnetic monopoles

Magnetic monopoles would produce bright
tracks relative to muon tracks

Separate analyses search for monopoles
above and below Cherenkov threshold

No evidence found — flux limits set as a
function of 8 =v/c

[EPJ C76 (2016) 133]
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