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lceCube:
Building a New Window on the Universe

francis halzen

* lceCube
* cosmic neutrinos: two independent
observations
- muon neutrinos through the Earth
- starting neutrinos: all flavors
* where do they come from?
* Fermi photons and IceCube neutrinos
* the first high-energy cosmic ray accelerator
« what next?

icecube.wisc.edu
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The opaque Universe

Y + YCMB 9 e+ +”e".
PeV photons iInteract W|th mlcrowave photons (411/
cm3) before reaching our telescopes
enter: neutrlnos




- “Neutrinos? Perfect Messenger

electrically neutral - - e
essentially massless e
essentially unabsorbed - G
tracks nuclear processes .~ . "“\ g

reveal the sources of Cosmlc rays -

. but difficult to detect: hoyv'l'a.rge-a detector?




cosmic rays interact with the
microwave background

p+y = n+n’ and p+n’

cosmic rays disappear, neutrinos with
EeV (106 TeV) energy appear

T—>u+v, — {e+v_M +V,}+V,

1 event per cubic kilometer per year
...but it points at its source!




blazar geometry




accelerator is powered by
v and y beams : heaven and earth | |arge gravitational energy
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lceCube
francis halzen

* lceCube
e cosmic neutrinos: two independent
observations
= muon neutrinos through the Earth
- starting neutrinos: all flavors
* where do they come from?
* Fermi photons and lceCube neutrinos
* the first high-energy cosmic ray accelerator
« what next?

iceCube.wisc.edu
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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. ’
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« speed of light in water < c
 muon travels from 50 m
to 50 km through the

& @ water at the speed of light
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ultra-transparent ice below 1.5 km




iInstrument 1 cubic kilometer of natural ice below 1.45 km




5160 PMs
In 1 km3
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lceCube

IceTop
81 Stations
324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
: 324 m




photomultiplier
tube -10 inch




architecture of independent DOMs

10 inch pmt
1

LED
flasher
board

s

HV board




... each Digital Optical Module independently collects
light signals like this, digitizes them,

0.03
0.025

..........................

.............................................................................................................................

ATWD recorded value [ Volts ]

60 80 100 120

...time stamr SLUR Cision, and
sends them to a computer that sorts them events...
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muon track: color is time; number of photons is energy




neutrinos are detected by looking for Cherenkov radiation
from secondary particles (muons, particle showers)
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energy measurement (> 1 TeV )
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Differential Energy Reconstruction of 5 PeV Muon in IC-86

Monte barlo Truth —
Reconstructed

Total True Energy Loks: 107.9 TeV

100000 | Jljl

I
| 1

1000 1500 2000 2500 3000 3500
Time (ns)

A ——— 1.1 km — g
limited angular and energy resolution: computing =2 ice properties




energy reconstruction of electromagnetic showers

Probability density [arb. units]
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89 TeV

radius ~ number of photons
time ~red—> purplessmm

Run 113641 FEvent 33553254 [Ons, 16748ns |




Signals and Backgrounds

cosmic ray

astrophysical
neutrino

atmospheric
neutrino

atmospheric
muon
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... you looked at 10msec of data !

muons detected per year:

e atmospheric* u ~ 1071
« atmospheric*™™ v -2 wu ~ 105
e COSMIC vV 2 W0 ~ 10

* 3000 per second ** 1 every 6 minutes




* rejecting atmospheric muons
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Cherenkov light detection
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* rejecting atmospheric neutrinos
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ISolated neutrinos interacting up-going muon tracks
inside the detector (HESE) (UPMU)
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total energy measurement astronomy: angular resolution
all flavors, all sky superior (<0.5°)



lceCube
francis halzen

* lceCube
e cosmic neutrinos: two independent
observations
- muon neutrinos through the Earth
- starting neutrinos: all flavors
* where do they come from?
* Fermi photons and IceCube neutrinos
* the first high-energy cosmic ray accelerator
* what next?

lceCube.wisc.edu
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Interaction

« lattice of photomultipliers
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Events per bin

+++4 Unfolding

Assuming best-fit power law:

B Astrophysical v, +v,

B Conv. atmospheric v, +v,
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log,y(median neutrino energy / GeV)



after 7 years - 6.4 sigma

Events per bin

+ Exp. data

Bl Astrophysical v, +v,

EEm Conv. atmospheric v, +v,

Combined v, +7,

120 cosmic neutrinos/year/flavor

IceCube Prefliminary

IC59 | | -~

IceCube Preliminary

Ic79| |~

T IC86-2011 | |~

IceCube Preliminary ¥

IceCube: Preliminary
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log,,(muon energy proxy)

Best-fit astrophysical

normalization:

0.97+.27-251 x 10718 GeV1cm2s 1sr1

240 TeV — 10 PeV
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Atmospheric-only hypothesis
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430 TeV inside
detector
=\ v,

no air shower

all cosmic
neutrinos are
iIsolated by
self-veto




cosmic rays interact with the
microwave background

p+y = n+n’ and p+n’

cosmic rays disappear, neutrinos with
EeV (106 TeV) energy appear

T—>u+v, — {e+v_M +V,}+V,

1 event per cubic kilometer per year
...but it points at its source!




GZK neutrino search: two neutrinos with > 1,000 TeV

date: August 9, 2011

A
energy: 1.04 PeV
topology: shower :
nickname: Bert ] \
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electron showers versus muon tracks

s ) a7
PeV v, and v_
showers: M B
« 10 m long 1?5‘{1
« volume ~ 5 m3 e
- isotropic after ;T e

25~50m
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> 100,000 pe reconstructed to 2 nsec

> 300 sensors




v select events interacting
inside the detector only

v no light in the veto region

v veto for atmospheric
muons and neutrinos
(which are typically accom-
panied by muons)

Y energy measurement: to-
tal absorption calorimetry

Veto

[\

=




no p p
accompanying
muon(s)

K+

€+
] KT N o
Glacier surface | T
. | Veto layer \
Y

Fiducial volume

Veto by correlated muon

Veto by uncorrelated muon



...and then there

were 26 more...

Data (Trigger Level)
Signal Region

Events per 662 days

data: 86 strings one year



...and then there

were 26 more...

Data (Trigger Level)
Signal Region

Events per 662 days

data: 86 strings one year



2 old + 26 new events
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high-energy starting events — 7.5 yr

4 —_
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Fraction of v,

oscillations of PeV neutrinos over cosmic

distances to 1:1:1




tau decay length:
50m per PeV

W W

track shower double bang*




event topologies
Charged-current v, Neutral-current / ve Charged-current v+

(data) | (simulation)

i

Double cascade

Isolated energy
deposition (cascade)
with no track

Up-going track

15% deposited energy resolution
Factor of ~2 energy resolution 10 degree angular resolution (above (resolvable above ~100 TeV

< 1 dearee anaular resolution 100 TeV) deposited energy)



high-energy starting events (starting) — 7.5 yr
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muon-suppressed
pion decay
(0:1:0)

pion & muon

<€«—  decay
(1:2:0)

neutron
decay




the first Glashow resonance event:
anti-v, + atomic electron > real W at 6.3 PeV




Distance on xy plane from the centre

Partially contained event with energy ~ 6 PeV
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background systematics
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are the two observations consistent?

total energy measurement astronomy: angular resolution
all flavors, all sky superior (<0.4°)



after 6 years: 3.7 6.0 sigma
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high-energy starting events — 7.5 yr

—_ ) Astrophysical Flux .
n work in progress (on top of atmospheric)
; 4 e Differential
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 two methods are consistent
e excess cosmic flux <100 TeV?
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e cosmic neutrinos below 100 TeV ?




[ Fluxes and Limits Fit Astrophysical Fluxes
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charm limited by atmospheric electrons
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lceCube
francis halzen

* |ceCube
* cosmic neutrinos: two independent
observations

- muon neutrinos through the Earth

- starting neutrinos: all flavors
* where do they come from?
 Fermi photons and IceCube neutrinos
 the first high-energy cosmic ray accelerator
* what next?

iceCube.wisc.edu
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« we observe a diffuse flux of neutrinos from extragalactic
sources

« a subdominant Galactic component cannot be excluded (no
evidence reaches 30 level)

» [decay of halo dark matter particles?]




lceCube
francis halzen

* |ceCube
e cosmic neutrinos: two independent
observations
- muon neutrinos through the Earth
- starting neutrinos: all flavors
* where do they come from?
* Fermi photons and IceCube neutrinos
* the first high-energy cosmic ray accelerator
e cosmic neutrinos below 100 TeV?

iceCube.wisc.edu




accelerator is powered by
v and y beams : heaven and earth | |arge gravitational energy
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neutral pions 70 . T+ M-
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multimessenger
astronomy




gamma rays accompanying I.C'eC'_l"Jb’_ehoe'u,"tﬁ%‘és interact . -
with interstellar photons and fragment into multiple lower
| energy gamma rays. that reach earth
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* energy density of neutrinos in the non-thermal
Universe Is the same as that in gamma-rays




hadronic y-ray emission normalized to best-fit neutrino flux

— v (per flavor)
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dark sources: a “problem” ?
gamma rays cascade in the source to < GeV energy
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Population studies: blazar catalog search

17

Blazars account for:
85% of extragalactic y

< 6-27% of the IlceCube neutrino flux

background

. I_.7 N e . &
] — —— *—
-« i / ®
1
)

2F

-
N
- r‘ -
e

p— —

-~

-
- .
iR S

L

P

~

TSl

=== Equal weights, y=2,13 :
o -~ == Equal weights, y = 2.50
L. 1078 ] === y-flux weights, y = 2,13
Hm ] B Astrophysical vy flux
I
NU) *\\\\
IE \\\
Tu 107° -
> y
)
@)
—
3k
N . . ~
W 10y Preliminary
0.0 OI.5 lfO 115 210 2:5 3i0 3f5 4I.0
log10(E/TeV)

4.5

b oJ*
|
7.1-4; .

See: M. Huber, NU043
Fermi-LAT PRL 116(15) 151105

Astro .J. 835 (201

no.1, 45

HBL

Oh

<1% of the sky



B Fermi IGRB

pp scenario
SFR evolution

103 102

107 10° 10 10°

E [TeV]

T

rarw e |




note that the gammas rays accompanying < 100 TeV
neutrinos are not seen suggesting a hidden source(s)




Fermi sources
are mostly
blazars

common sources?

9
multimessenger
astronomy
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lceCube
francis halzen

* lceCube
e cosmic neutrinos: two independent
observations
- muon neutrinos through the Earth
- starting neutrinos: all flavors
* where do they come from?
 Fermi photons and IceCube neutrinos
* the first high-energy cosmic ray accelerator
« what next?

iceCube.wisc.edu




Realtime alerts from IceCube

......................................................................................... Upcoming
: : N -> . improvements:
Online Event lceCube @ : IceCube EHE Alert AMON | * Newstartingevent
Fitering - Live | i  Live & selections
: - e GCN : * Cascades
System South | ¢  North HESE Alert + Higher
, astrophysical purity
............ South Pole, Antarctica ~ © - FOlowup .+ Improved event
Reconstructions information in
E. Blaufuss IceCube Data Center, Madison WI g alerts
ICRC 2017
............... Median alert latency: 33 seconds .
13 alerts sent since 2016 _ Starting Tracks | Throughgoing tracks
First alert sent within 1 minute
Detailed follow-ups after a few hours Energy > 60 TeV > 500 TeV
Alerts per year 4.8 4-5
Signal events per year 1.1 25-4

Williams - RICH 2018 - IceCube IceCube Coll.: Astropart. Phys., 92, 30 (2017) 13
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TITLE:
NOTICE_DATE:
NOTICE_TYPE:
RUN_NUM:
EVENT_NUM:
SRC_RA:

SRC_DEC:

SRC_ERROR:
SRC_ERROR5@:
DISCOVERY_DATE:
DISCOVERY_TIME:
REVISION:
N_EVENTS:
STREAM:
DELTA_T:
SIGMA_T:
FALSE_POS:
PVALUE:

CHARGE :
SIGNAL_TRACKNESS:
SUN_POSTN:

HIGH-ENERGY EVENTS NOW PUBLIC ALERTS!

‘We send our high-energy evenis in real-time as public GCN alerts now!

GCN/AMON NOTICE

Wed 27 Apr 16 23:24:24 UT

AMON ICECUBE HESE

127853

67093193

240.5683d {+16h @2m 16s} (J2000),
240.7644d {+16h @3m 03s} (current),
239.9678d {+15h 59m 52s} (1950)

4+9.3417d {+09d 20' 30"} (J2000),
+9.2972d {+09d 17' 50"} (current),
+9.4798d {+09d 28' 47"} (1950)
35.99 [arcmin radius, stat+sys, 90% containment]
0.00 [arcmin radius, stat+sys, 50% containment]
17505 TJD; 118 DOY; 16/04/27 (yy/mm/dd)
21152 SOD {@5:52:32.00} UT

[number of neutrinos]

.0000 [sec]
.0000e+00 [sA-1 srA-1]
.0000e+00 [dn]
18883.62 [pe]
0.92 [dn]
35.75d {+02h 23m 00s} +14.21d {+14d 12' 45"}

2
1
1
0.0000 [sec]
(%]
0
0

GCN notice for starting track sent Apr 27

We send rough reconstructions

first and then update them.




IceCube Trigger

43 seconds after trigger, GCN notice was sent

[ITTTETTTTT T EE T i i irrr i i i i i irrr i i r i i rrrirrr i r i nrrirrrl 7

TITLE:
NOTICE DATE:
NOTICE TYPE:
RUN_NUM:
EVENT NUM:
SRC_RA:

SRC_DEC:

SRC_ERROR:

DISCOVERY DATE:
DISCOVERY TIME:

REVISION:
N_EVENTS:
STREAM:
DELTA T:
SIGMA T:
ENERGY :
SIGNALNESS:
CHARGE:

DESY

GCN/AMON NOTICE

Fri 22 Sep 17 20:55:13 UT

AMON ICECUBE EHE

130033

50579430
77.2853d {+05h 09m 08s} (J2000),
77.5221d {+05h 10m 05s} (current),
76.6176d {+05h 06m 28s} (1950)
+5.7517d {+05d 45" 06"} (J2000),
+5.7732d {+05d 46" 24"} (current),
+5.6888d {+05d 41" 20"} (1950)
14.99 [arcmin radius, stat+sys, 50% containment]
18018 TJD; 265 DOY; 17/09/22 (yy/mm/dd)
75270 SOD {20:54:30.43} UT

0

1 [number of neutrinos]

2

0.0000 [sec]

0.0000e+00 [dn]

1.1998e+02 [TeV]

5.6507e-01 [dn]

5784.9552 [pe]

97
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multiwavelength campaign launched by
IC 170922

IceCube, Fermi —LAT, MAGIC, Agile, ASAS-SN, HAWC, H.E.S.S, INTEGRAL,
Kapteyn, Kanata, KISO, Liverpool, Subaru, Swift, VLA, VERITAS

neutrino: time 22.09.17, 20:54:31 UTC
energy 290 TeV
direction RA 77.430 Dec 5.720°

Fermi-LAT: flaring blazar within 0.10 (6x steady flux)

MAGIC: TeV source in follow-up observations

follow-up by 12 more telescopes

- lceCube archival data (without look-elsewhere effect)

- Fermi-LAT archival data




Declination

78.0° 776° 77.2° 76.8°
Right Ascension

MAGIC "i
detects emisslo?n of

'

> 100 GeV g_;am_ma:s-

=
T S R 9

Ferml

MAGIC significance [o]

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A
= |C170922A 50% - area: 0.15 square degrees
=== |C170922A 90% - area: 0.97 square degrees

Declination

78.4° 78.0° 77.6° 77.2° 76.8°
Right Ascension

detects a fIarlng
bIazaT Wlthln O 10

76.4°

NOO-DU'IOU\ICD(.O—O*

—

0

Fermi Counts > 1 GeV




build-up over several months followed by rapid daily variability




Neutrino points within 0.060 of
a known Fermi blazar

PKS E‘502+04§

MAGIC detects emission of
>100 GeV gammas

PKS 0502+04§




Ic Cherenkov telescope

MAG I C atmposher
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multiwavelength campaign launched by
IC 170922

IceCube, Fermi —LAT, MAGIC, Agile, ASAS-SN, HAWC, H.E.S.S, INTEGRAL,
Kapteyn, Kanata, KISO, Liverpool, Subaru, Swift, VLA, VERITAS

neutrino: time 22.09.17, 20:54:31 UTC
energy 290 TeV
direction RA 77.430 Dec 5.720°

Fermi-LAT: flaring blazar within 0.10 (6x steady flux)

MAGIC: TeV source in follow-up observations

follow-up by 12 more telescopes

- lceCube archival data (without look-elsewhere effect)

- Fermi-LAT archival data




The Source: TXS 0506+056 .S /

» Redshift 0.3365£0.0010 (S. Paiano et al. 2018)
« Among 50 brightest blazars in 3LAC

* Qutshines nearby
blazars like Mrk421, Mrk
501, and 1ES 1959+650
by more than an order of
magnitude
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Flux
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Flux > 90 GeV [10~1°cm~—2 s71]
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How Likely is it a Chance Probability?

Step |I: Draw a random neutrino from a
representative sample of high-energy
muon-track events

Step Il: Are there any extra-
galactic Fermi source close in

space to the neutrinos?

3 ¥ X \
o - v\ ) ..'w x % T L A .f
A\ \ .‘ y _; )‘ a

s SR S

L o2s |2

20 é - ’ }

315 55 ‘ : Step lll: What is the gamma-ray
510 |& H energy flux in the time bin when
305 W - | }H}L’H the neutrino arrives?

L% 0.0 "',"v"w ,} P' v }" F'c"' H* '.'M ’

55000 55500 56000 56500 57000 57500 58000
MID



Neutrino emission correlates with

1. gamma-ray energy flux in the range 1-100 GeV

100 GeV d ¢
w)=ss)= [  E, j;fy)dm

1 GeV

2. relative gamma-ray flux variations in the range 1-100 GeV
ws(t) = ¢4(t)/ ()

3. very high-energy gamma-ray energy flux in the range 100GeV-1TeV
(extrapolated from Fermi energy range)

ws(t) = ¢p(t) = / - = d¢7(t)dE7

~
100 GeV dE v



multiwavelength campaign launched by
IC 170922

IceCube, Fermi —LAT, MAGIC, Agile, ASAS-SN, HAWC, H.E.S.S, INTEGRAL,
Kapteyn, Kanata, KISO, Liverpool, Subaru, Swift, VLA, VERITAS

neutrino: time 22.09.17, 20:54:31 UTC
energy 290 TeV
direction RA 77.430 Dec 5.720°

Fermi-LAT: flaring blazar within 0.10 (7x steady flux)

MAGIC: TeV source in follow-up observations

follow-up by 12 more telescopes

- lceCube archival data (without look-elsewhere effect

- Fermi-LAT archival data
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Caussian Analysis
memm Box-shaped Analysis
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lceCube data:

4.5
~100 day flare in g
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lceCube
High-Energy Alerts

i ® 9Noee & 7 @ ® o &

April 2016 September 2017

19 events on a background < 6 in 150 days




we identified a source of high energy cosmic rays:

the active galaxy (blazar) TXS 0506+056 at a
redshift of 0.33

extensive multiwavelength campaign will allow us
to study the first cosmic accelerator




AGILE DETECTION OF A CANDIDATE GAMMA-RAY PRECURSOR TO THE ICECUBE-160731
NEUTRINO EVENT

F. Lucarenin -2 C. Prrrogs.! 2 F Verreccaia, 2 1. Dossarumma,® M. Tavane. 45 A, Bucarers” A. Guuasa ®
L. A. Axtoseres, 2 P. Canaveo ® P W. Carmaneo.” S. Coramancesco,'™? F. Lonco,"! S. Merecuern ®
r~ A Mosrses,'? L Pacaan? G. Piano.* A. Pezzont,'® M. P, AL Rarrownr,” A. Trots,™ anp S. Vercerione™
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Corresponding author: Fabrizio Lucam1li
fabrizio.lucarelli@asdc.asi.it



TANAMI blazars in the IceCube PeV neutrino fields

F. KrauB!2, M. Kadler?, K. Mannheim?2, R. Schulz!-2, J. Triistedt! 2, J. Wilms!, R. tha3’4’5, E. Ros® -3 G. Anton’,
W. Baumgartner3, T. Beuchert! 2, J. Blanchard!?, C. Biirkel'2, B. Carpenters, T. Eberl’, P.G. Edwards!?,
D. Eisenacher?, D. Elsisser?, K. Fehn®, U. Fritsch’, N. Gehrels>, C. Grife!:2, C. GroBbergerlz, H. Hase!3,
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D. J. Thompson?, and A K. Tzioumis'!

(Affiliations can be found after the references)

Received 15 May 2014 / Accepted 2 June 2014

ABSTRACT

The IceCube Collaboration has announced the discovery of a neutrino flux in excess of the atmospheric background. Owing to the
steeply falling atmospheric background spectrum, events at PeV energies most likely have an extraterrestrial origin. We present the
multiwavelength properties of the six radio-brightest blazars that are positionally coincident with these events using contemporaneous
data of the TANAMI blazar sample, including high-resolution images and spectral energy distributions. Assuming the X-ray to y-ray
emission originates in the photoproduction of pions by accelerated protons, the integrated predicted neutrino luminosity of these
sources is high enough to explain the two detected PeV events.

Key words. neutrinos — galaxies: active — quasars: general



The Highest Energy Emission Detected by
EGRET from Blazars

Brenda L. Dingus' & David L. Bertsch’
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Abstract. Published EGRET spectra from blazers extend only to 10 GeV, yet EGRET has
detected approximately 2000 y-rays above 10 GeV of which about half are at high Galactic
latitude. We report a search of these high-energy y-rays for associations with the EGRET and
TeV detected blazers. Because the point spread function of EGRET improves with energy, only
~2 y-rays are expected to be positionally coincident with the 80 blazars searched, yet 23 y-rays
were observed. This collection of > 10 GeV sources should be of particular interest due to the
improved sensitivity and lower energy thresholds of ground-based TeV observatories. One of
the blazers, RGB0509+056, has the highest energy y-rays detected by EGRET from any blazar
with 2 > 40 GeV, and is a BL Lac type blazar with unknown redshift.
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