lceCube: building a new
window on the Universe

francis halzen

« why would you want to build a
a kilometer scale neutrino detector?

 |ceCube: a cubic kilometer detector

 the discovery (and confirmation) of
cosmic neutrinos

« from discovery to astronomy

lceCube.wisc.edu
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orizons — Optical Sky

wavelength = 10 m < energy = 1 eV




Cosmic Horizons —- Gamma Radiation

wavelength = 10> m < energy = 107 eV




Cosmic Horizons —- Gamma Radiation

energy = 101> eV




microwave optical

terra incognita:
only revealed by
neutrinos

20% of the Universe is opague to the EM spectrum




“'Cosmic Rays2 Charged - Do not point

.

o




"NéuTrinos’?’ Perfect Messenger

neutrinos do -not in’re‘rac’r-ond;imqgé the sky IN regions
from which even X-rays cannot escape




neutrino as a cosmic messenger:

electrica
essentia
essentia

y neutral
y massless
y unabsorbed

tracks nuclear processes
(n=>p+e+v,)
... but difficult to detect
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cosmic rays interact with the
microwave background

p+y—=n+aand p+m°

cosmic rays disappear, neutrinos with

EeV|(10° TeV) energy

appear

T—>U+v, %{e+v_u+ve}+vu

1 event per

cubic kilometer

per year

...but it points at its source!




lceCube: building a new
window on the Universe

francis halzen

* why would you want to build a
a kilometer scale neutrino detector?

lceCube: a cubic kilometer detector

the discovery (and confirmation) of
cosmic neutrinos

from discovery to astronomy

lceCube.wisc.edu




the sun constructs an accelerator




» accelerator must contain the particles

challenges of cosmic ray astrophysics:

» dimensional analysis, difficult to satisfy
 accelerator luminosity is high as well




the sun constructs an accelerator

coronal mass
ejection—->
10 GeV protons




supernova
remnants

Chandra 1
Cassiopeia A

. N T 24
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Eino
ray
bursts




flux < 1% of astrophysical
neutrino flux observed
Nature 484 (2012) 351-353

timing/localization
from satellites

timing + dir&bﬁ?

— low background™
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active galaxy

particle flows near

supermassive
black hole




accelerator is powered by
v and y beams : heaven and earth large gravitational energy

% black hole
neutron star

0 accelerator

o target radlatlon

p+y—=2>n

directional ~ COSmIC ray + neutrino
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Atmospheric neutrino source
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lceCube: building a new
window on the Universe

francis halzen

* why would you want to build a
a kilometer scale neutrino detector?

lceCube: a cubic kilometer detector

the discovery (and confirmation) of
cosmic neutrinos

from discovery to astronomy

lceCube.wisc.edu




M. Markov . B. Pontecorvo
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* shielded and optically
transparent medium
muon travels from 50 m
to 50 km through the
water at the speed of light
emitting blue light along
its track

Interaction

« [attice of photomuiltipliers




39 TeV

radius ~ number of photons
time ~red - purple

Run 113641 Event 33553254 [Ons, 16748ns |




ultra-transparent ice below 1.5 km




5160 PMs
in 1 km3
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lceCube

lceTop
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




LED
flasher

HV board




... each Digital Optical Module independently collects
light signals like this, digitizes them,
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...lime stamps them with 2 nanoseconds precision, and
sends them to a computer that sorts them events...
















muon track: color is time; number of photons is energy




93 TeV muon: # photons ~ energy

: NuMu
: 9.30e+04
. 40.45 deg
192.12 deg
1 shown, min E(GeV) == 93026.46

0/427 shown, min E(GeV) == 7.99




energy measurement (> 1 TeV )
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"46*6 ~— \\

— T =
Y “photo-nuciear “pair-creation
bremsstra\hmw.

Zen: 36.43 deg
zi: 120.51 deg

rack: 11/11 shown, i
asc: 100/1079 shown,

convert the amount of light emitted
to a measurement of the muon
energy (number of optical modules,
number of photons, dE/dx, ...)
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Differential Energy Reconstruction of 5 PeV Muon in IC-86

Monte tarlo Truth -
Reconstructed

Total True Energy Logs: 107.9 TeV
Total Reconstructed E
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«— 11km —
improving angular and energy resolution




lceCube / Deep Core

* 5160 optical sensors
between 1.5 ~ 2.5 km

« 10 GeV to infinity

* 0.2-0.4 deg muon track
~ 10 degree shower

* 10% energy resolution

Digital Optical Module (DOM)

2
450 m

Sl

IceTop

completed December 2010
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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:

« atmospheric* u ~ 90"

« atmospheric** v 2> u ~10°

* COSMIC V2 U ~ 10

* 3000 per second ** 1 every 6 minutes




Monday
April 18

Tuesday
April 19

Wednesday
April 20

Thursday
April 21

Friday
April 22

Saturday
April 23

Sunday
April 24

The Daily Breakdown

e First magnificent Aurora display!
e Stress test reveals that the DIMMSs of ichub75 are indeed

kaputt.

e Jim Braun successfully deployed I3MS version 1.0.13 to
SPS.

e Quiet.

o Quiet.

e Quiet.

e Quiet.

TDRSS Satellite Transfer

8

900

/\
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300

Total (GB/wk)
2

100

48



" Color mdlcates the arrival time of photons
red first . green - later
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Nov.12.2010, duration: 3,800 nanosecond, energy: 71.4TeV




39 TeV

radius ~ number of photons
time ~red - purple

Run 113641 Event 33553254 [Ons, 16748ns |




Events

cosmic neutrinos in 2 years of data at 3.7 sigma
4
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muon neutrinos through the Earth = 6 sigma
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muon neutrinos through the Earth = 6 sigma

Assuming best-fit power law:
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after 7 years: 3.7 = 6 sigma
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astronomy here: through-going muons with resolution
0.2~0.49

lllll L] LI llllll
— Through-going
- = Starting
Kinematic

& L =
= o 0w o

o]
L |
\
L
—
o0
—
-
<
—
o/
b
~—
—
—

0.2

IceCube Preliminary
A I.IlII

llall‘lll.l L L y i A A IIIIIII A J 1l
108 107 10%
Neutrino energy / GeV

S
o




14 g
7T ¢

——— - — — -
.

10

Equatorial

02 03 04 05 06 07 08 09 1.0
Muon Energy Proxy / PeV



muon neutrinos through the Earth = 5.6 sigma
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Cumulative event count
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highest energy muon energy observed: 560 TeV
- PeV Vi




significance (n,.=1) [o]

livetime = 5.5 x IC86
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# of Events/year above Muon.

Energy
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lceCube: building a new
window on the Universe

francis halzen

* why would you want to build a
a kilometer scale neutrino detector?

lceCube: a cubic kilometer detector

the discovery (and confirmation) of
cosmic neutrinos

from discovery to astronomy

lceCube.wisc.edu




cosmic rays interact with the
microwave background

p+y—=n+aand p+m°

cosmic rays disappear, neutrinos with

EeV|(10° TeV) energy

appear

T—>U+v, %{e+v_u+ve}+vu

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
energy: 1.04 PeV

topology: shower
nickname: Bert
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tracks and showers

- - an
- A PN
gl
» e '
N v
€. = =N a2

PeV v, and v_ showers:

« 10 mlong

« volume ~5m3

* isotropic after 25~ 50m
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size = energy color = time = direction




Distance to source (vertical) [m]
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reconstruction limited by computing, not ice !

44,20: 7e+02 PE

80

60

40

20

0
99 10.0 10.1 10.2 10.3\ 10.4 10.5 10.6

Blue: best-fit direction, red: reversed direction
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1,041 TeV
1,141 TeV
(15% resolution)
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 not atmospheric:
probability of
no accompanying
muon is 103 per
event

VagiRe s

- flux at present
level of diffuse

limit



v select events interacting
iInside the detector only

v" no light in the veto region

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

v' energy measurement: to-
tal absorption calorimetry




...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



430 TeV inside
detector
PeV v,
no air shower

all cosmic
neutrinos are
Isolated
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after 6 years: 3.7-> 6.0 sigma
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lceCube: the discovery of cosmic neutrinos
francis halzen

« where do they come from?

lceCube.wisc.edu
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correlation with Galactic plane: TS of 2.5% for a width of 7.5 deg
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» we observe a diffuse flux of neutrinos from
extragalactic sources

* a subdominant Galactic component cannot be
excluded

« where are the PeV gamma rays that accompany
PeV neutrinos?




accelerator is powered by
v and y beams : heaven and earth large gravitational energy
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hadronic gamma rays ?
nt = = qd




electromagnetic
cascades in CMB
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. gamma rays accompanying IlceCube neutrinos interact
with m’rers’rellor photons and fragment into multiple lower
energy gamma rays that reach earth

neutrinos do-not in’rerdc’r-ond.-imqg'e the sky IN regions
from which even X-rays cannot escape
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we observe a flux of cosmic neutrinos from the
cosmos whose properties correspond in all
respects to the flux anticipated from PeV-energy
cosmic accelerators that radiate comparable
energies in light and neutrinos

the energy in cosmic neutrinos is also comparable to

the energy observed in extragalactic photons (and
cosmic rays}

at some level common Fermi-lceCube sources?
look for spatial and especially temporal coincidences




high energy photons
escape from regions
with low density where
neutrino production is
suppressed
not identical sources

active galaxy

particle flows near

supermassive
black hole




microwave optical neutrinos cosmic rays

terra incognita:
only revealed by
neutrinos

20% of the Universe is opague to the EM spectrum
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energy in the Universe in gamma rays, neutrinos and cosmic rays
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* there Is more
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yet lower energies....
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we observe a diffuse extragalactic flux

active galaxies, most likely some form of blazars?

correlation to catalogues should confirm this

.... but correlation of cosmic neutrinos to < 30% of

all Fermi blazars (subset if beaming angle neutrinos
< light ?)




lceCube: building a new
window on the Universe

francis halzen

* why would you want to build a
a kilometer scale neutrino detector?

lceCube: a cubic kilometer detector

the discovery (and confirmation) of
cosmic neutrinos

from discovery to astronomy

lceCube.wisc.edu




 a next-generation IceCube with a volume of 10 km?
and an angular resolution of < 0.3 degrees will see
multiple neutrinos and identify the sources, even
from a “diffuse” extragalactic flux in several years

* need 1,000 events versus 100 now in a few years

 discovery instrument - astronomical telescope




auto correlation: multiple neutrinos from the same source

total number of events required to observe
n-events multiplets from the closest sources is

1
740 x [g] X L’S‘js ] 3 events

for a observed diffuse cosmic flux and 0.4 degrees
angular resolution

examples of local source densities (per Mpc?):

» 1073 — 107> Mpc " for normal galaxies
» 107 — 10~*Mpc " for active galaxies
» 10~" Mpc— for massive galaxy clusters

» > 107> Mpc—° for UHE CR sources



absorption length of Cherenkov light
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Optical Signal

we are limited by computing, not the optics of the ice

Age[kla] 713 714 | 7|5 | 716
Hole
50
66
1 M
2
14
2130 2140 2150 2160 2170

Depth[meters]
Toba eruption



measured optical properties = twice the string spacing

[m]

(increase in threshold not important: only eliminates energies
where the atmospheric background dominates)

2000

1500 |

1000

500

O}

=500

—1000

—1500

~200Q

<€

NGlceCube (1/2/3)

IceCube

/

DeepCore

P & OxPx B)» ] |

L aasasd 1]

Ao AhrrrEAEENR
0 P 0 PrSH)SXEEEN
e essd 11T LIT]
® ® ® ® ® H+H+ S+ EEEEEER
¢ ¢ & ¢ ¢ rdGrrAEEEENR
® ® @ ©® O © P ONOIYON IO
A2 R AR R R R R
P 0 0 P @ 0 PkO)OSAPrD
22 2SR R R:
® ®© ¢ ¢ ¢ ¢ ¢ o 0o o

¢ ¢ ¢

¢ ¢

¢ & o
® ® ® ® ¢ ® ® o o
® e p® oo p e

® o o0 0 0 o
¢ ¢
[

¢ ¢ ¢

<@
<
<@
<@
o

(] (]
¢ ¢ ¢ ¢ & ¢ ¢

IceCube 86

L 4
<®
L 4
<®
L 4
<@
¢ 6 =+ =

spacing 120 m
spacing 240 m |]
spacing 360 m

000

—2000

—1000 0 1000 2000

3000

Spacing 1 (120m):
lceCube (1 km3)
+ 98 strings (1,3 km?3)
= 2,3 km3

Spacing 2 (240m):
lceCube (1 km3)
+ 99 strings (5,3 km3)
= 6,3 km?3

Spacing 3 (360m):
lceCube (1 km3)
+ 95 strings (11,6 km3)
=12,6 km3



PINGU infill
40 strings
GeV threshold

120 strings

Depth 1.35t0 2.7 km
80 DOMs/string

300 m spacing

instrumented volume: x 10
same budget as IceCube



120 strings
depth 1.35 to
2.7 km
80 DOM/string
~250 m spacing

10 times the insfrumented volume
for thesame budget as lceCube



did not talk about:

measurement of atmospheric oscillation
parameters

supernova detection

searches for dark matter, monopoles,...
search for e\V-mass sterile neutrinos
PINGU/ORCA
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Conclusions

more to come from IceCube: many analyses have not exploited
more than one year of data

analyses are not in the background-dominated regime

next-generation detector(s):

1. discovery - astronomy (also KM3NeT, GVD)

2. neutrino physics at (relatively) low cost and on short
timescales (PINGU/ORCA)

3. potential for discovery

neutrinos are never boring!
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In the Earth for sterile neutrino Am? = O(1eV/?) the MSW effect
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Conclusions

more to come from IceCube: many analyses have not exploited
more than one year of data

analyses are not in the background-dominated regime

next-generation detector(s):

1. discovery - astronomy (also KM3NeT, GVD, ASHRA)

2. neutrino physics at (relatively) low cost and on short
timescales (PINGU/ORCA)

3. potential for discovery

neutrinos are never boring!
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