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Amazing two decades

• Cosmology and particle astrophysics:  
tremendous progress in the last two decades. 

• Constructive interplays between observational/
experimental data and theoretical concepts have 
greatly enhanced our fundamental understanding 
of the universe. 

• Such advancement in turn triggers new questions 
to be further addressed.

• We are currently living in an era of renaissance in 
cosmology and particle astrophysics.



Amazing two years 2012-2013

★ Planck results
–	
  Excluding  many inflation models
–B mode detection
–New robust limits on Neff,  Σmν
–Whole sky dark matter maps    

★Neutrinos 

Conventional longbaseline experiments can measure the mass 
hierarchy independently of  the value of  δCP

★ Higgs
A triumph . Higgs found where expected.

No signs of   SUSY yet.

UMNSP



2012-2013 extraordinary years 

The Astroparticle theme after LHC/PLANCK/ν 
two fundamental  questions:

★ Intermediate scales between the EW and 
Inflation?  how many?  where are they? 
★ Dark matter and energy
★ Neutrino  properties and proton decay

★ How particles and fields  of the intermediate 
scales shape cosmic structures ?
★ High energy photons, neutrinos, CR
★ Gravitational waves   



2012-2013 extraordinary years 
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The Astroparticle theme after LHC/PLANCK/ν 
two fundamental  questions:

★ Intermediate scales between the EW and 
Inflation?  how many?  where are they? 
★ Dark matter and energy
★ Neutrino  properties and proton decay

★ How particles and fields  of the intermediate 
scales shape cosmic structures ?
★ High energy photons, neutrinos, CR
★ Gravitational waves   



Ultra High Energy Cosmic Rays
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Two persistent questions about UHECRs: 
★What are those particles with energies that can 

reach E > 1020 eV  = 100  EeV ?
★Where do they come from? 

Their study has impact on 
★ Astrophysics
★ Particle Physics

 THE HIGH ENERGY FRONTIER



S. Swordy

Cosmic rays flux vs. Energy

UHECR 
• one particle / century / km2

• many interesting questions

(nearly) uniform power-law 
spectrum ,  10 orders of  
magnitude in E and 32 in flux!

 structures :
~ 3 1018 eV:  ankle
★onset of the extragalactic CR 

component
★energy losses of extragalactic 

protons by  pair production
~ GZK "cuttof "



GZK suppression

• Cosmic rays  E = 1020   eV  interact  with 2.7 K photons

• In the proton frame  

• Proton looses energy, eventually 
  below  cutoff energy    EGZK= 5x 1019 eV

Universe is opaque for E > EGZK !
Direct test of Lorentz transformations at extreme energies!  

Photon-pion productionE� = 300MeV



Allard et al,2008

GZK horizons
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Figure 8:

Updated Hillas (1984) diagram. Uncertainties on the candidate source parameters are taken into

account. The blue line delimitates the region where protons can be confined to a maximum energy

of Emax = 1021 eV. Above the red line, iron nuclei could be confined up to Emax = 1020 eV. (See

text for a discussion on this criterion however.)

We review below the characteristics of these objects in the framework of ultrahigh energy

particle acceleration.

The Hillas criterion gives a useful estimate of possible sources that may reach Emax,

but it should be taken with care as it does not easily apply to relativistic systems, and

most candidate accelerators of UHECRs are relativistic. The maximum accessible energy

depends on many details of the acceleration region but can be estimated by comparing

the acceleration time tacc, the escape time of particles from the acceleration region tesc,

the lifetime of the source tage and the energy loss time due to expansion and to interac-

tions with the ambient medium tloss (see, e.g., Norman et al. 1995a; Lemoine & Waxman

2009). The condition for successful acceleration can then be written tacc � tesc, tage, tloss.

The escape timescale tesc = R2/(2D), where D is the di�usion coe⇤cient, depends on

the characteristics of the transport of particles in the ambient medium, i.e., on the mag-

netic field and on the turbulence features. Detailed studies on this subject can be found

in, e.g., Jokipii (1966); Giacalone & Jokipii (1999); Casse et al. (2002); Yan & Lazar-

ian (2002); Candia & Roulet (2004); Marcowith et al. (2006). Energy losses during ac-

celeration are generally due to synchrotron radiation, to interactions with the radiative

backgrounds, or to hadronic interactions, the latter process being mostly ine⇤cient in di-

20 Kotera & Olinto

Kotera, Olinto 2010

acceleration site: 
containment of 
the accelerated 
cosmic ray
Larmor radius



Karl-Heinz Kampert – University Wuppertal Texas-Symp., São Paulo, Dec. 2012

Problem 3: Anisotropies
Expect anisotropies for
protons at E>1019 eV

Anisotropies and Composition
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Anisotropies expected for 
protons at E > 1019 eV

Is astronomy with 
CR  possible?

The UHECR composition: 
protons? Heavier nuclei?
(deviation in magnetic 
fields)  



Pierre Auger Observatory
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The Pierre Auger Observatory

Hybrid detector: improve precision and reduce 
dependence on models

3000 km2

Surface 
Detector 

1660 water 
Cherenkov stations, 

spacing 1.5 km 

Fluorescence 
Detector 

27 telescopes on 4 
locations overlooking 

the array

3000 km2

1660 Cherenkov 
stations, in a grid of 
1.5 km 

27 telescopes 
overlooking the 
array



12

Pierre Auger Observatory in Vitória
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Direct  measurement of 
Smax (mass composiition)
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● Calorimetric energy 
measurement → model 
independent

● 10% duty cycle (telescope, 
moonless nights)

● Lower energy threshold

Auger: a hybrid detector

Surface Detector
Sample shower particles at ground

Fluorescence 
Detector

UV photons (4 ph/particle/m) 
emitted in the de-excitation 
of the atmospheric nitrogen

● 100% duty cycle (good for statistics)
● Energy threshold (full efficiency) 3 EeV
● Geometrical aperture (no MC calculation, no 

model/mass dependence)

● Direct measurement of Xmax 

→ mass composition 

sensitivity

“Golden hybrid” data sample: 
- detector cross-calibration, 
systematics, cross-checks, etc.

Direct  measurement of 
Xmax (mass composiition)

★Calorimetric energy meas.  
(model independent) 

★10% duty cicle (moonless)
★ lower energy threshold

★detector cross-calibration
★systematics , cross-checks, etc

★100% duty cycle (statistics
★Energy threshold (full eff.) 3 EeV
★Geometrical aperture (no MC,  no mod.)

Detecting UHECRs



Detector Performance
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Pierre Auger Observatory performance monitoring system
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Figure 3: Left: number of active WCDs normalised to the nominal number of WCDs in the array, as a function of time.
Right: number of active hexagons as a function of time.
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Figure 4: Percentage of PMTs which do not verify the
quality criteria among the functioning ones, as a function
of time.

of the implementation of the quality cut procedure are
available via a dedicated SD section. In Fig. 4 we show the
percentage of PMTs which do not verify the quality criteria
among the functioning ones, since the completion of the
array, and this allows us to check the time evolution of the
number of rejected PMTs.

The most important parameters of the SD calibration [8]
are the peak current measured for a vertical muon, IV EM

1

(so-called peak) and the corresponding charge QV EM
(so-called area). The calibration procedure allows the
conversion of one VEM in electronics units. IV EM and
QV EM are available from the local station software using the
signal produced by the atmospheric muons. To control the
uniformity of the detector response, as well as its evolution
with time, the distributions of both the peak and the area
can be displayed for all the PMTs of the SD array. Examples
of such distributions are shown in Fig. 5, corresponding to
one month of data for two different years. The uniformity
and the stability of the calibration parameters ensure a
stable and uniform response to shower signals. The decrease
of the area mean value is due to a convolution of water
transparency, Tyvek R� reflection and electronic response of
the WCDs. This does not affect the quality of the data [9].

Beside individual trigger rates and PMT parameters of
each WCD, which can be checked over long periods, the
T3 trigger rates are also monitored since they reflect the
evolution of the SD response. As an example, the T3 trigger
rate over past year is shown on Fig. 6.

4.2 Fluorescence Detector
The calculation of the on-time for each FD telescope
is derived by taking into account the status of the data
acquisition, of the telescopes, the camera pixels, the
communication system, among others. Details of the
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Figure 5: Distribution of the peak (top) and area (bottom)
over all working PMTs (one month of data) for 2 different
years.
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Figure 6: T3 trigger rate over past year.

on-time and exposure calculations, necessary ingredients for
the measurement of the energy spectrum, are given in [10].
Since July 2007 a tool based on the monitoring system [11]
is available for the on-time calculation, accounting also
for vetoed time intervals induced by the operation of the
LIDAR system or in the case of an excessive rate of FD
triggers. The average variances and the on-time-fraction
of individual telescopes are calculated for time-intervals
of ten minutes, balancing the statistical precision of the
calculated on-time with the information frequency. After the
initial phase due to the start-up of the running operations the
mean on-time is about 13% for all the FD-sites. A program
performing the calculation is running on the database
server and the appropriate tables are continuously filled

1. VEM: Vertical Equivalent Muon.
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27

32000 km2 sr yr
about 5000  km2 sr yr
each year

The SD exposures are illustrated 
only for the energy range of full 
trigger efficiencies.

Number of active WCDs 
normalised to the nominal 
number of WCDs in the array, 
as a function of time

 Bonifazi for Auger Collab, ICRC 2013



Auger energy measurements
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28

ESD =  A (S38)b

     b ~ 1

SD energy resolution < 12%  
above 10 EeV

SD angular resolution < 1o  
above 10 EeV

Energy calibrations to FD energies for all three 
SD measurements  from the energy estimators 



Auger combined spectrum

 Schulz for Auger Collab, ICRC 2013
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Auger combined spectrum

 Schulz for Auger Collab, ICRC 2013
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Auger combined spectrum

To characterize the spectral features we describe the data
with a power law below the ankle J(E) µ E�g1 and a power
law with smooth suppression above:

29

 Schulz for Auger Collab, ICRC 2013
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J(E;E > Ea) µ E�g2


1+ exp

✓ log10 E � log10 E1/2

log10 Wc

◆��1

.

g , g are the spectral indices below/above the ankle at E .

29

Auger combined spectrum

To characterize the spectral features we describe the data
with a power law below the ankle J(E) µ E�g1 and a power
law with smooth suppression above:

29

 Schulz for Auger Collab, ICRC 2013
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g , g are the spectral indices below/above the ankle at E .
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Auger combined spectrum

★ ★

To characterize the spectral features we describe the data
with a power law below the ankle J(E) µ E�g1 and a power
law with smooth suppression above:

29

 Schulz for Auger Collab, ICRC 2013
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g , g are the spectral indices below/above the ankle at E .

29

Auger combined spectrum

★ ★

Precise measurement 
of spectral indexes, 
ankle position and the 
flux suppression at 
highest energies 

To characterize the spectral features we describe the data
with a power law below the ankle J(E) µ E�g1 and a power
law with smooth suppression above:

29

 Schulz for Auger Collab, ICRC 2013



Auger combined spectrum
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Karl-Heinz Kampert – University Wuppertal Nijmegen Summer School  09

Anisotropic 

distribution

Comparison with Astrophys. Models

43

• Simple models fit data surprisingly well

• Constraining models needs composition measurement
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Auger combined 2009

=2.6,  m=0Proton,

=2.3,  m=5Proton,

=2.4,  m=0Iron,

Simple models:
vary particle type,
source injection 
spectrum index
and source 
evolution
fit the data 
surprisingly well.

Constraining 
models need 
composition 
measurement. 
     

 GZK or sources 
running out of power?



Anisotropy 

 ICRC 2009

Galactic coordinates                             

84 events 
E > 5.7 ⋅1019 eV

 
★Correlation with AGN as tracers of extragalactic sources 

33±5 %, p= 0.006 

★ 21% expected for an isotropic distribution

★ 2007 correlation 68%...  

★ Isotropy of UHECR rejected at 99% CL

 Auger Collab, Astrop. Phys. 34 (2010)
 K. Kampert , Proceedings for ICRC 
2011: highlight Auger talk

Auger High Energy Sky  2010
Aitoff projection  galactic coordinates

blue dots: AGN 
position within 3.1o

black dot:  CR 



Large scale anisotropy  
declination

r.a.

Multipole expansion of the CR flux

l =1   dipole 

Rayleigh analysis 

(     ,    )

First harmonic

★ If cosmic rays have a galactic origin, their escape from 
the Galaxy might generate a dipolar large-scale pattern 
as seen from the Earth.

★  For isotropic extragalactic cosmic rays, a dipole 
anisotropy may exist due to our motion with respect to 
the frame of extragalactic isotropy.Courtesy P. Privitera



geomagnetic field

To detect a % level anisotropy, 
subtle detector effects must be 
kept under control   

Tilt of the array

Examples

exposure

 Subtle detector effects



★We can see hints for 
large scale anisotropies

★important to further 
scrutinize it  with 
independent data;

 Dipole amplitude 

Three energy bins 
above  1 EeV  with 
probability < 1% to  
come from isotropy 

  Sidelnik for Auger Collab, ICRC 2013



★For isotropic distribution, expect uniform 
distribution, uncorrelated in energy

Data up to Dec 2010 (April 2011)

Prescription to check with new data at 99% CL: 
constancy of phase at E<1 EeV with the Infill 
data,  Transition in phase at high energies

New data 
Prescription status:     
18 more months to go

NOTE:  galactic center       = 268.4o 

 Dipole phase

  Sidelnik for Auger Collab, ICRC 2013
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Figure 11: Upper limits on the anisotropy amplitude of first harmonic as a function of energy from
this analysis. Results from EAS-TOP, AGASA, KASCADE and KASCADE-Grande experiments
are displayed too. An analysis of the KASCADE-Grande data with the East/West method delivers an
additional limit for 3 1015 eV. Also shown are the predictions up to 1 EeV from two different galactic
magnetic field models with different symmetries (A and S ), the predictions for a purely galactic
origin of UHECRs up to a few tens of 1019 eV (Gal), and the expectations from the Compton-
Getting effect for an extragalactic component isotropic in the CMB rest frame (C-G Xgal).

drift motions are expected to induce a modulation in this energy range. These predictions
depend on the assumed galactic magnetic field model as well as on the source distribu-
tion and the composition of the UHECRs5. Two alternative models are displayed in Fig.
11, corresponding to different geometries of the halo magnetic fields [9]. The bounds re-
ported here already exclude the particular model with an antisymmetric halo magnetic field
(A) and are starting to become sensitive to the predictions of the model with a symmetric
field (S ). We note that those models assume a predominantly heavy composition galactic
component at EeV energies, while scenarios in which galactic protons dominate at those
energies would typically predict anisotropies larger than the bounds obtained in Fig. 11.
Maintaining the amplitudes of such anisotropies within our bounds necessarily translates
into constraints upon the description of the halo magnetic fields and/or the spatial source
distribution. This is particularly interesting in the view of our composition measurements
at those energies compatible with a light composition [35]. Aternatively to a leaky galaxy
model, there is still the possibility that a large scale magnetic field retains all particles in

5The dependence of the detection efficiency on the primary mass below 3 EeV could affect the details of
a direct comparison with a model based on a mixed composition.

23

Dipole amplitude and models
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origin of UHECRs up to a few tens of 1019 eV (Gal), and the expectations from the Compton-
Getting effect for an extragalactic component isotropic in the CMB rest frame (C-G Xgal).

drift motions are expected to induce a modulation in this energy range. These predictions
depend on the assumed galactic magnetic field model as well as on the source distribu-
tion and the composition of the UHECRs5. Two alternative models are displayed in Fig.
11, corresponding to different geometries of the halo magnetic fields [9]. The bounds re-
ported here already exclude the particular model with an antisymmetric halo magnetic field
(A) and are starting to become sensitive to the predictions of the model with a symmetric
field (S ). We note that those models assume a predominantly heavy composition galactic
component at EeV energies, while scenarios in which galactic protons dominate at those
energies would typically predict anisotropies larger than the bounds obtained in Fig. 11.
Maintaining the amplitudes of such anisotropies within our bounds necessarily translates
into constraints upon the description of the halo magnetic fields and/or the spatial source
distribution. This is particularly interesting in the view of our composition measurements
at those energies compatible with a light composition [35]. Aternatively to a leaky galaxy
model, there is still the possibility that a large scale magnetic field retains all particles in

5The dependence of the detection efficiency on the primary mass below 3 EeV could affect the details of
a direct comparison with a model based on a mixed composition.

23

Transition Gal-XGal 
CR mostly Gal, 
escape by diffusion 
and drift, heavy 
composition

Dipole amplitude and models
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drift motions are expected to induce a modulation in this energy range. These predictions
depend on the assumed galactic magnetic field model as well as on the source distribu-
tion and the composition of the UHECRs5. Two alternative models are displayed in Fig.
11, corresponding to different geometries of the halo magnetic fields [9]. The bounds re-
ported here already exclude the particular model with an antisymmetric halo magnetic field
(A) and are starting to become sensitive to the predictions of the model with a symmetric
field (S ). We note that those models assume a predominantly heavy composition galactic
component at EeV energies, while scenarios in which galactic protons dominate at those
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Figure 1.4: A schematic of a simple model of an EAS initiated by a proton or nuclei. 
The elastic coefficient is assumed to be zero. Therefore, there is no leading hadron 
after the first interaction. After the first generation, not all the particles are shown. 

 

The number of muons which reach ground level is equal to the maximum number of 

charged pions in the shower. After j pion generations the number of pions is: 
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with Monte Carlo 
simulations!  
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Phys. 22 (2005) 387
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Composition measurement 
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At the highest energies <Xmax>, σ(Xmax),  muon production depth 
and shower depth from asymmetry of risetimes show 
consistently that our data better resemble the simulations of 
heavier primaries than pure protons.

V. de Souza,  Auger Collab,  ICRC 2013
Auger Collab., PRL 104 091101, 2010
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hln Ai and �(ln A)2

one-two-one relation of experimental observables to moments
of the mass distribution on top of the atmosphere:

hX
max

i ⇡ hX p
max

i � Dp hln Ai
�(X

max

)2 ⇡ h�2
i i+ D2

p �(ln A)2

given average depth of protons hX p
max

i, elongation rate Dp and
mass-averaged shower fluctuations h�2

i i.†

I hln Ai = P
fi ln Ai

e.g. pure p ! hln Ai = 0, pure Fe ! hln Ai ⇡ 4, 50:50 p/Fe ! hln Ai ⇡ 2

I �(ln A)2 = hln2 Ai � hln Ai2

e.g. pure p ! �(ln A)2 = 0, pure Fe ! �(ln A)2 = 0, 50:50 p/Fe ! �(ln A)2 ⇡ 4

† see J. Linsley, Proc. 18th ICRC, 1983 and Proc. 19th ICRC 1985 and also

K.H. Kampert&MU, APP (2012) 660 and Auger Collab., JCAP (2013) 026.
[9 of 14]

one-to-one relation between 
the experimental observables 
to the moments of the mass 
distribution on the top of the 
atmosphere

transition: medium → light →  heavy ?
 Ahn for Auger Collab, ICRC 2013
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transition: mixed → pure ?
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FIG. 1: Unbinned likelihood fit to obtain Λη (thick line).
The Xmax-distribution is unbiased by the fiducial geometry
selection applied in the range of the fit.

the range of interest. In total 3082 events pass the fidu-
cial volume cuts, of which 783 events have their Xmax

in the selected range and thus contribute directly to the
measurement of Λη. In Fig. 1 we show the 3082 selected
events and the result of an unbinned maximum likeli-
hood fit of an exponential function over the range 768 to
1004 g/cm2. Values of Λη have been re-calculated for sub-
samples of the full dataset selected according to zenith-
angle, shower-to-telescope distance and energy: the dif-
ferent values obtained for Λη are consistent with statisti-
cal fluctuations. The re-analyses of the data for changes
of fiducial event selection, modified values of η and for
different ranges of atmospheric depths yield changes of
Λη that are distributed around zero with a root-mean-

square of 1.6 g/cm2. We use this root-mean-square as an
estimate of the systematic uncertainties associated to the
measurement. This yields

Λη = [55.8 ± 2.3(stat) ± 1.6(sys)] g/cm2, (1)

with the average energy of these events being
1018.24 ±0.005(stat) eV. The differential energy distribution
for these events follows a power-law with index −1.9. The
average energy corresponds to a center-of-mass energy of√
s = [57 ± 0.3(stat)] TeV in proton-proton collisions.

DETERMINATION OF THE CROSS-SECTION

The determination of the proton-air cross-section for
particle production requires the use of air-shower sim-
ulations, which inherently introduces some dependence
on model assumptions. We emulate the measurement of
Λη with Monte Carlo simulations to derive predictions of
the slope, ΛMC

η . It is known from previous work that the
values of ΛMC

η are directly linked to the hadronic cross-
sections used in the simulations [2]. Accordingly we can

explore the effect of changing cross-sections empirically
by multiplying all hadronic cross-sections input to the
simulations by an energy-dependent factor [7]

f(E, f19) = 1 + (f19 − 1)
lg
(

E/1015 eV
)

lg (1019 eV/1015 eV)
, (2)

where E denotes the shower energy and f19 is the factor
by which the cross-section is rescaled at 1019 eV. This
factor is unity below 1015 eV reflecting the fact that mea-
surements of the cross-section at the Tevatron were used
to tune the interaction models. This technique of modi-
fying the original predictions of the cross-sections during
the simulation process assures a smooth transition from
accelerator data up to the energies of our analysis.

For each hadronic interaction model, the value of f19 is
obtained that reproduces the measured value of Λη. The
modified cross-section is then deduced by multiplying the
original cross-section used in the model by the factor
f(E, f19) of Eq. (2) using E = 1018.24 eV. For the conver-
sion of Λη into cross-section, we have used the four high-
energy hadronic interaction models commonly adopted
for air shower simulations: QGSJet01 [8], QGSJetII.3 [9],
SIBYLL 2.1 [10] and EPOS1.99 [11]. While in general
no model gives a completely accurate representation of
cosmic-ray data in all respects, these have been found to
give reasonably good descriptions of many of the main
features. It has been shown [12] that the differences be-
tween the models used in the analysis are typically bigger
than the variations obtained within one model by param-
eter variation. Therefore we use the model differences for
estimating the systematic model dependence.

The proton-air cross-sections for particle production
derived for QGSJet01, QGSJetII, SIBYLL and EPOS
are 523.7, 502.9, 496.7 and 497.7mb respectively, with
the statistical uncertainty for each of these values being
22mb. The difference of these cross-sections from the
original model predictions are < 5%, with the exception
of the result obtained with the SIBYLL model, which is
12% smaller than the original SIBYLL prediction. We
use the maximum deviations derived from using the four
models, relative to the average result of 505mb, to es-
timate a systematic uncertainty of (−8, +19)mb related
to the difficulties of modelling high energy interactions.
This procedure relies on the coverage of the underlying
theoretical uncertainties by the available models. For
example diffraction, fragmentation, inelastic intermedi-
ate states, nuclear effects, QCD saturation, etc. are all
described at different levels using different phenomeno-
logical, but self-consistent, approaches in these models.
It is thus possible that the true range of the uncertainties
for air-shower analyses is larger, but this cannot be esti-
mated with these models. Furthermore, certain features
of hadronic particle production, such as the multiplicity,
elasticity and pion-charge ratio, have an especially im-
portant impact on air shower development [13, 14]; of

p-Air & pp Cross-Section at  57 TeV

Λη ➞ σp➞Air
by tuning models 
to reproduce tail 
seen in data

Auger Collab. Phys. Rev. Lett, 2012

 1018 eV < E < 1018.5 eV
tail dominated by protons
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FIG. 2: Resulting σ
prod
p -air compared to other measure-

ments (see [16–23] for references) and model predictions. The
inner error bars are statistical, while the outer include sys-
tematic uncertainties for a helium fraction of 25% and 10mb
for the systematic uncertainty attributed to the fraction of
photons.

these we found that only the elasticity can have a rele-
vant impact on Λη. The previously identified systematic
uncertainty of (−8, +19)mb induced by the modelling of
hadronic interactions, corresponds to the impact of mod-
ifying the elasticity within ±(10− 25)% in the models.

The selection of events with large values of Xmax also
enhances the fraction of primary cosmic-ray interactions
with smaller multiplicities and larger elasticities, which
is for example characteristic for diffractive interactions.
The value of Λη is thus more sensitive to the cross-section
of those interactions. The identified model-dependence
for the determination of σprod

p -air is also caused by the com-
pensation of this effect.

Also the choice of a logarithmic energy dependence
for the rescaling-factor in Eq. (2) may affect the result-
ing cross-sections. However, since the required rescaling-
factors are small, this can only be a marginal effect.

The systematic uncertainty of 22% [15] in the absolute
value of the energy scale leads to systematic uncertainties
of 7mb in the cross-section and 6TeV in the center-of-
mass energy. Furthermore, the procedure to obtain σprod

p -air
from the measured Λη depends on additional parameters.
By varying the energy distribution, energy and Xmax res-
olution in the simulations, we find that related system-
atic changes of the value of σprod

p -air are distributed with a
root-mean-square of 7mb around zero. We use the root-
mean-square as estimate of the systematic uncertainties
related to the conversion of Λη to σprod

p -air.
The presence of photons in the primary beam would

bias the measurement. The average Xmax of showers
produced by photons at the energies of interest is about
50 g/cm2 deeper in the atmosphere than that of protons.
However, observational limits on the fraction of photons
are < 0.5% [24, 25]. With simulations we find that the

possible under-estimation of the cross-section if photons
were present in the data sample at this level is less than
10mb.

With the present limitations of observations, we can-
not distinguish air showers produced by helium nuclei
from those created by protons. From simulations we find
that σprod

p -air is over-estimated depending on the percent-
ages of helium in the data sample. Lack of knowledge of
the helium fraction is the dominant source of systematic
uncertainty.

We also find that the nuclei of the CNO-group intro-
duce no bias for fractions up to ∼ 50%, and accordingly
we assign no uncertainty in the cross-section due to these
or heavier nuclei.

In Table I we list the sources of systematic uncertain-
ties. As the helium fraction is not known we show the
impact of 10, 25 and 50% of helium respectively. In what
follows we include a systematic uncertainty related to a
helium fraction of 25%. In the extreme case, were the
cosmic-ray composition to be 100% helium, the analysis
would over-estimate the proton-air cross-section by 300
to 500mb. Given the constraints from accelerator data
at lower energies and typical model assumptions, this ex-
treme scenario is not realistic.

We summarise our results by averaging the four values
of the cross-section obtained with the hadronic interac-
tion models to give

σprod
p -air =

[

505 ± 22(stat) +28
−36(sys)

]

mb

at a center-of-mass energy of [ 57 ± 0.3(stat) ±
6(sys) ] TeV. In Fig. 2 we compare this result with model
predictions and other measurements. The measurements
at the highest energies are: HiRes [21] and Fly’s eye [2]
that are both based on Xmax, Yakutsk Array [20] using
Cherenkov observations and Akeno [19] measuring elec-
tron and muon numbers at ground level. All these analy-
ses assume a pure proton composition. In the context of
a possible mixed-mass cosmic-ray composition, this can
lead to large systematic effects. Also all these analyses
are based on a single interaction model for describing air

TABLE I: Summary of the systematic uncertainties.

Description Impact on σ
prod
p -air

Λη systematics ±15mb

Hadronic interaction models +19
−8 mb

Energy scale ±7mb

Conversion of Λη to σ
prod
p -air ±7mb

Photons, <0.5% < +10mb

Helium, 10% −12mb

Helium, 25% −30mb

Helium, 50% −80mb

Total (25% helium) −36mb, +28mb

σprod
p -air =

[

505 ± 22(stat) +28
−36(sys)

]

mb
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FIG. 4: Comparison of derived σ
inel
pp to model predictions and

accelerator data [34]. Here we also show the cross-sections of
two typical high-energy models, Pythia6 [35] and Phojet[36].
The inner error bars are statistical, while the outer include
systematic uncertainties.

from accelerator measurements to the energy of the anal-
ysis. This is achieved by modifying the model-predictions
of hadronic cross-sections above energies of 1015 eV dur-
ing the air-shower simulation process in a self-consistent
approach.

We convert the proton-air production cross-section
into the total, and the inelastic, proton-proton cross-
section using a Glauber calculation that includes inter-
mediate inelastic screening corrections. In this calcula-
tion we use the correlation between the elastic slope pa-
rameter and the proton-proton cross-sections taken from
the interaction models as a constraint. We find that the
inelastic proton-proton cross-section depends less on the
elastic slope parameter than does the total proton-proton
cross-section, and thus the systematic uncertainty of the
Glauber calculation for the inelastic result is smaller.
The data agree with an extrapolation from LHC [34] en-
ergies to 57TeV for a limited set of models.
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gratitude for their continuing cooperation over land
access, Argentina; the Australian Research Coun-
cil; Conselho Nacional de Desenvolvimento Cient́ıfico
e Tecnológico (CNPq), Financiadora de Estudos e
Projetos (FINEP), Fundação de Amparo à Pesquisa
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(FAPESP), Ministério de Ciência e Tecnologia (MCT),
Brazil; AVCR AV0Z10100502 and AV0Z10100522,
GAAV KJB100100904, MSMT-CR LA08016, LC527,
1M06002, MEB111003, and MSM0021620859, Czech Re-
public; Centre de Calcul IN2P3/CNRS, Centre Na-
tional de la Recherche Scientifique (CNRS), Conseil
Régional Ile-de-France, Département Physique Nucléaire
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 UHECRs and LHC

Inelastic pp Xsec at 57 TeV: standard 
Glauber theory + propagation of 
modeling uncertainties  

σinel
pp =

[

92 ± 7(stat) +9
−11(sys) ± 7(Glauber)

]

mb,

σtot
pp =

[

133 ± 13(stat) +17
−20(sys) ± 16(Glauber)

]

mb.

 Pseudo-rapidity distributions at LHC 
and Monte Carlo simulations 

★central distributions well bracketed 
by the model predictions,

★true predictions as the models were 
tuned years before LHC data became 
available

Auger Collab. Phys. Rev. Lett, 2012 UHECRS 2012 Hadronic Interactions report



Muon excess (over hadronic models predictions) consistently observed

1019 eV proton 

Signal dominated by muons for 
inclined showersHybrid events (both FD and SD)

Hadronic interactions and muons
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Neutrino induced showers

★Neutrino observations are a unique probe of the  
universe’s highest-energy phenomena. 

★Neutrinos are able to escape from dense astrophysial 
environments that photons cannot and are 
unambiguous tracers of cosmic ray acceleration. 

★As protons and nuclei are accelerated, they interact 
with gas and background light near the source to 
produce subatomic particles such as charged pions 
and kaons, which then decay, emitting neutrinos.
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• 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 !

Neutrinos by Horizontal EAS
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Neutrino induced showers



Limits start to dig into potential 
sources and cosmogenic “GZK” 
neutrinos

Auger Collab. Astrop. J. Lett,  2012

Auger neutrino limits

young ν induced showers 
★wide time distribution in 

surface stations
★elongated footprint of 

inclined shower
★propagation speed of 

shower front at ground

Pablo Pieroni et al. UHE neutrinos at the Pierre Auger Observatory
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induced shower simulations (+9%, -33%) and of the neu-
trino cross-section (± 7%) [11]. For the ES analysis, the
systematic uncertainties are dominated by the energy losses
of the tau (+25%, -10%), the shower simulations (+20%,
-5%), and the topography (+18%, 0%).

4 Results and conclusions
Using the combined exposure and assuming a F(E

n

) = k ·
E�2

n

differential neutrino flux and a 1:1:1 flavour ratio, an
upper limit on the value of k can be obtained as:

k =
Nup

R Emax
Emin

E�2
n

Etot(En

) dE
n

(1)

The actual value of the upper limit on the signal events
(Nup) depends on the number of observed and expected
background events as well as on the confidence level re-
quired. Using a semi-Bayesian extension [9] of the Feldman-
Cousins approach [10] to include the uncertainties in the
exposure, Nup is different from the nominal value for zero
candidates and no expected background (Nup = 2.44 at 90%
C.L.), and is different for each channel depending on the
type of systematic uncertainties, and the reference exposure
chosen [6, 7].

The updated single-flavour 90% C.L. limit is:

k90 < 1.3⇥10�8 GeV cm�2 s�1 sr�1 (2)

and applies in the energy interval ⇠ 1.0⇥1017 eV�1.0⇥
1020 eV where ⇠ 90% of the event rate is expected. The
result is shown in Fig. 5 along with the limit in different
bins of width 0.5 in log10 E

n

(differential limit) to show at
which energies the sensitivity of the SD of the Pierre Auger
Observatory peaks. The search period corresponds to an
equivalent of almost 6 years of a complete Auger SD array
working continuously. The inclusion of the latest data from
1 June 10 until 31 December 12 in the search represents
an increase of a factor ⇠ 1.7 in event number with respect
to previous searches [6, 7]. The relative contributions of
the ES:DGH:DGL channels to the total expected event rate
assuming a flux behaving with neutrino energy as E�2

n

, are
0.73:0.23:0.04 respectively.

The current Auger limit is below the Waxman-Bahcall
bound on neutrino production in optically thin sources
[14]. With data unblinded up to 31 December 12, we are
starting to constrain models of cosmogenic n fluxes that
assume a pure primary proton composition injected at
the sources. As an example we expect ⇠ 1.4 cosmogenic
neutrino events from a model normalised to Fermi-LAT
observations (solid line, bottom right panel in Fig. 4 of [15],
also shown in Fig. 5 in this work). The gray shaded area in
Fig. 5 brackets the cosmogenic neutrinos fluxes predicted
under a wide range of assumptions for the cosmological
evolution of the sources, for the transition between the
galactic and extragalactic component of cosmic rays, and for
the UHECR composition [17]. The corresponding expected
number of cosmogenic neutrino events ranges between
⇠ 0.2 and ⇠ 0.6.

The two events in the PeV energy range recently reported
by the IceCube collaboration are compatible with a power-
law flux which follows E�2

n

with normalisation E2
n

F
n

=
1.2 10�8 GeV cm�2 s�1 sr�1 for each flavour (see Fig. 5 in
[18]). Extending this upper limit to the flux with the same
power-law up to 1020 eV we would expect ⇠ 2.2 events
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Figure 5: Differential and integrated upper limits (at 90%
C.L.) from the Pierre Auger Observatory for a diffuse flux
of UHE neutrinos. The search period corresponds to ⇠ 6
yr of a complete SD. We also show the integrated limits
from ANITAII [12] and RICE [13] experiments, along with
expected fluxes for several cosmogenic neutrino models
[15, 16, 17] as well as for astrophysical sources [1, 14].

in Auger while none is observed. The possibility that such
a neutrino flux also represents the flux at UHE energies is
excluded at close to 90% C.L.
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Introduction: Neutrino observations are a unique probe of the universe’s highest-energy phe-
nomena: Neutrinos are able to escape from dense astrophysical environments that photons cannot 
and are unambiguous tracers of cosmic ray acceleration. As protons and nuclei are accelerated, 
they interact with gas and background light near the source to produce subatomic particles such as 
charged pions and kaons, which then decay, emitting neutrinos. We report on results of an all-sky 
search for these neutrinos at energies above 30 TeV in the cubic kilometer Antarctic IceCube obser-
vatory between May 2010 and May 2012.

Methods: We have isolated a sample of neutrinos by rejecting background muons from cosmic ray 
showers in the atmosphere, selecting only those neutrino candidates that are fi rst observed in the 
detector interior rather than on the detector boundary. This search is primarily sensitive to neutri-
nos from all directions above 60 TeV, at which the lower-energy background atmospheric neutrinos 
become rare, with some sensitivity down to energies of 30 TeV. Penetrating muon backgrounds were 
evaluated using an in-data control sample, with atmospheric neutrino predictions based on theo-
retical modeling and extrapolation from previous lower-energy measurements.

Results: We observed 28 neutrino candidate events (two previously reported), substantially more 
than the 10.6  expected from atmospheric backgrounds, and ranging in energy from 30 to 1200 
TeV. With the current level of statistics, we did not observe signifi cant clustering of these events in 
time or space, preventing the identifi cation of their sources at this time.

Discussion: The data contain a mixture of neutrino fl avors compatible with fl avor equipartition, 
originate primarily from the Southern Hemisphere where high-energy neutrinos are not absorbed 
by Earth, and have a hard energy spectrum compat-
ible with that expected from cosmic ray accelerators. 
Within our present knowledge, the directions, ener-
gies, and topologies of these events are not compatible 
with expectations for terrestrial processes, deviating at 
the 4σ level from standard assumptions for the atmo-
spheric background. These properties, in particular 
the north-south asymmetry, generically disfavor any 
purely atmospheric explanation for the data. Although 
not compatible with an atmospheric explanation, the 
data do match expectations for an origin in uniden-
tifi ed high-energy galactic or extragalactic neutrino 
accelerators.
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Fig. 1. Drawing of the IceCube array.

Fig. 2. Distribution of best-fi t deposited 
energies and declinations.

Fig. 3. Coordinates of the fi rst detected light 
from each event in the fi nal sample.

Fig. 4. Distributions of the deposited energies 
and declination angles of the observed events 
compared to model predictions.

Fig. 5. Sky map in equatorial coordinates of 
the TS value from the maximum likelihood 
point source analysis.

Fig. 6. Distribution of deposited PMT charges 
(Qtot).

Fig. 7. Neutrino effective area and volume.

SUPPLEMENTARY MATERIALS

Materials and Methods
Event Displays 1 to 28
Neutrino Effective Areas

A 250 TeV neutrino interaction in IceCube. At the neutrino 
interaction point (bottom), a large particle shower is visible, 
with a muon produced in the interaction leaving up and to the 
left. The direction of the muon indicates the direction of the 
original neutrino.
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Evidence for High-Energy 
Extraterrestrial Neutrinos at the 
IceCube Detector
IceCube Collaboration*

Introduction: Neutrino observations are a unique probe of the universe’s highest-energy phe-
nomena: Neutrinos are able to escape from dense astrophysical environments that photons cannot 
and are unambiguous tracers of cosmic ray acceleration. As protons and nuclei are accelerated, 
they interact with gas and background light near the source to produce subatomic particles such as 
charged pions and kaons, which then decay, emitting neutrinos. We report on results of an all-sky 
search for these neutrinos at energies above 30 TeV in the cubic kilometer Antarctic IceCube obser-
vatory between May 2010 and May 2012.

Methods: We have isolated a sample of neutrinos by rejecting background muons from cosmic ray 
showers in the atmosphere, selecting only those neutrino candidates that are fi rst observed in the 
detector interior rather than on the detector boundary. This search is primarily sensitive to neutri-
nos from all directions above 60 TeV, at which the lower-energy background atmospheric neutrinos 
become rare, with some sensitivity down to energies of 30 TeV. Penetrating muon backgrounds were 
evaluated using an in-data control sample, with atmospheric neutrino predictions based on theo-
retical modeling and extrapolation from previous lower-energy measurements.

Results: We observed 28 neutrino candidate events (two previously reported), substantially more 
than the 10.6  expected from atmospheric backgrounds, and ranging in energy from 30 to 1200 
TeV. With the current level of statistics, we did not observe signifi cant clustering of these events in 
time or space, preventing the identifi cation of their sources at this time.

Discussion: The data contain a mixture of neutrino fl avors compatible with fl avor equipartition, 
originate primarily from the Southern Hemisphere where high-energy neutrinos are not absorbed 
by Earth, and have a hard energy spectrum compat-
ible with that expected from cosmic ray accelerators. 
Within our present knowledge, the directions, ener-
gies, and topologies of these events are not compatible 
with expectations for terrestrial processes, deviating at 
the 4σ level from standard assumptions for the atmo-
spheric background. These properties, in particular 
the north-south asymmetry, generically disfavor any 
purely atmospheric explanation for the data. Although 
not compatible with an atmospheric explanation, the 
data do match expectations for an origin in uniden-
tifi ed high-energy galactic or extragalactic neutrino 
accelerators.

FIGURES IN THE FULL ARTICLE

Fig. 1. Drawing of the IceCube array.

Fig. 2. Distribution of best-fi t deposited 
energies and declinations.

Fig. 3. Coordinates of the fi rst detected light 
from each event in the fi nal sample.

Fig. 4. Distributions of the deposited energies 
and declination angles of the observed events 
compared to model predictions.

Fig. 5. Sky map in equatorial coordinates of 
the TS value from the maximum likelihood 
point source analysis.

Fig. 6. Distribution of deposited PMT charges 
(Qtot).

Fig. 7. Neutrino effective area and volume.

SUPPLEMENTARY MATERIALS

Materials and Methods
Event Displays 1 to 28
Neutrino Effective Areas

A 250 TeV neutrino interaction in IceCube. At the neutrino 
interaction point (bottom), a large particle shower is visible, 
with a muon produced in the interaction leaving up and to the 
left. The direction of the muon indicates the direction of the 
original neutrino.

READ THE FULL ARTICLE ONLINE
http://dx.doi.org/10.1126/science.1242856
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Materials and Methods). The observed zenith
distribution is also typical of such a flux: As a
result of absorption in Earth above tens of TeV
energy, most events (about 60%, depending on
the energy spectrum) from even an isotropic high-
energy extraterrestrial population would be ex-
pected to appear in the Southern Hemisphere.
Although the zenith distribution is well explained
(Fig. 4) by an isotropic flux, a slight southern ex-
cess remains, which could be explained either as a
statistical fluctuation or by a source population that
is either relatively small or unevenly distributed
through the sky.

This discussion can be quantified by a global
fit of the data to a combination of the p/K atmo-
spheric neutrino background, atmospheric neutri-
nos from charmed meson decays, and an isotropic
equal-flavor extraterrestrial power-law flux. With
the normalizations of all components free to float,
this model was fit to the two-dimensional depos-
ited energy and zenith distribution of the data
(Fig. 2) in the range of 60 TeV < Edep < 2 PeV,
above most of the expected background (Fig. 4).
The data are well described in this energy range
by an E−2 neutrino spectrum with a per-flavor nor-
malization of E2F(E) = (1.2 T 0.4) × 10−8 GeV
cm−2 s−1 sr−1. Although it is difficult to substan-
tively constrain the shape of the spectrum with
our current limited statistics, a flux at this level
would have been expected to generate an ad-
ditional three to six events in the 2 to 10 PeV
range; the lack of such events in the sample may
indicate either a softer spectrum (the best fit is
E−2.2 T 0.4) or the presence of a break or cutoff at
PeVenergies. When limited to only atmospheric
neutrinos, the best fit to the data would require a
charm flux 4.5 times larger than the current ex-
perimental 90% CL upper bounds (8) and even
then is disfavored at 4s with respect to a fit
allowing an extraterrestrial contribution.

Search for Neutrino Sources
To search for spatial clustering, indicating pos-
sible neutrino sources, we conducted a maximum
likelihood point source analysis (14). At each point
in the sky, we tested a point source hypothesis
based on full-sky uncertainty maps for each event
obtained from the reconstruction. This yields a
sky map of test statistic values [TS = 2log(L/L0),
where L is the maximized likelihood and L0 is
the likelihood under the null hypothesis], which
reflects any excess concentration of events rela-
tive to a flat background distribution (Fig. 5). To
account for trials due to searching the whole sky,
we estimate the significance of the highest TS
observed by performing the same analysis on the
data with the right ascension of the events ran-
domized. The final significance is then the frac-
tion of these randomized maps that have a TS
value anywhere in the sky as high or higher than
that observed in data. The chance probability cal-
culated this way is independent of Monte Carlo
simulation. Therefore, the significance obtained
is against the hypothesis that all events in this
sample are uniformly distributed in right ascen-

sion, rather than the significance of a cluster of
events above predicted backgrounds. Note that
because muon tracks have much smaller angular
uncertainties than showers, their presence can
skew the highest TS values and overshadow clus-
ters of shower events. To correct for this effect,
and because muon events are more likely to be
atmospheric background, we repeated every clus-
tering analysis described here twice: once with
the full 28 events and once with only the 21 shower
events.

When using all events, the likelihood map
reveals no significant clustering compared to
randomized maps. For the shower events, the
coordinates with the highest TS are at right as-
cension = 281°, declination = −23° (galactic lon-
gitude l = +12°, latitude b = −9°). Five events,
including the second highest energy event in the
sample, contribute to the main part of the excess
with two others nearby. The fraction of random-
ized data sets that yield a similar or higher TS at
this exact spot is 0.2%. (At the exact location of the
galactic center, the fraction is 5.4%.) The final sig-
nificance, estimated as the fraction of randomized
maps with a similar or higher TS anywhere in the
sky, is 8%. This degree of clustering may be compat-
ible with a source or sources in the galactic center
region, but the poor angular resolution for showers
and the wide distribution of the events do not
allow the identification of any sources at this time.

Two other spatial clustering analyses were
defined a priori. We performed a galactic plane
correlation study using the full directional re-
construction uncertainty for each event to define
the degree of overlap with the plane. The plane
width was chosen to be T2.5° on the basis of TeV
gamma-ray observations (15).Amulticluster search
using the sum of log-likelihood values at every

local maximum in the likelihood map was also
conducted. Neither of these analyses yielded sig-
nificant results.

In addition to clustering of events in space,
we performed two tests for clustering of events
in time that calculate significances by compar-
ing the actual arrival times to event times drawn
from a random uniform distribution throughout
the live time. Because many sources (16–18) are
expected to produce neutrinos in bursts, identi-
fication of such a time cluster could allow asso-
ciation with a source without reference to the
limited angular resolution of most of the ob-
served neutrinos. When using all events, no sig-
nificant time cluster was observed. Furthermore,
each spatial cluster in Fig. 5 containing more than
one event was tested individually for evidence
of time clustering. Of the eight regions tested, the
most significant was a pair that includes the highest
energy shower in the sample, but was still com-
patible with random fluctuations. The five shower
events of the densest cluster show no significant
overall time clustering.

Materials and Methods

Event Selection
Backgrounds for cosmic neutrino searches arise
entirely from interactions of cosmic rays in Earth’s
atmosphere. These produce secondary muons
that penetrate into underground neutrino detec-
tors from above, as well as atmospheric neutrinos
that reach the detector from all directions because
of the low neutrino cross section, which allows
them to penetrate Earth from the opposite hemi-
sphere. These particles are produced in the decays
of secondary p and K mesons; at high energies,
a flux from the prompt decay of charmed mesons

Fig. 5. Sky map in equatorial coordinates of the TS value from the maximum likelihood point
source analysis. The most significant cluster consists of five events—all showers and including the second
highest energy event in the sample—with a final significance of 8%. This is not sufficient to identify any
neutrino sources from the clustering study. The galactic plane is shown as a curved gray line with the galactic
center at the bottom left denoted by a filled gray square. Best-fit locations of individual events (listed in
Table 1) are indicated with vertical crosses (+) for showers and angled crosses (×) for muon tracks.

22 NOVEMBER 2013 VOL 342 SCIENCE www.sciencemag.org1242856-4
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★ It is the birth of neutrino astronomy?
★ More statistics is needed before sources are identified.



Top down models

• acceleration models (astrophysics):
• active galactic nuclei, gamma-ray bursts...
• not easy to reach > 100 EeV; 
• photon fractions typically < ~ 1% 

• non-acceleration models (particle physics)
•  UHECR: decay products of high-mass particles (> 1021eV) 
•  super-heavy dark matter (SHDM): from early universe and 

concentrated on the halo of galaxies and clusters of galaxies
•  topological defects (TD) produced throughout the universe 
•  UHECR produced as secondary particles (hadronization process) 

and are most photons and neutrinos, with minority of nucleus
•  photon fraction typically > ~ 10%



Upper limits on flux of   photons 

Auger Collab,  Astrop. Phys (2009) 
M. Settimo, Auger Col., ICRC 2011

★ Models disfavoured down 
to 1 EeV

★ (optimistic) GZK in reach

Photons 
characterised by:
★ deep Xmax in FD
★ small signal in SD

The observation of a 
photon flux compatible 
with the cosmogenic  
prediction could provide 
an independent proof of 
the GZK process

disfavour exotic “particle physics” origin of UHECR



Scientific landscape

The measurement of the GZK suppression together with 
photon limits and other recent measurements:  the 
scientific landscape is deeply modified!
The study of the UHECR is now predominantly an 
essential branch of the High Energy Astrophysics!
Speculations and searches for "New Physics" effects 
can and will continue.
Some interesting ideas have been put forward and their 
test and study remain valid goals:

Violation of Lorentz invariance
Search for exotic states of matter - strangelets, 
disoriented chiral condensates, etc... 
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 Perspectives: AUGER next 10 years

★Keep acquiring more data (next 10 years:  three 
times our current statistics)

★add more mass information in the UHE region 
(muons)

★construct a world observatory (10 times the Auger 
exposure)

 Perspectives: Astroparticle group IF -
UFRJ next 5 years

★  Keep working in Auger (upgrade)
★  Direct dark matter search (DAMIC?)



 Conclusion
★ 2012-2013 extraordinary years for astroparticle physics! 
★ The Pierre Auger experiment is complete since 2008 and it is taking 

data since 2004 
★ Very robust hybrid technique to detect CRs at the highest energies

Many interesting results on astrophysics and particle physics
• Measurement of the spectrum suppression:  GZK?
• Large scale anisotropy:

★Most stringent upper limits at present on the amplitudes
★Phase does not follow a random distribution
★With higher statistics the galactic/extragalactic transition may 

be stablished 
• Weak correlation with VCV catalogue

★Correlation is stabilizing 
•  Very competitive neutrino limits
•  Stringent limits on photon primaries and top-down models
• Measurement of p-air cross section at 57 TeV 
• Direct DM search:  conflicting results, need more statistics and inovative 

experimental techniques



Thank	
  you	
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