lceCube
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




lceCube has observed a flux of neutrinos from the cosmos of PeV
(1,000 TeV) neutrinos that is “at the level” of the astronomical

gamma ray flux. We thus established that neutrinos play a role
similar to photons in the high-energy non-thermal universe.
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COSMIC RAY SHOWERS!
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Laboratory of Nudear Studies, Cornell Universily, Ithaca, N. Y.

Let us now consider the feasibility of detecting the neutrino flux. As a
detector, we propose a large Cherenkov counter, about 15 m. in diameter,
located in a mine far underground. The counter should be surrounded with
photomultipliers to detect the events, and enclosed in a shell of scintillating
material to distinguish neutrino events from those caused by p mesons.
Such a detector would be rather expensive, but not as much as modern ac-
celerators and large radio telescopes. The mass of sensitive detector could
be about 3000 tons of inexpensive liquid. According to a straightforward

. | Science

Science 342. Ndv. 2013

Fanciful though this proposal seems, we suspect that within the next ¥
decade, cosmic ray neutrino detection will become one of the tools of both
physics and astronomy. :
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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,}+0,

1 event per|cubic kilometer|per year
...but it points at its source!
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* the energetics of cosmic ray sources

lceCube.wisc.edu




Hillas formula :

 accelerator must contain the particles

» dimensional analysis, difficult to satisfy




the sun constructs an accelerator

coronal mass
ejection—->
10 GeV protons
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Chandra

supernova SN1006
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...and if the star collapses to
a black hole...

gamma ray burst

v" happens in seconds
not thousands of year

v' beamed along the spin
axis of the black hole

v' simulation not image

v ? lceCube, Nature 2011




fireball calculations challenged
Nature 484 (2012) 351-353

timing/localization
from satellites

timing + dir&bﬁ?

— low background™



neutrinos and neutrons
are produced in the
interactions of fireball
protons with
synchrotron photons T

e

decays to a PeV neutrino

protons are trapped l
In the expanding fire-
ball and lose energy decays to cosmic ray

GRB: one neutrino per cosmic ray observed
- ruled out by lceCube




[ceCube Preliminary
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active galaxy

particle flows near

supermassive
black hole
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* neutrinos associated with cosmic rays

lceCube.wisc.edu




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

% black hole
neutron star
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 |ceCube: a cubic kilometer detector

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
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93 TeV muon

NuMu
.30e+04
.45 deg
2.12 deg
1 shown, min E(GeV) == 93C
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energy measurement (> 1 TeV )

I / }' /. —»1

"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 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

100000 | Jljl

E
2.
®
e
3
|
°

AU,

1000 1500 2000 2500 3000 3500
Time (ns)

Improving angular and energy resolution




3 kilometers of ultra-transparent ice




lceCu bEI transforms 1 km3 of natural
Antarctic ice into a Cherenkov detector

IceCube Lab

IceTop
81 Stations
324 optical sensors

lceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized for lower energi
/ 480 optical sensors

Eiffel Tower
o 324 m

Bedrock




drilling and deployment

2 days per hole
3.5 cm/second




nozzle delivers -

» 200 gallons per minute

« 7 Mpa

* 90 degree C

- 4.8 megawatt heating plant
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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...




cosmic ray

...K, charm

cosmic ray
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... you looked at 10msec of data !

muons detected per year:

« atmospheric* u ~ 90"

e atmospheric** v 2 u ~10°

* COSMIC V2 U ~ 10

* 2700 per second ** 1 every 6 minutes




oeQupDn::

LA

9000 o o

©000:@e
e 020000000 @000. o 00000s o

eco0 P00°0000:00¢ 000 00 o

[ 11 L LN ]

0000000000 @800 0000 0 o
'Y LN oo 00000 000000

®

@iioe: -0

16748ns |

115641

Run




BREAKTHROUGH
OF THE YEAR

IcECUBE

... for science and for the experimental accomplishment of building IceCube ...




lceCube / Deep Core

5160 optical sensors

between 1.5 ~ 2.5 km

10 GeV to infinity

< 0.5 degree on-line

< 0.3 degree off line

for muons

(10~15 degrees for
showers)

< 15% energy resolution

Digital Optical Module (DOM)

2
450 m

Sl

IceTop

completed December 2010
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lceCube
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 the discovery (and confirmation) of
cosmic neutrinos

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,}+0,

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




GZK neutrinos: > 41,000 photons near the horizon
> 300 channels

Energy of incoming particle ec Energy-losses in detector « number of photo electrons (NPE)
* Optimization based MC and MC verification based on 10% experimental ‘burn’ sample
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tracks and showers

A & 7Y
cascade
-, e S Cherenkov
0 light
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size = energy color = time = direction
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digital optical module 44 on string 20 only

44,20: 7e+02 PE
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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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* energy

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



* find more contained
events (420 Mton)

» total calorimetry
e complete sky coverage

 flavor determined

* some will be muon | J
2|

neutrinos with good
angular resolution

loss in statistics is compensated by event definition
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atmospheric neutrinos are
accompanied by muons from
the shower that produced them:
none seen

(also, no signals in IceTop)







...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
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Southern Sky (downgoing)

Northern Sky (upgoing)

=
o
N

[

o
=
T

[
()
o
L

1
=

10

Events per 988 Days with deposited E > 60 TeV

I
=
o

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

727271 Background Stat. and Syst. Uncertainties

e®e Data

Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E~? Spectrum ||

T
1
............................ / // - $ *>
U 7
7 ; /
—0.5 0.0 0.5

sin(Declination)




absorption

-180°

Galactic

diamonds: muon tracks (0.4 degree resolution)
circles : electromagnetic showers

. energy
. angular resolution
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same plot animated:

* events versus background as a
function of energy

cuts from > 30 TeV (all events) to until
only PeV events remain

background disappears ~ 60 TeV
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iIcebound neutrinos

e confirmation ?

lceCube.wisc.edu




* shielded and optically
transparent medium

« [attice of photomuiltipliers
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highest energy muon energy observed: 560 TeV
- PeV energy neutrino




the high energy neutrino flux: atmospheric and cosmic
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1'=2.3%0.3 lceCube

the spectrum inc. prompt  1405.5303

- ee ¢ Differential Spectrum (best-fit, prompt component floats to zero)
3.5t} ;- Differential Spectrum (fit with prompt fixed at IC59 90% C.L.)

dN, /dE, [10°°GeVem s tsrt]
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E*$(E) =15 x 107°%(E/100 TeV) "3 GeVem ?s sy



E2J [GeV cm 2 s~ ! sr 1]
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SFR evolution
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external shocks versus cosmic ray reservoirs
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‘ .‘ /Region Sta rburst
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Region
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nearest star forming region in Cygnus

Most interesting result: “Milagro 67

— 6 sources of TeV photons with SNR Associations Reported by Milagro
Collaboration. 5 detections, 1 excess. (arXiv:0705.0707)

107
& - Total predicted Nuxes
p value - 1.99% = | Milagro 6 (Halzen atal.) | i sonccy
7)) == Discovery Potential (5 «)
- 10-10
n, fitted : 51 c
N L T
> . AL LTS L LRI
y fitted :3.95 @ 107
Significance Evolvingover time 5
IC40 : 2% (a posteriori) 2 107
IC59 : >=50% pt p value =1 99%‘
IC79+59 : 20.4% . :
IC86-1+79+59 :1.99% ? 3 4 5 6

Log,o(E, [GeV])

also, 8-year AMANDA data: 2.3 sigma



the non-thermal Universe is hadronic !
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lceCube: the discovery of cosmic neutrinos
francis halzen

« where do they come from?

lceCube.wisc.edu




where do they come from (3 year data)?

Galactic

0 TS=2log(L/LO) 11.2917

hottest spot 7.2%: consistent with diffuse flux with fllavor 1:1:17?



correlation with Galactic plane: TS of 2.8% for a width of 7.5

HI column density [cm_2]

ol 180°

Galactic

le+22



boundary with no gamma ray
observations in Southern sky

Galactic coordinates
PeV t
arXiv 1309.4077

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

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

Galacti ::Pl
alac 1c. ane 1800

) A Tl S 0o o R M

Galactic

h in |
c.0.g of 5-event cluster ottest spot in lceCube

PeV gamma ray map



Galactic vs cosmological ?

~ 10kpc Galactic sources are NOT likely the main origin

Foc/dgzvn(r) ~ nk

A2

FGal NGal RGal _ ( Zgal >3 RGal
RGal RH

~ 100 ggal ’ RGal — RH -
3 Mpc 10 kpc 3 Gpc

If sources were Galactic, they should dominate the cosmological




combining the cosmic flux measurement with point
source upper limits constrains the source population

many caveats!

- E2 Spectrum ‘ -- Ice'Cube 4-year Sensit;vity (90%C.L.) ]
- no cutoff — IceCube 4-year Discovery Potential (50) |1
. : ® o |ceCube 4-year Upper Limits (90% C.L.) (]
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PeV - EeV TeV - PeV
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(GeV'” m2sr' s
2

dN
dE dA dQ dt

E2.7

the energy range of cosmic

accelerators producing PeV
neutrinos

IceCube preliminary

6

6.5

7 75 8 8.5 9
log, (E/GeV)

Galactic or extragalactic?



muon-suppressed
Al €= piondecay
(0:1:0)

pion & muon

<4  decay
(1:2:0)

;' 50%
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where do they come from?

not all Galactic
where are the PeV photons?
we may be surprised, it happened before

need more events: no SCO-X1, more like Martin
Ryle’s radio stars




Declination (degrees)

expect surprises: produced by Galactic dark matter halo?
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lceCube
francis halzen

« from discovery to astronomy

lceCube.wisc.edu




what if ??7

a next-generation IceCube with a volume of 10 km?
and an angular resolution of 0.3 degrees will
identify the sources of a “diffuse” flux in several years
and guarantee astronomy

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



B-(i-1)?

number of sources

BB DO - - a-a-.

- -----a- -- - -- - - -- -
- O EEmEm W W W - - e.-. - e -
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3

number of events

o

distance

ﬂ

total number of sources
ns ~ 10° — 10’
total number of “slices”
1
Rslice == (ns) 3
total number of events
_ |
N >~ m X Ngiee = m X (ng)3

required number of events to
see a doublet (m = 2)

N ~ 200 — 500

random clusters are very likely
with bad angular resolusion!



absorption length < 220m -
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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

2000

1500 |

1000

500

[m]

=500

—1000

—1500

~200Q

O}

(increase in threshold not important: only eliminates
energies where atmospheric background dominates)
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IceCube 86

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



Bert:
Energy 1 PeV

SR 00000000
AT

How well could we
reconstruct

this event with fewer strings?

-

Analyzed event using only :.
subsets of 20 IceCube strings -
spaced at 250m. >
Resulit: »
Vertex reconstruction:~ 12m
Angular resolution: ~30°
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Same result for Ernie, the
other PeV event.

s8® o942

- Don'’t need 100,000
photoelectrons to measure

energy to 10%.
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top area (instrumented+60m border): 7.0 km?
strings: IC86+96 | string spacing: ~240m




120 strings

Depth 1.35t0 2.7 km
80 DOMs/string

300 m spacing

instrumented volume: x 10
same budget as IceCube



more cosmogenic neutrinos; coincidences with
ARA?

more double-bang tau neutrinos
better flavor measurements

better sensitivity to new neutrino physics




Next-Generation IceCube

capitalize on discovery

astronomy guaranteed

~ 120 strings: more sensors per string with higher
quantum efficiency

proven techniques, low risk

flexibility of deployment per seasons: optimization
cost similar to original detector

from discovery to astronomical telescopes:

parallel development in the Mediterranean
ANTARES - KM3NeT




lceCube has observed a flux of neutrinos from the
cosmos of PeV (1,000 TeV) neutrinos that is at the
level of the astronomical gamma ray flux. We thus
established that neutrinos play a role similar to
photons in the high-energy non-thermal universe.

from discovery to astronomical telescopes:

parallel development in the Mediterranean
ANTARES - KM3NeT
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lceCube

Oscillation Probability

DeepCore
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