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D IceCu IS a cubic-kiIometer—size“detectrfrozen into the
ice near the geographic South Pole, at a depth of 1500 -
2500 meters.




IceCube: An Unusual Telescope

= |ceCube is a cubic-kilometer-size detector frozen into the
ice near the geographic South Pole, at a depth of 1500 -

2500 meters.

= The detector volume is about a billion tons of ice,
iInstrumented with more than 5000 light detectors.
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= Particle Astrophysics - Searching for the
Most Energetic Sources of the Universe




" Particle Astrophysics

lceCube

= “Classical” Astronomy — electromagnetic spectrum from radio to
X-rays.

= Gamma-ray Astronomy — photons (light particles) with energies
1070 larger than optical light.

= Cosmic Rays — protons and heavier nuclei with energies up to
several Joule, the highest particle energies observed in the
Universe.

= Neutrinos — tightly connected to cosmic rays and their sources,
but neutral and not subject to deflection in magnetic fields (=
easier for “astronomy”).
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“ Neutrinos

lceCube

= The fundamental building blocks of
atoms (and therefore of the world we

know) are...
Neutrons \
Protons e
Electrons |

= |n nuclear reactions, neutrons can turn
into protons and vice versa by emitting /

an electron ( decay).

= Something is missing... or total
momentum is not conserved!



“ Neutrinos

lceCube

= The fundamental building blocks of
atoms (and therefore of the world we
know) are...

Neutrons
Protons
Electrons

= |n nuclear reactions, neutrons can turn
into protons and vice versa by emitting
an electron ( decay).

= Something is missing... or total
momentum is not conserved!



’ Neutrinos

lceCube

= To *fix” the picture, Wolfgang Pauli
invented a new particle that is very light
and has no charge - the neutrino (the
“small neutral one”).

= Neutrinos usually escape unseen - they
interact very little with anything, move
almost at the speed of light and are
difficult to catch.

= “/ have done a terrible thing, | have
postulated a particle that cannot be
detected.”

Wolfgang Pauli (1900-1958)



Neutrinos

lceCube

= The neutrino was eventually detected by
Reines and Cowan in 1956 in a nuclear
reactor, three years before Pauli’'s death.

» Pauli’s response: “Everything comes to
him who knows how to wait.”

= Neutrinos are produced wherever there
are nuclear reactions, for example in the
Sun. More than 50 trillion (50x1072) solar
neutrinos pass through your body every
second.

Wolfgang Pauli (1900-1958)
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lceCube

Neutrinos rarely
interact - they just zip
through almost
everything - and are
therefore hard to
detect!

© Argonne National Lab
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The Thing About Neutrinos
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= Neutrinos rarely
interact - they just zip
through almost
everything - and are
therefore hard to
detect!
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Cosmic Rays -
a 100-year old mystery



Cosmic Rays -
a 100-year old mystery




lceCube

= Electroscopes discharge slowly even if
no radioactive material is around - does
the Earth radiate?

Victor Hess (1883-1964)



Balloon Data

IlceCube — R
7. Fahrt (7. August 1912),
Ballon: ,Bohmen® (1680 cbm Wasserstoff), Fiihrer: Hauptmann W, Hoffory.
Meteorolog, Beobachter: E, Wolf, Luftelektr. Beobachter: V. F. Hess.
Mittlere Héhe Beobachtete Strahlang
_ | ; - - - Relat,
AT, Leit ——— Apparat 1 Apparat 2 Apparat 3 Temp.  Feucht,
absolut | relatiy ~—— e - | Proz.
no| m ¢ 7 s | reduz, gy
I I3h 13—16h 15 16 | o 17,3 12,9 ' - | - l W= —
2 toh r5—17h 13 156 | 0 15,9 11,0 184 | 184 | 1!, Tag vordem Aul-
3 t7h 15—18h 15 156 | 0 15,8 K12 179 | 178 stiege {in Wien)
= 6h 45— 7h 45 1700 | 1400 15,8 L 4 2L 263 | +64' 1 6o
5 78 45— 8h 43 2750 2500 173 12,3 225 | 31,2 T4l 4t
0 Shg5—gh4s = 3850 3600 198 16,5 213 | 352 —6.30 | b4
7 oh 45—10h 45 | 4800 | 4700 407 31,8 | 080 | 40
(4400—5350] =~ - i
8 1oh 45— 11h 15 4400 4200 28,1 22,7 — - — —
9 (ih r5—rth 45 | 1300 1200 (9,7) 11,5 - o — ==
10 1th gg—12h 10 | 290 150 1,0 10,7 - - —16,0" 68
i zh25—13h 12 | 140 0 15,0 11,6 - - (nach dzr Landung in

| ? Pieskow. Brandenburg)



Balloon Data

lceCube

/

Jalon: w - Going up as high as 17,500 feet,  wpman W. Hoffory.

Meteoro T leobachter: V. F. Hzss,
Hess showed that the radiation 5 _
level increases with altitude!

7. Fahrt (7. August 1912).

Relat,
NI i tyn tiia7 — Apparat I Apparat 2 Apparat 3 l‘emp. Feucht,
absolut | relatiy . : = Proz.
m m ¢ 7 73 reduz, ¢,
I 130 15—16h 13 156 0 17,3 12,9 - - ) < =
2 [oh rg—17h 13 156 | 0 15,0 11,0 184 18.4 [, Tag vordem Aul-
3 I7h 15—18h 15 150 © 15,5 1,2 17.3 17,5 l stiege (in Wien)
4 o1 45— 7h 45 1700 | 1400 13 '\ 211 26.3 +6.4 ! fo
5 h45—8h4s o 2750 2500 173 12,3 22,5 31,2 +140 1 4t
0 3h 45— gh 43 3850 | 3600 19,8 16,5 213 382 —0.8' | b4
i gh 45— 10h 43 4300 | 4700 40.7 31,8 | ~080 | 40
(44005350 = =
3 1oh 45— 11h 135 4400 4200 28,1 327 | . — ~ o
9 (ih 15—11h 43 1300 1200 (9,7) 11,3 — — G -
0 rth g45—12h 10 230 150 11,0 10,7 - - +16,0" 68
[ (2h 2g—1gh 12 140 0 15,0 11,6 - - (nach dzr Landung in

Pieskow. Brandenburg)



Cosmic "Rays?”

lceCube

Nuclei? Electrons? Photons?

After their discovery, the chemical nature of cosmic “radiation” was unclear for
some time.

The name “cosmic rays” reflects Robert Millikan’s belief that they were gamma
rays from space.

In the 1930s, it became clear that cosmic rays are mainly energetic particles.

Most ultra-high-energy cosmic rays are protons and heavier nuclei.

Robert A. Millikan
(1868-1953)

Arthur H. Compton
(1892-1962)
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MILLIKAN RETORTS
HOTLY T0 COMPTON
FICOSHICRAY CLASH

Dbate of Rival Theorists
Brings Drama to Session
of Nation's Scientists.

THEIR DATA AT VARIANCE

New Findings of His Ex-Pupil
. Lead to Thrust by Millikan
- at‘Less Cautious' Work.

PROF. RUSSELL ELECTED

Astronomer Heads Assoclation—
Secrot of Purple Gold In Tomb
of Tut-ankh-Amen Rediscovered.

By WILLIAM L. LAURENCE.
' Special to Twx Nrw Youx Tousa.

ATLANTIC CITY, Dec. 30.—Pro-
fessor Robert A. Millikan, who won
the Nobel Prize in physics for being




€he New Jork Cimes

MILLIKAN RETORTS
HOTLY TOCOMPTON
[ COSMIC RAY CLAS

Dbate of Rival Theorists
Brings Drama to Session
of Nation's Scientists.

THEIR DATA AT VARIANCE

New Findings of His Ex-Pupil
. Lead to Thrust by Millikan
at ‘Less Cautious’ Work.

PROF. RUSSELL ELECTED

Astronomer Heads Assoclation—
Secrot of Purple Gold In Tomb
of Tut-ankh-Amen Rediscoversed.

© By WILLIAM L. LAURENCE.

' Special to Tux Nrw Youx Touza
ATLANTIC CITY, Dec. 30.—Pro-

fessor Robert A. Millikan, who won

the Nobel Prize in physics for being

MILLIKAN DENIES
‘CLASH’ ON THEORY

Scientist Protests That the
Word ‘Incautious’ Was Not
Aimed at Compton.

DISCLAIMS ANY COOLNESS

Holds The Times Report Stated
“Exactly the Opposite” of the
Findings He Presented.

By Tele to the Editor of Tmm Nxw
. mphm Togers.

WASHINGTON, D. C,, Dec. 31.—
It is not customary for me to at-
tempt to correct erroneous news-
paper reports, and that for the
simple reason that with many
newspapers it is a well-nigh hope-

* less undertaking. But Tar Nzw

Yorxk Times Is usually so depend-
able that I assume it will welcome
correction and also will know how
to effect the remedy for its error.
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MILLIKAN’S DATA
CONFIRM GOMPTON

Results of Cosmic Ray Study
at Panama Tend to Back
Rival's Ideas.

RAY INTENSITY VARIES

Strength Is Groeater at the Poles
—=Equatorial Tests Are Now
Projected.

PASADENA, Cal,, Feb. 4 (P).—
The stratosphere above egquatorial
regions of the earth should be the
next scene of exploration in the
quest of the sedrets of the cosmle
ray, Dr. Robert A. Milllkan sald
hers today.

Announcing that observations of
his co-workers at Panama con-
firmed the earlier reports of Dr.
Arthur H. Compton of Chicago
that the rays from Interstellar
space showed latitude effects, Dr.
Millikan disclosed that the vari-
ance was as high as 8 per cent.
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COSMIC RAY TO OPEN
PLANETARIUMTONIGHT

Caaght by Delicate Apparatus,
It Will Switch On Stars in
‘Artificial Heaven.’

i A cosmic ray, messenger from in-
}tautonu space, will switch on the
' stars tonight, promptly at 9 o’'clock,
in New TYork's first “artificial
'heaven,” at the opening of the
Hayden Planetarium of the Ameri-
can Museum of Natural History,

So far as is known, this will be

|tho first time that a cosmic ray,
,most powerful ‘‘electrical bullets'’
{found in nature, will be made to
'perform a useful task at the bid-
ding of man.

The cosmic ray will be trapped by
delicate electrical apparatus and
Imado to provide the impulse that
will switch on the great planetarium
' projector with its 9,000 stars. This
‘'was announced yesterday by Dr,
Clyde Fisher, curator of New York's
““Theatre of the Stars.”
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COSMIC RAY TO OPEN
PLANETARIUMTONIGHT

Caaght by Delicate Apparatus,
It Will Switch On Stars in
‘Artificial Heaven.’

i A cosmic ray, messenger from in-
}tautonu space, will switch on the
' stars tonight, promptly at 9 o’'clock,
in New TYork's first “artificial
'heaven,” at the opening of the
Hayden Planetarium of the Ameri-
can Museum of Natural History,

. So far as is known, this will be

|tho first time that a cosmic ray,
,most powerful ‘‘electrical bullets'’
{found in nature, will be made to
'perform a useful task at the bid-
.di'tzx% of man.

e cosmic ray will be trapped by
delicate electrical apparatus and
Imado to provide the impulse that
will switch on the great planetarium
' projector with its 9,000 stars. This
‘'was announced yesterday by Dr,
Clyde Fisher, curator of New York's
““Theatre of the Stars.”

“So far as is known, this will
be the first time that a
cosmic ray... will be made to
perform a useful task at the
bidding of man.”



Cosmic rays.are charged particles (protons or heavier
nuclei) that continuously rain down on Earth from outer
space.

A small fraction of them havé energies in excess of several
Joules, which makes them the highest energy particles in
the known Universe.

Where do they come from? Do they point back to their
sources? Can we do astronomy with these particles?

»
‘ »é___



Electronvolt eV

lceCube

= Our usual unit of energy, the Joule, is inconvenient when dealing with sub-

atomic particles. Particle physicists therefore usually use of different unit,
the electronVolt.

= 1 electronVolt (eV) is the amount of energy gained by an electron (or a
particle with the same charge) when it is accelerated through an
electrostatic potential difference of 1 Volt.

1eV =1.60 x10-1° Joule

1V




Cosmic Rays Energy Spectrum

| | | I
) ] R All particle spectrum
Cosmic ray energy spectrum is 10° JACEE(11)
. Akeno[12] B
nonthermal. Nen Shan{13
Energy distribution has no yre e
characteristic temperature. CASA-BLANCA(19] +—=—
Source energy is given to a —~ 107} oo - o
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particles. q‘;,
5 4 <«
Energies of the nonthermal e A
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emission processes. o
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> 107
L] L] . -o
The origin of cosmic rays at T _ B
energies above GeV is unknown -
no astrophysical object has ever X By
been definitively identified as an 1071 Fired target 8
accelerator of high energy HERA
nucleons. RHIC TEVATRON | o
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E (eV/ nucleus)



Cosmic Rays Energy Spectrum

| | | I
All particle spectrum
i i : 0 JACEE[11] ¢
= Accessible to experiment: 10 Akenoh 2% ‘
Energ.y spectrum.. | T Ms U]
Chgmlcall cor.nposmon. CASA-BLANGA(19] —=—
Arrival directions. 102 HEGRA(18)
'-‘w CasaMi 161 —e—i
=0 Tibet[15) e
= Astronomy with charged particles? &
i =
Protons and nuclgl are chargeq S o4 «—
and therefore subject to deflection >
in Galactic and intergalactic S
magnetic fields (of unknown w
strength)! S| 108 _
©
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) \
10 g [ ‘%;;;f -
R=1 koc EEeV Fixed target 50
- p HERA .1
G RHIC TEVATRON | [
ks ot W
10 10 L — 7%’,,,7 1 1 L
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E (eV/ nucleus)



Acceleration Mechanism

= A possible acceleration mechanism

was suggested in 1949 by Enrico
Fermi.

= Particles are accelerated “by collisions
against moving magnetic fields.”

Enrico Fermi (1901-1954)



Acceleration Mechanism

= A possible acceleration mechanism
was suggested in 1949 by Enrico
Fermi.

= Particles are accelerated “by collisions
against moving magnetic fields.”

PHYSICAL REVIEW VOLUME 75, NUMBER 38 APRIL 15, 1949 [l
On the Origin of the Cosmic Radiation \
Exrico Fermi
Institute for Nuclear Studies, University of Chicago, Chicago, llisnoss
(Received January 3, 1949) \

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight- ey
forward way the heavy nuclei observed in the primary radiation

I. INTRODUCTION where H is the intensity of the magnetic field and

N recent discussions on the origin of the cosmic ¢ is the density of the interstellar matter.
radiation E. Teller' has advocated the view One finds according to the present theory that a
that cosmic rays are of solar origin and are kept particle that is projected into the interstellar
relatively near the sun by the action of magnetic medium with energy above a certain injection
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Power Law

How can we get a power law? N(> E) x E

Assume particles are not accelerated in one single step, but little by little in a
process that repeats n times, with an energy gain per step of

AE =EE
After n steps, the energy is E,, = Eo(l + E)n

... S0 the number of steps needed to reach energy E is

_In(E/E,)
"7 n@+g)



Power Law

Complication: after every step, the particle can escape from the acceleration region with
some probability P,... Once it escapes, its energies does not increase any more.

The probability P, that the particle reaches energy E, is equal to the probability that the
particle has not escaped for n encounters:

The number N of particles with enérg (> E, %Cgroportlonal to the number of particles that
remain in the acceleration region for more than n steps:

Nz E) E (1-Fs)
_(1-Ry)

P

esc



Power Law

= This can be re-written as

N(z E) o EEO with y = ln[il/l((ll-_l_g;w)]

= a process with a repeated energy increase AE =t E per step
naturally gives a power law.

= Note:

dE v = frequency of acceleration
at T = characteristic time of process

= reaching higher energies takes longer; if the accelerator has a limited
lifetime, only some characteristic maximum energy can be reached.



lceCube

In Fermi's cosmic ray shock
accelerator, protons speed up by
bouncing off moving magnetic
clouds in space - just like a tennis
ball is faster after it bounces off a
wall moving towards the observer.

Shock acceleration is a tedious
process - the particles gain energy
over many (107 or more) collisions.

This is not the correct model, but
the model can be improved:
replace magnetic clouds by shock
fronts...

incoming cosmic ray

Source Candidates?

magnetic
field

‘7
outgoing cosmic ray

moving magnetic
cloud or
shock front



Fermi Acceleration

= Second order Fermi acceleration (charged particle interactions with clouds containing
turbulent magnetic fields):

AE
E

B = velocity of cloud (typically p < 10-4)

=> power law guaranteed!

= First order Fermi acceleration (1977) (replace cloud by shock front)

AE B = velocity of shocked gas relative to the
E unshocked gas (typically fc = 104 km/s)

= power law guaranteed plus the spectral index is independent of the
properties of the shock wave and depends only on the ratio of upstream to
downstream velocities.

= predicts a unique spectral index for diverse environments.
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: \
Fermi acceleration when

particles cross
high B-fields



Cosmic Particle Accelerators

Baade and Zwicky suggested in 1934
that supernova remnants could be the
sources of Galactic cosmic rays.

Particles are accelerated in diffuse
shocks associated with young (~1000
year old) supernova remnants

expanding into the interstellar medium.

The shock sweeps up the ~1
proton/cms3 density of hydrogen in the
Galactic plane.

Fermi acceleration occurs in the high
magnetic fields in the outer reaches of
the shock.

Cas A, courtesy Chandra (NASA)



Cosmic Particle Accelerators

=  Supernovae can account for cosmic
rays with energies up to ~1016 eV.

= The strongest argument for this
scenario is based on energy
considerations:

Observed energy density of
galactic cosmic rays: ~
10-12 erg/cm3

Supernova remnants: 10°" erg
every 30 years: ~
10-12 erg/cm3

= Supernova remnants provide the

environment and energy to explain the Cas A, courtesy Chandra (NASA)
galactic cosmic rays. ’



Spectral Index

shock front

A.R. Bell,
MNRAS 182 (1978) 147

upstream downstream

_ In[1/(1- Pg)] 4

with g =

! In(1+&) 3

For a strong shock wave, the ratio of the upstream to downstream velocities
depends only on the ratio of specific heats of the gas:

y for a fully ionized gas
_ 1
WP, =P, <
U,



Spectral Index

shock viewed in the
frame in which it is
A.R. Bell, stationary
MNRAS 182 (1978) 147 u u

1 2

shock front

upstream downstream

_ In[1/(1- Pg)] 4

with g =

! In(1+&) 3

For a strong shock wave, the ratio of the upstream to downstream velocities
depends only on the ratio of specific heats of the gas:

y for a fully ionized gas
_ 1
WP, =P, <
U,



Spectral Index

shock viewed in the

hock front
shockron frame in which it is

A.R. Bell, stationary
MNRAS 182 (1978) 147 u, u,
upstream downstream
u
s 1
U,

The escape probability is the ratio

_ escape rate (through convection downstream)

P

& rate of shock encouters



Spectral Index

shock viewed in the

hock front
shockron frame in which it is

A.R. Bell, stationary
MNRAS 182 (1978) 147 u, u,
upstream downstream
Final result: y=-2 — N(E)dE x EZdE

= The spectral index is independent of the absolute magnitude of the velocity of the plasma
- it depends only on the ratio of upstream to downstream velocities.

= The spectral index is “universal” and its value comes close to what is needed to explain
the cosmic ray energy spectrum.



Fermi Acceleration

First order Fermi acceleration is faster than second order, but it is by no means fast.

The time scale of a typical SN blast wave is roughly the time it takes the expanding shell
to sweep through its own mass of the interstellar medium - after that, it slows down.

Example:

10 M_, expanding at 5x10° cm/s into a medium

1 proton

cm’

of average density

This means that of order 30 SN actively accelerate cosmic rays at any given time.



Fermi Acceleration

The finite lifetime of the SN blast wave as a strong shock limits the maximum energy
per particle that can be achieved with Fermi acceleration:

4
E =< Zx3x0" GeV
The cosmic ray energy spectrum extends well beyond E, ., so acceleration in SNRs
cannot account for the full spectrum!

This limit can be raised if the SN does not explode into the average interstellar
medium, but into an environment formed by the wind of its progenitor (stellar wind SN).
This raises the limit for E, . by about two orders of magnitude (Volk & Biermann,

max
1988).
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Cosmic Particle Accelerators

Above ~1018 eV, the gyroradius of 2
a proton in Galactic magnetic fields Flux x E
exceeds the size of the Galaxy, so

cosmic rays above this energy L s

must be extragalactic all the wayto  .» ,, L A Stereo 4

the highest observed energies L | ]

~1020 V. IO <

Direct support for this scenario ”ﬁ ’ ++.o. i 1, L

comes from the observation of the A eee,, ##

absorption of the particle flux by ‘J‘;ﬁ, "o

the microwave background (“GZK ale Rl !

cutoff’) by the HiRes and Pierre }

Auger cosmic ray experiments. ,ra 1

10 '17‘ - ‘17l_5l - LilBJ ‘ ‘181.5A ‘ ‘4119‘ - .191.51 ‘ ‘216 i ‘20.5 - 421

HiRes Collaboration, energy log,,(E) (eV)

PRL 100 (2008) 101101



GZK Suppression

Cosmic rays interact with the 2.7 K microwave background.
Protons above ~ 6x101° eV suffer severe energy loss from photopion production.

+_
PV —€ep
—a"n

0
Proton (or neutron) emerges with redzejg elr%ergy, and further interaction occurs until the
energy is below the cutoff energy.

Greisen-Zatsepin-Kuz’'min Suppression

VoLume 16, Numsex 17 PHYSICAL REVIEW LETTERS 25 AemiL 1966

END TO THE COSMIC-RAY SPECTRUM?

Kenneth Greisen

Cornell University, [thaca, New York
(Received 1 April 1966)

The primary cosmic-ray spectrum has been Penzias and Wilson® at 4080 Mc/sec (7.35 cm)
measured up to an energy of 10% eV, and sev- and now confirmed as thermal in character by

1 OUDS 1) . G Dro Y 1le oe - o 5 Jaalls 0 e ) ] W AsSOn




Extragalactic Sources?

10™ aV proton, fi = 1

0 10 eV proton, i = 1/300

10

) 5|
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A. M. Hillas, Ann. Rev. Astron. Astrophys. 22, 425 (1984)




Cosmic Particle Accelerators

Active Galactic Nuclei (AGN) are
possible sources: they consist of a
supermassive black hole, an accretion
disk, and two jets in which shocks
move outward.

Energy considerations work out for
AGN ...

... but also for Gamma Ray Bursts
(GRBs), so both AGN and GRBs are
leading candidates.

But again, no extragalactic object has
been unambiguously identified as a
source of cosmic rays...




Chandra X-Ray

VLA Radio
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- HST Optical




Origin of Cosmic Rays

lceCube
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How can we find the sources of cosmic rays?
Do cosmic rays point back to their sources?

|s astronomy with (charged) particles possible?
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’ Integral Flux

lceCube

flux
A

1 particle

Requires large,
Earth-bound detectors!
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Pierre Auger Collaboration

= International effort involving more

than 350 scientists at 72 institutions

in 18 countries:
Argentina, Australia, Bolivia,
Brazil, Czech Republic, France,
Germany, ltaly, Mexico,
Netherlands, Poland, Slovenia,
Spain, United Kingdom, USA,
Vietnam
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Fluorescence Detector i




Fluorescence Detector
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PIERRE
AUGER

northern sky

-99° equatorial coordinates



AN

W Skymap at the Highest Energies

PIERRE
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= 472 AGN with z < 0.018 (red crosses), 27 cosmic ray arrival directions with 3.1° circle,
color indicates relative exposure, position of CenA (white cross).

Centaurus A
4 Mpc, 11 million light years



There are first indications that the cosmic ray flux might not
be isotropic at the highest energies, but no source has been
positively identified- so far.

Maybe the particles do not boint back to their sources -
intergalactic and Galactic magnetic fields might scramble
the arrival directions even at the highest energies!

Cosmic rays are not the only messenger from high energy
sources -where there are cosmic rays, there are also
neutrinos! »

-
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Messenger Particles

Cosmic rays are not the only messenger from
high energy sources - a cosmic ray source is
also a beam-dump.

Cosmic rays inevitably interact with radiation
and gas surrounding their source, e.qg.

p+y—=AN —=a’+p
p+y—=A —=a"+n
0 + -
Enerdg/ gs@aﬁn]gytl;gsdlh%e fg gplstli-gu%gd

among cosmic rays, gamma rays, and
neutrinos.




’ Neutrino Production

lceCube

= Neutrinos are the ideal “messenger
particle:”

Neutrinos propagate in a straight
line and are not easily absorbed -
they can get away from the
source!

However, they are not easily
“absorbed” in detectors, either...
we need km?3 size detectors!




’ Requirements for a Neutrino Detector

lceCube

= Large detector volumes - of order ~ km3 if we want to detect a few
neutrinos from astrophysical sources per year...

= Neutrinos must interact near or in the detector and produce a particle
that can be detected, for example a muon.

= The detector must be shielded from the enormous background of
atmospheric muons, so it needs to be deep below some absorbing
material.

= At the same time, the absorbing material must allow for detection of
light from particles created by neutrinos.



Blue light travels 200+ meters in ice...
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IceCube Collaboration
http://icecube.wisc.edu

36 institutions, ~250 members
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Digital Optical Module

lceCube

photomultiplier
tube




IceCube
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IceCube
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A photomultiplier
starts its journey
to 2500 m...



‘ IceCube Configurations

lceCube

M. Santander



" IceCube Configurations

lceCube
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lceCube

IceCube Configurations
-

IC-9
05-06 Season
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’ IceCube Configurations

lceCube

06-07 Season

M. Santander



‘ IceCube Configurations

lceCube

IC-40
07-08 Season

M. Santander



IceCube Configurations

lceCube

IC-59
08-09 Season .

M. Santander



IceCube Configurations

lceCube
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IceCube Configurations

lceCube

IC-86
10-11 Season

M. Santander



IceCube Concept

lceCube
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Neutrino travels
through the Earth.

IceCube Concept

< - P B i D

P A W s,

an e . TR
P e L e | SRS U S R

- o . R - A ‘ ,Q

ar “ a -

N N =45 . 4€ °

o0 .‘.x.!...l.

lceCube



IceCube Concept

lceCube

Infrequently, a neutrino
causes a nuclear
interaction in the ice and
produces a muon.




lceCube

Infrequently, a neutrino
causes a nuclear
interaction in the ice and
produces a muon.




IceCube Concept

Infrequently, a neutrino
causes a nuclear

interaction in the ice and

produces a muon.




lceCube

IceCube Concept

The muon produces
Cherenkov light, and
photomultipliers capture
and map the light.



05

lceCube

IceCube Concept

The muon produces
Cherenkov light, and
photomultipliers capture
and map the light.



... is produced by charged particles traveling faster than
the speed of light.

optical equivalent to supersonic boost
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* Event Display

lceCube

Number of hit modules: 148

est. angular error: 0.84°



|C40 Data ~ 1 TeV neutrino-induced muon



IC40 Data ~~300 TeV cosmic ray muon bundle



lceCube

: ";
hd!

Muon — IC 40 data

t

v, (cascade) simulation

[T
“»

16 PeV v, simulation

a' Neutrino Event Signatures

® “Tracks” from muons vV,+N—=u+X
=  Good angular resolution ~1° or less.

= Currently the most important channel in
lceCube (long tracks <> large detector
volume).

= For E > TeV, muon energy loss per meter
depends ~linearly on the muon energy;
resolution ~0.3...0.4 in log E.

e Cascades from electrons V.t N —e+X
= Showers, not track-like.

= All energy loss inside the detector, good
energy resolution ~0.1 in log E.

® “Double bang” events from taus

88



‘ Moon Shadow

lceCube

e (Cosmic rays blocked by the
moon lead to a deficit in the
distribution of downward going
muons in the detector.

e |C59 ~-120 significance,
Gaussian fit 0.61°+ 0.05°,
systematic pointing error < 0.1°

:0114 IC39 preliminary

|IC59 preliminary

0 1 2 3
(o, - oy,) cos(d,) [deg]

0
-1000

O =

3000
4000
5000
6000

7000
8000

0.16
0 1 2 3 4 5 6
AW [deg]
mm 1000

89



‘ Cosmic Ray Background

lceCube

e (Cosmic ray air showers produce muons and neutrinos reaching the
detector

Southern Sky
Background:
Atmospheric
muons from
cosmic rays
(~7-10"%/year)

Background:

Atmospheric neutrinos
from cosmic rays B R M S
(~8:10%/year) 2 3 4 5 6 7 8 9
log [E" (GeV)]

920



’ All-Sky Point Source Search

lceCube

® Point source search in IC40+IC59 data sets
= [ jvetime: 348 days (IC59) + 375 days (IC40)
= Data set size: 107,00 events (43,339 upgoing + 64,230 downgoing)

|C40+1C59 skymap in equatorial coordinates

+85

Northern Sky
Atmospheric neutrinos as
dominant background

E ~ 10 to several 100 TeV

Southern Sky
Atmospheric muons as

dominant background
E > PeV
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" All-Sky Point Source Search

lceCube

e [ikelihood ratio analysis using the point-spread function and energy of
events; analysis gives increased weight to high-energy events.

+85
= IC40+IC59
i 8
e minary
e
pre-trial probabilities
0.|0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.-8 5.4 6.0
-logy, p
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All-Sky Point Source Search

lceCube
® Most “significant” excess: (0,0)= (74.45°,-18.15)
ng.=18.3
- log p = 4.65

Oh

minary

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

pre-trial probabilities

|

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0
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lceCube

All-Sky Point Source Search

® Post-trial significance for the “hot spot” is estimated by applying

identical analysis to scrambled data sets.

e A “hot spot” with a pre-trial - log p = 4.65 is found in ~74% of

als

Fraction of tr

searches = not a significant excess

preliminary

~—— observed value

Al
B

L

”“l'llh.h‘q

-logp

-16} =

-17
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~20}

-21

IC40 events
IC59 events

77 78
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‘ Source Lists

lceCube

+85
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& crs searcr

lceCube

® |ceCube has reached the sensitivity to test models of ultra-high
energy cosmic ray (UHECR) acceleration in GRBs.

o Model assumptions:

= GRBs are responsible for
the flux of extragalactic
cosmic rays, starting
above the “knee” and
dominating at the “ankle.”

= Protons escape via
proton-y interactions.

® |[s expected prompt neutrino
emission consistent with

lceCube?
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lceCube

a' GRB Search

Null result disfavors GRB/UHECR scenarios with their standard
parameters with high significance (~12c for IC59+1C40).
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3‘ Atmospheric Neutrinos

lceCube

. AStrOphySical Sources Of g ssmmmss  Comvenbonal almosphenc neutrmas (Honda 2006) _7_-!
neutrinos are expected to have & * = 1 = Astiophysicalneutrinos (ICA0 Wit 3

a harder Spectrum than § sl gl gy e Prompt aimosphenc neutnines (Enberg et al) _%
atmospheric neutrinos. v E

e “Conventional” atmospheric
neutrino spectrum: ' !

o g k|

K~ e[.L_'i'VM( 10° ' "‘_—'_;

| W - - . .llll
2 3 4 5 8 7

e Critical energy for charm is 107 GeV, so “prompt” neutrinos from charm
decay have a (harder) spectrum that reflects the primary spectrum.

=> charm contribution is expected to become dominant at higher
energies

= important and uncertain background for diffuse flux from
astrophysical sources.
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‘ Atmospheric Neutrinos

lceCube

Phys. Rev. D83 (2011) 012001
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lceCube

* Diffuse Flux

If individual sources are too weak to be detected, the sum of neutrinos
from all (unresolved) extragalactic sources (AGN,...) might nevertheless
produce a detectable diffuse flux.
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" Cosmic Rays in IceCube

lceCube

® By measuring downward going
muons from air showers, lceCube
can study the arrival direction
distribution of cosmic rays in the
energy range ~10 TeV to several
100 TeV and produce a cosmic
ray sky map of the southern sky.

® Muons produced in downward
going cosmic ray air showers
are detected by lceCube at a rate
of > 1000 Hz.

cosmic ray

air shower

muons from
air showers
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Cosmic Ray Anisotropies

lceCube

® Anisotropies in the arrival Tibet Il
direction distribution of B
>TeV cosmic rays have
been observed on large
scales (dipoles) and
smaller scales (~10°-20°)
in the northern and
southern sky.

5TaV

® QOrigin of anisotropies is
unknown.

significance |o]
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s' IceCube Physics

lceCube

Diffuse flux from extragalactic sources. Neutrino
point sources. Origin of galactic and
extragalactic comic rays. Atmospheric neutrino
flux. Gamma Ray Bursts and time-dependent
phenomena. Supernova burst monitoring. GZK
neutrinos. Atmospheric physics. Indirect WIMP
searches. Relativistic monopoles and other
exotic phenomena. Lorentz invariance violation.
Search for non-standard model neutrino
interactions. Cosmic rays with IceTop.
Multimessenger approaches.

The unknown...
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“If we knew what the discoveries were likely to
be, it would make no sense to build such a
telescope.”

George Ellery Hale
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