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* Ultra-High Energy Cosmic Rays

UHECRs*: The experimental present
(without forgetting the past and with a look at the future)

...falling on us, as I speak (maybe)



UHECRs*: The experimental present
(without forgetting the past and with a look at the future)

...observed by the Pierre Auger Observatory and by Telescope Array (undoubtedly)



From Nagano & Watson 2000

They are the highest energy particles in the Universe!
First UHECR (≈ 1020 eV) observed in 1963 at Volcano Ranch

Extremely rare. @ E>1018 eV: 1 particle/km2/yr !!!

1963 - ≈ 2000

Why do we study UHECRs?

LHC c.m. 
energy



The flux should be suppressed above ≈ 5x1019 eV
The energy losses processes should limit the distance from which sources 

can contribute to the UHECR flux at Earth (≈ 200 Mpc* at ≈ 5x1019 eV) 

A few weeks after the discovery of the CMB (Penzias & Wilson 1964) 
Greisen, and Zatsepin & Kuzmin described what we now call the GZK effect

UHECRs interact with the extra-galactic photon backgrounds. 
For UHE protons the dominant reaction (above ≈ 5x1019 eV) 

is with the CMB, leading to the production of pions 
(photo-pion production)

In case of UHE nuclei, the dominant interaction is with both 
CMB and infrared background. The resulting process of 

photo-dissociation leaves the nucleus with one or few less 
nucleons

The science case for the study of UHECRs

* The “horizon” is smaller for intermediate nuclei



Energy-loss processes on the CMB limit the “horizon” of EHECRs.  
As “nearby” matter is not homogeneously distributed, the distribution of 

EHECR arrival directions might show small-scale anisotropies. 
If they are protons

Emax depends on the product of B 
(magnetic field) and L (object size) 

Only few kind of sources might 
accelerate particles to UHE 

Hillas 1984

Deflections of 
protons in the 

GMF

The highest energy cosmic rays 
might point to sources 

(if they are protons)

The science case for the study of UHECRs



Yakutsk

Akeno/AGASA

Fly’s Eye

HiRes

UHECRs can only be detected via Extensive Air Showers
EITHER giant particle-detectors arrays (100% d.c.) 

OR telescopes recording fluorescence light emitted by 
Nitrogen molecules excited by shower particles (10-15% d.c.)

7 observatories, ≈ 40 years:
O(1000 km2 sr y) exposure

Volcano 
Ranch

Haverah Park

SUGAR

1963 - ≈ 2000

Larger and larger acceptance

2 km2

100 km2



From Nagano-Watson, 2000

“I generation” “II generation”

UHECR flux, at the end of the XX century

Scarcity of UHE events: 
impossible to establish the flux 

suppression 

Larger number of events: 
AGASA (no suppression) vs 

HiRes (suppression) controversy 



<Xmax>: Paucity of events above 10 EeV.
Huge differences between hadronic interaction models

From Nagano-Watson, 2000

UHECR mass composition, at the end of the XX century
Depth of shower maximum (Xmax): most robust mass-sensitive observable



40 years of observation, 5 different experiments: 
≈ 100 events above 40 EeV

The meager number of events was a harbinger of 
contradictory interpretations in terms of their anisotropy

Volcano Ranch
Haverah Park
Yakutsk
Fly’s Eye
AGASA

From Nagano-Watson, 2000

UHECR arrival directions, at the end of the XX century



First decade of the XXI century: the giants awake!

700 km2
3000 km2

2004:
Pierre Auger Observatory

Malargüe, Argentina
1660 surface detectors, 

4 fluorescence detectors

2008:
Telescope Array,  

Utah, USA
507 surface detectors

3 fluorescence detectors

Reminder: Vulcano island ≈ 20 km2



First decade of the XXI century: the giants awake!

Not only giant, but also smart:
particle-detectors array AND fluorescence telescopes:

HYBRID OBSERVATORIES

2004:
Pierre Auger Observatory

Malargüe, Argentina

2008:
Telescope Array ,  

Utah, USA



Now: Auger

The smartness of the hybrid technique
Hybrid events allow for the calibration of the SD energy estimator 

with the FD calorimetric energy

Longitudinal profile 
reconstruction: FD

Particle lateral distribution: SD

Signal

Signal @ 
optimal distance
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TA Spectrum Summary Dmitri Ivanov
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Figure 2: A typical high energy event seen by the TA SD. Left: each circle represents a counter, positioned
at the center of the circle, the area of the circle is logarithmically proportional to the counter pulse height,
and the counter time is denoted by the color. The arrow represents the projection of the shower axis onto
the ground, denoted by û, and it is bisected by the perpendicular line at the location of the shower core.
Middle: counter time versus distance from the shower core along the û direction, which is the shower axis
projected on the ground. Points with error bars are counter times, solid curve is the time expected by the fit
for counters lying on the û axis, dashed and dotted lines are the fit expectation times for the counters that
are correspondingly 1.5 and 2.0 km off the û axis. Right: Lateral distribution profile fit to the AGASA LDF.
Vertical axis is the signal density in Vertical Equivalent Muon (VEM) per square meter units and horizontal
axis is the lateral distance from the shower core. 1 VEM is 2.05 MeV for the TA SD scintillator.
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Figure 3: Right: TA SD data and MC comparison of the lateral distribution fit c2 per degree of freedom.
Points represent the data and solid line is the MC. Middle: Energy as function of reconstructed S800 and
sec(q) made from the CORSIKA MC. Z-axis described by color represents the true (MC generated) values
of energy. Right: TA SD reconstructed energies normalized by 1/1.27 and compared to the TA Hybrid results
of BR, LR, and MD simultaneously. Superimposed 45o line shows no significant non-linearities.

4. TALE FD Bridge

The TALE bridge spectrum uses data collected in 2013/09/06 to 2014/01/09 period. Figure 4
shows the resolution and exposure of the TALE bridge spectrum analysis using dotted lines. The
analysis uses geometry reconstructed in monocular mode and both fluorescence and Čerenkov
components of light produced by particles of the shower. Details of the TALE bridge analysis are
described in [13].

4

Auger Telescope Array

SD energy estimator converted to 
energy directly via EFD.

Systematic uncertainty on the energy 
scale:

14% (16%) above (below) 1018 eV

SD energy estimator converted to 
energy via a MC look-up table.

The model dependence is removed 
via the calibration with EFD.

Syst. unc.: 21%

ICRC 2015

1500 m array 
(< 60˚)750 m array

1500 m array 
(> 60˚)

Hybrid events allow for the calibration of the SD energy estimator 
with the FD calorimetric energy

ICRC 2015

The smartness of the hybrid technique



Large-Scale Distribution of Cosmic Rays above 1019 eV Olivier Deligny
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Figure 1: Directional exposure above 1019 eV as obtained by summing the nominal individual ones of the
Telescope Array and the Pierre Auger Observatory, as a function of the declination. The overlapping sky
region is indicated by the yellow band.

sum of the individual ones. However, individual exposures have here to be re-weighted by some
factor b due to the unavoidable uncertainty in the relative exposures of the experiments:

w(n;b) = wTA(n)+bwAuger(n). (1)

Written in this way, b is a dimensionless parameter of order unity arbitrarily chosen to re-weight
the directional exposure of the Pierre Auger Observatory relative to the one of the Telescope Array.
In practice, only an estimation b̄ of the factor b can be obtained, so that only an estimation of the
directional exposure w̄(n) ⌘ w(n; b̄) can be achieved through eqn. 1. In addition, although the
techniques for assigning energies to events are nearly the same, there are differences as to how the
primary energies are derived at the Pierre Auger Observatory and the Telescope Array. Currently,
systematic uncertainties in the energy scale of both experiments amount to about 14% and 21%
respectively [4, 5]. Such a potential shift in energy leads to different counting rates above some
fixed energy threshold, which induces fake anisotropies in a similar way to the ones resulting from
a shift in the relative exposures of the experiments. The parameter b can thus be viewed as an
effective correction which absorbs any kind of systematic uncertainties in the relative exposures,
whatever the sources of these uncertainties 1.

Estimation of the spherical harmonic coefficients. The flux of cosmic rays F(n) can be de-
composed in terms of a multipolar expansion onto the spherical harmonics Y`m(n),

F(n) = Ầ
�0

`

Â
m=�`

a`mY`m(n). (2)

1Note that variations of the exposure with time due to unavoidable changes in the experimental conditions induce a
dependence of the exposure functions in right ascension. These variations are however neglected in this analysis, given
the much larger statistical uncertainties due to the overall small number of events above 1019 eV.

3

Auger
35.3 S, 69.3 W 

Telescope Array
39.3 N ,112.9 W 

Auger (ϑ: 0-80˚)+ TA (ϑ: 0-55˚) 
=

FULL SKY COVERAGE

common 
sky:

-15˚ : +45˚

ICRC 2015

Directional exposure

Interesting relative location

http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809


Auger and Telescope Array working together
All started at the first UHECRs Symposium, in Nagoya, Japan, 2010

Auger and TA people in 
science

Auger and TA people in 
conviviality

Since then: different joint Auger/TA Working groups have been set up:
Energy spectrum
Mass composition
Arrival directions

Hadronic-interactions models
SD detector

Multi-messenger (e.g., with IceCube)

UHECR Symposia every two years (non-ICRC ones). Next: 11-14 October 2016, Kyoto, Japan
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Telescope Array Highlight Charles C. H. Jui

The observation of a hotspot in the arrival directions suggests the possibility of a local source or
sources.

2. Energy Spectrum

TA had previously published an energy spectrum from the first four years of SD operation
[1]. At the 2015 ICRC, TA presented a new combined spectrum that spans in energy from below
1016 eV to just above 1020 eV, shown in Figure 2. This plot combines the SD spectrum (upright
triangles) from seven years of operation [2], the monocular FD spectrum (inverted triangles) [3],
and the TALE fluorescence spectrum (open circles) [4]. In addition, the spectrum obtained by a
newly developed technique of monocular reconstruction of events dominated by Čerenkov light is
also included [5].

Figure 2: Combined spectrum from the Telescope Array Collaboration, including the 7 year surface de-
tector spectrum (upright triangles), the 7 year monocular spectrum from the Black Rock and Long Ridge
fluorescence detectors (inverted triangles), the TALE fluorescence spectrum (open circles), and the TALE
Čerenkov spectrum (open squares). The averaged spectrum combining these four measurements is shown
by the black circles.

The SD spectrum shows a GZK cut-off [6, 7] at 6s significance with a break in the spectrum at
log(E/eV) = 19.78±0.06. A dip or ankle structure is also seen at log(E/eV) = 18.70±0.02. The
simplest explanation for the combination of spectral features is that of interaction between extra-
galactic cosmic ray protons and the cosmic microwave background radiation (CMBR) attenuating
the flux via photo-pion production above the cut-off, and by e+e� pair production above the ankle
[8]. The TA spectrum shows an apparent break at just above 1017 eV consistent with the "Second
Knee" feature [9]. Another dip feature is seen just above the 1016 eV, which has been reported by
other experiments [10, 11].
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UHECR spectrum with the Pierre Auger Observatory Inés Valiño
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Figure 3: The combined energy spectrum of cosmic-rays as measured by the Auger Observatory, fitted with
a flux model (see text). Only statistical uncertainties are shown. The systematic uncertainty on the energy
scale is 14%. The number of events is given above the points, which are positioned at the mean value of
log10(E/eV). The upper limits correspond to the 84% C.L.

result of the best fit is shown in Fig. 3 and the corresponding parameters are presented in Table 2,
quoting both statistical and systematic uncertainties.

J0 [eV�1km�2sr�1yr�1] Eankle [EeV] Es [EeV] g1 g2 Dg

(3.30±0.15±0.20)⇥10�19 4.82±0.07±0.8 42.09±1.7±7.61 3.29±0.02±0.05 2.60±0.02±0.1 3.14±0.2±0.4

Table 2: Best-fit parameters, with statistical and systematic uncertainties, for the combined energy spectrum
measured at the Pierre Auger Observatory.

The combined spectrum shows a flattening above the ankle, Eankle = 4.8⇥1018 eV, up to the
onset of the flux suppression. This suppression is clearly established with a significance of more
than 20s (the null hypothesis that the power law above the ankle continues beyond the suppression
point can be rejected with such confidence). The spectral index in the region of the suppression is
less certain due the low number of events and large systematic uncertainties.

A spectral observable in the GZK [15, 16] region that can be used to discriminate between
different UHECR source-composition models is the energy E1/2 at which the integral spectrum
drops by a factor of two below what would be expected with no cutoff. The corresponding value
derived from the Auger data, computed as the integral of the parameterisation given by eq. (3.1)
with the parameters reported in Table 2, is E1/2 = (2.47±0.01+0.82

�0.34(sys))⇥1019 eV. This result, for
instance, differs at the level of 3.4s from the value of ⇡ 5.3⇥1019 eV predicted in [17] under the
assumption that the sources of UHECRs are uniformly distributed over the universe and that they
accelerate protons only. Note that, in reality, sources are discrete and in the GZK region the shape
of the spectrum will be dominated by the distribution of sources around us (see [18] for example).

4. Declination-dependence of the energy spectrum

Given the location of the Auger Observatory at a latitude �35.2�, events arriving with q<60�

cover a wide range of declinations from �90� to +25�, corresponding to a sky fraction of 71%,

6

 Auger (11 yr) + TA (7 yr) ≈ 55000 km2 sr y exposure!!!

Both experiments did much better than expected.
Attained energy range much larger than “just” UHE, 

thanks to a “multi-detector strategy”

Auger
E > 1017.5 eV

Telescope Array
E > 4 x 1015 eV

ICRC 2013 ICRC 2013
ICRC 2015 ICRC 2015

UHECR flux, in the Auger and TA era

SD

FD-Hybrid

SD-Infill



Similar features

Clear evidence of an “ankle” at ≈ 5x1018 eV
Clear observation of a flux suppression at ≈ 4x1019 eV

Auger Telescope Array

SD spectrum
Zenith angle < 45º

14787 events 
(E > 1018.2 eV)

≈ 4500 km2 sr yr

“Combined” spectrum
Zenith angle < 80º

130000 events 
(E > 1017.5 eV)

≈ 40000 km2 sr yr

ICRC 2013 ICRC 2013

UHECR flux, in the Auger and TA era



Auger & Telescope Array

UHECR Symposium 2014

UHE Energy Spectrum
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Auger & TA WG - UHECR 2014

Flux difference (≈ 13%):
due to different data analysis and systematic uncertainties?

UHECR flux, in the Auger and TA era



UHECR Symposium 2014
Auger & TA WG - UHECR 2014

Using the same fluorescence yield and invisible energy:
Auger energy scale up by 6%.

+ 7% shift reconciles the flux at the ankle. Still, a difference at UHE)

UHE Energy Spectrum
Normalizing the energy spectra (constant energy shift)
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UHECR flux, in the Auger and TA era



Flux difference at UHE: energy-dependent systematics?

The Astrophysical Journal, 794:172 (15pp), 2014 October 20 Aab et al.
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Figure 6. Same as Figure 5, in the case of an anisotropic input flux Φ(n) ∝ 1 + 0.1 Y10(n) + 0.1 Y20(n).
(A color version of this figure is available in the online journal.)
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Figure 7. Arrival directions of Auger (red points in the south hemisphere)
and Telescope Array events (black crosses in the northern hemisphere) above
1019 eV in equatorial coordinates, using a Mollweide projection.
(A color version of this figure is available in the online journal.)

however, optimal in terms of resolution in b. A restriction of the
common declination band to, for instance, [−10◦, 10◦] would
lead to a resolution in b of $5%; while the use of the whole
sky would not bring any improvement for resolving better b.
In next sections, the cross-calibration procedure is thus applied
to the joint data set by using the whole overlapping region
for ∆Ω.

5. JOINT DATA ANALYSIS

All analyses reported in this section are based on a joint
data set consisting of events with energies in excess of roughly
1019 eV in terms of the energy scale used at the Telescope
Array by evaluating in the Auger data set the energy threshold
which guarantees equal fluxes for both experiments. We are
thus left here with 2130 events (795 in the common band) above
1019 eV from the Telescope Array and 11,087 (3435 in the
common band) above 8.5 × 1018 eV from the Pierre Auger
Observatory. The arrival directions are shown in Figure 7 in
equatorial coordinates using the Mollweide projection. Auger
data can be seen as the red points in the Southern hemisphere,
while Telescope Array ones are shown as the black crosses in
the Northern hemisphere.

The methodology presented in the previous section allows us
to estimate the multipole coefficients and to perform a rich series

Table 1
First Low-order Multipolar Moments and Their

Uncertainties (in Equatorial Coordinates)

! m a!m ! m a!m ! m a!m

−3 −0.022 ± 0.034
−2 0.038 ± 0.035 −2 0.030 ± 0.039

−1 −0.102 ± 0.036 −1 0.067 ± 0.040 −1 0.067 ± 0.037
1 0 −0.006 ± 0.074 2 0 0.017 ± 0.042 3 0 −0.027 ± 0.040

1 −0.001 ± 0.036 1 0.004 ± 0.040 1 0.009 ± 0.037
2 0.040 ± 0.035 2 −0.004 ± 0.039

3 −0.011 ± 0.034

of anisotropy searches by taking profit of the great advantage
offered by the full-sky coverage. After iterations, the coefficient
b is b = 1.011. Choosing to use nominal energies to build the
joint data set would lead to a different value for b (0.755) due to
the different statistics in the Auger data set (8259 events in total
instead of 11,087), but it will be shown in next section that this
choice impacts the physics results to only a small extent.

The normalization convention of the multipole moments used
hereafter is chosen so that the a!m coefficients measure the
relative deviation with respect to the whole contribution of
the monopole (i.e., the a!m coefficients are redefined such that
a!m →

√
4πa!m/a00).

5.1. Multipolar Analysis

The dipole, quadrupole, and octupole moments as derived
from the iterative procedure are reported in Table 1 in equatorial
coordinates together with their associated uncertainties calcu-
lated from Equation (11). None of these multipole coefficients
stands out as being significantly above the noise level.

The full set of multipole coefficients provides a comprehen-
sive description of the anisotropy patterns that might be present
in the data. A significance table for the coefficients up to ! = 20,
built simply by dividing each estimated coefficient by its corre-
sponding uncertainty, is reported in the left panel of Figure 8.
As it can be seen from the contrast scale, significance values
between −1 and 1 dominate the picture. Deviations close to
−3 and 3 stand at the expected level for isotropy, as shown in
the right panel. Hence, overall, the extraction of the multipole
coefficients does not provide any evidence for anisotropy.

5.2. Flux and Overdensities/Underdensities Sky Maps

To visualize the result of the multipolar expansion, a flux
sky map of the joint data set is displayed using the Mollweide

10

Auger & Telescope Array

Common declination band: the observed flux must be the same
Almost 8000 events (E>10 EeV) in the common band

Work in progress to study the “common” flux at different energies 

ApJ, 794 (2014) 172



Or different matter distribution northern/southern sky?

Searches for a Localized Excess of UHECRs
Auger:

r = 1� � 30�, �r = 1�

E = 40 � 80 EeV, �E = 1 EeV

r = 12�, E = 54 EeV

n
obs

/n
exp

= 14/3.23

pre-trial: 4.3 �

post-trial: P = 69%

TA:

r = 15� � 35�, �r = 5�

E = 57 EeV

r = 20�, E = 57 EeV

n
obs

/n
exp

= 23/5.49

pre-trial: 5.55 �

post-trial: 4 �

Auger Coll., APJ 804 (2015) 1, 15; TA Coll., APJ 790 (2014) L21, 6-year update at UHECR14.
18/27
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UHECR Hotspot Observed with the TA SD K. Kawata

Figure 2: Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves indicate the
galactic plane (GP) and supergalactic plane (SGP). (a) The blue points show the directions of the UHECRs
with E > 57 EeV for the first 5-year observation. The red diamonds show the directions of the UHECRs
for the latest 6-th and 7-th year observation period. The red open diamond shows an event at δ < −10◦

that was not included in this analysis. The closed and open stars indicate the Galactic center (GC) and the
anti-Galactic center (Anti-GC), respectively; (b) Significance map for the 7-year observation using the 20◦

oversampling radius. The maximum significance is 5.1σ .

is possible that the hotspot direction is physically associated with a filament of the local large scale
structure connecting us and Virgo [8]. The several prominent sources around the hotspot, such
as the blazar Mrk 421, Mrk 180 and starburst galaxy M82 have been suggested as the candidates
of its origin [9, 10]. In either case, the mass composition of UHECRs and the magnetic bending
by the IGMF and GMF play very important role in the identification of the hotspot origin. The
Xmax distribution for events with E > 10 EeV measured by the TA FD suggests largely proton
composition [11]. However, the statistics of the UHECRs with E > 57 EeV measured by the TA
FD is still very low. The current TA aperture is obviously not adequate, if we want to resolve the
UHECR anisotropy firmly. In order to collect data at a faster rate, we are now planning to build
the TA extension, which will increase the area of the TA SD array by a factor of 4, and also add
additional FD stations.

4

Hot spot (7 yr)
E>57 EeV, r=20˚
Pre-trial: 5.1 s.d.
Post-trial: 3.4 s.d.

Auger Telescope Array

Most significant excess:
E>54 EeV, r=12˚ (18˚ from Cen A) 

Pre-trial: 4.3 s.d.
Post-trial: 69%

Centering on Cen A:
max excess at E>58 EeV, r=15˚

P-value: 1.4%

Cen A

ICRC 2015

ICRC 2015

No evidence of small-scale anisotropy



CAVEAT on a direct comparison of data and hadronic models
Different treatment of data (bias-free due to fiducial-volume cuts in Auger, 

acceptance bias in data and models in TA) 
Different models used by Auger (post-LHC) and TA (pre-LHC)

Auger: 
predominantly light nuclei at ≈ 1018.3  

eV. fraction of heavy nuclei 
increasing up to energies of 1019.6  eV.

Telescope Array:
 light composition, nearly protonic, 

at all energies

Xmax (composition) data, in the Auger and TA era

ICRC 2015
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Telescope Array Composition Measurements John Belz

Figure 2: Left: Comparison of Xmax distribution of TA Middle Drum hybrid data with QGSJETII-03 [12]

Monte Carlo expectation for pure proton (blue) and pure iron (red) distributions. Right: Evolution of mean

Xmax versus energy, for TA MD hybrid data and various high-energy hadronic interaction models.
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Xmax (composition) data, in the Auger and TA era
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CAVEAT on a direct comparison of data and hadronic models
Different treatment of data (bias-free due to fiducial-volume cuts in Auger, 

acceptance bias in data and models in TA) 
Different models used by Auger (post-LHC) and TA (pre-LHC)

Auger: 
predominantly light nuclei at ≈ 1018.3  

eV. fraction of heavy nuclei 
increasing up to energies of 1019.6  eV.

Telescope Array:
 light composition, nearly protonic, 

at all energies



Xmax (composition) data, in the Auger and TA era

Average diff. = (2.9 ± 2.7 (stat.) ± 18 (syst.)) g/cm2
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FIG. 5: Xmax distribution of the fits for energy bin E = 1017.8�17.9 eV. Results using Sibyll 2.1

are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-
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FIG. 6: Xmax distribution of the fits for energy bin E = 1019.0�19.1 eV. See caption to Fig. 5.

markable agreement in their predictions of the protons and iron nuclei contributions despite

large di�erences in the remaining composition. This can be seen in the right column of

Fig. 5. All three models give acceptable fit qualities with consistent fractions of protons,

but with distinctly di�erent predictions for the remaining composition; results of EPOS-LHC

simulations favor a mixture dominated by nitrogen nuclei, while QGSJET II-4 simulation

favor helium nuclei, whereas Sibyll 2.1 modeling leads to a mixture of the two.

A substantial change in the proton fractions is observed across the entire energy range,

which rises to over 60% around the ankle region (� 1018.2 eV) and subsequently dropping

to near-zero just above 1019 eV with a possible resurgence at higher energies. If the ankle

feature is interpreted as a transition from Galactic to extragalactic cosmic rays [14], the

18
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FIG. 7: Xmax distribution of the fits for energy bin E > 1019.5 eV. See caption to Fig. 5.

proton fraction in this energy range is surprisingly large as the upper limits on the large-scale

anisotropy [15] suggests that protons with energies below 1018.5 eV are most likely produced

by extragalactic sources. In order to accommodate a proton-dominated scenario for energies

above 1018 eV [16], the hadronic interaction models would need to be modified considerably.

The transition to heavier cosmic rays with increasing energy is reminiscent of a Peters

cycle [17], where the maximum acceleration energy of a species is proportional to its charge

Z. However further analysis that takes into account the energy spectrum and propagation

of UHECRs through the universe would be required to confirm this. Composition-sensitive

data above 1019.5 eV will be needed to allow a reliable interpretation of the observed changes

of composition in terms of astrophysical models (see e.g. Refs. [18, 19]).
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 Mass abundances (4 mass 
groups), which best fit the 
Auger data in each energy 
bin, were simulated through

the Middle Drum FD 
detector of TA (TA-MD)  

Then analyzed by TA 
using the same

procedure as applied to 
their data, i.e., Auger 

data seen by TA

Excellent agreement 
between Auger and 

TA Xmax data

PRD 90 (2014) 12, 122006 
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UHECR arrival directions, in the Auger and TA era

E > 8 EeV

Large-Scale Distribution of Cosmic Rays above 1019 eV Olivier Deligny
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Figure 3: Sky map in equatorial coordinates of the average flux smoothed out at a 60� angular scale above
1019 eV in km�2 yr�1 sr�1 units.

reason, a special emphasis is given here to these low-order moments, in terms of a more traditional
and geometric representation than the raw result of the multipole moments. The dipole moment
can be fully characterized by a vector with an amplitude r and the two angles {dd,ad} of the
unit vector d. The quadrupole, on the other hand, can be fully determined by two independent
amplitudes {l+,l�}, two angles {dq+ ,aq+} defining the orientation of a unit vector q+, and one
additional angle aq� defining the directions of another unit vector q� in the orthogonal plane to
q+. The full description is completed by means of a third unit vector q0, orthogonal to both q+

and q�, and with a corresponding amplitude such that the traceless condition l++l0 +l� = 0 is
satisfied. The parameterisation of the low-order moments of the flux is then written in a convenient
and intuitive way as

F(n) = F0

4p
�
1+ r d ·n+l+(q+ ·n)2 +l0(q0 ·n)2 +l�(q� ·n)2 + · · ·

�
. (9)

The distributions of amplitudes obtained from statistical fluctuations of simulated isotropic samples
are shown in fig. 2. The measured values are indicated by the superimposed arrows. The dipole
amplitude is observed to be (6.5±1.9)% with a chance probability of 5⇥10�3, pointing to (93�±
24) in right ascension and (�46�±18) in declination. Compared to the previous report in [1], the
improved sensitivity in the dipole moment is primarily explained by the improved resolution on the
b parameter thanks to the larger common band DW, and by the increased exposure/statistics. On the
other hand, the quadrupole amplitudes are observed to be within statistical fluctuations expected
from isotropic samples. Overall, these results are in agreement with the ones reported in [2] without
any assumption on the underlying flux of UHECRs.

To visualise the recovered dipole moment, an average flux smoothed out at an angular scale Q
per solid angle unit can be derived using the joint data set in the following way:

hF(n)iQ =
1R

Q dn

Z

Q
dn0 f (n,n0)

1
w̄(n0)

dN(n0)

dW
, (10)
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E > 10 EeV
Sky map of the CR flux (60˚ smoothing)

Auger & Telescope Array

Spherical harmonic analysis 
≈ 17000 Auger events and ≈ 2500 TA events

Dipole Amplitude: 6.5 ± 1.9% (p=5x10-3)
 Pointing to (a, d) = (93˚±24˚, -46˚±18˚)

Dipole direction
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Flux:
• Suppression undoubtably observed.

• Difference at UHE: energy-dependent systematics or different sky?

Composition:
• Good agreement between Auger and TA Xmax data

• Model-dependent interpretation: protons (TA, pre-LHC models), intermediate 
nuclei (Auger, post-LHC models)

• Poor statistics in the suppression region!!!

Arrival directions: 
• No evidence of small-scale anisotropies  

• Most interesting sky-regions: TA hotspot, Cen A (intermediate scales, ≈ 
15-20˚)

• Indications of a dipole at E>10 EeV 

UHECRs, in the Auger and TA era



Even if TA and Auger spectra are compatible within uncertainties, the “controversy” 
on mass inference may yield alternative origin of the flux suppression: 
GZK (proton propagation) or source limit (Emax of accelerators)?

CR Physique 15 (2014) 318

Forgetting for a moment the Auger/TA joint work...



UHECRs: what’s next? More of them!
Telescope Array
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Figure 4: The layout of TA×4. The array of 507 SDs (red filled circles) constitutes the current TA SD array.
The three blue filled circles are the TA FD stations (MD to the north, LR to the west, and BRM to the east
of the TA SD array). The array of SDs (yellow circles) to the north of the TA SD array is the TALE SD
array. The two new SD sub-arrays (green filled circles) to the east of the TA SD array form TA×4. New FD
stations with refurbished HiRes telescopes will be installed at the MD and BRM sites. Fan shapes show the
field of view of the two new telescope stations.

The main physics objectives of the TA×4 program are as follows:

• Confirmation of the hotspot at a post-trial significance greater than 5σ and search for its
origin

• Studies of the fine structure of the hotspot and search for other excess spots

• Searches for correlations of UHECR arrival directions with astronomical objects and with
cosmological structures

6

TAx4 = 3000 km2

+ 500 detectors
+ 2 FD

Auger

AugerPrime
Scintillators to be added on top 

of the SD detectors
Mass measurements for all 
events (not only hybrids)

100% vs 13% d.c.



UHECRs: what’s next? More of them!

20 Exp Astron (2015) 40:19–44

complex algorithms using FPGAs and DSPs to reject spurious events and reduce the
data rate to a value compatible with downlink constraints.

Keywords UHECR · International space station · Cosmic rays

1 Introduction

JEM-EUSO is a Fresnel-optics refractive telescope devoted to the observation of
Ultra High Energy Cosmic Rays (UHECR) [1, 2] through the detection of ultra-violet
(UV) fluorescence light emitted by particles producing showers in the atmosphere
(see Fig. 1). Its goal is to investigate the nature of UHECR, determining the ori-
gin, and identifying their sources and measuring the different spectra. This will
be achieved by a ! 10-fold increase in statistics obtained from the large area

Fig. 1 Artistic view of the JEM-EUSO principle of observation. The telescope detects from the ISS both
fluorescence and Cherenkov light, produced by the EAS of UHECR propagating through the atmosphere

JEM-EUSO
Full-sky; very large aperture

Telescope from the ISS to 
detect fluorescence and 

Cherenkov light from UHECRs

EUSO-Balloon: 2014
Laser triggers

Exp Astron (2015) 40:301–314 303

Fig. 2 The PMT array and the front-end ASIC boards mounted on the PDM frame (left) and the DP box
(right). The 2nd-level trigger broad, CPU board, Clock board, GPS board, house keeping board and low
voltage power supply are in the DP box

2. The housing does not obscure the field of view and/or observation of TA-FD
operation.

3. Access to power, grounding, Ethernet and the TA-FD trigger signal is present.

3 Calibration and observation

3.1 Laboratory calibration

The EUSO-TA PDM consists of Hamamatsu R11265-03-M64 MAPMTs, each con-
sisting of 64 pixels. An absolute calibration [7] is needed for obtaining the number

Fig. 3 EUSO-TA (front) and TA-FD station (back)

EUSO-TA: 2015 trigger tests

EUSO-SPB: 2017. 
First light from showers!


