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Ultra High Energy Cosmic Rays

A multidisciplinary field

Particle Physics
– High Energy Hadronic

Interaction Models

– LHC-complementarity

measurements

– New phenomena

• high density QCD

– Exotic particles

• Magnetic Monopoles

• Mini-Black Holes

• R-Hadrons

Cosmology & Astrophysics
– Acceleration Scenarios

• AGN, GRB,…

– Decay Scenarios

• Super Heavy Dark Matter

• Cosmic Strings

• Relic Particles

– Propagation:

• Galactic & Extragalactic

magnetic fields

• Source evolution

– Astrophysical Gamma Ray 

Sources

– GZK neutrinos

– Lorentz Violation
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A multidisciplinary field

Shower Phenomenology
– Balance and evolution of

the cascades

– EM radiation:

• MHz (Geosyncrotron, 

Cerenkov)

• GHz (Molecular 

Bremshtrahlung)

• UV-light (Air

Fluorescence, Cerenkov)

– Plasma formation

• Radar detection, 

Molecular Bremstrahlung)

Earth Sciences
– Atmosphere

– Lighning

– Space weather

– Seismology

• 1600 GPS stations 

tracking a large active

area!
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A multidisciplinary field
Technology R&D

– Particle Detectors
• Cerenkov tanks
• RPC’s
• Scintillators

– Electronics,DAQ
– Communications
– LASERs , LIDARs
– RADAR
– Antenna Design

• MHz Microwaves
– Optics: 

• Telescopes
– Solar Pannels
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Data Science
• Data mining
• Monte Carlo
• Machine learning
• Synthesis & 

Display
• Communication



Cosmic Ray Spectrum

Detection of Primaries
Satellites, Balloons

Detection of Secondaries
(Shower)
Ground Arrays

L. Cazon 6



L. Cazon 7L.	Cazon	 10

Horizons: �

Gpc 

1019 eV ~ 1 Gpc�

1020 eV < 100 Mpc�

100 Mpc 

gg +®

µnµ +® +



Hints at the highest energies
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PoS(ICRC2017)483
Search for anisotropies at the highest energies with the Pierre Auger Observatory Ugo Giaccari

Figure 4: Observed (top) and model (bottom) excess maps obtained with the best-fit parameters for the
gamma-ray AGNs (left) and for the starburst galaxies (right) in galactic coordinates.

4,396 vertical events and 1,118 inclined ones.
In Figure 2 there is the maximum value of the T S in each energy threshold for the two selected
populations of gamma-ray sources. The maximum value of the test statistic for the gamma-ray
AGNs, T S = 15.2, is obtained for Eth = 60 EeV, while for the star-forming galaxies the maximum
value T S = 24.9 is reached at Eth = 39 EeV. The same search is performed without considering
any attenuation model due to the UHECR propagation. The energy losses due to the propagation
have a negligible effect for the starburst galaxies, because the brightest objects are located 3 Mpc
to 20 Mpc away. The gamma-ray AGNs are more distant objects and the impact of the selected
attenuation factor is more important.
In Figure 2 we also show the same weighted search for the AGNs of the Swift-BAT catalog within
250 Mpc with flux greater than 13.4⇥ 10�12 erg/s/cm2 in the X-ray band from 14 to 195 keV. In
this case the maximum value of the test statistic T S = 19.9 is found for Eth = 60 EeV and no atten-
uation.
The behaviour of test statistic, for the energy threshold that maximize the likelihood ratio, is shown
in Figure 3 as a function of the two fit parameters. The smearing angle and the anisotropic fraction
corresponding to the best-fit parameters are 13� and 10% for the starburst-galaxies and 7� and 7%
for the gamma-ray AGNs. The significance of the maximum value of the T S can be obtained by
simulating a large number of isotropic samples and by counting the fraction or random sets leading,
under the scan in energy, to a greater value of the T S than the data. We found an excess at 2.7s
level for the gamma-ray AGNs, while for the starburst galaxies there is a deviation from isotropy
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AGN:
Cen A: E>58 EeV, 15 deg.    3"
Swift-BAT: E>62 EeV, 16 deg.   3"

Fermi-LAT gamma ray sources:
AGN: E>60 EeV,  7 deg.   2.6"
Starbust Galaxies E>39 EeV, 13 deg, 4"



RESULTS
AT A GLANCE
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Photon &	neutrino	
fluxes

Observations disfavour most
of the exotic decay
scenarios to	produce
UHECR	and favour
acceleration in	
astrophysical scenarios

They are	reaching the
guaranteed cosmogenic
fluxes

No	point sources
No	events associated with
interesting objects
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Photon & neutrino 
limits

They disfavour most of
the exotic decay
scenarios to produce
UHECR and favour
acceleration in 
astrophysical scenarios

They are reaching the
guaranteed cosmogenic
fluxes
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Multimessenger Physics
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In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.• Observations	of	a	
Binary	Neutron	
Star	Merger	
(GW170817)

• Event	was	in	the	
Auger	field	of	
view

• No	neutrinos	
detected	



Air Showers: the
engine

Muons are the smoking gun of the
hadronic shower which is the real 
backbone of the whole shower.

л0 decays are smoking canyons

Muonic component

Hadronic shower

(mainly pions)

Electromagnetic shower 
(electrons and photons)

Primary: 
Hadron

Primary:
Photon

1111

The bulk of radiated and 
visible energy comes from 
the EM cascadeL. Cazon 



Hadronic Physics

Our interpretation of air
shower rely on
unexplored physics: 
energies above LHC and
forward regions

We know that something
is missing in the current
high energy hadronic
models. 

New physics?
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Thesis project in phenomenology

• Peering into the hadronic cascades though
muons
– Study the connections of muon distributions with

the developement of the hadronic cascade
– Develope analytical models that can explain the

hadronic cascades
– Investigate the sensitivity of muon distribution to 

hadronic parameters
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Thesis project data analysis

• Measurement of the number of muons in 
inclined showers at the Pierre Auger
Observatory
-Data mining:

Cleaning, finding of unexpected
correlations, proper statistical treatment, 
assesement of significance to findings
-Understading of the detector and the physics
of the detector

Calculation of systematics uncertainties
-Physics interpretation of the results
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An example



Other possible topics

• Study of the information encoded in the EM longitudinal 

shape

• High resolution analysis and modelling of Cerenkov

emission by the EM component

• Study of the energy spectrum of muons

• Universality of EAS across models and primaries

• Global fit techniques: study of performance and limitations

• Search of exotic events

• Search for sky anysotropies & mass/sky anisotropies and

correlation with astrophysical objects
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Thesis topics are also shaped by the particular 
interest and abilities of students. 

This is a large field. 

Do not hesitate to ask us.

cazon@lip.pt
Thanks!!!
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Extragalactic matter

• ~55 deg away from the 2MRS dipole

• If including effects of Galactic Magnetic 
Field for E/Z=2 EeV and E/Z=5EeV 
agreement improves
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making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
w i. The weights, w i , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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A new related field:
Tomography with cosmic ray muons

• Emerging technique, thanks 
to R&D tech. improvements

• Many applications:
– Geological survey, 

geothecnics, civil engineering 
monitoring, archaelology, 
homeland security, nuclear 
security….

• A proof of concept project
using tRPCs was recently
started. Master and PhD 
opportunites
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FuFukushima-Daichi
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