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Cosmic Rays and Neutrino Sources

Energies and rates of the cosmic-ray particles

Gaisser 2013
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Neutrino production
from cosmic rays on
known targets.
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Known targets:

* Earth’s atmosphere: Atmospheric
neutrinos (from 1 and K decay)

* Interstellar matter in Galactic
plane: Cosmic rays interacting with
Interstellar matter, concentrated in the
disk

» Cosmic Microwave background:
UHE cosmic rays interact with
photons in intergalactic photon
fields.
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Energies and rates of the cosmic-ray particles
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Neutrino fluxes at all energies

Cosmological v

Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Terrestrial anti-v
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Astrophysical Neutrinos
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Observation of neutrinos, MeV energy
scale, confirm process of core collapse

il Anglo-Australisn Observatory.
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Neutrinos from the sun

 They are around us:

— Sun: about 1 trillion
neutrinos from the sun pass
your thumb every second!

— Low energy neutrinos
penetrate a million miles of
lead

Neutrino image of the

(interior of the) sun.

Low energy neutrinos measured

by the SuperK underground detector.




About 100 years ago

1911/1912:
Victor Hess discovers
Cosmic Rays

AN
3 ' “h . L S 4
1 100 years later: The origin of cosmic rays is still not understood r; -

*¥¢ The South Pole has become one of the premier astronomical
laboratories which may give as the clues.



About 50 years lafer,
In 1956 the neutrino is
detected.

Reines and Cowan placed
a detector of 1 m diameter
10 m near the core of a nuclear

reactor.

10716 neutrinos per second would
pass through this detector,
and it was very hard to see just a few.

Reines receives Nobel prize
in 1995




ldea for neutrino
astronomy

Moisej Markov-- Bruno Pontecorvo

The idea for neutrino
astronomy

goes back to the early
1960ies

- Not long after the
neutrino was detected by
Reines and Cowan in
1956.

M.Markov:

,We propose to install detectors deep in a lake or
in the sea and to determine the direction of
charged particles with the help of Cherenkov
radiation”

Proc. 1960 ICHEP, Rochester, p. 578.




High Energy Neutrino Detection Principles
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First StePs “Cerenkov radiation from muons was detected,

1990: Detection of cosmic ray and a comparison of count rate with the

muons using PMT in natural ice in expected muon ﬂux-lndlcates that. theice is
very transparent, with an absorption length

Greenland. greater than 18 m. Our results suggest that a
full-scale Antarctic ice detector is technically

Nature 353, 331-333 (26 September 1991) -

Observation of muons using the polar ice

cap as a Cerenkov detector

D. M. Lowder*, T. Miller*, P. B. Price*, A. Westphal*, S. W.
Barwickt, F. Halzent & R. Morse¥

7

Cables to surface
210 m

Butyl acetate level
to surface

== PMT face

™ Opaque baffles

...... =27~ Cables for PMT i
and high voltage

“Our results suggest that a full-scale
. — Antarctic ice detector is technically quite
L — feasible.”

Seriously?
(And they were right!)




PhotorHaley Bufiman




lceCube Neutrino Observatory lceTop: 1 km? surface array

86 strings g T e

60 Optical Modules per string \.::.’:: bl A
Il I

5 160 total modules in Ice

1 km?3 = Gigaton instrumented volume HIH

| |

Began full operations May 2011 | ’
| |

|

\

2.5 km

DeepCore:
Low-energy Extension

Highly stable operation.
Since 2014: livetime > 99%
clean-uptime 97-98%

(analysis-ready,
full-detector data)




The IceCube Collaboration
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Digital Optical Module (DOM)

Light sensor is housed inside a pressure resistant (10000 psi) glass sphere.
Each sensor is basically an independent detector with a small computer on
board to digitize the recorded signals.

PMT: 10 inch Hamamatsu

Digitizing electronics records
waveforms.

5160 DOMs
in deep ice
13 in diam.




lceCube construction




5160 sensors are deployed
to a depth between 1500
and 2500m.




lceCube Laboratory

- 3 kHz of muons; >200 atmospheric neutrinos/day

- 10 kW server farm to preprocess and filter the data
~100 GB/day over satellite

Surface DAQ in there
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mic r
Y Events/year

Cosmic Ray muons:
2*107M11

“Atmospheric” neutrinos:
~100,000

Cosmic neutrinos:
~100

COSMIC ray



Muons

Angular resolution: 0.5° at 100 TeV

Moon shadow of cosmic ray muons Energy resolution of muons:
(air shower primaries get stuck in moon ~ 0.3 in log(E) at 100 TeV
—> Missing muons from moon direction) (by measuring the dE/dX)

(one year of data)
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mic r
Y Events/year

Cosmic Ray muons:
2*107M11

“Atmospheric” neutrinos:
~100,000

Cosmic neutrinos:
~100

COSMIC ray



15 years of neutrino skymaps

Declination [°]
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Figure 2: Sky plot of all events that pass level 4 quality cuts.

AMANDA-II
7 years
6995 events
2006

Atm. neutrinos
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AMANDA-B10
178 events
nature, 2001

IceCube 40+59
60000 events
2012
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15 years of neutrino skymaps
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IceCube 2014
178000 upgoing neutrinos
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Topology of neutrino interactions
neutrino-induced showers

Charged Current

V,

e v
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“Mixed” showers
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graphics: Jaime Alvarez



Types of events and interactions

Charged-current v, Neutral-current / ve Charged-current v«

(simulation)

peginse soes

Up-going (throughgoing) track  Isolated energy deposition “Double-bang”
(cascade) with no track

(none observed yet: t decay

o . . :

Factor of ~2 energy resolution 1>’ deposited energy resolution length is 50 m/PeV)
] 10 degree angular resolution (above 100

< 1 degree angular resolution TeV)

ID: above 1 PeV

Earlyl,,,__.- Late




Event selection strategies

Throughgoing muons Events with contained vertex




Event selection strategies

Throughgoing muons Events with contained vertex




Veto region

The PMT signals of all PMTs
in the veto region are treated as Veto signals:
~2400 DOMs
Contained vertex events: “First light is in fiducial
region”

Amongst the first 250 photoelectrons of an event, not

more than 3.0 photoelectrons are allowed in the veto
region.

IceCube Lab veto region

IceCube
Array

DeepCore

Eiffel Tower
324 m

A6£0 L&dI0U

90 meters

ﬁdi.l(i&' vojume

! 10 meters
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Starting muon
“Dr. Strangepork”
Deposited energy: 71 TeV




Discovery of high energy cosmic neutrinos |

Nov 2013: Phys.Rev.Lett. 113 (2014)
July 2013: 2 years of data: -  event it
2 events: £ > 1 Pev 28 events Do of eerts cmoared o
~ 4 sigma above BG energies
37 events, one event at 2 PeV
5.7 sigma

O \ ° L
PHYSICAL it Sclence H

REVIEW T
LLETTERS. ! :f

z e poled wesk g 12 JULY 2013 L ° il G

: . ¢ ‘ 250 TeV

g o ° i ‘ : °

7 g [ i3

Pul by
American fPhysical Society. %y;@l/s Volume 111, Number 2 ﬂ‘ AAAS

éutgoing track 2 PeV

1.1 PeV “Big Bird”
“Bert”




Events per 2078 Days

High energy events with contained vertex: 4 = 6 years

82 events in 6 years (54 in 4 years)

~ half (41) are expected to be bkg (atm. muons and atm.
neutrinos)

Astrophysical fit (and its significance) depends on number,

zenith angle, and energy

Energy distribution

- Background Atmosphenc Muon Flux
I3 Bkg. Atmospheric Neutrinos (#/K)
Background Uncertainties

— Atmospheric Neutrinos (90% CL Charm Limit) |
e*e Data

IceCube Preliminary

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

10*

Events per 2078 Days with deposited E > 60 TeV

10° }

6 years (ICRC 2017)

Zenith distribution
incompatible with
atmospheric origin

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

Background Atmospherlc Muon Flux

Bkg. Atmospheric Neutrinos (7/K)

Background Uncertainties

Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit 1-Component Astrophysical (£ **)
Bkg.+Signal Best-Fit 2-Component Astrophysical

Data

/——%%.{__7 IceCube Preliminary

0.0 0.5
sin(Declination)
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Declination vs energy
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Skymap in equatorial coordinates

Equatorial

i B
0.0 TS = 21In(L/Ly) 12.6



Beyond HESE: adding partially contained events.

Events with
PARTIALLY contained vertex

o

Now (as of ICRC) we have new results for such events at high energies.



The highest energy neutrino?

108

Interesting event found in expanded search

Background studies not complete yet!
If confirmed, the highest energy neutrino
Charge: 200,000 photoelectrons

101'2

1013

10t

0%
E [eV]
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Event selection strategies

Throughgoing muons,
Mostly upgoing Events with contained vertex




Example of highest
events found. . :

290 TeV

147 TeV Bt s 133 TeV

132 TeV




Highest-energy neutrino-induced muon:
Astrophys.J. 833 (2016) no.1, 3

2.6 PeV deposited energy
8.7 PeV neutrino energy (median)
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Rate per Bin / Hz

Diffuse Flux with Muon Neutrinos

, +++ Exp. data I Astrophysical v + I Conv. atmospheric v + Combined v + v
10_« L 1 1 ] 1 1 ] . 1 L . J . ol L ol
1C59 IC79 — [C2011 1C2012-2014
1074 4 L] L ] L | T L
P Ella L~ T L
107° 4 - - M Fo B -H&
1076 4 "*w.% L T F F g 3
107 Mt - "t t F F X i i
109 4 Rt e SR Tl ] P
10791, . L — . . ! . I ! {— S N W e
107" 10° 10 10° 10° 10* 100 100 10° 100 102 100 10* 10° 105 107 10* 10° 10* 10° 10° 10" 10°
Muon Energy Loss Proxy / GeVm™* Muon Energy Proxy / GeV Muon Energy Proxy / GeV Muon Energy Proxy / GeV
-3 T B EFETITH PRI PR | 1
Upgoing or Horizontal track = 107 - 109012.9014 |

Earth-filtered 1074 -
350 000 events in 6-year analysis

Estimated 99.7% pure
muon-neutrino sample

Rate per Bin / Hz

5.60 for astrophysical flux

102 108 10* 105 108 107 108
Astrophys.J. 833 (2016) 1, 3 Muon Energy Proxy / GeV

44



Muon neutrino flux from the Northern sky

\
e« Selected horizontal and ] B Conv. atmospheric v, + 7, (best-fit)
up-going muon tracks B Prompt atmospheric v, + 7, (flux limit (2016))
|:? 1077 . Bmm Astrophysical v, + 7, (best-fit)
= N .
- Fit the astrophysical n +++ HESE unfolding: PoS(ICRC2017)981
. 7 ~
neutrino flux above N AN
~120 TeV tp 5 PeV =
7
« Power law index: = 107% -
@)
2.19+0.10 g
N -
T
HH
C\l'l
10_9 T \
] IceCube Preliminary

! | ! L | ! | ! oo T
103 10* 10° 100 107
E,/GeV

See C. Haack, NU022

ICRC 2017, see C.Haack (IceCube C.)



Energy spectrum combined

Atmospheric Fluxes (reduced by self-veto in analysis)
Prompt Upper Limit(v, +7,) [1.04x ERS]
[| = Conventional (v, +7,) (zenith-averaged) [1.07x Honda2006]

Astrophysical Fluxes ]
(on top of atmospheric) |]

e® ¢ HESE Differential
v, Best Fit

IceCube Preliminary

Neutrino Energy [GeV]




Energy spectrum (1)

Astrophysical Fluxes

[| Atmospheric Fluxes (reduced by self-veto in analysis)
i Prompt Upper Limit(y, +7,) [1.04x ERS]

= Conventional (v, +7,) (zenith-averaged) [1.07x Honda2006] (On top Of atmOSpherIC)
‘ eee¢ HESE Differential

v, Best Fit _
mmm HESE 1-Component (E29) |

IceCube Preliminary

R R G NG Pt R R ]

Neutrino Energy [GeV]




Energy spectrum: 2 components?

Atmospheric Fluxes (reduced by self-veto in analysis)

Prompt Upper Limit(v, +7,) [1.04x ERS] AStrOphySical Fluxes i
[| = Conventional (v, +7,) (zenith-averaged) [1.07x Honda2006] (On top of atmOSpherIC)

ee ¢ HESE Differential
HESE 2-Component - Soft (E~*") |3
mmm HESE 2-Component - Hard (E~%?) |
v, Best Fit (prior for "Hard")

Neutrino Energy [GeV]




Energy spectrum combined

Atmospheric Fluxes (reduced by self-veto in analysis) N
Prompt Upper Limit(v, +7,) [1.04x ERS] : AStrOphySIcal FluxeS ]
[| = Conventional (v, +7,) (zenith-averaged) [1.07x Honda2006] (On top of atmospherlc) 1

e® ¢ HESE Differential
v, Best Fit

IceCube Preliminary

10° 10’

Weutrino Energy [GaV]
< 1% of flux




Energy spectrum combined

Atmospheric Fluxes (reduced by self-veto in analysis)

- Prompt Upper Limit(v, +7,) [1.04x ERS] AStrOphySical Fluxes . !
[| = Conventional (v, +7,) (zenith-averaged) [1.07x Honda2006] (On top of atmospherlc) 1

e® ¢ HESE Differential
v, Best Fit

IceCube Preliminary

Neutrino Energy [GeV]
A better fit?




A an attempt to tie all together

Adapted from Murase & Waxman, 2016
- | - | - | - | - | -

107

The same power level for
Photons, neutrinos and cosmic

10° k£

1077

T B L...ml L 1 anl

Waxmann/Bahcall “upper bound”
based on generic CR power arguments:

E2®[GeVem?2s sr]

-9 o Observed flux at same power level
1 O E cosmogenic y hints at a connection/causality of CR
N and IceCube neutrinos.
1 0'1 O 1 |




A an attempt to tie all together

Adapted from Murase & Waxman, 2016
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A an attempt to tie all together

Adapted from Murase & Waxman, 2016
- | - | - | - | - | -

107

The same power level for
Photons, neutrinos and cosmic

10° k£

1077

T B L...ml L 1 anl

Waxmann/Bahcall “upper bound”
based on generic CR power arguments:

E2®[GeVem?2s sr]

-9 o Observed flux at same power level
1 O E cosmogenic y hints at a connection/causality of CR
N and IceCube neutrinos.
1 0'1 O 1 |




A an attempt to tie all together

Adapted from Murase & Waxman, 2016

107 N I I I B
— 10° g E
c;cn , 0-7: Fermi . IceCube Auger
107y g .
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Summary on diffuse fluxes

 More and very compelling evidence for an astrophysical flux,
* Consistent with all flavor

- cascades (electron/tau, NC) and muon neutrinos observed as expected
* North and South

9
e Likely at least in part extragalactic neutrino flux

(except for some models, eg DM scenario)



Event with energy > ~100 TeV
(more than 50% of events are astrophysical)

Through-going tracks (>200 TeV) Cascades

» Starting tracks

60° ®

-60° &k Equatorial




7-year Point Source Search _

N_Sources 27.22 15.54
Gamma 1.95 2.84
Test statistic 18.99 20.26

-log10(Pre-Trial P)

Post Trial P

Not significant (at all)

§/1°

Northern sky (a = 249.7°, § = 63.6°)

ApJ 835 (2017)

YT

1 1
IceCube Preliminary
o Best Fit o ICT79 < 1C86-2013
o 1C40 v 1C86-2014
L 1059

« 1C86-2011
»  1C86-2012

2, 151
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I 5.4

4.8

s 0.6
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252 250 248 246 0.0
a/1°
» » _. /
~y ,‘r '0 2
6.0
Southern sky (o = 174.6°, § = —39.3°)
A I ': T .‘ - 1 - - = | 5.4
IceCube Preliminary I
o Best Fit o ICT9 < 1C86-2013
. 1040 .« 1C86-2011 v 1C86-2014 4.8
s 1059 » 1C86-2012 = MESE
i 4.2
3.6
—39 3 =
3.0 Ec
|
—40 s 24
1.8
—41 . 1.2
L]
—v e, .. . .
T . LY - o= 0.6
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7-year Point Source Search

=== Pre-trial (Disc. Potential) = « ANTARES (Sensitivity)
= = Pre-trial (Sensitivity) # Upper Limits (90%)
=== Post-trial Upper Limit (90%) #% Hotspots

10—10 E | i I
T : f f
S ~11 3 '
' 10 f
= :
© :
= :
= : .
gl 10T LR SR ﬁ*"',‘,'ay(-:
o ; LT Y R I .
Lﬂ - \ - -
10-13 [ southern sky | I Northern sky
—1.0 —0.5 0.0 0.5 1.0
sin 0

ApJ 835 (2017) 2, 151

Chad Finley - Oskar Klein Centre, Stockholm
University
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Relating Diffuse and Point Source fluxes

=== Pre-trial (Disc. Potential)
= =« Pre-trial (Sensitivity)
=== Post-trial Upper Limit (90%)

* ANTARES (Sensitivity)

Point-source
equivalent flux if the
diffuse astrophysical

flux came from:
Upper Limits (90%)

Hotspots

10-10 | | | one point in
E : f } ] the sky
: | | -
T | |
= : :
o ! .
2 | -
g : : ]
g W 2T ST e A — 100 pointsin
N : N e T w - the sky
10-13 i i i 1000 points in
sin o

ApJ 835 (2017) 2, 151

Population studies with
Stacking Searches -,



Implication from point source limits and

Source density and
luminosity are
related to produce
the observed flux.

Absence of
clustering sets a
minimum on
source density.

—>Certain classes
of sources
disfavored.

60

presence of (strong) diffuse flux

Kowalski Plot
T ‘T ' ‘T 'T " ‘T " T T
10% | i
= FSRQ
2 R °
N BL LAC _
a ~. ° Gal. Clusts.
= I [}
2 “~_ FRI
S 10°2 GRB e i
= R SN IIn
e .. e
5 100 ~~. FRI .
210% Lp too low Starbu?stga[. -
£ ~.
—
10% |- v -
Plot after M. Kowalski, arXiv:1411.4385
PR | ' ol ' | ! | ! | ! | |l

107 10° 10® 107 10° 10° 10* 10° 107
Source density (Mpc'3) or bursts (Mpc'3 yr'1)

Dashed line assumes 1% efficiency for production of neutrinos

Slide adapted from Gaisser



Galactic plane?

From upward muon neutrino flux.

What fraction of the diffuse flux can come from the
galactic plane?

Answer: <16%

That is consistent with expectations.

| . 1 1 " 1 1

- _ | Measured
T / ) Astrophysical Flux
. A 2 ‘
(o ((///) ]/).)/S + '-
= | _l_
»LJ —t
(ol
E-2.5 ﬂUX :i 1077 ; P 1 i
™ < /O
= f/('/,s,
IceCube Preliminary
1078

103 104 10° 109 107
E, [GeV]



AGN Blazar catalog search

Blazars account for:

Blazar flux FERMI IceCube
gamma’s neutrinos
Fraction of >85% <6%
diffuse flux
~== Equal weights, y=2.13
- - == Equal weights, y = 2.50
lL 107# y-flux weights, y = 2.13
'_‘m 0 Astrophysical v, flux
|
Tm A
“a
e Ve
- 1077 R o
| \\\ 4-5% = 5-7%
> B
()
C) R ~ —
v
S8 A
N ~ Y. . o o ~
W 1010 Preliminary
0.0 Il‘tﬁ I'U IT‘r "'0 "f. 310 315 4T(l 45

| Ioglo(E/:r eV)

AGN with supermassive black hole, with Jet pointing at us.

7 2FHLHBL

| Oh

"'
-

Equatorial

Blazar models are still not excluded.
They would make the right
Energy spectrum.

See: M. Huber, NU043
Fermi-LAT PRL 116(15) 151105
Astrophys.d. 835 (2017) no.1, 45




Diffuse cosmic gamma ray flux

arXiv:1412.5106,
after Murase, Ahlers, Lacki, Phys.Rev. D88, 121301 (2013)

1070} ' HESE Gyn) 1 pp interactions can produce
H&& arXiv:1410.1749 .
-T-_P_H »—I—q Fermi IGRB (2014) |CeCUbe PeV neutrlno ﬂUX
T
7,,‘ 1077 corresponding PeV gamma flux
‘TE cascades down, fits Fermi flux
Q
%
g 10—8 L
Q>
Ry
10-9} pp scenario
SFR evolution
102 102 01 1 10 102 10°

E [TeV]



Outlook, Future strategies

More statistics.
Continue searches for association with sources

Increase multi-messenger strategies with other telescopes,
including transient sources:

— single events can serve as alerts

Consider experimental upgrades.
— For 0.1 PeV to 10 PeV (1000 PeV) upgrade of IceCube

— For GZK energies, pursue other radio detection technigues (such as
ARA at South Pole, ARIANNA, or elsewhere...)



Realtime Public Alerts via AMON, GCN

Operating since April 2016 (second filter stream added during summer)

10 alerts in first year

. IceCube 161210A
"r.a. 46.60 = 1.
‘dec 15.0 + 0.
'Energy: ~ 100

Example event:

‘Astrophysical signal probability:

— _...".o. i .
sy salinesEsd

‘("“_‘A..Q‘-. L]
.
P00 -
o 2000000000

.‘
L 200 > .
woOanRtnnziatiee o °
S23»




Outlook, Future strategies
X-ray (Swift)

‘,“\\

éﬁﬁiﬁﬁi;"(xﬁ \

LG

Optical Telescopes
(iPTF, MASTER,
Tarot, Pan-STARRS,

‘?7

ASAS-SN) ‘1;' T
,VE Radio Telescopes
Cherenkov (MWA)
Telescopes
(MAGIC, Verlt
HESS)

IceCube

Figure credit: A. Frankoviak



Example transient: AGN flare

2010 2010.5 2011 2011.5 2012 2012.5 2013 2013.5

Gamma rays tell uS :-l'_‘ 2.5 :_I L vy Ty T rerrrrerrTerrereay T LI L L T—:
WHERE and WHEN ¥ LF w ]
. S R :
Major outburst of T sk < ]
blazar PKS =k ]
B1424-418 occurred = 1 .
in temporal and : sk ]
positional coincidence s & g
Pev neutrino = 0 . ] | 1 | 1 | 1 ] 1 | 1 | 1 | -
55200 55400 55600 55800 56000 56200 56400 56600
: I h ) MJD

single source has 5 20111113 2013-03-14

sufficiently high
fluence to explain an
observed coinciding
PeV neutrino event

Flux Density [Jy/beam|]
c
(=

o

(=

[=
(=

Chance probability
For random coincidence >5%
(not significant)



Example transient: Fast Radio Bursts

Lorimer et al.,Science 318 (6851): 777-780
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Frequency (GHz)

i
i hf-' o

i i i _ M ﬂ*‘ i fr:“'g

y ! i) ne
100 200 300 400 50
Time after UT 19:50:01.63 (ms)

— Donglian Xu paper at ICRC



Example transient: Fast Radio Bursts

* Blitzar “Cataclysmic”
[H. Falcke and L. Rezzolla, A&A 562, A137 (2014)]

* Binary neutron star merger
[T. Totani, Pub. Astron. Soc. Jpn. 65, L12 (2013)]

* Evaporating primordial black holes
[Halzen et al., PRD 1995]
“MeV neutrinos”

 Magnetar/SGRs hyperflares

[S. B. Popov and K. A. Postnov, arXiv:1307.4924]
[Halzen et al. (2005) astro-ph/0503348]

“TeV neutrinos”? <) this work

No concrete neutrino production models yet

— Donglian Xu paper at ICRC



E? . dN/dE [TeVcm—2s 1sr 1]

The big picture

Diffuse Gamma Neutrinos Cosmic Rays
106 A Fermi (2014) Diffuse v,/v, - IceCube (ICRC 2017) Vv TA(ICRC 2015)
® HESE - IceCube (ICRC 2017)*3 (3 flavor) ¥V  Auger (ICRC 2015)
10_7 - EHE Upper Limits - IceCube (ICRC 2017)
1078 - v""v,,v
10_9 'A‘AAAAAA
| AAAAAAAAA
10—10 - AA‘AA .— I NN S - —
| 4
10_11 _ f I
] v v
1012 - I W
10-13 ] OPTICAL OPTICAL & AR
| preliminary RADIO (eg. ARA like)
10_ 1 1 1 1 1 1
1074 1072 100 107 104 10° 108

Energy [TeV]

The same power level for
Photons, neutrinos and cosmic rays:

Figure: A. Turcati, after L. Mohrmann 2015



IceCube-Gen2

The next Generation IceCube:
Increase energy threshold | T Tl
allows larger string spacing ‘ I } ‘ ’

\

1

‘ \ )
i

i
i
i

Artist conception
Here: 120 strings at 300 m spacing



2000

1000 |

-1000 |

-2000 t

Geometry

-2000

-1000

0 1000

Surface Area: ~6.5km? (0.9)
Instrumented depth: 1.26 km
(1.0)

Instrumented Volume: 8 km?3
Order of magnitude increase

of contained event rate at high
energies.



Discovery potential for point sources

/-\\ - 50 discovery potential
_ -/"‘~\\~\~ ===+ (without surface veto)
— 10-11 4 SN
| E Nt
n E " my \b e(\\m\ 7
h i el W\ \(‘,7\/r Upp ///
= . JRCN No—-T /—- teﬂ“a\
> 10 E C”\!r
q) ]
=
2
Ne 10—13 -
L Veto coverage
fall partlal " Earth blocks muons
| |
—1.0 —0.5 0.0 0.5 1.0

Declination (sind)



Optical sensors

Active R&D in Collaboration:

 P-DOM

e M-DOM
 D-EGG

« WOM

e Brusselsprout OM
* WLS fibers




f}k‘
vf% Detection of ultrahigh-energy neutrinos in ARA

South Pole Ice is very transparent at V

radio frequencies, at 0.1 to 1 GHz: > 1km

— " Firn (50 m) j
L ]WA Admunsen-Scott
200 m : )

\ South Pole Station
Central Stati é”iectronics | .
/ / \ In \e\'gon\/ertex

small A add
destructively

= ’?,,_

S N

)

Calibration
antennas ﬁ
. FO
Antenna transmitter
clusters
Hpol
Downhole
Instrumentation vpol



Cold ice is extremely transparent to radio waves

Ground penetrating radar (350MHz) image of Antarctic ice sheet

January 3b, 2006

10

dB

Depth (m)

Distance Traveled (km)

7925 5 792025 A 793339 5 793758 § 794177 5 i A
1116476 W 17305 W . 111814 W - 11178987 W 111.8838 W Deep Drill Site
Divide (approx. |°cat|°n) Geographic Position (degrees) (approx. Iocation)

25 km

Figure:
WAIS GPR map at 350MHz

Ref: WAIS 2006 CReSIS Radar Data Summary



South Pole glacial ic

e — 2.8km, cold and RF transparent

Thickness: 2800m

 Temperature: -55°C at top, -40°C
at 1500m

e Attenuation length at 300MHz:
~ 1.5km at depths < 1500m.

* Very low electromagnetic noise

Event reconstruction of test pulser using
interferometric analysis

ARA3 run8311 evt12472

k-
depth/ / / / // ARA receiver stations
m v_‘

° F’O’:‘ """"
o / '5,::“3?‘;‘:‘
1000 “

Zenith [?]

1590 \
'Observed test
2000 .
~ radio pulses 35 ' 0
250 245 240 235 230 225 220
2500 Az'muth[o]
0 1(;00 - 20lOO 3(;00 4(;00 5(;00

X Displacement ( Meters



Neutrino fluxes and the potential of an ARA like detector

—
Q
N

1

— IceCube (2015) — Auger (2015)
— ANITA Il (2010) — ARA (2016)
— IceCube (2016) =='ARA 2 Stations '13-'15 (Trig. Lev.)
= = ARA 200 Stations 5yr (Trig. Lev.)
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Lot’s of data!

Exciting times!
Closing in on the puzzle, but more
data is needed, and more detector!

Thank you!

“Race around the World”, Dec 25, 2008




Neutrino oscillation analysis with IceCube-DeepCore

¢ First oscillation maximum
around 24 GeV, i.e. DeepCore
energies

¢ Hierarchy-dependent
matter effects below
10 GeV - too low for
DeepCore

Oscillation Probabilities

30 40 50
Neutrino Energy (GeV)




lceCube-Gen2 Phase 1

o’ .Q o‘@‘

lceCube  DeepCore  Phasel

¢ O
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..
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L ]
100m

Science goals:

« vy disappearance
e Vg appearance

« Precise calibration of IceCube optical properties
and DOM response
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Phase 1 science: precision vy disappearance

3.5

| (10 % eV?)
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Gen2 Phase 1

T2K 2017 Gen2-Phasel (3 yr proj.)
[NOvA 2017 assumed]
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90% CL contours [NO] IceCube Preliminary
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JPAM de André, J Highnight, IPA 2017

Precision significantly improved over DeepCore




2. Azimuthal variation in of scattering

Less scattering in direction of ice flow:
- up to ~10% /100m variation in amplitude

Understanding the ice

1. Vertical structure of ice parameters

SPICE MIE NEW: SPICE LEA (this work)

Relative amplitude, 125m from muons

T T T T

++++*

phig
+ ARy
SUTITTU,

+
FRITTIL

Absorption -

~150 -100 =50 0 50 100 150
Azimuth [°]

3. Ice layers are tilted — not planar

e A . Depth:2310m
1400 1600 1800 2000 2200 2400 B L

Data/nondirectional MC

Absorption length [m

Scattering (eff.): 20— 50 m
Absorption: 100 - 200 m

Measurement of South Pole ice transparency with the IceCube LED
calibration system,

Aartsen et al., (IceCube Coll.), NIMA55353
http://arxiv.org/abs/1301.5361




Gen?2 preliminary timeline

2016 ‘ 2017 ’ 2018 ‘ 2019 ’ 2020 ‘ 2021 ‘ 2022 ‘ 2023 ‘ 2024 ‘ 2025 ‘ ‘ 2031
Gen2 Phase 1
(7 string)

[ R&D Design
|

today

84



lceCube alerts optical, x-ray, and gamma-ray
observatories where and when to point

kk%\ SN/GRB

= - =

| ok

F

AIertx Arts
Madison/Bonn
K \h’ldmm
Very soon: k"; '
VERITAS / )

WIPAC 85

arXiv: 1309.6979 (p.40)



Can derive on event to event basis the
probability of an event being astrophysical.

Deposited Energy: 84 TeV
Muon energy: ~200 TeV
Zenith angle: 55.6°

This event represents a 2.80
fluctuation of the background-only
hypothesis (a posteriori)
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Phase 1: enhancing IceCube high-energy science

angular reco. systematlcs I|m|ted

New calibration devices inside
. - - Expected (stat. only)
IceCube enhance HE science - o/ Observed (sys. + stat.)
' @
ereconstructions . 20 fo- e ?%? N
Qr identification = 5 % %ﬁ 1

(B%%\Mqoemg ep‘oyead at Lake Ba|kal b o o » iig .gﬁ% .

;_‘ 1

o L5 - A .

5 | e

= &

© @ @

g 10| & rer .

e \

5 oy 2 factor of 6!

= 5 \ < .

S - - o v
O il
102 10° 10*
See NU143 Deposited energy [TeV]

New calibration boosts the entire IceCube data set (> 10 yrs)



Flavor ratio

Flavor ratio at earth is related to
flavor ratio at astrophyical source,
After oscillations en route to Earth.

'u' muon-suppressed
€—— pion decay
(0:1:0)

pion & muon

<«—  decay
(1:2:0)

For a detailed flavor ratio
discussion, see

arXiv: 1502.03376:

neutron




Tau neutrinos

Expected to see the first Tau already!

Charged Current tau neutrino:

V.+N—=1+X

Double-bang signature from decaying tau,

I =yct. ~ 50(E, /PeV)m

Can identify double bang above 400 TeV. 3
Also lower energy as developed by

Simulated event: 1.36 PeV

(no data event identified yet)

- 00000000 o0

e 1 T )00
LA A
L L JJ0ed

e

N -~ iy

SCRLEL L
ORRRE L L

Donglian Xu 1000

" ece0 00 @0

el
Energy deposition along track
dE/dX [TeV/10m]

Event with longer decay length 0

©

o

o
T

(=)

o

o
T

N

o

o
T

N

o

o
T

O ~~ dE/dx MC Truth 1361 TeV

@ @ Tau MC Truth 1360 TeV

— dE/dx Reconstruction 1346 TeV

% % Tau Reconstruction 1341 TeV |

< 90m >

()¢

— 1

700

720 740 760 780 800 820

Distance along track [m]

840

Qe



Improved vr search with starting events

See M. Usner, NU0O67

—— HESE with binary PID @ lceCube
— HESE with ternary PID 1.0 Preliminary

s+ Allflavors fit fraction
“ : e of each
event class > O
& Z
'0(9
q 0.2
N Vr fit fraction ke
25 of each < -
0 "’/ . ags =
event class ¥ - - - ,Medlgn se,nsmwty > 0.0
| S oy = © %) )
§§:} 11, S} S} S} S} S} N
.' et | } “ .
1L S Fraction of ve

Double cascade @ °°
1 A LLi St N L

« Lack of vicandidates compatible with statistical fluctuation



Search for tau neutrinos

—— HESE with ternary PID | ©
=== |ceCube APJ 2015

lceCube
Preliminary

Fraction of ve

VeiV, Ve at source

= 0:1.0
e 120
A 100

See M. Usner, NU0O67

« lcecube would have
expected about ~2 events
by now.

« Lack of vrcandidates
compatible with statistical
fluctuation
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Transient population studies: gamma ray bursts

e Short duration -
minimal background

« NoO neutrinos
observed in

coincidence with
GRBs

Prompt emission from GRBs can produce <1% of the observed neutrino flux.

Internal Shock Fireball Prediction

Photospheric Fireball Prediction
ICMART Prediction

10°

10° 107

v Energy (GeV)

10% 10°

arXiv:1702.06868
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Deciphering the neutrino flavors at the
astrophysical source.

Flavor ratio at source O

1.0 e 1:2:0

Sensitivity to muon cooling 2 06 a 0:1:0
in the sources with Gen2: o ' L0 ¢
fro 0.6 f, fr o

Above a critical energy, the o 0.4

decay time for secondary o
. ‘O

muons from pion decay
/ / / / / / / /
i i O ~nv »» ©© © O S 4
exceeds the cooll.ng time, S LS S
and the flavor ratio at the f,
source changes from 1:2:0

to 0:1:0

IceCube-Gen2
preliminary /

104 10° 10° 10’ 108
E, [GeV]

[}
o
1

o
(®)]
]

v, fraction at source
o
oo
1

Gen2 sensitivity to nu_mu
Fraction at the source.



Neutrino self veto —
The neutrino telescope paradigm updside-down?

“Atmospheric neutrinos” are
generated in cosmic ray air
showers.

Above some neutrino energy, ~100
TeV, these neutrinos will likely be
accompanied by one or more
muons from parent air shower.

Those muons can be used to veto
atmospheric neutrino background.

Suggested by Schoenert et al.
Phys.Rev. D79 (2009) 043009

arXiv:0812.4308




Two cases

2. Muon from elsewhere

in the shower. Applies
also to nu_e (contained

w;/ent analysis).
Monte-Carlo

1. Same parent particle.

T. Gaisser, K. Jero, AK and J. v. Santen
arXiv:1405.0525
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Southern Sky (downgoing) Northern Sky (upgoing)

Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (7/K)

] Background Stat. and Syst. Uncertainties
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Southern Sky (downgoing) Northern Sky (upgoing)

Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (7/K)

] Background Stat. and Syst. Uncertainties
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Signal+Bkg. Best-Fit Astrophysical E~2 Spectrum
Data

0
>
©
(@]
0
0
o
—_
)
o}
%]
-+
c
)
>
TN

4

0.0
sin(Declination)




Southern Sky (downgoing) Northern Sky (upgoing)
E,, > 100 TeV Background Atmospheric Muon Flux
L - Bkg. Atmospheric Neutrinos (7/K)

] Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E~2 Spectrum
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Southern Sky (downgoing) Northern Sky (upgoing)
E,, > 150 TeV Background Atmospheric Muon Flux
L - Bkg. Atmospheric Neutrinos (7/K)

] Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E~2 Spectrum
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Southern Sky (downgoing) Northern Sky (upgoing)
E,, > 200 TeV Background Atmospheric Muon Flux
L - Bkg. Atmospheric Neutrinos (7/K)

] Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E2 Spectrum
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Connecting HE neutrinos to UHE cosmic rays

E? x ® [GeVstsrtem™?

IceCube-Gen2 (15 year
projection)

¢ Diffuse ~ (Fermi LAT)

lceCube (ApJ 2015)
¢ Cosmicrays (Auger) @ Gen2 (15 years) E

@ Cosmic rays (TA)

10-8 L t
1079 k
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Depth and effective volume at South Pole.

Taking advantage of the deep ice.
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Depth and effective volume at South Pole.

Simulated events triggering
ARA station at 200m

10"%V Triggered Vertex Position
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Depth and effective volume at South Pole.

Simulated events triggering
ARA station at 200m
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R&D for a “phased array”: Interferometric trigger
Upside potential by significant factors!

Acceptance vs. Energy

10° ‘ :
], 1 . 11 EeV
Lo - 10°
I ~lm
10° |
o 10
"]
£ 10° Current approach
S 0l | (triggering on each
Vieregg, Bechtol, Romero-Wolf | antenna separately)
10' == |ceCube, contained event analysis
0 == |ceCube, extremely high energy search L~
I | 107 10 baseline stations, 16 antennas ] The phased
107 === 10 stations, 16-antenna phased arrays ¢ e.p ase _array
- - == 10 stations, 400-antenna phased arrays | outlined earlier
i , 10° ‘ . . ' ‘ ‘ triggering on the
station side-view (not to scale) 10.1 100 101 102 103 104 105 106 ( ﬁg tg f
= Standard ARA pointing array (both pols) Neutrino Energy (PeV) conerent sum 0
| =Phased array trigger (Vpol) antennaS)

- String of 16 antennas will be co-deployed with an ARA station next season.



