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Outline

• The Extreme Universe: Science Case
• UHECRs

• Latest News from Auger, HiRes and TA
- Energy Spectra: GZK-Effect
- Anisotropies:   Search for Sources
- Mass-Compos.:  Puzzling Results
- Photon Limits:  Propagation and TopDown Tests

• Tests of Fundamental Physics
• Neutrino Astronomy

• Latest Results from IceCube, ANTARES, Auger, ...
• Future Directions
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Largely based on results presented
at ICRC in Łódź, last week
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All Particle Cosmic Ray Spectrum
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courtesy R. Engel
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Diffusion losses
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All Particle Cosmic Ray Spectrum
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Want LHC to accelerate protons
up to 1020 eV ??

courtesy R. Engel

Earth Orbit
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CR Absorption in CMB (GZK-Effect)

threshold: EpEγ > (mΔ2 - mp
2)

⇒ EGZK ≈ 6·1019 eV

γCMB

p
Δ+

p‘
n

π0

π+

X-section is known,
nγ=412/cm3 is known

➠ λfree =
1

nγ · σpγ
≈ 8 Mpc

UHECR

UHECR
UHECR

p + γCMB → ∆ → p + π0

→ n + π+
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Greisen-Zatsepin-Kuz‘min (1966)
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Harari et al.; astro-ph/0609294

Si

90% of particles at E>80 EeV
come from within 100 Mpc
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UHECR Science Case

• Sources of most energetic CRs need to be nearby
• Deflections in magnetic fields are moderately weak

7

By-Products:
• Do Particle Physics at the Highest Energies,
          e.g. pA and ν- cross-sections
• Probe Fundamental Physics, e.g. Tests of LIV
• Learn about Cosmic Environments, e.g. B-Fields

➠ Opportunity to identify sources by CR-Astronomy !
➠ need to measure: direction, energy, particle-type
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HiRes-II

HiRes-I

HiRes Experiment (Dugway, Utah)

HiRes-I
21 mirrors
1 ring, full azimuth, 3°-17° elevation
Sample & Hold DAQ System

HiRes-II
42 mirrors
2 rings, full azimuth, 3°-31° elevation
FADC DAQ System
Took data: Dec. 1999-April 2006

Both:
5.1 m2 mirrors, 16x16 PMTs

8

HR I+II data taking:
June 1997-April 2006
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Auger Hybrid Observatory (Argentina)
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24 fluorescence telescopes...

...1600 Water Cherenkov tanks

Auger Hybrid Observatory (Argentina)
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Pierre Auger Observatory
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Hybrid
 Detector

of 3000 km
2

Fully Operational 
since June 2008

1600 SD stations
(1.6 km spacing)
= 3000 km2

24 FD telescopes

~
 7

0
 k

m

~ 60 km
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Telescope Array (Utah)
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507 Plas!c Scin!llator Detectors
cover ~700 km2  (1.2km spacing)

3 Fluorescence Telescope
Sta!ons overlook the array.

Utah, USA

39.3 o N, 112.9 o W

alt. 1400 m

31st ICRC H.Sagawa for the TA Collabora!on

3 communica!on towers

Fully Operational 
since March 2008
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Exposures @ ICRC 2009
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... and time

AGASA : HiRes : Auger
       1        :       5     :    10



Karl-Heinz Kampert EPS-HEP 2009, Cracow (Poland) 14

UHECR 
Energy 
Spectrum
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Hybrid: More than Sum of the Two

15

Surface Detecor Based:      Fluorescence Detecor Based:
+ High Statistics (24 hrs a day)    + High Resolution
+ Simple geometrical exposure    + Low energy threshold
– Calibration of Energy from EAS-simul.  + Calibration by laboratory expt‘s
            – about 15 % duty cycle 
 Hybrid Based:       – complicated apertur
 + Well known calibration
 + Flat, well known aperture
 + Low energy threshold
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Ground Array calibrated by Fluorescence Obs.
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Hybrid Energy Spectrum
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Transition Galactic
➞ Extragalactic CRs ?

max. energy of accel.
or propagation ?

Auger @ ICRC09

Update from Phys. Rev. Lett. 101, 061101 (2008)
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Comparison HiRes - Auger
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Comparison HiRes - Auger
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Energy [arb. units]
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Anisotropic 
distribution

Comparison with Astrophys. Models

20

• Simple models fit data surprisingly well
• Constraining models needs composition measurement

φ(E) ∝ E−β · (1 + z)mβ m
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UHECR 
Anisotropies
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Auger Sky above 60 EeV

22

Fig. 3. Aitoff projection of the celestial sphere in galactic coordinates with circles of
radius 3.1◦ centered at the arrival directions of 27 cosmic rays detected by the Pierre
Auger Observatory with reconstructed energies E > 57 EeV. The positions of the
472 AGN (318 within the field of view of the Observatory) with redshift z ≤ 0.018
(D < 75 Mpc) from the 12th edition of the catalog of quasars and active nuclei [9]
are indicated by asterisks. The solid line draws the border of the field of view for the
southern site of the Observatory (with zenith angles smaller than 60◦). The dashed
line is, for reference, the supergalactic plane. Darker color indicates larger relative
exposure. Each colored band has equal integrated exposure. Centaurus A, one of
our closest AGN, is marked in white.

of the 472 AGN with redshift z ≤ 0.018 in the V-C catalog. The angular scale269

and the maximum AGN redshift are those specified for the prescribed test of270

the previous section. The energy and arrival directions of the events are listed271

in Appendix A.272

3.2 Properties of the correlation signal273

On Figure 4 we show one-dimensional plots of the probability P as a function274

of each of the scan parameters when the other two are held fixed at the values275

which lead to the absolute minimum probability.276

We note that the energy threshold at which the correlation with nearby AGN277

is maximized, i.e. Eth = 57 EeV, matches the energy range at which the278

spectrum measured by the Pierre Auger Observatory gets reduced by ∼ 50%279

with respect to a power law extrapolation of the spectrum measured at lower280

energies [28], as shown in Figure 5. This feature adds support to the interpre-281

tation that the correlation with relatively nearby sources is evidence for the282

GZK effect [2], as will be discussed in Section 4.4.283

10

27 events as of November 2007
(with Verón-Cetty-Verón catalogue)

58 events now
(with Swift-BAT AGN density map)

Simulated data sets based on 
isotropy (I) and Swift-BAT model (II) 
compared to data (black line/point).

Log(Likelihood)

data comp. to SWIFT
isotropic comp to SWIFT

<10-5 samples of isotropic distr‘s
give higher LL than data

random SWIFT 
compared to SWIFT

Auger Coll.; Science 318 (2007) 938 Auger Coll.; ICRC (2009)
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However ...

23

Total number of events (excluding exploratory scan)
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HiRes Sky plot of Northern Sky
10 evts above 57 EeV
(42 EeV on Auger scale)
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TA sees 3 correlated events
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HiRes @
ICRC09

TA @
ICRC09
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Auger Coll.; ICRC (2009)
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Galactic Magnetic Fields are important

24

✦ Does GMF disturb the expected correlation of the highest energy 
cosmic rays (HECRs) with their sources (even if HECRs are mainly 
protons) ?

✦ Can there be differences between Southern and Northern sky?

✦ Can HECRs obtain information on GMF ?

✦ 0.2-0.3 µG near solar system; but mG parallel to galactic disk found

gal. 
disk

S-parity

gal. 
disk

A-parity

• AS: no reversals 
between spiral 
arms

• BS: reverals 
between sprial 
arms

⊗ 

four basic models for GMF

Correlations at 3-5° scale possible
except for AS-structure models in northern sky Takami @

ICRC09
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Centaurus A appears interesting

25

Cen A
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2 LENAIN et al. VHE γ-RAYS FROM CENA
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Fig. 1. (a): Smoothed excess sky map of VHE γ-rays centered on the CenA radio core (cross) (contours: 3, 4, and 5σ). (b): Differential
energy spectrum of CenA at VHE as measured by H.E.S.S.

CenA was observed using the H.E.S.S. experiment

between April 2004 and July 2008, yielding a dead time

corrected total live time of 115.0 h, with zenith angles

ranging from 20◦ to 60◦ with a mean zenith angle of

∼24◦. The data were analyzed with a standard Hillas-

type analysis [18] with an analysis energy threshold of

∼250GeV for a zenith angle of 20◦.

Figure 1a shows the smoothed excess sky map of VHE

γ-rays measured with H.E.S.S., centered on the CenA
radio core position. A clear excess at the position of

CenA is visible. A point source analysis, using standard

cuts as described in [18], yields to the detection of an

excess of VHE γ rays with a statistical significance of
5.0σ. A fit of the instrumental point spread function to

the uncorrelated sky map results in a good fit (chance

probability∼0.7) with a best fit position of αJ2000 =
13h25m26.4s ± 4.6s

stat ± 2.0s
syst, δJ2000 = −43◦0.7′ ±

1.1′stat±30′′syst, well compatible with the radio core and

the inner kpc jet regions. We derive an upper limit of

0.2◦ on the extension (95% confidence level), assuming

a Gaussian surface-brightness profile.

The differential photon spectrum, shown in Fig. 1b,

is well described by a power law function dN/dE =
Φ0(E/1TeV)−Γ with a normalization Φ0 = (2.45 ±

0.52stat±0.49syst)×10−13 cm−2 s−1 TeV−1 and a pho-

ton index Γ =2 .73 ± 0.45stat ± 0.20syst. Calculated

from the spectral fit, the integral flux above 250GeV

is Φ(E > 250GeV) = (1.56 ± 0.67stat) × 10−12

cm−2 s−1, corresponding to ∼0.8% of the flux of the

Crab Nebula above the same threshold [18], and to an

apparent isotropic1 luminosity of L(E > 250GeV) ≈

2.6 × 1039 erg s−1 (adopting a distance of 3.8Mpc).

1not corrected for a potential Doppler boosting effect.

No significant variability has been found on time

scales of 28min, nights and months (moon periods).

However, given the faint flux, only large flares–such as

a brightening by a factor ≈20 over a night for a ∼4σ
detection of a flaring event–would have been detectable.

This can be compared to the VHE flux variation of factor

∼5–10 detected from M87 on time scales of days.

The results have been cross-checked with independent

analysis and calibration chains, and good agreement was

found. More details can be found in [19].

III. DISCUSSION

Figure 2 shows the SED of CenA from X-rays to the

VHE range. The flux measured by H.E.S.S. is clearly

below all previous upper limits reported in the VHE

regime. Recently, the Fermi/LAT collaboration reported

the detection of CenA at GeV energies [9] (see Fig. 2,

orange bow-tie). Assuming a simple power law extrap-

olation to the VHE range would result in a flux too

low at ∼TeV energies, however one should await for the

release of the actual spectral points from Fermi before

concluding about the compatibility of the H.E.S.S. and

Fermi data. Moreover, one could argue that these data are

not contemporaneous and that variability could possibly

account for some of the difference.

Several authors have predicted VHE emission from

CenA or similar sources. A first class of models pro-

posed the immediate vicinity of the central supermassive

black hole as the VHE emitter, as in e.g. pulsar-type

scenarios (see [20], [21]). A second class of models

invokes a similar mechanism to the one at work in other

TeV blazars (see [22], [23]). In a two-flow framework

[25], Marcowith et al. [26] reproduces the high energy

emission of CenA modeling a relativistic pair beam

central AGN core
now also seen by HESS and FERMI-LAT

Cen A brightest radio source; d~ 3.5 Mpc

excess

12 events within 18°
2.7 expected
2% chance prob.

HESS @ ICRC09
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UHECR 
Composition
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Composition from Xmax observations
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Composition from Xmax

28
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• Ankle region: light composition
• Higher Energies: Auger - mixed ; HiRes - light
   (but within systematic uncertainties)

Expts: ~15-20  g/cm2 syst. error
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Surprise: Very Small Fluctuations of Xmax !

29

Observed Fluctuations
suggest Fe-dominance

at E > 3 · 1019 eV !

Auger @ ICRC 2009

light

light

heavy

mixed
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Hints for increasing X-Section ?

30

All these data are 
based on cosmic ray 
measurements!

?



Karl-Heinz Kampert EPS-HEP 2009, Cracow (Poland) 31

Search
for Photons
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Motivation for Photon Search
✦ acceleration of nuclear primaries + photo-disintegration in CMB 

during propagation
➙ expect small fraction of photons

✦ non-acceleration models (decay/annihilation of primordial 
relicts; Super-Heavy Dark Matter)
➙ expect large fraction of photons

✦ Z-Burst Models: interaction of EHE-ν‘s with cosmogenic ν‘s
➙ sensitive to ν-mass and detection of cosmogenic ν‘s

✦ tests of fundamental physics
➙ Lorentz-invariance Violation (LIV)
➙ smoothness of space-time

]-2 [g cmmaxX

600 700 800 900 1000 1100 1200 1300 1400 1500

n

0
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40
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-2~ 200 g cm

lg(E/eV)=19

Monte Carlo example

p

Fe

 Very good γ-Hadron Discrimination
by Xmax Measurements
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Photon Upper Limits vs Predictions

33

Motivation Data set and selection Photon upper limits at EeV Summary & Outlook

Photon upper limits vs. predictions
first constraints at EeV, confirmation of previous constraints on non-acceleration models
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Auger Hybrid:
Auger Collaboration ’09

Auger SD:
Auger Collaboration ’08

HP: Ave et al. ’00 & ’02
A1: Shinozaki et al. ’02
A2: Risse et al. ’05
AY: Rubtsov et al. ’06
Y: Glushkov et al. ’07

SHDM, TD, Z Burst:
Gelmini et al. ’05

SHDM’: Ellis et al. ’06

GZK: Gelmini et al. ’07

P. Homola for the Pierre Auger Collaboration UHE photons in the Pierre Auger Observatory 11

Y

Y
Auger 09
Yakutsk 09

Top Down & SHDM Models
largely ruled out

GZK photons
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Tests of
Fundamental Physics
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Lorentz Invariance Violation (I)
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• LIV related to structure of space time near Planck scale
• Vacuum Cherenkov Radiation ➙ expect strong E-losses
      absence ➙ best presently existing SEM-Parameters *
• Particle dependent maximum cj ➙ GZK-effect altered** 

Searching for New Physics with Ultrahigh Energy Cosmic Rays 6

Lagrangian consist of operators of mass dimension four that thus preserves power counting
renormalizability, and (4) being rotationally invariant in a preferred frame that can be taken

to be the rest frame of the 2.7 K cosmic background radiation§ This formalism has proven

useful in exploring astrophysical data for testing LIV [31],[33].

Coleman and Glashow start with a standard-model free-particle Lagrangian,

L = ∂µΨ∗Z∂µΨ − Ψ∗M2Ψ (1)

where Ψ is a column vector of n fields with U(1) invariance and the positive Hermitian
matrices Z and M2 can be transformed so that Z is the identity and M2 is diagonalized to

produce the standard theory of n decoupled free fields.

They then add a leading order perturbative, Lorentz violating term constructed from

only spatial derivatives with rotational symmetry so that

L → L + ∂iΨε∂iΨ, (2)

where ε is a dimensionless Hermitian matrix that commutes with M2 so that the fields remain

separable and the resulting single particle energy-momentum eigenstates go from eigenstates

of M2 at low energy to eigenstates of ε at high energies.

To leading order, this term shifts the poles of the propagator, resulting in the free

particle dispersion relation

E2 = #p 2 + m2 + ε#p 2. (3)

This can be put in the standard form for the dispersion relation

E2 = #p 2c2
MAV + m2c4

MAV , (4)

by shifting the renormalized mass by the small amount m → m/(1 + ε) and shifting the

velocity from c (=1) by the amount cMAV =
√

(1 + ε) # 1 + ε/2.

The group velocity is given by

∂E

∂|#p|
=

|#p|
√

|#p|2 + m2c2
MAV

cMAV , (5)

which goes to cMAV in the limit of large |#p|. Thus, Coleman and Glashow identify cMAV to

be the maximum attainable velocity of the free particle. Using this formalism, it becomes
apparent that, in principle, different particles can have different maximum attainable

velocities (MAVs) which can be different from c. Hereafter, we denote the MAV of a particle

of type i by ci and the difference

ci − cj =
εi − εj

2
≡ δij . (6)

There are other popular formalisms that are inspired by quantum gravity models or

by speculations on the nature of space-time at the Planck scale. There are formidable

§ See Ref. [32] for a generalization to the non-isotropic case.

Searching for New Physics with Ultrahigh Energy Cosmic Rays 7

obstacles to constructing a true quantum gravity theory. Among these is the problem of
renormalizablility [34]. Largranians involving operators of mass dimension greater than four

are generally not renormalizable. However, in the context of an effective field theory, one can

postulate Lagrangians containing operators of mass dimension ≥ 5 with suppression factors

as multiples of MP l [13],[35]. This leads to dispersion relations having a series of smaller

and smaller terms proportional to pn+2/Mn
P l " En+2/Mn

P l, with n ≥ 1. The astrophysical

implications of this formalism have been discussed in the literature [13], [36]-[42]. However, in
relating LIV to the observational data on UHECRs, it is useful to use the simpler formalism

of Coleman and Glashow (See, however, Section 6.2). Given the limited energy range of

the UHECR data relevant to the GZK effect, this formalism can later be related to possible

Planck scale phenomena and quantum gravity models of various sorts.

Let us consider the photomeson production process leading to the GZK effect. Near

threshold, where single pion production dominates,

p + γ → p + π. (7)

Using the normal Lorentz invariant kinematics, the energy threshold for photomeson

interactions of UHECR protons of initial laboratory energy E with low energy photons of
the CBR with laboratory energy ω, is determined by the relativistic invariance of the square

of the total four-momentum of the proton-photon system. This relation, together with the

threshold inelasticity relation Eπ = m/(M + m)E for single pion production, yields the

threshold conditions for head on collisions in the laboratory frame

4ωE = m(2M + m) (8)

for the proton, and

4ωEπ =
m2(2M + m)

M + m
(9)

in terms of the pion energy, where M is the rest mass of the proton and m is the rest mass

of the pion [20].

If LI is broken so that cπ > cp, it follows from equations (3), (6) and (9) that the

threshold energy for photomeson is altered because the square of the four-momentum is
shifted from its LI form so that the threshold condition in terms of the pion energy becomes‖

4ωEπ =
m2(2M + m)

M + m
+ 2δπpE

2
π (10)

Equation (10) is a quadratic equation with real roots only under the condition

δπp ≤
2ω2(M + m)

m2(2M + m)
" ω2/m2. (11)

Defining ω0 ≡ kTCBR = 2.35× 10−4 eV with TCBR = 2.725± 0.02 K, equation (11) can

be rewritten

δπp ≤ 3.23 × 10−24(ω/ω0)
2. (12)

‖ We assume here that protons and pions are kinematically independent entities. For a treatment of these
particles as composites of quarks and gluons, see Ref. [43].

δπp = 10−22... 3 · 10−24, 0

Stecker; arXiv:0609.1735

* Klinkhamer, Risse; PRD77, 016002 ** Coleman, Glashow; PRD59, 116008
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Lorentz Invariance Violation (II)

36

Galaverni & Sigl
PRL 100 (2008)

cascading of UHE
photons suppressed

LIV ➙ may modify photon dispersion relation

ω2 = k2 + m2 + ξnk2(k/MPl)n

➙ affect the threshold for e+e– pair production

➙ p + γCMB → ∆→ n + π0

↳ γγ → e+e−

expect significant photon
fraction above ~ 1019 eV

γ-fraction
if LIV

no LIV ξ1 ≤ 2.4× 10−15

7 orders of magnitudes
beer than previous limits!

ξ2 ≥ −2.4× 10−7
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Neutrino
Astronomy



EPS-HEP 2009, Cracow (Poland) Karl-Heinz Kampert 

ν-Telescope Projects

38

Alexander Kappes, EPS HEP 2009, Krakow 16. July 2009

Neutrino telescope projects

4

IceCube

Baikal

ANTARES+NEMO+NESTOR:

Joint effort for km3-scale

detector KM3NeT

AMANDA/IceCube
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Principle of Neutrino Detection

39

Alexander Kappes, EPS HEP 2009, Krakow 16. July 2009

Principle of neutrino detection

muon

!µnuclear
reaction

cascade

2

43°

!µ

µ
Time & position of hits

! (~ ") trajectory Energy

PMT amplitudes

Water or Ice
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AMANDA

IceCube

IceCube at South-Pole
South Pole  Station Building                 Astronomy Sector

skiway

2000 mtrs down
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IceCube

 05/06: 8

Remaining:     22 IceCube Strings
                        5 DeepCore Strings

                                   complete in January 2011 

 04/05: 1

07/08: 18
06/07: 13

08/09: 19 strings

IceCube Observatory



Antares
• Detector at 2500 m 

depth
• Site 40 km SSE of 

Toulon
• 40 km data cable
• Counting room La 

Seyne-sur-Mer

La Seyne-sur-Mer
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Northern hemisphere
 TeV ‐ PeV
 Background: atmospheric neutrinos

 Southern hemisphere
 PeV ‐ EeV
 Background: atmospheric muons      
 Reduced by 10‐5 using energy cut

175.5 days livetime, 

   6796 up-going events, 
 10981 down-going events

Preliminary

All-sky map (6 months IceCube 2008, 40 strings)

C. Spiering
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Hottest location at  r.a.=114.95°, dec.=15.35°
Pre-trial -log10(p-value) = 4.43

all-sky p-value is 61%   not significant

Preliminary

All-sky map (6 months IceCube 2008, 40 strings)

C. Spiering
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Point Sources limits/sensitivities

AMANDA 7 yr

40-string Discovery Potential: 

5σ in 50% of trials

40-string Sensitivity: Flux 
excluded at 90%cl

ANTARES 

IC22

SK

MACRO

80-string Sensitivity: 
Based on 40-string analysis

40 string results 
preliminary

C. Spiering
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Diffuse Neutrino Fluxes

IceCube 
EHE analysis

WB bound
GZK

Auger

IceCube atm.ν

Integral limits
(E-2 flux) from
Baikal, Amanda
IceCube

C. Spiering
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Neutrino Absorption in Earth
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nach Gandhi et al., Fermilab-Pub-98-087-T

based on  CTEQ3-LDA
       CTEQ4-DIS Parton distr.
       MRS-D'-s

ha
do

w
 fa

ct
or

 S
: 1

/2
 d

S/
dc

os En=1 PeV

En=1 GeV

En=100 PeV

Nadir Angle q (rad)
0        0.5   1.0   1.5

1

10-2

10-4

10-6

10-8

10-10

10-12

10-14

10-16

Earth becomes ,opaque‘
above E ≳100 TeV
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ντ

ν

~30 atm

h

h

1 
at

m

em µ

‘old’ showers (h)
• Narrow time distribution
• Weak curvature
• Flat lateral distribution

‘young’ showers (ν) 
• Wide time distribution
• Strong curvature
• Steep lateral distribution

Only a neutrino can induce a young horizontal shower !

EeV Neutrinos by Horizontal EAS
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EeV Neutrinos by Radio-Signals

49

Antarctic Ice Sheet

ν

Concept of ANITA
Results: PRL (2009)

230-1200 MHz
Horn-Antennas

Huge volumes can be observed

Askaryan Effect gives rise
to coherent radio emission
(verified e.g. @ SLAC)
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assuming ν flavour  e:µ:τ = 1:1:1

50

UHE Diffuse Neutrino Flux Limits

Several astrophys. models excluded;
cosmogenic neutrinos in reach !

Upgoing τAuger 2yrIceCube09

Downgoing
Auger 0.8 yr
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Future 
Directions
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UHECRs
GZK-effect established
 ➙ Filter to nearby sources
     But: steep spectrum above 60 EeV requires huge apertures

UHECR-Astronomy around the corner
 ➙ CR sources will be identified,
     better knowledge of magn. fields required ➙ projects with astronomers
     Want to to measure spectra/composition of individual sources
Study fundamental physics, particle physics, exotics

Auger-North + JEM-EUSO
New techniques
Radio observation of EAS may reduce costs
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Present results from UHECR suggests a few ν‘s year/km3

 ➙ If sources are seen, another undisputable proof for CR-accelerators
     First 2 years of IceCube should tell...
     SN-explosion in Galaxy or LMC ➙ hundreds of ν‘s would be seen
     Competative Dark-Matter limits come for free

km3net + New Techniques
km3net large enough?
Acoustic a/o Radio techniques very attractive for huge volume 
instrumentation; but applicability to be proven...

UHE-ν‘s
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Moon Regolith serves as ν -Target

54

ν Radio-Cherenkov

First observations
performed already
Will be fully exploited by LOFAR

ν
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Very exciting time
also for
Astroparticle Physics

Radio

JEM-EUSO
Auger-North

KM3Net++




