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Fig. 3. Map of the pre-trials significances (in !) obtained from an unbinned point source search
using the full AMANDA-II data set. The most significant point has a significance of 3.38!; 95%
of randomized background skymaps include a point at least as significant.

A similar search was carried out using the 2007 IceCube 22-string data set.43

This set, collected from May 2007 to April 2008, contains 5,114 neutrino candidate
events detected in 276 days of live time, consistent with an expectation of 4600 ±

1400 atmospheric neutrino events and 400 ± 200 cosmic ray muons misreconstructed
as upgoing neutrino events. The source list was expanded in this search to include 28
candidate sources, most of which were identical to the candidates in the AMANDA-
II list. Results for selected sources are shown in Table 1, including those with the
smallest p-values in each search. In neither case are these p-values inconsistent with
the background hypothesis: one expects to obtain p ! 0.0086 for at least one of 26
sources in 20% of signal-free sky maps, and p ! 0.071 in 66%. The 90% C. L. upper
limits placed on !µ emission from the sources, assuming E!2 spectra and 1 : 1 : 1
flavor ratios, are also shown in Table 1.

In addition, unbinned all-sky searches were conducted using both data sets,
testing points on 0.25""0.25" grids from declination #5" to 83" for the AMANDA-
II data set and to 85" for the IceCube-22 data set. (Higher declinations will be
used to search for dark matter in the Earth’s core.) The results of the AMANDA-II
search are shown in Figure 3. The most significant point on the sky, at " = 54"

and # = 11.4 hr, had a significance of 3.38$ before accounting for the large number
of points tested. In 95% of randomized maps, a point with at least 3.38$ was
found, indicating that such a level is consistent with statistical fluctuations of the
background.

The results of the all-sky search using IceCube data are shown in Fig. 4. The
most significant deviation from the background expectation, with n̂s = 7.7 events,
occured at 153.4" right ascension, 11.4" declination. The pre-trials significance of
this deviation is estimated to be 7 " 10!7, but more significant deviations were
observed in 67 out of 10,000 scrambled background maps. Accounting for the parallel
search for emission from sources selected a priori was also performed on the data
set, as described above, the final p-value of the result is estimated to be 1.34%. This
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with two tanks filled with ice and four phototubes at every station. Construction began at

the South Pole during the austral summer 2004-05, with 1 in-ice string and 4 IceTop stations

deployed [2]. Finally, IceCube will consist of 86 strings giving a total of 5160 phototubes and

80 IceTop stations with 4 phototubes per station.

The backgrounds to search for a flux of high-energy astrophysical neutrinos are atmospheric

muons and neutrinos from the interaction of cosmic rays in the Earth’s atmosphere [3].

Atmospheric muons can be eliminated by looking for events moving upward through the detector.

A fraction of the downgoing muon flux will be falsely reconstructed in the upward direction,

but can be removed by tight requirements on the fitted track. An event selection based on

these tight requirements results in a rather pure sample of atmospheric neutrinos. This flux of

atmospheric neutrinos seen in the IceCube array is the main background to an astrophysical

search.

2. Astrophysical Neutrino Point Source Search
Searching for resolved sources of astrophysical muon neutrinos is one of the main science goals

of the IceCube neutrino observatory. A search for point sources of neutrinos is made by looking

for an excess of events from a specific direction in the sky. After elimination of background

atmospheric muons by using the Earth as a filter and making a high energy cut, the skymap

of the arrival directions of the neutrino-induced muons is analyzed for evidence of astrophysical

neutrinos. Astrophysical neutrinos are expected to show up as an excess over background which

is found by looking at the average rate of events in the same declination band. A significance

of the observation is found by comparing the number of events in the on-source bin to that

predicted from the off-source band. A full maximum likelihood method is used to search for

an excess. The method uses the measured event by event directional likelihood resolution as a

parameter in the likelihood fit. The reconstructed event energy is also used in the fit to allow

to determine the slope of the energy spectrum of a neutrino source.

Several types of searches are performed [4]. The most general is an all-sky search where

every point across a fine grid in the sky is taken as a possible source position. The likelihood is

used to find the best fit to the number of astrophysical neutrinos and the spectral shape. Other

searches include looking for an excess amongst a pre-specified list of possible sources, or to stack

a class of objects to see if the superposition of these objects gives significant excess. The data

from the half completed detector (40 string) was analyzed to produce a sky map covering the

full sky range from 0 to 180 degrees in zenith. After analysis, no evidence for sources was seen

as shown in Fig. 1. The most significant spot in the sky had a significance consistent with a

random fluctuation.

Figure 1. Skymap for the IceCube detector in the 40 string configuration for one year of data

taken during 2008.
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Diffuse flux analysis: R distribution
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• 334 effective days of measuring time (2008+2009: 9, 10, 12 lines)
• cut optimized on Monte Carlo simulations
• extensive checks on data-MC agreement

• Bartol flux normalization 20% too low
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Search for a diffuse flux of high-energy muon 
neutrinos with the ANTARES neutrino telescope

#237
Schüssler

F. SCHÜSSLER et al. ANTARES DIFFUSE FLUX

Figure 4: The upper limit for a E!2 diffuse high-energy !µ + !̄µ flux derived from data of the ANTARES neutrino
telescope compared to previous measurements and phenomenological upper bound predictions.

• uncertainties in the spectral shape of the atmospheric
neutrino flux which is related to uncertainties in the
primary cosmic ray energy spectrum. By varying the
spectral index of the neutrino spectrum by ±0.1 in-
dependently below and above! 10 TeVwe obtained
a sys. uncertainty of ±1.1 events.

• uncertainties in the details of the description of the
detector and environmental parameters like the an-
gular acceptance of the OMs, details of PMT after-
pulses and water properties like absorption and scat-
tering lengths which lead to a total uncertainty of 5%.

3 Results

Applying the discussed quality and energy selection cri-
teria to the simulated dataset gives a background estima-
tion of nB = 10.7 ± 2 events in the high-energy re-
gion. In the analysed dataset of the ANTARES detector 9
events were selected. Including the systematic uncertainty
on the background expectations following the method dis-
cussed in [11] we derive the 90% c.l. upper limit on the
number of signal events as µ90%(nB) = 5.7. The cor-
responding upper limit on the neutrino flux is given by
"90% = " · µ90%/nS, where nS is the number of events
expected from the flux ". We obtain [12]:

E2"90% = 5.3" 10!8 GeV!2s!1sr!1 (1)

As can be seen in Fig. 4, the derived limit is competitive
with previous results and further constrains models of the
diffuse flux high-energy !µ + !̄µ flux.
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Search for a diffuse flux of astrophysical muon 
neutrinos with the IceCube detector
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The Pierre Auger Observatory and ultra-high 
energy neutrinos

#682
Guardincerri

Identifying neutrinos in data

2 / 15

Challenge: identify neutrino showers in a background of nucleonic showers.

The discrimination power is enhanced when looking at inclined showers.

(1) Inclined showers are mainly regular nucleonic cosmic rays.

They interact high in the atmosphere.

At ground level there are mainly muons.

(2, 3 ,4 and 5) Neutrinos can induce showers close to the ground.

Two analysis:
Earth-skimming (3)

Down-going (2, 4 and 5)

Basis of identification criteria: inclined young (deep) shower.

Limits to Cen A

12 / 15

Expected number of events is bellow 0.1 for current models.

Integral limits to diffuse fluxes

9 / 15
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k < 2.8× 10−8 GeV cm−2 s−1 sr−1 in 1.6× 1017 eV < E < 2.0× 1019 eV

k < 1.7× 10−7 GeV cm−2 s−1 sr−1 in 1× 1017 eV < E < 1× 1020 eV

integral limits 
to diffuse flux
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Results: first 11 sources sorted by the Q-value. Last 
column shows the 90% CL upper limit on the flux (E / 
GeV)-2 GeV-1 cm-2 s-1 ) computed with the Feldman – 
Cousins prescription.
HESS	  J1023-‐575	  most	  signal	  like,	  	  p-‐value	  40%	  (post	  trial).
CompaCble	  with	  the	  background	  hypothesis.

Searching for point sources of high-energy 
cosmic neutrinos with the ANTARES telescope

#295
Bogazzi

51 candidate sources

3°

1°

most signal-like cluster 
α = -46.5, δ = -65.00
9 events in 3° cone
significance = 2.2 σ

full-sky
search
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Search for neutrino emission of gamma-ray 
flaring blazars with the ANTARES telescope

#91
Dornic

search for correlations with
10 very bright and variable Fermi LAT blazars

Source visibility timePDF (MJD+54000) Live time 
(day) N(5!) Nobs Fluence U.L. 

GeV/cm2 

0208-512 1.0 712-5, 722-4, 745-7, 750-2, 753-7, 
764-74, 820-2 8.8 4.5 0 2.8 

0235+164 0.41 710-33, 738-43, 746-64, 766-74, 
785-7, 805-8, 810-2 24.5 4.3 0 18.7 

1510-089 0.55 716-9, 720-5, 726-35, 788-90, 801-3 4.9 3.8 0 2.8 

3C273 0.49 714-6, 716-8, 742-5 2.4 2.5 0 1.1 

3C279 0.53 749-51, 787-809, 812-5, 817-21, 
824-6 13.8 5.0 1 8.2 

3C454.3 0.41 713-51, 761-5, 767-9, 784-801 30.8 4.4 0 23.5 

OJ287 0.39 733-5, 752-4, 760-2, 768-70, 774-6, 
800-2, 814-6 4.3 3.9 0 3.4 

0454-234 0.63 743-5, 792-6, 811-3 6.0 3.3 0 2.9 

WComae 0.33 726-9, 771-3, 790-2, 795-7, 815-7 3.9 3.8 0 3.6 

2155-304 0.68 753-5, 766-8, 799-801, 828-30 3.1 3.7 0 1.6 

SEARCH RESULTS 

SEARCH RESULTS FOR 3C279 

3C279 

 Results from the 2008 data (61 days):   
  => 1 neutrino compatible with the time/space 
distribution (!"=0.56o) of 3C279 with 
probability 10 % after trials 

   => Compatible with background fluctuations    

3C279 

SEARCH RESULTS FOR 3C279 

3C279 

 Results from the 2008 data (61 days):   
  => 1 neutrino compatible with the time/space 
distribution (!"=0.56o) of 3C279 with 
probability 10 % after trials 

   => Compatible with background fluctuations    

3C279 

3C279
1 neutrino compatible with time/space distribution

probability 10% after trails
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Models  

IceCube 
2008-2009 
Phys. Rev 

D83 
092003  
(2011) 

333days 

IceCube 
2010-2012  

per 670days 
Edetector < 
108 GeV 
and 
interaction 
in detector 
(A)  

All 
contributi

ons 
(B) 

(B) - (A) 

Background (conv. atm.  + 
atm. ) 0.11 0.14 

Experimental data 0 2 2 0 
  GZK (Yoshida m=4)* 0.57 0.4 2.1 1.7 
 GZK (Ahlers max) ** 0.89 0.5 3.2 2.7 
 GZK (Ahlers best fit) ** 0.43 0.3 1.6 1.3 
 GZK (Kotera, dip FRII) *** 1.7 4.1 2.4 
 GZK (Kotera, dip SFR1)*** 0.6 1.0 0.4 

*Yoshida et al The ApJ 479 547-559 (1997), **Ahlers et al, Astropart. Phys. 34 106-115 (2010), ***Kotera et al,  
^R. Enberg, M.H. Reno, and I. Sarcevic, Phys. Rev. D 78, 043005 (2008), ̂  ̂ Talk G. Sullivan This  conference 

62 Aya Ishihara 
A. Ishihara, IceCube (2012)
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On The Origin of IceCube’s PeV Neutrinos

Ilias Cholis1 and Dan Hooper1, 2

1Fermi National Accelerator Laboratory, Theoretical Astrophysics Group
2University of Chicago, Department of Astronomy and Astrophysics

The IceCube collaboration has recently reported the observation of two events with energies in
excess of 1 PeV. While an atmospheric origin of these events cannot be ruled out at this time, this
pair of showers may potentially represent the first observation of high-energy astrophysical neutrinos.
In this paper, we argue that if these events are neutrino-induced, then the neutrinos are very likely
to have been produced via photo-meson interactions taking place in the same class of astrophysical
objects that are responsible for the acceleration of the ∼1017 eV cosmic ray spectrum. Among
the proposed sources of such cosmic rays, gamma-ray bursts stand out as particularly capable of
generating PeV neutrinos at the level implied by IceCube’s two events. In contrast, the radiation
fields in typical active galactic nuclei models are likely dominated by lower energy (UV) photons, and
thus feature higher energy thresholds for pion production, leading to neutrino spectra which peak at
EeV rather than PeV energies (models with significant densities of x-ray emission, however, could
evade this problem). Cosmogenic neutrinos generated from the propagation of ultra-high energy
cosmic rays similarly peak at energies that are much higher than those of the events reported by
IceCube.

PACS numbers: 95.85.Ry, 98.70.Rz

I. INTRODUCTION

Very recently, the IceCube collaboration announced
their observation of two events which could potentially
represent the first detection of high-energy astrophysical
neutrinos [1]. The analysis under consideration was de-
signed to search for very high-energy (>∼ PeV) and high-
quality shower events over a period of 672.7 live days
between 2010 and 2012. Over this time, the IceCube
experiment was in its nearly complete (79 string) and
complete (86 string) configurations. The two showers in
question were observed on August 9, 2011 and January 3,
2012, and each have an energy of approximately 1-2 PeV.
Both showers were fully contained within the volume of
the detector, and there are no indications of any instru-
mental problems, or of any connection with atmospheric
muons.

At energies below ∼1 PeV, atmospheric neutrinos con-
stitute IceCube’s primary background. Conventional at-
mospheric neutrinos, which are produced in the decays
of pions and kaons present in cosmic ray induced cas-
cades in the Earth’s atmosphere, follow a spectrum which
falls-off rapidly with energy (following a power-law spec-
trum with an index of approximately 3.7). Although this
background is negligible at energies above several PeV,
it cannot be entirely discounted in the case of the anal-
ysis at hand. In particular, the IceCube collaboration
expects 0.14 background events (including those from
conventional atmospheric neutrinos and from misiden-
tified atmospheric muons) over the time period covered
by their analysis. The observation of two events with
an expected background of 0.14 constitutes a P-value of
0.0094, corresponding to a significance of 2.36σ.

In addition to the so-called conventional atmospheric

neutrinos, a somewhat harder spectrum of prompt atmo-
spheric neutrinos produced in the decays of heavy flavor
(charm, bottom) mesons is also expected. Estimates of
the event rate from this component of the atmospheric
neutrino spectrum are less certain, although the lack of
any correlation between the two observed events and hits
in the IceTop surface array appears to disfavor this in-
terpretation (efforts to quantify IceTop’s veto efficiency
are currently ongoing).
Given the quite modest statistical significance (2.36σ)

represented by these two events, we cannot at this time
be confident that they are of cosmic origin. That being
said, if they are in fact cosmic neutrinos, then a few more
years of data should reveal several more PeV showers. At
a continued rate of 2 events per 672.7 live days, we es-
timate that this signal will become inconsistent with an
atmospheric origin at the 5σ level after a total of approx-
imately 7 years of data taking. Searches for muon-track
events or partially contained showers could also shed a
great deal of light on the question of whether these events
in fact originate from beyond the Earth’s atmosphere.
In this paper, we assume that this pair of intriguing

events are astrophysical in nature and discuss the types of
astrophysical sources from which they could potentially
originate. In Sec. II, we discuss in general terms the as-
trophysical production of PeV neutrinos and show that
these two events – if, in fact, astrophysical in nature –
are likely to originate from the same class of objects that
produce the bulk of the 1017 eV-scale cosmic rays. In
particular, for such sources to produce the PeV neutrino
flux implied by IceCube’s two events, it is only necessary
that on the order of ten percent of the energy in ∼1017 eV
cosmic rays is lost to photo-meson interactions. In this
context, gamma-ray bursts are a particularly attractive
possibility, which we discuss in Sec. III. We consider other
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escape. From a class of such optically thick “hidden”

sources, neutrino fluxes could plausibly be produced that

are in excess of the Waxman-Bahcall bound by more than

an order of magnitude, without exceeding the observed

cosmic ray spectrum or gamma-ray background [6].

So far, this calculation has assumed that the cosmic

ray spectrum consists of only protons, rather than iron

or other nuclei species. Heavy nuclei cosmic rays only

produce charged pions after disintegrating into their con-

stituent nucleons. Thus if the cosmic ray spectrum were

dominated by heavy nuclei, the resulting neutrino flux

would be further suppressed relative to the maximum

value found in the standard Waxman-Bahcall calcula-

tion [7]. In the energy range around ∼10
17

eV that leads

to the production of ∼1-10 PeV neutrinos, however, there

is evidence that the cosmic ray spectrum is dominated by

protons (although this appears to gradually evolve to a

heavy nuclei dominated spectrum above 10
19

eV) [8, 9].

We thus assume a proton dominated cosmic ray spectrum

throughout this study.

For a high-energy cosmic neutrino spectrum, we can

calculate the estimated rate of PeV-scale showers ex-

pected at IceCube. Hadronic showers can be generated

through the neutral current interactions of all neutrino

flavors, with a typical shower energy that is about a quar-

ter of that possessed by the initial neutrino. Alterna-

tively, charged-current interactions of electron neutrinos

and anti-neutrinos produce a superposition of electro-

magnetic and hadronic showers which collectively con-

tain the entire energy of the incoming neutrino. While

electromagnetic and hadronic showers are, in principle,

distinguishable by their respective muon content, such a

separation is generally expected to be difficult. In addi-

tion to producing tracks associated with charged leptons,

charged current interactions of muon and tau neutrinos

produce hadronic showers similar to those resulting from

neutral current processes.

PeV showers appear to the IceCube detector as photo-

electrons distributed over an approximately ∼300 m ra-

dius sphere. Although the two recently reported shower

events were entirely contained within the volume of the

experiment, IceCube should be capable of detecting par-

tially contained showers as well.

The probability that a neutrino passing through the

effective area of IceCube produces an observable shower

via a neutral current interaction is given by

Pν→shower � ρNAL

� 1

Ethr
sh /Eν

dσ

dy
dy (4)

where σ is the neutrino-nucleon cross section [10], y is

the energy fraction transferred from the initial neutrino

to the target nucleus, and L is the length of the detector.

For charged-current electron neutrino interactions, all of

the neutrino energy goes into the shower, leading instead

to Pν→shower � ρNAσL.
In calculating the expected rate of PeV-scale events at

IceCube, we must also account for neutrino absorption

FIG. 1: To account for the two fully contained PeV shower
reported by IceCube, a neutrino (plus anti-neutrino, all fla-
vors) flux roughly at the level depicted by the dotted line is re-
quired. For comparison, we show (as solid lines) the Waxman-
Bahcall upper limit on the diffuse neutrino flux [5], as derived
for sources which follow a star formation rate-like redshift dis-
tribution, and for no redshift dependent source evolution. As
a dashed line, we also show the less stringent limit derived for
optically thick sources [6]. The error bars represent the spec-
trum of atmospheric neutrinos, as measured by IceCube [11].

in the Earth. A ∼1 PeV neutrino has only a few percent

chance of passing through the equatorial diameter of the

Earth without undergoing at least one interaction. In

contrast, for neutrinos with an inclined trajectory of 10

degrees below the horizon, only about half of such parti-

cles will undergo one or more interactions in the Earth.

The effects of absorption are negligible for downward-

going neutrinos in the energy range under consideration.

In calculating the effects of neutrino absorption, we adopt
a simple density model of the Earth, consisting of a 2500

km radius core with a uniform density of 11,000 kg/m
3

and a uniform density outer region normalized to the

overall mass and radius of the Earth.

For a high-energy cosmic neutrino spectrum that satu-

rates the Waxman-Bahcall bound (�π = 1), from sources

distributed without significant redshift evolution (ξZ =

1), we calculate that IceCube should observe a rate of

13.6 showers per year, per cubic kilometer, with more

than 1 PeV of energy. If we further require that the

showers be initiated in the inner volume, restricting our-

selves to fully contained events, the effective volume of

IceCube is reduced to roughly ∼0.1 km
3
, and thus we

predict IceCube to observe 1 or 2 fully contained PeV-

showers per year.

In Fig. 1, we compare the approximate neutrino flux

required to explain the two PeV showers reported by

the IceCube collaboration to the Waxman and Bahcall

bound, both without source evolution and with source

evolution that follows the star formation rate. We also
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Large-scale radio detectors
to measure cosmic rays and neutrinos
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76m

ca. 400m

LOFAR Radboud Air Shower Array J.R. HÖRANDEL et al., LORA AN AIR SHOWER ARRAY FOR LOFAR

Figure 1: Location of the LORA detectors (red boxes) in
the core of LOFAR.

signals in real time. To assist with the development of the
trigger algorithm and to measure basic air shower parame-
ters, a field of conventional particle detectors has been in-
stalled in the core of LOFAR.
The LOFAR Radboud Air Shower Array (LORA) is an ar-
ray of scintillation counters located in the compact center
of LOFAR, the ”super-terp”, which comprises six LOFAR
stations.
In the following, we describe the set-up of LORA, its prop-
erties, and first results. We illustrate the analysis steps to
derive the all-particle energy spectrum of cosmic rays.

2 Detector set-up

LORA comprises 20 detector units, located on a circular
area with almost 400 m diameter. The positions of the de-
tectors in the core of LOFAR are illustrated in Fig. 1. The
array is subdivided in five electronic units, comprising four
detectors each. The detectors are located on circles with
a radius of about 40 m around a central electronics unit,
respectively.
Each detector unit contains two scintillators (0.45 m2, NE
114), read out via wavelength shifter bars (NE 174 A)
through a photomultiplier tube (EMI 9902). A detector
is sketched in Fig. 2.2 The detectors are installed inside
weatherproof shelters. The most probable energy deposit
of through-goingmuons is taken for energy calibration and
calculated to amount to 6.4 MeV.
The signals of the two photomultiplier tubes in each de-
tector are read out with a single digitizer channel. We use

98 cm

1
2
5
 c

m

wavelength shifter

scintillator

detector box

PM  1.5‘‘

Figure 2: Schematic view of a scintillation detector.

12-bit ADCs3 which sample the incoming voltage with a
time resolution of 2.5 ns. A FPGA circuit provides a trig-
ger signal in real time. For each event, traces are stored in
a time window of 10 µs.
Four detectors form an electronic unit, comprising two
HISPARC ADC units (with two electronic channels each),
controlled by a Linux-operated, single-board mini-PC. The
PC also controls a four-channel high-voltage supply. The
two photomultipliers in one detector unit share a common
high-voltage channel. To match the gain in the two tubes,
we use a resistor network to adjust the voltage correspond-
ingly. A local trigger is formed in each sub-array, with
typical conditions of 3 out of 4 or 4 out of 4 detectors with
signals above threshold. Five such units are installed to
read out the 20 detectors.
The data from the five mini-PCs are sent via Ethernet to a
central, Linux-operated PC. Data are stored locally on this
PC. In this PC a high-level trigger is formed, for which a
certain number of sub-arrays have detected an air shower.
This trigger is used to trigger LOFAR, i.e. to read out the
radio antennas.
The set-up of LORA has been completed in early 2011, and
data acquisition is ongoing since then.

3 Event reconstruction

For each detector, the arrival time of the particles and the
deposited energy are measured. The arrival time is defined
as the position in the time trace where the signal crosses the
threshold. The recorded time traces are integrated around
the peak to obtain the energy deposit in each detector. The
measured signals are converted to the equivalent of a verti-
cal muon penetrating the detector. Thus, we obtain a local
particle density in each detector.
We use a simple plane fit to obtain the arrival direction of
the shower as the normal to the plane. The position of the

2. The detectors have formerly been operated in the hadron
calorimeter of the KASCADE experiment [14].
3. from HISPARC, see http://www.hisparc.nl

detector systems yield comparable densities and
prove that muon detection below the absorber
shielding works as well by track as by hit
detection. The discrepancies at high densities for
the largest muon numbers are currently under
investigation.

4.3. Trigger layer

The layer of scintillation detectors in the third
gap is used for fast trigger purposes and for
reconstruction of arrival time distributions [15]. A
description of the system can be found in Ref. [16].
The 456 scintillators cover 2

3 of the calorimeter
area. The absorber thickness above corresponds to
30X0 and efficiently shields the scintillators against
the electromagnetic component. For vertical
muons the absorber corresponds to a threshold
of 490 MeV: Each detector consists of two slabs of
a 3 cm thick scintillators of type NE 114, for a
sketch see Fig. 23. The light is coupled out by a
central wavelength shifter bar (type NE 174 A)
and measured by a single photomultiplier type
EMI 9902. The area of one module is 0:45 m2: The
most probable energy deposit of passing muons is
taken for energy calibration, and calculated to

amount to 6:4 MeV: Local variations of light
transfer have been determined to be maximal
74:5%: They are small with respect to the Landau
fluctuations and sufficient for trigger purposes.
The signal threshold is set to 1

3 of the most
probable energy deposit, i.e. to 2:1 MeV: Two
kinds of trigger are generated: A multiplicity
trigger, if at least eight detectors out of the 456
have a signal above threshold. Fig. 24 shows the
homogeneity of response for a series of such
triggers. A hadron trigger is generated, if in at least
one detector a signal of 50 equivalent muons is
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LOFAR Radboud Air Shower Array

detector systems yield comparable densities and
prove that muon detection below the absorber
shielding works as well by track as by hit
detection. The discrepancies at high densities for
the largest muon numbers are currently under
investigation.

4.3. Trigger layer

The layer of scintillation detectors in the third
gap is used for fast trigger purposes and for
reconstruction of arrival time distributions [15]. A
description of the system can be found in Ref. [16].
The 456 scintillators cover 2

3 of the calorimeter
area. The absorber thickness above corresponds to
30X0 and efficiently shields the scintillators against
the electromagnetic component. For vertical
muons the absorber corresponds to a threshold
of 490 MeV: Each detector consists of two slabs of
a 3 cm thick scintillators of type NE 114, for a
sketch see Fig. 23. The light is coupled out by a
central wavelength shifter bar (type NE 174 A)
and measured by a single photomultiplier type
EMI 9902. The area of one module is 0:45 m2: The
most probable energy deposit of passing muons is
taken for energy calibration, and calculated to

amount to 6:4 MeV: Local variations of light
transfer have been determined to be maximal
74:5%: They are small with respect to the Landau
fluctuations and sufficient for trigger purposes.
The signal threshold is set to 1

3 of the most
probable energy deposit, i.e. to 2:1 MeV: Two
kinds of trigger are generated: A multiplicity
trigger, if at least eight detectors out of the 456
have a signal above threshold. Fig. 24 shows the
homogeneity of response for a series of such
triggers. A hadron trigger is generated, if in at least
one detector a signal of 50 equivalent muons is
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20 scintillation detectors
(~1 m2 each)
read out by wavelength shifter bar and PMT
into 12-bit ADC (2.5 ns sampling rate)
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A measured air shower
particle detectors & radio antennas
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A measured air shower
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Detection of radiation induced by high-
energy particles (cosmic rays & neutrinos) 

on the Moon

CR, 

~100 MHz
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Expected sensitivity

cosmic rays neutrinos

competitive flux limits possible 
with 1 week of LOFAR data
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Auger Engineering Radio Array
AERA
Objective:
• measure radio emission from EAS in frequency range 30 MHz - 80 MHz
• ~20 km2 array with ~160 antennas
• operation together with infill/HEAT/AMIGA
• three antenna spacings to cover efficiently 17.2 < lg E/eV < 19.0
• measure composition of cosmic rays in energy region of   
 transition from galactic to extragalactic cosmic rays
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Deployment of Stations Sept 2010
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Auger Engineering Radio Array
AERA

22 stations installed and taking data
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Sky plot of reconstructed events
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AERA: direction of E field vector 
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AERA: direction of E field vector 
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C. Glaser, ARENA (2012)

AERA: measured vs. expected values
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Auger Engineering Radio Array
AERA

prototype station
for AERA-II
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