
COSMIC RADIATION 
•  Observing the sky with different messengers 

   - Charged Particles, Photons,  Neutrinos, Gravitational Waves 
Great extension of our power to study the Universe 
Hunting for new physics & observing the sky 

 
•  Scientific Motivations 

•  Investigate ”extreme environments” as laboratories to test the fundamental laws of Nature 
•  Study some of the most fascinating objects and events in Nature: Neutron stars, e.g. 

Pulsars, Black Holes, … 
•  Finding the counterparts of the Gravitational Wave emitters 
•  Dark Matter: discovered by astronomical means, can be investigated with the tools of 

astroparticle physics 
•  Primordial anti-matter : never seen so far.... 

 

•  Outlook 
•  Gamma astronomy, from space and from the ground 
•  Atmospheric and cosmic neutrinos  
•  Solar neutrinos, supernova neutrinos, geo-neutrinos 
•  Precision measurements of cosmic rays from space 
•  Cosmic rays at the highest energy (E ~1019 eV) 

 
•  Enrico Fermi: nuclear physics, accelerators & cosmic rays  
•  Edoardo Amaldi: founder of CERN & pioneer of CR and GW search 



WHERE CAN INFN MAKE THE DIFFERENCE? 

  Solid theoretical & experimental background 
 
- Know-how in detectors 

•  Sensors 
•  Electronics 
•  Software 

- New technologies 
•  New detectors for satellites (advanced calorimeters, new trackers, 

magnets…) 
•  NUV SiPM for Cherenkov telescopes 
•  High-depth undersea technologies 
•  Emphasis on the interaction with industries 



PHOTONS 



•  Is and will be a very important tool for: 
-  Multimessenger HE astrophysics 
-  Probing nuclear mechanisms  
-  Cosmology 
-  Search for new particles  
   (including DM) 
 

•  INFN is doing well with present 
detectors: 
- Fermi, DAMPE, MAGIC, … 

•  Has been crucial during the last 20 years as the main tool to 
identify sources of cosmic rays and regions of extreme 
physics in the Universe 

 

DETECTION OF HIGH ENERGY PHOTONS 
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•  The classics of (very) high energies: 
- Behaviour near high-density regions 

•  Even more interesting when/if GW astrophysics and/or ν astrophysics will be 
at work 

- Indirect detection of WIMPs 
- Structure of spacetime 
- Studies of photon propagation: 

•  Cosmology 
•  Energy of the vacuum (ALPs, etc.) 

•  But lower energies can be essential: 
- Tensions between observations at the scales of galactic cores and satellite 

halos vs. ΛCDM predictions  
•  WDM after all? 

- e+e- annihilation (0.5 MeV). Large emission from GC still to be clarified  
- Lines from radioactive isotopes  26Al, 1.8 MeV; 7Be, 0.47MeV; 44Ti , up to 1.157 

MeV; 60Fe, up to 1.33MeV. Can change our ideas on how nuclei are made in 
stars 

- Claims  of observations  by Chandra, & XMM of X-ray lines (few keV); could be 
signatures of decay of light “sterile” particles on cosmological time scales 

MANY OPEN PROBLEMS AND POSSIBLE SOLUTIONS 



•  keV region: ATHENA or similar X-ray experiments. Gamma-burst monitor(s) (CALET, 
Fermi, …) can help for nuclear astrophysics & DM search. Polarimeters.  

 
•  MeV region: crucial for nuclear astrophysics and badly known needs satellites as 

COMPTEL (1990). New missions (e-ASTROGAM,  COMPAIR ?) 100 times more sensitive 
could profit of INFN know-how in Si trackers (2025+) 

 
•  GeV region: Fermi cannot be reasonably improved with present technologies: try to keep 

it in space till 2028. INFN experience in smaller missions (AGILE, now DAMPE). New large 
space missions should be programmed for the post-Fermi era (HERD?) 

 
•  sub-TeV and TeV regions: CTA (2021-2050?) has no rivals in this essential region for 

fundamental physics and astrophysics; INFN has a clear role. HAWC and LHAASO (and 
possibly a southern EAS detector) can contribute with their large FoV to the high-end 
(several TeV) region 

 
•  PeV region: Only few sources could be visible in the North and less than a dozen in the 

South, all galactic. Experiments as HAWC+ (upgrade of HAWC, 2016?), LHAASO (phase 
1 in 2018?), TAIGA/HiSCORE provide a serendipitous coverage of the Northern sky. A 
large FoV experiment in the South, possibly starting at ~100 GeV, is highly desirable 
(LATTES?) 

 

THE EXPERIMENTAL SITUATION IN THE 
MEDIUM AND LONG TERM IS RATHER CLEAR 



NEUTRINOS 



WHY NEUTRINO ASTRONOMY? 

LOW ENERGY NEUTRINOS  
Solar neutrinos 

-  neutrinos from all pp reactions measured, but CNO  
-  important for solar metallicity and very challenging 
-  What now: Borexino. What next: Juno, Argo, … 

Supernova neutrinos 
-  from SN1987 explosion ~20 neutrinos detected within 10 sec 

-  What now: LVD. What next: Juno, HyperK, ARGO … 

HIGH ENERGY NEUTRINOS  
To shed light on the role of hadronic processes in the cosmos. Several candidate sources 
Ø  Extragalactic: AGN, GRB, starburst galaxies…  
Ø  Galactic: SNRs, Galactic Center and nearby region, diffuse fluxes, …  
Ø  DM, … 

13C  14N  17O  18F  

13N  15O  17F  18O  

12C  15N  16O  19F  

To study cosmic reactors: e.g., 
the CNO cycle of the Sun  

To study cosmic accelerator: 
e.g., SNRs, AGNs, GRBs, … 



 
 
 
 
 
 

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.
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Results from IceCube and open 
questions 

•  flux observed at 6.5σ                   
(4 year data)

 
energy spectral index   

•  softer than E-2?, HE cut-off?, 
Glashow resonance? 

 
angular distribution 

•  localized excess not    
statistically significant 

   
flavour composition  

•  compatible with 1:2:0 
 at source, tau signal? 
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energy spectrum (4 years)ν 37

Somewhat compatible with 
benchmark E-2 astrophysical 
model or single power-law 
model, but looks like things are 
more complicated 

Best fit assuming E-2 (not a very 
good fit anymore): 

0.84 ± 0.3 10-8 E-2 GeV cm-2 s-1 sr-1 

Best fit spectral index: E-2.58

fit for flavour ratio, spectral shape 
and cutoff

global fit of Icecube analysesν 55

accepted by ApJ, 
arXiv:1507.03991

skymap / clusteringν 41

(all p-values are post-trial)

1 km 



HIGH NEUTRINO ASTRONOMY 

Galactic versus extra-galactic contribution in IceCube data 
•  quasi isotropic dominant component at high energy (E>100TeV) suggest 

extragalactic origin 
•  some hints for a galactic contribution at lower energy, but can be probed 

only marginally with IceCube 
ICECUBE IS DOING GREAT PHYSICS, BUT WE NEED TO DO MORE 
AND BETTER 

“Complete coverage of the sky, which is important given the exploratory 
nature of these experiments, thus requires two detectors located in opposite 
Earth hemispheres” - HENAP Report to PaNAGIC, July 2002 

24.11.2005 U. Katz: KM3NeT 5

Sky Coverage of Neutrino Telescopes

Region of sky 
seen in galactic 
coordinates 
assuming 
efficiency for 
downward
hemisphere.

Not seenNot seen
MknMkn 501501

MknMkn 421421

CrabCrab

SS433SS433

MknMkn 501501

SS433SS433

CrabCrab

VELAVELA
GalacticGalactic
CenterCenter

→ We need ν telescopes in both hemispheres to see the whole sky

South Pole Mediterranean

Not seenNot seen

RXJ1713RXJ1713

SOUTH POLE                  MEDITERRANEAN SEA 
Visibility for up-going neutrinos 



A STAGED PATH TOWARDS THE KM3 
TELESCOPE IN THE MEDITERRANEAN SEA 

•  ANTARES - running, 1% km3 (2500 m undersea off-shore Toulon, Fr) 

•  limits on origin IceCube flux and strong limits on DM in Sun and GC 
•  broad multimessanger program, e.g. limit on neutrino flux from GW 

 

•  Phase1 of KM3NeT - in construction, 10% km3 (3500 m undersea off-shore Capo Passero)  

•  WHAT NEXT => KM3NeT, 1 km3  
•  KM3NET aims at the discovery and subsequent observation of high neutrino 

sources in the Universe (ARCA – Capo Passero, Italy)  

•  measure IceCube flux at 5σ in less than one year 
•  observe the neutrino sky with larger field of view  

Angular resolution allows source identification and pointing, 

0.1° for tracks and 2° for showers to be compared  
with1° and 10°-15° in IceCube respectively 
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KM3NeT will survey our Galaxy including the 
Galactic Center which are sites of new unknown 
phenomena observed in HE gamma emission 
such as Fermi Bubbles, Galactic Ridge, … 

•  will detect the most intense galactic gamma 
sources (RX1713, VelaX, …) at 3s level in the 
hypothesis of hadronic emission   

•  will contribute, with IceCube, to a multimessanger survey of the Universe 
 
KM3NeT also aims at determining the neutrino mass hierarchy  
with a much denser telescope, ORCA,  built with the same technology 
(and to be deployed off-shore Toulon, France) 

•  measure at 3σ in about 3 years => see Neutrino Working Group 
 
The investigation of neutrino properties and of neutrino astronomy 
begun late fifties and now are on full bloom. What next is the high 
energy neutrino frontier. Km3NeT is ready to take the challenge with 
the construction of a km3 telescope in the Mediterranean sea. 



CHARGED COSMIC RAYS 



Experimental observables 
 
•  Energy Spectrum  
•  Particle ID / Composition 
•  Arrival direction 

all we can gather is embedded in 
these three observables. 

Science cases 
 
•  Earth/Sun/ Space weather 
•  Particle acceleration mechanisms 
•  Astrophysical sources 
•  Galactic and inter-galactic media 
•  High energy hadronic interactions  
•  Indirect detection of new particles 
•  Cosmology 
 
a complementary view deeply related 
to other messengers: γ, ν and GW. 

Fluxes extend over 14 decades in energy  à  > 30 decades in flux intensity. 
à  Direct measurements in space  
à  Indirect measurements on ground 

CHARGED CR 
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In the last 5 years with PAMELA and AMS, entered a 
new era of precision. Important breakthroughs:   
 
ü  Spectral features (p, He hardening at 200 GeV) 
ü  Electrons, positrons and anti-protons fluxes 
ü  Physics of the interaction Earth-Sun 
 
New precious information on the interstellar medium 
and to identify astrophysical sources. Important limits 
on WIMP DM models. 
 
CALET, DAMPE, ISS-CREAM will soon provide more 
precise measurements in the multi-TeV regime.  
 

DIRECT DETECTION 



A rich experimental activity: Argo-YBJ, Kascade, 
Kascade-Grande, Tunka, IceTop, Auger, TA. 
Important results: 
 
ü  Spectral features: break at 3x106 GeV, hardening 

at 4x109 GeV, suppression at the highest 
energies E~1011 GeV 

ü  Composition: transition light-heavy at 3x106 GeV, 
at E>109 GeV light (TA) or heavy (Auger) 

ü  Anisotropy: 10-3 at 100 TeV, hints of correlation 
with sources at E>5x1010 GeV (Astronomy?). 

Important information on: galactic and extra-galactic 
sources, galactic and intergalactic medium, 
cosmological evolution, new physics at the highest 
energies (>1010 GeV).  
 
A key problem of the indirect measurement is the 
determination of the chemical composition of the 
primary particles. 

ü  Shower simulations, hadronic cross sections at 
√s≈102 TeV (TOTEM, Castor, LHCf, …) 
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Figure 5. Light (i.e. p+He) component energy spectrum of primary CRs measured by ARGO-
YBJ with four different analyses. Data recorded with two different gain scales (G1 and G4)
are plotted. The systematic uncertainty is shown by the shaded area and the statistical one
by the error bars. The parametrizations provided by [20] and [3] are shown for comparison. A
Hörandel-like spectrum with a modified knee at Z×1 PeV is also shown.

(E/TeV)
10

Log
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

)
-1

sr
-1 s

-2
m

1.
6

 (G
eV

Ω
dA

dt
d

Ed
dN

 
× 

2.
6

E

210

310

410

ARGO-YBJ G4 ARGO-YBJ G1
ARGO-YBJ Bayes-G4 ARGO-YBJ Bayes-G1
ARGO-YBJ WFCTA (p + He) ARGO-YBJ strip (p + He)
Tibet III (QGSJET-II) 2008 Tibet III (SIBYLL) 2008
KASCADE (QGSJET-II) 2005 KASCADE (SIBYLL) 2005
Tunka-25 2013 Tunka-133 2012
DICE 2000 Icetop 2013
KASCADE-Grande 2012 EAS-Top 1999
BLANCA 2001 CASA-MIA 1999
RUNJOB JACEE
KASCADE p KASCADE (He + C + Si)
KASCADE Fe YAC-I TibetIII (p + He) SIB 2013
CREAM (p + He) 2011 Horandel (p + He) 2003

 1 PeV×knee at Z 
Horandel (p+He) 2003 Horandel (All particle) 2003 

Gaisser et al. 2013 (p + He) Gaisser et al. 2013 (p+He+Fe+CNO)
Direct measurements comb. (p + He) Direct measurements (All particle)

 

Preliminary
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ARGO-YBJ and compared to different experimental results. The parametrizations provided by
[20] and [3] are shown for comparison. A Hörandel-like spectrum with a modified knee at Z×1
PeV is also shown.

INDIRECT DETECTION 



Direct measurements 
The next challenge will be to extend direct measurements up to 1000 TeV with the 
same level of accuracy reached so far.  
 
ü  New “ideas” on Calorimetry : increase acceptance, good resolution with reasonable 

size/weight (e.g. Calocube). 
ü  Gain one energy decade in anti-matter detection: warm superconducting magnets, 

µm tracking on large surface with low-consumption electronics 
 
Opportunities are around the corner:  e.g. China space programs (HERD) 

Indirect measurements: 
Next challenges: better determination of chemical composition and higher exposures 
with, at the highest energies, a full sky coverage (north/south observations) 
  
ü  LHAASO – Cosmic rays in the region of the transition galactic extra-galactic. 
ü  Auger Prime – Muon content to better address composition at the highest energies.  
ü  Ground based detection of ultra high energy cosmic rays with full sky coverage. 
ü  Space based detection of ultra high energy cosmic rays (EUSO concept). 

Not only CR: 
 
ü  p-He cross section measurements à pbar production in ISM (LHCB-SMOG? 

COMPASS?) 
ü  particle production in atmospheric showers à TOTEM, LHCF.....SAS? 

FUTURE DIRECTIONS 



THE END  



CONCLUSIONS 
•  Universe is the ultimate laboratory and the study of its messengers is a field of 

research rich and complex, that spans from fundamental physics to high 
energy astrophysics. 

•  Cosmic radiation always involves multi-purpose experiments that can address 
different problems with a huge discovery potential.  

•  There are several important opportunities worldwide, both in terms of 
international collaborations and funding,  that can be caught by INFN (i.e. 
China programs for space and on-ground detection of cosmic radiation).  

•  All lines of research discussed here are of considerable interest and should be 
developed by INFN. Selecting priorities is not an easy task, but the science is in 
any case of the highest interest.  

A Thousand Invisible Cords Binding Astronomy and High-Energy Physics 
R.Kolb, Rept.Prog.Phys.70,1583 (2007) 



CHOOSE YOUR 
FAVOURITE NOBEL PRIZE 

?  
Gravitational 

Waves  



GBM observations at the time of the LIGO event 
GW150914 reveal the presence of a weak 
transient source above 50 keV (peak ~ 1 MeV), 
0.4 s after the GW event was detected, with a 
false alarm probability of 0.0022. 

Detector response is not optimal.  

If the GBM transient is associated with 
GW150914, this electromagnetic signal from a 
stellar mass black hole binary merger is 
unexpected. 

A POSSIBLE COINCIDENCE  
SEEN BY FERMI GBM? 





BACKUP NEUTRINI 



SPECTRAL INDEX OF COSMIC 
FLUX 

Tyce DeYoung September 14, 2015

Four Years of High Energy Starting Events

• Additional 17 events from IC86-IV


• Now 53(+1) events 
observed

• 9.0+8.0-2.2 atm. neutrinos

• 12.6±5.1 atm. muons


• Substantial (but not  
significant) shift in best  
fit spectral index

• Beware statistical  

fluctuations!
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ANTARES-ICECUBE POINT-LIKE SEARCH 
 Point-source analysis using the ANTARES 2007-2012 and the 

IC40, IC59, and IC79 samples for the Southern Hemisphere 

Combined 90% CL sensitivities (green line) and limits (points) for an E-2 source 
spectrum. Blue (Red ) curves/points indicate ANTARES (IceCube) sensitivities/
limits 

Barrios-Martì ICRC2015 



DISCOVERY POTENTIAL FOR 
E-2 POINT LIKE SOURCES  

Point-source results

● Galactic sources in reach

KM3NeT STAC, 17.11.2015: ARCA LoI (U. Katz) 27

● Significant discovery 
potential for extragalactic 
sources

ARCA discovery potential for point-like sources better than or 
comparable with IceCube over almost whole sky already 

 

 

 

 

 

 

 

 Futher improvement expected with inclusion of energy 
dependence and development of new analysis 



SENSITIVITY TO GALACTIC SOURCES  
 

Observation time [years]
0 2 4 6 8 10 12

]
σ

Si
gn

ifi
ca

nc
e 

[

0

1

2

3

4

5

VelaX
 conventional uncertaintyatmν

RXJ1713.7-3946
 conventional uncertaintyatmν

KM3NeT preliminary - detector with 2 building blocks

•  HE gamma emission observed by HESS in 
SNRs 

•  Neutrino spectra predicted using gamma spectra 
¶ S.R. Kelner, et al., PRD 74 (2006) 034018 

§ F.L. Villante and F. Vissani, PRD 78 (2008) 103007 
•  Hypotheses: 100% hadronic emission and 

transparent source  
RXJ1713¶ Vela X§ 

Vela X: 3σ in about 2 years  
RXJ1713: 3σ in about 4 years 



FERMI BUBBLES 
 

See last spectra from Fermi 
Two huge extended regions above/below the 
Galactic Centre 
 
Fermi detected hard gamma emission (E-2) up 
to hundreds of  GeV 
 
In case of hadronic emission neutrino flux 
expected, but detectable by neutrino 
telescopes only if Ecut-off >100 TeV 
 

Results for 6 blocks published in Adrian 
Martinez et al Astroparticle Phys. 42 (2013) 7 

 
 



DIFFUSE FLUX FROM 
THE GALACTIC PLANE 
ARCA performance to a flux from a region of the Galactic Plane near the 
Galactic Center. Evaluation of the neutrino flux based on a radially-
dependent cosmic-ray transport properties (D. Gaggero et al. 2015 ) 
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KM3NeT preliminary 

up-going track events  

Discovery at 5σ significance (50% probability) in about 5 years 

Diffuse flux from the galactic plane 

P. Piattelli, ICRC2015, Den Haag 31-7-2015 
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ARCA performance to a flux from a region of the Galactic Plane near the Galactic Center 
Evaluation of the neutrino flux based on a radially-dependent cosmic-ray transport properties 

Preliminary results for up-going track events  

Discovery at 5σ significance (50% probability) in about 5 years 
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A. Marinelli, ICRC ID838 

D. Gaggero et al., proceedings ICRC2015  



BACKUP CR 
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Figure 1: The resolution ofXmax obtained using events recorded
simultaneously from two FD stations, compared to a detailed
Monte Carlo simulation.

face Detector (SD) has 1660 water detector stations ar-
ranged in a 1.5 km triangular grid and sensitive to the
shower particles at the ground. The FD has 27 tele-
scopes overlooking the SD, housed in 5 different stations,
recording UV light emitted in the de-excitation of nitro-
gen molecules in the atmosphere after the passage of the
charged particles of a shower. The shower geometry is re-
constructed from the arrival times of the data. The number
of fluorescence photons emitted is proportional to the en-
ergy deposited in the atmosphere by the shower. Using the
shower geometry and correcting for the attenuation of the
light between the shower and the detector, the longitudinal
profile of the shower can be reconstructed. This profile is
fitted to a Gaisser-Hillas function [7] to determine Xmax

and the energy of the shower [8].
We follow the analysis already reported in [6]. We consider
only showers reconstructed using FD data and that have at
least a signal in one of the SD stations measured in coinci-
dence. The geometry for these events is determined with an
angular uncertainty of 0.6◦ [9]. The aerosol content in the
atmosphere is monitored constantly during data taking [10]
and only events for which a reliable measurement of the
aerosol optical depth exists are considered. Also the cloud
content is monitored nightly across the array and periods
with excessive cloud coverage are rejected. Furthermore,
we reject events with a χ2/Ndf greater than 2.5 when the
profile is fitted to a Gaisser-Hillas, as this could indicate the
presence of residual clouds. The total statistical uncertainty
in the reconstruction of Xmax is calculated including the
uncertainties due to the geometry reconstruction and to the
atmospheric conditions. Events with uncertainties above
40 g/cm2 are rejected. We also reject events that have an
angle between the shower and the telescope smaller than
20◦ to account for the difficulties of reconstructing their
geometry and for their high fraction of Cherenkov light. Fi-
nally, in order to reliably determine Xmax we require that
the maximum has been actually observed within the field
of view of the FD. 15979 events pass this quality selection.
Another set of cuts is used to ensure that the data sample is
unbiased with respect to the cosmic ray composition. Since

E [eV]
1810 1910

]2
> 

[g
/c

m
m

ax
<X

650

700

750

800

850

1407
1251

998 781
619 457 331 230 188 143

186 106 47

EPOSv1.99
p

Fe

QGSJET01 p

Fe

SIBYLL2.1
p

Fe

QGSJETII

p

Fe

EPOSv1.99
p

Fe

QGSJET01 p

Fe

SIBYLL2.1
p

Fe

QGSJETII

p

Fe

E [eV]
1810 1910

]2
) [

g/
cm

m
ax

R
M

S(
X

0

10

20

30

40

50

60

70

1407
1251

998 781 619
457

331

230 188

143 186

106
47

p

Fe

p

Fe

p

Fe

p

Fe

p

Fe

p

Fe

p

Fe

p

Fe

Figure 2: ⟨Xmax⟩ (top panel) and RMS (Xmax) (bottom panel)
as a function of the energy. Data (points) are shown with the
predictions for proton and iron for several hadronic interaction
models. The number of events in each bin is indicated. Systematic
uncertainties are indicated as a band.

we require data from at least one SD station, we place an
energy dependent cut on both the shower zenith angle and
the distance of the SD station to the reconstructed core so
the trigger probability of a single station at these energies
is saturated for both proton and iron primaries.
Finally, requiring that the shower maximum is observed
means that, for some shower geometries, we could intro-
duce a composition dependent bias in our data. This is
avoided using only geometries for which we are able to
observe the full range of theXmax distribution.
At the end 6744 events (42% of those that pass the quality
cuts) remain above 1018 eV. The systematic uncertainty
in the energy reconstruction of the FD events is 22% The
resolution in Xmax is at the level of 20 g/cm2 over the en-
ergy range considered. This resolution is estimated with a
detailed simulation of the detector and cross-checked using
the difference in the reconstructedXmax when one event is
observed by two or more FD stations (Fig. 1).

3 Results and discussion

In Fig. 2 we present the updated results for ⟨Xmax⟩ and
RMS (Xmax) using 13 bins of ∆ logE = 0.1 below
1019 eV and ∆ logE = 0.2 above. An energy depen-
dent correction ranging from 3.5 g/cm2 (at 1018 eV) to
−0.3 g/cm2 (at 7.2 ·1019 eV, the highest energy event) has
been applied to the data to correct for a small bias observed

The Auger observations on chemical composition show the tendency  
for a nuclei dominated flux at the highest energies.  

Auger chemical composition 

 Auger collaboration (2011) 
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Figure 1: The resolution ofXmax obtained using events recorded
simultaneously from two FD stations, compared to a detailed
Monte Carlo simulation.

face Detector (SD) has 1660 water detector stations ar-
ranged in a 1.5 km triangular grid and sensitive to the
shower particles at the ground. The FD has 27 tele-
scopes overlooking the SD, housed in 5 different stations,
recording UV light emitted in the de-excitation of nitro-
gen molecules in the atmosphere after the passage of the
charged particles of a shower. The shower geometry is re-
constructed from the arrival times of the data. The number
of fluorescence photons emitted is proportional to the en-
ergy deposited in the atmosphere by the shower. Using the
shower geometry and correcting for the attenuation of the
light between the shower and the detector, the longitudinal
profile of the shower can be reconstructed. This profile is
fitted to a Gaisser-Hillas function [7] to determine Xmax

and the energy of the shower [8].
We follow the analysis already reported in [6]. We consider
only showers reconstructed using FD data and that have at
least a signal in one of the SD stations measured in coinci-
dence. The geometry for these events is determined with an
angular uncertainty of 0.6◦ [9]. The aerosol content in the
atmosphere is monitored constantly during data taking [10]
and only events for which a reliable measurement of the
aerosol optical depth exists are considered. Also the cloud
content is monitored nightly across the array and periods
with excessive cloud coverage are rejected. Furthermore,
we reject events with a χ2/Ndf greater than 2.5 when the
profile is fitted to a Gaisser-Hillas, as this could indicate the
presence of residual clouds. The total statistical uncertainty
in the reconstruction of Xmax is calculated including the
uncertainties due to the geometry reconstruction and to the
atmospheric conditions. Events with uncertainties above
40 g/cm2 are rejected. We also reject events that have an
angle between the shower and the telescope smaller than
20◦ to account for the difficulties of reconstructing their
geometry and for their high fraction of Cherenkov light. Fi-
nally, in order to reliably determine Xmax we require that
the maximum has been actually observed within the field
of view of the FD. 15979 events pass this quality selection.
Another set of cuts is used to ensure that the data sample is
unbiased with respect to the cosmic ray composition. Since
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Figure 2: ⟨Xmax⟩ (top panel) and RMS (Xmax) (bottom panel)
as a function of the energy. Data (points) are shown with the
predictions for proton and iron for several hadronic interaction
models. The number of events in each bin is indicated. Systematic
uncertainties are indicated as a band.

we require data from at least one SD station, we place an
energy dependent cut on both the shower zenith angle and
the distance of the SD station to the reconstructed core so
the trigger probability of a single station at these energies
is saturated for both proton and iron primaries.
Finally, requiring that the shower maximum is observed
means that, for some shower geometries, we could intro-
duce a composition dependent bias in our data. This is
avoided using only geometries for which we are able to
observe the full range of theXmax distribution.
At the end 6744 events (42% of those that pass the quality
cuts) remain above 1018 eV. The systematic uncertainty
in the energy reconstruction of the FD events is 22% The
resolution in Xmax is at the level of 20 g/cm2 over the en-
ergy range considered. This resolution is estimated with a
detailed simulation of the detector and cross-checked using
the difference in the reconstructedXmax when one event is
observed by two or more FD stations (Fig. 1).

3 Results and discussion

In Fig. 2 we present the updated results for ⟨Xmax⟩ and
RMS (Xmax) using 13 bins of ∆ logE = 0.1 below
1019 eV and ∆ logE = 0.2 above. An energy depen-
dent correction ranging from 3.5 g/cm2 (at 1018 eV) to
−0.3 g/cm2 (at 7.2 ·1019 eV, the highest energy event) has
been applied to the data to correct for a small bias observed
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HiRes TA 

HiReS and Telescope Array observe a proton dominated spectrum at 
all energies, starting from 1018 eV up to the highest energies. 

HiRes & Telescope Array – Chemical Composition 



     # of events correlating with AGN, 
ordered in energy (integral plot) 

Auger 
preliminary 

isotropy 
expect. 

Auger 

E > 5.7x 1019 eV     20o smoothing  ≈ 5 σ pretrial 

TA 

Auger 

≈ 3 σ pretrial 

ov
er

la
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Evidence of Cosmic Rays anisotropy above 57 EeV in both northern and 
southern hemispheres. The signal is statistically limited. Hopefully it will be 
clear in a few years. 

Hints of CR astronomy?   



4 neutrino events out of 28 
in IC are detected from the 
northern hemisphere.  

Two neutrino events out of four in the northern 
hemisphere fall in the region of the TA excess 
and seem to correlate with Mrk 421.  

Fang, Fujii, Linden, O
linto (2014) 

The chance coincidence of the IC events with the TA hot spot can be rejected at 2 σ  level. 
This tenuous correlation is based on the extremely small statistics of both TA and IC and 
should be taken just as an indication that needs to be confirmed by higher statistics.  


