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29. Cosmic rays 429

when observed at the ground. Thus the shower size Ne and primary
energy E0 are only related in an average sense, and even this relation
depends on depth in the atmosphere. One estimate of the relation
is [96]

E0 ∼ 3.9 × 106 GeV (Ne/106)0.9 (29.12)

for vertical showers with 1014 < E < 1017 eV at 920 g cm−2 (965 m
above sea level). As E0 increases the shower maximum (on average)
moves down into the atmosphere and the relation between Ne and E0

changes. Moreover, because of fluctuations, Ne as a function of E0 is
not correctly obtained by inverting Eq. (29.12). At the maximum of
shower development, there are approximately 2/3 particles per GeV of
primary energy.

There are three common types of air shower detectors: shower
arrays that measure a ground parameter related to shower size Ne and
muon number Nµ as well as the lateral distribution on the ground,
Cherenkov detectors that detect the Cherenkov radiation emitted
by the charged particles of the shower, and fluorescence detectors
that study the nitrogen fluorescence excited by the charged particles
in the shower. The fluorescence light is emitted isotropically so the
showers can be observed from the side. Detection of radiofrequency
emission from showers via geosynchrotron and Askaryan mechanisms
has also been successfully employed in recent experiments. Detailed
simulations and cross-calibrations between different types of detectors
are necessary to establish the primary energy spectrum from air-shower
experiments.

Figure 29.8 shows the “all-particle” spectrum. The differential
energy spectrum has been multiplied by E2.6 in order to display the
features of the steep spectrum that are otherwise difficult to discern.
The steepening that occurs between 1015 and 1016 eV is known as the
knee of the spectrum. The feature around 1018.5 eV is called the ankle
of the spectrum.
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Figure 29.8: The all-particle spectrum as a function of E
(energy-per-nucleus) from air shower measurements [91–106].

Measurements of flux with air shower experiments in the knee
region differ by as much as a factor of two, indicative of systematic
uncertainties in interpretation of the data. (For a review see Ref. 90.)
In establishing the spectrum shown in Fig. 29.8, efforts have been
made to minimize the dependence of the analysis on the primary
composition. Ref. 99 uses an unfolding procedure to obtain the
spectra of the individual components, giving a result for the all-
particle spectrum between 1015 and 1017 eV that lies toward the
upper range of the data shown in Fig. 29.8. In the energy range
above 1017 eV, the fluorescence technique [107] is particularly useful
because it can establish the primary energy in a model-independent
way by observing most of the longitudinal development of each shower,
from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light
absorption in the atmosphere and the calculation of the detector’s
aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic
origin, the knee could reflect the fact that most cosmic accelerators
in the Galaxy have reached their maximum energy. Some types of
expanding supernova remnants, for example, are estimated not to be
able to accelerate protons above energies in the range of 1015 eV.
Effects of propagation and confinement in the Galaxy [111] also
need to be considered. A discussion of models of the knee may be
found in Ref. 112. The Kascade-Grande experiment [101] has reported
observation of a second steepening of the spectrum near 8 × 1016 eV,
with evidence that this structure is accompanied a transition to heavy
primaries.

Concerning the ankle, one possibility is that it is the result of
a higher energy population of particles overtaking a lower energy
population, for example an extragalactic flux beginning to dominate
over the galactic flux (e.g. Ref. 107). Another possibility is that the
dip structure in the region of the ankle is due to pγ → e+ + e−

energy losses of extragalactic protons on the 2.7 K cosmic microwave
radiation (CMB) [114]. This dip structure has been cited as a robust
signature of both the protonic and extragalactic nature of the highest
energy cosmic rays [113]. If this interpretation is correct, then the
galactic cosmic rays do not contribute significantly to the flux above
1018 eV.
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Figure 29.9: Expanded view of the highest energy portion of
the cosmic-ray spectrum from data of the Telescope Array [105],
and the Pierre Auger Observatory [106].

The energy-dependence of the composition from the knee through
the ankle is useful in discriminating between these two viewpoints,
since a heavy composition above 1018 eV is inconsistent with the
formation of the ankle by pair production losses on the CMB.
The TA and Auger experiments, however, have shown somewhat
different interpretations of data on the depth of shower maximum
Xmax, a quantity that correlates strongly with ln(E/A) and with
the interaction cross section of the primary particle. The Telescope
Array (TA) collaboration [115] has interpreted their data as implying
a light primary composition (mainly p and He) of ultrahigh-energy
cosmic-rays (UHECR) from 1.3 × 1018 to 4 × 1019 eV. The Pierre
Auger collaboration [116], using post-LHC hadronic interaction
models, reports a composition becoming light up to 2 × 1018 eV
but then becoming heavier above that energy, with the mean mass
intermediate between protons and iron at 3 × 1019 eV. Auger and TA
have also conducted a thorough joint analysis [117] and state that,
at the current level of statistics and understanding of systematics,
both data sets are compatible with being drawn from the same parent
distribution, and that the TA data is compatible both with a protonic
compsition below 1019 eV and with the mixed compostion above 1019

eV as reported by Auger.

If the cosmic-ray flux at the highest energies is cosmological in
origin, there should be a rapid steepening of the spectrum (called
the GZK feature) around 5 × 1019 eV, resulting from the onset of

E > 50 EeV, 1 particle/km2/century 
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Particle Data Group, Phys.Rev.D, 98, 030001 (2018)1 exa-electron-volts (EeV) = 1018 eV
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p + γCMB → Δ+ → p + π0 A
ZN + γCMB → A−1
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How to detect extremely infrequent UHECRs?
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Fig. 1. Image of a particle cascade, or shower, as seen in a cloud chamber at 3027 m altitude.
The primary particle is estimated to be a proton of about 10 GeV. The first interaction will
most probably have been in one of the lead plates. Neutral pions feed the cascade which
multiplies in the lead. Charged pions make similar interactions to protons, or decay into
muons. The cross-sectional area of the cloud chamber is 0.5⇥ 0.3 m2 and the lead absorbers
have a thickness of 13 mm each [Fretter, 1949].
.

1928] had already allowed to verification that Compton scattering produces a recoil
electron simultaneously with the scattered �-ray. Bothe’s coincidence circuit reached
a resolving time for singly charged particles of 1.4 ms but was limited to only twofold
coincidences. Only few months later, Rossi described a coincidence circuit which was
conceptually di↵erent from Bothe’s as it could accommodate many channels [Rossi,
1930]. He also pushed the resolving time down to 0.4ms. This, together with the strong
reduction of accidentals in triple coincidences, allowed for the detection of rare cosmic
events. In the mid-1930s the coincidence method has also been used to trigger a cloud
chamber inside a magnetic field. Instead of using the usual method of random expan-
sion of the chamber, as had to be performed by Dimitry Skobeltzyn for his discovery
of multiple production of fast �-particles in single interaction processes [Skobeltzyn,
1927, 1929], Blackett and Occhialini [Blackett, 1932] placed Geiger-Müller counters
above and below a vertical cloud chamber, so that charged particles passing through
the two counters would also pass through the chamber, triggering its expansion. This
technique allowed the observation of apparently simultaneous production of numerous
electrons and positrons much more e↵ectively (cf. Fig. 1). Blackett in his Nobel lec-
ture of 1948 recalled “that the development of the counter-controlled cloud chamber
method, not only attained the original objective of achieving much economy in both
time and film, but proved to have the unexpected advantage of greatly enhancing
the number of associated rays photographed” [Blackett, 1948a]. In retrospect, this
experiment marked the birth of “rare event triggering”, which became a key tool for
making progress in nuclear and particle physics experiments.

The development of the coincidence approach was crucial also for the discovery
and study of extensive air showers. In 1933 Rossi made a key observation which

Particle shower at 3027 m 
(W.B. Fretter, 1949)
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Fig. 3. The discovery of extensive air showers: Decoherence curves measured with Geiger
counters separated up to 300 m distance. Data of [Schmeiser, 1938] and [Kolhörster, 1938]
were measured at sea level with counters of 91 cm2 and 430 cm2 e↵ective area, respectively,
while data of [Auger, 1939a] were measured with counters of 200 cm2 at the Jungfraujoch
at 3450 m.

Kolhörster et al. [Kolhörster, 1938] reported data on the rate at which coincidences
between a pair of Geiger counters fell as a function of separation. The results of these
pioneering measurements are shown in Fig. 3. It is clear, however, that Rossi had made
the same discovery some years earlier. In 1934, he made observations in Eritrea that
suggested to him that there was a correlated arrival of particles at widely-separated
detectors. In his publication [Rossi, 1934] he gave the phenomenon the name “sci-
ami”. He was not able to follow up this work before he had to leave Italy and it seems
to have been unknown to either Bothe or Kolhörster.

Despite the work of Rossi and the two German groups, credit for the discovery of
extensive air showers has usually been given to Auger and his collaborators for what
seems to have been a serendipitous observation [Auger, 1939a] depending strongly
on the electronic developments by Roland Maze who improved the resolving time
of coincidence circuits to 5 µs [Maze, 1938]. Auger, Maze and Robley found that
the chance rate between two counters separated by some distance greatly exceeded
the chance rate expected from the resolving time of the new circuit. For a while
the phenomenon was known as “Auger showers” [Auger, 1985, page 214]. In their
measurements performed at the Jungfraujoch in the Swiss Alps they were able to
separate their detectors by up to 300 m. The decoherence curves are shown again
in Fig. 3. Di↵erences in the coincidence rates between the three groups of authors
can be understood both by the di↵erent e↵ective areas of the Geiger counters and
by the di↵erent altitudes at which the measurements were performed. In view of the
sequence of air shower observations, the important achievement of Auger and his
group, what distinguishes their work from that of Rossi, Schmeiser & Bothe, and
Kolhörster appears not so much in separating their detectors by up to 300m, but in
estimating the primary energy to be around 1015 eV. This estimate was based on the
number of particles in the showers, assuming that each particle carried, on average,
the critical energy. A factor of 10 was added to account for the energy lost in the
atmosphere. A similar conclusion came from using the work of Bhabha and Heitler,
based on the ideas of quantum electrodynamics (QED). It is worth quoting the final
remarks of Auger from his paper presented at the 1939 Symposium held in Chicago
[Auger, 1939b]:

Discovered coincidence 
signals of distant detectors 
with 150 m spacing at 3450 
m (P. Auger, 1939)

K.H. Kampert, A.A. Watson, Eur. Phys. J. H 37, 359–412 (2012)

Development of 
coincidence method 
within 0.4 millisecond 
(B. Rossi, 1931)Karl-Heinz Kampert and Alan A. Watson: Extensive air showers and ultra... 363

Fig. 2. Rossi’s transition curve: the experiment in which the abundant production of sec-
ondary radiation by cosmic rays was discovered. Coincidences between Geiger-Müller coun-
ters, arranged as on the left, are produced by groups secondary particles generated by cosmic
rays in the lead shield above the counters. The curves labeled I-III refer to p and Fe absorbers
of different thicknesses placed above the counters [Rossi 1933].

When extending previous measurements by Bothe and Kolhörster about the absorp-
tion of cosmic rays to a maximum of 101 cm of lead, he concluded that 50% of the
rays could penetrate a metre of lead for which the maximum particle energy exceeded
1.4 × 1010 eV based on energy-loss estimates by Heisenberg [Heisenberg 1932]. All
this gave support to the corpuscular nature of cosmic rays in agreement with con-
clusions by Bothe and Kolhörster. The key result of this paper later became known
as “Rossi’s transition curve”. Rossi observed a rapid increase of triple coincidences
in a triangular arrangement of Geiger counters (cf. Fig. 2) when some centimetres
of lead was placed above [Rossi 1933]. Only with with further increasing absorber
thickness did the coincidence rate start to decline. Rossi correctly concluded that soft
secondary particles were produced by cosmic particles entering the material. These
secondary particles then suffer increasing absorption with increasing total thickness
of the absorber. It is interesting to note that the same basic observation was made a
year later by Regener and Pfotzer [Regener 1935] when studying the vertical intensity
of cosmic rays in the stratosphere up to a height of 28 km by recording the rate of
threefold coincidences. Flying and operating sensitive instruments in the stratosphere
was a remarkable experimental achievement in itself which became possible because
of Regener’s long term experience in flying balloon-borne instruments for atmospheric
studies and because of his tedious work in patching hundreds of tiny pinholes in the
rubber balloons to prevent untimely bursting of the balloons in the upper atmosphere.
All this work paid off by observing an unexpected clear maximum in the coincidence
rate at a pressure of 100 mm of mercury (about 14 km above sea level). This became
known as the “Pfotzer Maximum”. Regener correctly interpreted [Regener 1938] the
maximum as being due to the multiplication of electrons in the atmosphere – which
he called “Schauer” – such as had been suggested by Bhabha and Heitler [Bhabha
1937]. However, neither Rossi nor Regener seem to have recognized that the same
physical mechanism was behind their observations.

Schmeiser and Bothe pointed out that Rossi’s transition curve implied the oc-
currence of showers in air – which they named “Luftschauer” – and showed that
particles in air showers had separations up to 40 cm [Schmeiser 1938]. Independently,
Kolhörster et al. [Kolhörster 1938] reported data on the rate at which coincidences
between a pair of Geiger counters fell as a function of separation. The results of
these pioneering measurements are shown in Figure 3. It is clear, however, that Rossi

https://link.springer.com/article/10.1140/epjh/e2012-30013-x


The beginning of 100 EeV (1020 eV) detection 7

(a) (b)

Figure 2.18. (a) The layout of the Volcano Ranch array, showing the position of the 19
scintillation detectors (black dots) in their original configuration as well as the
size of the expanded array, which corresponds to the outer hexagon [101] and
(b) the density map of the event above 1020 eV. The numbers correspond to
the shower density at each detector (particles/m2) and point ‘A’ corresponds to
the estimated shower core [102].

2.6.2 Haverah Park

The Haverah Park extensive air shower array was built as a collaborative experiment
between Universities of Durham, Leeds, Nottingham and London (Imperial College).
The array operated between 1968 and 1987 and consisted of water Cherenkov
detectors distributed over an area of ≥12 km2 with an irregular spacing due to
restricted land access [105, 106]. The experiment originally consisted of only a
500 m array of four detectors which recorded its first air showers in December
1962 [107]. These detectors are shown in Figure 2.19 as A1-A4. Each of the four
detectors of area 34 m2 consisted of 15 individual Cherenkov detectors made out
of galvanised steel tanks with an area of 2.29 m2 and a height of 1.2 m. Each tank
was instrumented by a single 5-inch PMT [105–107]. In addition to the 500 m array,
six sub-arrays comprising of four 13.5 m2 detectors surrounded the 500 m array at
≥2 km from its centre, shown as B to G in Figure 2.19. From May 1980, several
plastic scintillation detectors were operated at Haverah Park in order to perform
cross-calibration with Volcano Ranch and Yakutsk. They found excellent agreement
in measurements of the lateral distribution function (LDF) and energy calibration
between the three experiments [108]. The success of the Haverah Park experiment
and its use of water Cherenkov detectors paved the way for current experiments like
Auger, which later used a similar design for its SD.

36 Chapter 2 Ultra-High Energy Cosmic Rays

J. Linsley, “Evidence for a Primary Cosmic-Ray Particle with 
Energy 1020 eV”. Phys. Rev. Lett. 10 (4 Feb. 1963), 146–148

First detection of ~100 EeV 
at Volcano Ranch Array (1963)

2.7K cosmic microwave backgrounds 
(CMB) by Penzias and Wilson (1965)

From wikipedia

Prediction of Greisen, Zatsepin and Kuzmin (GZK) 
Cutoff (1966)

K. Greisen, “End to the cosmic ray spectrum?” Phys. Rev. Lett. 16 (1966), 748–750 
G.T. Zatsepin and V.A. Kuzmin, “Upper limit of the spectrum of cosmic rays”. JETP Lett. 
4 (1966), 78–80

A.A. Penzias and R.W. Wilson, "A Measurement of Excess Antenna Temperature at 4080 
Mc/s", Astrophys. J. Lett. 142: 419–421 (1965)

p + γCMB → Δ+ → p + π0
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Chudakov at the same 
time 

First detection by 
Fresnel lens and 55 
PMTs, TOKYO-1 
(1969)

Iwate Prefectural University Miyako College

NII-Electronic Library Service

࢚ZDWH ࠉ 3UHIHRWXUDO ࠉ 8QLYHUVLW\ ࠉ 0L\DNR ࠉ &ROOHJH

ᐑྂ▷ᮇ኱Ꮫ◊✲ ⣖せࠉ➨ � ᕳ➨ � ྕ

�㸬72.<2 Ѹ � 㸦᥈⣴ ࢫࢩ ࢸ ࣒㸧

࡟᪉㔪ࡢ❶๓ࠉ ࡼ ࡗ ࡚ 72.<2 Ѹ � ࡢ సᴗ ��ࡣ

��ᖺ࡟ ࢫ ࡓࡋࢺ࣮ࢱ ࠋ ㅖࡢタィࡢࡑ ࣃ ࣛ ࣓
࣮

ࡣࢱ

♧࡟⾲ู ࡿ࠶࡚ࡋ ࠋ ࣇ ࣞ ࣝࢿ ࣞ ࣥ ࢬ ᮾி኱Ꮫཎࡣ

Ꮚ᰾◊ ✲ᡤ 㸦,16 㸧ࡢ ࣐ ࢩ ࣥ ࢩ ࣙ ࢵ ࡛ࣉ 〇సࡋ

ࡓ ࠋ ᮦᩱࡣ ࣏ ࣓ࣜ ࢱ ࣝࣜࢡ 㓟࣓ ࢳ ࣝ 㸦300$ 㸧

᭷ᶵ࢞ ࢫࣛ ᯈ࡛ ၟရྡ6,%0,78ࡣ, 㸡ࠊ���

ග㏱㐣ᛶ⬟ࡣ➨�ᅗ ㏻ࡍ♧࡟ ࡛ࡾ ࠋࡿ࠶ ࣞ ࣥ ࡣࢬ

┤ᚄ�㸪�P ࣆ��PPࠊ ࢵ ࢳ ࡛ ษ๐ ࡓࡋ ࠋ ࢸ ࣞ ࢫ ࢥ
࣮

ࡢᅇ㊰ࡧཬࣉ ࣟࣈ ࢵ ᅗࢡ ➨ࢆ � ᅗࡢࡑࠊ࡟ ෗┿ࢆ

➨� ᅗࠋࡍ♧࡟ ����ᖺ⛅ࠊᮾிࡽ࠿⣙���NPࡢᮾ

ிኳᩥྎ 㸦ᙜ᫬ᮾி኱Ꮫ௜ᒓ 㸧ᇽᖹほ ᡤᵓෆ

㸦ᶆ㧗���P㸧࡟ᮾி᪉㠃࡚ࡅྥࢆ⫼࡟௮ゅ��ᗘ࡟

タ⨨  ほ࡚ࡋ ࡵጞࢆ ࡓ ࠋ 30ྛࠊࡣ௳᮲࣮࢞ࣜࢺ

7 ฟຊ ࣀኪගࢆ ࢬ࢖ ࡢ �ಸ௨ୖ ࡛ 㑅ࡧ
ࠊ
��ᮏࡢ 3

07 ࡢ ࡢࡕ࠺ � 㔜ྠ᫬᮲௳࡛⾜ ࡗ ࡓ ࠋ ��ᖺ��᭶࠿

��ࡽᖺ� ᭶࡛ࡲ ࡢ 㛫࡟��᫬㛫ほ  ����ᯛࠊࡋ ࡢ ෗

ࡓᚓࢆ┿ ࠋ Ṥࡢࡑ ㏆ࡣ࡝ ࡢࡃ ࢩ ࣕ ࣡
࣮

࠿ ࡢࡽ ࢳ ࢙

ࣞ ࣥ ࢥ ࣇ ග࡛࡝࡞ ࠶ ࡗ ࡢࡑࠊࡀࡓ ୰࠿ ࡢගಙྕࡽ

ゅ㏿ᗘ: ࡀ 㸦�㸬��UDG㸭�㸬��ȣV㸧ࡼ ࠸ࡉᑠࡾ 㸦ࢩ ࣕ

࣡
࣮㊥㞳 㸼�㸬�NP㸧᮲௳࡛ ࢩ�� ࣕ ࣡

㑅ࢆ࣮ ࢇ ࠋࡔ

ࢀࡇ ࡢࡽ ࢩ ࣕ ࣡
࣮

࡛ほ  ➨ࢆゅ㏿ᗘࡓࢀࡉ � ᅗ࡟

ࡍࡵࡋ ࠋ

���

��

ⱼ
�r

�࣭࣭

ᆶ㸪ࠋ

�㸪b R ࠉࠉࠉࠉࠉࠉ OO;3ࠉ͂ࠉࠉࠉࠉࠉ b 㸧ࠉࠉࠉࠉࠉ V㸬RF[㸧

ࠉ ࠉ ࠉ :$9(/(1*7+ Ȣ͂㹻

ࠉ ➨ �ᅗࣛࣉࠉ ࢫ ࢳ ࢵ ࣞࢡ ࣥ ⬟ග㏱㐣ᛶࡢࢬ

㸦72.<2ࠉࠉࠉ Ѹ�㸪72.<2 Ѹ�㸪72.<2 Ѹ�㸧

୍ �୍

1 ᕤᕤ (୍OHRWURQLR \LEUDU/ࠉ ࠉ

dÂę)«ŃŎƚfơƩ�

1958|ŬŬdÂę)Æƚ�³Ÿ
(üŹrßǳ
ŢǀǭǝǁƱǠ)'
1969|ŸdÂę)«ŃŎ
(TOKYOZ1)ƙƧƪøÂǀǣ
Ǭǯƚ4ģÏŸ(´»ǳ[{ģÏ�)�

Iwate Prefectural University Miyako College

NII-Electronic Library Service

Iwate Prefectural University Miyako College

NII-Electronic Library Service

Iwate Prefectural University Miyako College

NII-Electronic Library Service

Iwate Prefectural University Miyako College

NII-Electronic Library Service

Iwate Prefectural University Miyako College

NII-Electronic Library Service

Iwate Prefectural University Miyako College

NII-Electronic Library Service

参考文献: 大気の蛍光観測による宇宙線実験の始まり 棚橋五郎

5×1018 eV, 680 g/cm2 analyzed by 
B. Dawson, arXiv:1112.5686 (2011) 
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Xmax = 815 ± 60 g/cm2

D.J. Bird et al., ApJ 441 (1995) 144

Observed Xmax is consistent with 
hadron primary, unlikely with 
gamma-ray

(R.A., Dec.) = (85.2°, 48.0°)Figure 2.21. Image of the Fly’s Eye I detector with mirrors mounted in steel drums and PMT
arrays [117].

The High Resolution Fly’s Eye (HiRes) experiment, which consisted of two FD
stations (HiRes-I and HiRes-II) 12.6 km apart, was operated from 1998 to 2006 at
the existing Fly’s Eye site. The goal of HiRes was to increase the aperture by an order
of magnitude above 10 EeV and to improve the reconstruction resolution [118, 119].
The HiRes telescopes achieved a factor of 7 increase in the signal-to-noise ratio by
increasing the number of PMTs observing the same field of view (FoV) with a 16
◊ 16 array of PMTs, and the mirror diameter from 1.5 to 2 m. HiRes-I consisted
of 22 mirrors with an elevation FoV from 3¶ to 17¶ and HiRes-II consisted of 43
mirrors, providing a larger elevation FoV from 3¶ to 30¶ [119, 120]. HiRes was the
first to observe the GZK cut-off in the cosmic ray energy spectrum, at an energy of
6 ◊ 1019 eV [121, 122]. The observed energy spectrum shown in Figure 2.22 clearly
shows the ankle and the GZK cut-off. HiRes also made significant progress in mass
composition measurements using Xmax above 1018 eV which are consistent with a
proton-dominated composition [96, 122].

2.6.6 Akeno Giant Air Shower Array (AGASA)

The Akeno Giant Air-Shower Array (AGASA) was located near the village of Akeno in
Japan, and covered an area of 100 km2, making it the largest cosmic ray observatory
during its operation from 1990 to 2004 [123–125]. The Akeno Giant Air-Shower
Array (AGASA) consisted of 111 2.2 m2 scintillation detectors with a spacing of
1 km. Additionally, 27 of the scintillation detector sites also contained a muon
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Fly's Eye (Utah, USA)
Construction started from 1976, 
after a confirmation of 
fluorescence signal at Volcano 
Ranch Array

The highest energy cosmic ray so far, 15th October, 1991
320 ± 38 (stat.) ± 85 (syst.) EeV, "Oh-My-God" particle 

Start the High Resolution Fly's Eye (HiRes-1) from 1994.

https://ui.adsabs.harvard.edu/abs/1995ApJ...441..144B/abstract


Pierre Auger Observatory 
(Auger) 

Malargüe, Argentina 

2004~, 3000 km2 

AugerPrime upgrade 
scintillator + small PMT + 
radio + buried muon detector 
+ high speed electronics

Telescope Array 
Experiment (TA) 

Utah, USA 
2008~, 700 km2  

TA×4 → 2800 km2
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Latest results of UHECRs 12

bins of Δlog10ðE=EeVÞ ¼ 0.1 and an integral bin beyond
1019.9 eV. The gray open squares denote FD measurements
[45] of the same data-taking period, and black circles the
SD-based DNN measurement of this work, extending the
Xmax measurements to the highest energies. Whereas
vertical bars indicate statistical uncertainties obtained via
bootstrapping, brackets denote systematic uncertainties.
The red (blue) lines mark predictions [46] from three

hadronic interaction models [47–49] for a pure proton
(iron) composition. The systematic uncertainties of hXmaxi
range from 9 to 13 g cm−2 and are dominated by the hybrid
calibration and the uncertainty of the FD Xmax scale. The
systematic uncertainties of the σðXmaxÞ measurement are
dominated by the composition bias of the energy meas-
urement and the interaction-model bias of the DNN and are
in the order of $6 g cm−2. This bias was conservatively
estimated using a simulation study with various realistic
composition scenarios, the measured UHECR energy
spectrum [4], and by considering systematic uncertainties
on the reconstruction [28].
The hXmaxi measured with the SD shows excellent

agreement with FD observations as shown in Fig. 2(a).
The measurement shows a transition from a relatively light
to a heavier composition, confirming the observation of
previous analyses [10,11,14,45,50] and extending our
measurements to 100 EeV. As shown in Fig. 2(b), with
rising energy, the fluctuations diminish and agree well with
previous FD measurements. The observation of decreasing
σðXmaxÞ implies that besides becoming heavier, the mass
composition also has to be rather pure. This yields a
consistent interpretation [28] of the primary UHECR
composition when combined with measurements of
hXmaxi. The small fluctuations disfavor a substantial
fraction of light particles at the highest energies and, at
the same time, indicate that the observed suppression in the
energy spectrum cannot be entirely ascribed to effects of
extragalactic propagation [8,9].

FIG. 1. Application of the DNN to hybrid data. Correlation
between fluorescence observations of the FD and DNN predic-
tions using SD data after calibration. The 1642 events show a
clear correlation of ρ ¼ 0.7 and a bias μ < 1 g cm−2.

FIG. 2. Energy evolution of (a) the mean depth of shower maximum hXmaxi and (b) the fluctuations of shower maximum σðXmaxÞ as
determined using the FD reconstruction (gray open squares) [45] and the SD-based DNN predictions (black circles). Red (blue) lines
indicate expectations for a pure proton (iron) composition for various hadronic models. The number of events in each bin is indicated in
panel (b).

PHYSICAL REVIEW LETTERS 134, 021001 (2025)

021001-6

Constrain proton 
fraction above 30 EeV 
to be <70% by non-
detection of UHE 
neutrinos 

PRL 135, 031001 
(2025)

PRL 134, 021001 (2025)
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NASA/DOE/Fermi Collaboration

GAIA Collaboration

Converted to            Galactic coordinates

T. Fujii, PoS (ICRC2021) 402 (2021)

Figure 5. Synchrotron emission at 30 GHz (top) and dust emission at 353 GHz (bottom). The colour indicates
the total intensity, while the texture applied shows the inferred plane-of-sky magnetic field direction, i.e., the
polarisation direction rotated by 90�. See [63] for details.4

4From https://www.cosmos.esa.int/web/planck/picture-gallery, reproduced with permission from Astro-
nomy & Astrophysics, c� ESO; original source ESA and the Planck Collaboration.
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 IMAGINE project 
(arXiv:1805.02496)

"Deciphering" magnetic fields
Synchrotron emission 
at 30 GHz 

https://pos.sissa.it/395/402/
https://arxiv.org/abs/1805.02496
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www.nature.com/scientificreports/
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refer to residual and light fragment cross sections as inclusive cross section σ
→Al Na

incl
27 24  or σ

→nAl
incl

27 , respectively 
(yellow boxes, if at least one of these measured). Data are sparse, and mostly available for stable elements along 
the main diagonal. Note that we did not !nd any σabs measurement for nuclides in the same isobar, i.e., two ele-
ments with the same mass number A. Furthermore, note that in astrophysical environments, unstable isotopes 
gain importance, since all kinds of secondary nuclei are created in the disintegration chain and their lifetime is 
dilated by the relativistic boost. "erefore, these radioactive nuclei can re-interact with the photon !eld and create 
secondaries within the lifetime of the system.

We also show the availability of nuclear models and data !les in Fig. 1, that use interpolated or !tted σabs where 
measurements are available. Unmeasured σabs are obtained from model evaluations of photo-neutron cross sec-
tions where available, otherwise from empirical parameterizations33, implying that, in the absence of data, the 
cross sections further o$ the main diagonal are uncertain. Inclusive reaction cross sections are calculated with 
numerical or Monte Carlo codes, which are partially !ne-tuned to data on branchings. We refer to EXFOR’s σabs 
datasets as data, where real measurements are available (red boxes in Fig. 1). Model evaluations for a subset of 
isotopes (yellow boxes) might exist and partially included in the cross section library of PEANUT. "e latter sub-
set demonstrates the potential for including corrections to the estimated σabs for isotopes, which are not covered 
by data.

Cross sections and photo-nuclear disintegration rates. In the upper panels of Fig. 2, we illustrate one 
example of a typical situation on cross sections and their model representations for two isobars with A = 40: 40Ca 
is a double magic nucleus for which one photo-absorption cross section measurement is available34, while 40Ar is 
expected to have di$erent properties due to a di$erent shell structure. Figure 2 demonstrates that the TALYS 
predictions are almost independent of the isotope, while PEANUT, which is the base model for hadron-nucleus 
and photon-nucleus interactions in the FLUKA code35, 36, shows substantial changes between 40Ca to 40Ar and 
reproduces the data for 40Ca. "e low-energy and high energy peaks observed in data are not present in the listed 
models, as well as in an evaluated dataset contained in EXFOR37. "e PSB cross section is, by de!nition, the same 
for isobar nuclei. We estimate uncertainty among di$erent models to be of order two. An alternative case for 
mirror nuclei with A = 23, where one would expect equal cross sections but !nds di$erences in models is shown 
in the Supplementary Material. An equivalent comparison for A = 56, that is frequently used in astrophysical 
calculations, is not possible due to absence of measurements. On the model side, TALYS and PEANUT predict a 
similar σabs and σ γ( , 1n)Fe56 , but di$er by factor 2 in σ γ( ,1p)Fe56  and σ γ( ,2n)Fe56  for the standard parameter set-

Figure 2. Comparison of cross sections (upper row) and disintegration lengths (lower row) for the isobar 
nuclides 40Ca (le% column) and 40Ar (right column). "e total absorption cross sections for photo-disintegration 
are shown as a function of the energy εr in the nucleus’ rest frame, where data are shown if available. "e 
corresponding Lorentz factor of the nucleus is given by εr/ε, where ε is the energy of the photons in the 
observer’s frame (see the Supplementary Material for additional information). "e di$erent curves correspond 
to models as given in the plot legend, where the GDR box approximation is based in the assumptions in ref. 30. 
"e corresponding disintegration rates are calculated at redshi% z = 0 as a function of the observed energy; the 
corresponding Lorentz factor of the nucleus is given by E/mA, where mA is the mass of the nucleus. "e 
disintegration rates are calculated for two di$erent target photon spectra: for the GRB spectrum, a broken 
power law with spectral indices −1 and −2 and a break at 1 keV (energies in shock rest frame) has been 
assumed, whereas the CMB spectrum refers to the cosmic microwave background at redshi% zero, i.e., a thermal 
target photon spectrum with T = 2.73 K. Dashed lines refer to disintegration rates calculated for measured cross 
sections.

D. Boncioli et al., Sci. Reports 7:4882 (2017)

On the simple versus complicated model

17

• Available measurements are sparse 

Alves Batista, DB, di Matteo, van Vliet & Walz, JCAP 2015

DB, Fedynitch & Winter, Sci. Reports 2017

• Theoretical models  do not always reproduce 
(available) data

A. Tamii, E. Kido et., Eur. Phys. J. A 59, 208 (2023)

A
ZN + γCMB → A−1

Z−1N′￼+ p
Large uncertainty of the cross section from the 
giant dipole resonants for A < 60 nuclei
Multidisciplinary research among nuclear 
physics, UHECR and CMB

Experiment

12C

E. Kido et al., Astropart.Phys. 152 (2023) 102866 

Model

PANDORA Project
A<60 核の光核反応の理解が目的

主目的の1つは超高エネルギー宇宙線のエネルギー質量減衰機構の定量的記述

https://www.nature.com/articles/s41598-017-05120-7
https://arxiv.org/abs/2211.03986
https://www.sciencedirect.com/science/article/pii/S092765052300052X?via=ihub


Challenging to "Muon puzzle" 15
3

Fig. 3 Compilation of muon measurements converted to the abstract z-scale and after cross-calibrating the energy scales
of the experiments as described in the text (image from Dembinski et al. (2019)). Shown for comparison are predicted
zmass-values based on air shower simulations and Xmax-measurements (grey band). The prediction from the GSF model
(Dembinski et al. 2018) for zmass is also shown (dashed line).

appear point-like in the sky. The incoming flux of cos-
mic rays is very isotropic (Aab et al. 2014d). The
reason is that cosmic rays are charged and scattered
by inhomogeneous galactic and extra-galactic fields on
their way to Earth. Their movement through space re-
sembles a di↵usive flow and their arrival directions at
Earth are largely random. The average angle of deflec-
tion decreases with energy, however, and evidence of
anisotropies has been found above the EeV scale (Aab
et al. 2017b,a, 2018; Abbasi et al. 2014).

Up to particle energies of about 100TeV, cosmic rays
are observed directly by space-based experiments, like
AMS-02 (Kounine 2012), and high-altitude balloons,
like CREAM (Yoon et al. 2011). At higher energies the
flux is too low for direct observation and ground-based
experiments with huge apertures (up to 3000 km2) like
the Pierre Auger Observatory (Aab et al. 2015b) and
Telescope Array (Abu-Zayyad et al. 2013; Tokuno et al.
2012) are used. Ground-based experiments observe cos-
mic rays indirectly through the particle showers (exten-
sive air showers) produced in Earth’s atmosphere. How
air showers arise from cosmic rays and how observable
air shower features are linked to the properties of the
cosmic ray, its direction, energy E, and nuclear mass A
is described in Sections 2.1 and 2.2.

In regard to determining the dominant sources of
cosmic rays, an important complementary approach to
anisotropy studies is to measure the energy-dependent

elemental (or mass) composition of cosmic rays. The
fluxes of individual elements can be directly measured
with suitable satellite- and balloon-borne experiments,
but this is not equally possible with indirect air shower
observations. The mass has to be inferred from air
shower features in the latter case, which change depend-
ing on the mass and are subject to stochastic randomi-
sations because of intrinsic fluctuations in the shower.
These fluctuations overwhelm the small average shower
di↵erences between neighbouring elements. The com-
position above the PeV scale is therefore often sum-
marised by a single number, the mean-logarithmic mass
hlnAi. In Fig. 2 left-hand side, predictions for hlnAi are
shown for several proposed source classes (lines) (Kam-
pert and Unger 2012, and references therein). Precise
measurements of hlnAi can rule out many of these com-
peting theories. In particular, whether the cosmic rays
with the highest energies are light or heavy is of cru-
cial importance for the design of the next generation of
cosmic ray and cosmic neutrino observatories, see e.g.
Aloisio et al. (2011); Alves Batista et al. (2019).

Two main features of an air shower are used to es-
timate the mass, its depth of shower maximum Xmax,
and the number of muons Nµ produced in the shower.
The two bands in Fig. 2 right-hand side represent an
envelope of the measurements carried out by various
air shower experiments (Kampert and Unger 2012).
The composition estimates derived from measurements

J. Albrecht et al., arXiv:2105.06138 (2021)
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2021 May 27, 04:35:56 AM
Detection of "Amaterasu particle"
2.44x1020 eV = 244 exa-electron volts (EeV)

Telescope Array Collaboration, Science 382, 903 (2023) 

©︎ Osaka Metropolitan University/L-INSIGHT Kyoto University/Ryuunosuke Takeshige

https://www.science.org/doi/10.1126/science.abo5095
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Arrival direction of Amaterasu particle
E = 244 ± 29 (stat.) +51,-76 (syst.) EeV

Unexpectedly, came from the Local Void
No promising astronomical source candidates

18

primarily consist of electromagnetic particles.
We applied a neural network proton-photon
classifier, developed for photoinduced shower
searches using the TA SD (23, 24), to this event.
The classifier excludes a photon as the pri-
mary particle at the 99.986% confidence lev-
el, instead favoring a proton as the primary

particle. However, the classifier is unable to
distinguish between protons and heavier
nuclei for this event because the fluorescence
detectors were not operating at the time (owing
to bright moonlight).
The core position of this event was located

1.1 km from the northwest edge of the SD (Fig.

1A). We evaluate the statistical uncertainty
of the reconstructed energy using a detector
simulation (12) and assuming the reconstructed
geometry and energy parameters; we find an
energy resolution of 29 EeV for this event.
Assuming an energy spectrum of E−4.8 above
100 EeV, as previously measured using the TA

Fig. 1. The high-energy particle event observed by TA SD on 27 May 2021.
(A) Map of the TA SD; each dot indicates the location of a SD station. The black
arrow indicates the shower direction projected on the ground. The landing shower
core position was located at (−9471 ± 31 m, 1904 ± 23 m), measured from the
center of the SD. The size of the colored circles is proportional to the number of
particles detected by each station, and the color denotes the relative time from
the earliest detector [both quantified in (B)]. (B) The corresponding detector
waveforms for each station, in flash analog–to–digital converter (FADC) counts. Each
detector has a separate y axis. Labels indicate the detector number, total signal
in units of the minimum ionizing particle (MIP), and the distance from the shower
axis. Thick and thin lines (mostly overlapping) are the recorded signals in the upper and lower layers of each station. Each SD is identified by a four-digit number:
The first two digits correspond to the column of the array in which the SD is located (numbered west to east), and the second two digits correspond to the row
(numbered south to north). Colors correspond to those in (A). UTC, coordinated universal time.

Table 1. Reconstructed properties of the high-energy event. The reconstructed energy and S800 are given for the high-energy particle. The arrival
direction is given in both the observed zenith-azimuth coordinates and the derived equatorial coordinates. The azimuth angle is defined to be anticlockwise
from the east. The event time is expressed in UTC.

Time (UTC) Energy (EeV) S800 (m−2) Zenith angle Azimuth angle R.A. Dec.

27 May 2021 10:35:56 244 T 29 stat:ð Þ þ51
$76 syst:ð Þ 530 ± 57 38.6 ± 0.4° 206.8 ± 0.6° 255.9 ± 0.6° 16.1 ± 0.5°

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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SD (12), the migration effect (whereby lower
energy showers are reconstructed with higher
energies because of the energy resolution) is
evaluated as −3%. We include an additional
systematic uncertainty, owing to the unknown
primary, of −10% in the direction of lower en-
ergies, calculated from simulations (20). There
was no lightning or thunderstorm activity re-
corded in the vicinity of the TA site on 27 May
2021 (25).

Comparison with previous events

Previously reportedextremelyhigh-energy cosmic-
ray events includea320-EeVparticle in 1991 (26),
a 213-EeV particle in 1993 (27), and a 280-EeV
particle in 2001 (28). The 1991 event was mea-
sured using fluorescence detectors, whereas
the 1993 and 2001 events were both detected
using surface detector arrays. All of these events
were recorded by detectors in the Northern
Hemisphere. A search in the Southern Hemi-
sphere has not identified any events with en-
ergy greater than 166 EeV (29), although there
is an energy scale difference between the ex-
periments (30). Although the event that we
have detected was measured with a surface
detector array, the reported energy of 244 EeV
has been normalized to the equivalent energy
that would have been measured with the TA
fluorescence detector and is thus directly com-
parable to the 1991 event. This normalization
was performed because fluorescence detectors
provide a direct, calorimetric measurement of
the shower energy. The unnormalized TA SD
reconstructed energy of 309 ± 37(stat.) EeV

(20) is more appropriate for comparison with
the 1993 and 2001 events.

Possible sources of the cosmic ray

Figure 2 shows the calculated arrival direc-
tion of the 27 May 2021 event on a sky map in
equatorial coordinates. The arrival direction is
not far from the disk of the Milky Way, where
the galactic magnetic field (GMF) is strong
enough to substantially deflect even a parti-
cle with an energy of 244 EeV, especially if the
primary particle is a heavy nucleus with a
large electric charge. The map also shows eight
possible backtracked arrival directions, which
we calculated (20) by assuming two GMFmod-
els (31, 32) and four possible primary particles
(proton, carbonnucleus, silicon nucleus, or iron
nucleus). We used the backtracking method of
a cosmic-ray propagation framework (33) to
determine the arrival direction for the cosmic
ray before it entered the Milky Way.
We compared the arrival directions with a

catalog of gamma-ray sources (34). We found
that the active galaxy PKS 1717+177 is located
within 2.5° of the calculated direction for a pro-
ton primary. PKS 1717+177 is a flaring source
(34); flaring sources have been proposed as
potential cosmic-ray sources (35). However,
its distance of ~600Mpc (corresponding to a
redshift of 0.137) (36) is expected to be too large
for UHECR propagation to Earth because the
average propagation distance at an energy of
244 EeV is calculated to be ~30Mpc for both pro-
ton and iron primaries (20). We therefore dis-
favor PKS 17171+177 as the source of this event.

Figure 2 also shows the relative expected
flux from an inhomogeneous source-density dis-
tribution following the local LSS (37), weighted
by the expected attenuation for a 244-EeV iron
primary and smoothed to reflect the smearing
resulting from turbulentmagnetic fields in the
Milky Way (20). Also shown are nearby gam-
ma ray–emitting active galactic nuclei and star-
burst galaxies, which have been proposed as
possible cosmic-ray sources (38, 39). The ar-
rival direction of this event is consistent with
the location of the Local Void, a cavity between
the Local Group of galaxies and nearby LSS fil-
aments (40). There are only a small number of
known galaxies in the void, none of which are
expected sites of UHECR acceleration. Even
considering the range of possible GMF deflec-
tions and primary mass, we do not identify any
candidate sources for this event. Only in the
JF2012 GMF model and assuming an iron
primary does the source direction approach a
part of the LSS populated by galaxies. This
backtracked direction is close to the starburst
galaxyNGC6946, also known as the Fireworks
Galaxy, at a distance of 7.7 Mpc (41). However,
NGC 6946 is not detected in gamma rays, so it
is unlikely to be a strong source of UHECRs.
If the energy of this event was close to the

lower bound of its uncertainties, then the av-
erage propagation distance is longer than we
assumed in Fig. 2, and the deflection in the
GMF would be larger (fig. S3). This effect would
increase the number of possible source gal-
axies, assuming a steady source (supplemen-
tary text). For the alternative case of transient

Fig. 2. Arrival direction
of the high-energy event
compared with potential
sources. The arrival direc-
tion of the 27 May 2021
high-energy cosmic-ray
particle (black circle) on a
sky map in equatorial
coordinates. Colored circles
indicate calculated back-
tracked directions
assuming two models of
the Milky Way regular
magnetic field, labeled
JF2012 (31) and PT2011
(32). For each model,
different symbols indicate
the directions calculated
for four possible primary
species: proton (P; red),
carbon (C; purple), silicon
(Si; green), and iron (Fe; blue). The color bar indicates the relative flux expected
from the inhomogeneous source-density distribution in the local LSS, smeared with a
random Milky Way magnetic field. For comparison, nearby gamma ray–emitting
active galactic nuclei are shown with filled diamonds and nearby starburst galaxies
with filled stars, both with sizes that scale by the expected flux (38). The closest object
to the proton backtracked direction in a gamma-ray source catalog (34) is the active

galaxy PKS 1717+177. The dotted large circle centered around (R.A., Dec.) = (146.7°,
43.2°) indicates the previously reported TA hot spot (21). The dashed horizontal line
indicates the limit of the TA field of view (FoV). The dotted circle centered around
(R.A., Dec.) = (279.5°, 18.0°) is the location of the Local Void (40). The galactic plane
(G.P.) and the supergalactic plane (S.G.P.) are shown as solid and dotted curves,
respectively. The Galactic Center (G.C.) is indicated by the cross symbol. deg., degrees.
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primarily consist of electromagnetic particles.
We applied a neural network proton-photon
classifier, developed for photoinduced shower
searches using the TA SD (23, 24), to this event.
The classifier excludes a photon as the pri-
mary particle at the 99.986% confidence lev-
el, instead favoring a proton as the primary

particle. However, the classifier is unable to
distinguish between protons and heavier
nuclei for this event because the fluorescence
detectors were not operating at the time (owing
to bright moonlight).
The core position of this event was located

1.1 km from the northwest edge of the SD (Fig.

1A). We evaluate the statistical uncertainty
of the reconstructed energy using a detector
simulation (12) and assuming the reconstructed
geometry and energy parameters; we find an
energy resolution of 29 EeV for this event.
Assuming an energy spectrum of E−4.8 above
100 EeV, as previously measured using the TA

Fig. 1. The high-energy particle event observed by TA SD on 27 May 2021.
(A) Map of the TA SD; each dot indicates the location of a SD station. The black
arrow indicates the shower direction projected on the ground. The landing shower
core position was located at (−9471 ± 31 m, 1904 ± 23 m), measured from the
center of the SD. The size of the colored circles is proportional to the number of
particles detected by each station, and the color denotes the relative time from
the earliest detector [both quantified in (B)]. (B) The corresponding detector
waveforms for each station, in flash analog–to–digital converter (FADC) counts. Each
detector has a separate y axis. Labels indicate the detector number, total signal
in units of the minimum ionizing particle (MIP), and the distance from the shower
axis. Thick and thin lines (mostly overlapping) are the recorded signals in the upper and lower layers of each station. Each SD is identified by a four-digit number:
The first two digits correspond to the column of the array in which the SD is located (numbered west to east), and the second two digits correspond to the row
(numbered south to north). Colors correspond to those in (A). UTC, coordinated universal time.

Table 1. Reconstructed properties of the high-energy event. The reconstructed energy and S800 are given for the high-energy particle. The arrival
direction is given in both the observed zenith-azimuth coordinates and the derived equatorial coordinates. The azimuth angle is defined to be anticlockwise
from the east. The event time is expressed in UTC.

Time (UTC) Energy (EeV) S800 (m−2) Zenith angle Azimuth angle R.A. Dec.

27 May 2021 10:35:56 244 T 29 stat:ð Þ þ51
$76 syst:ð Þ 530 ± 57 38.6 ± 0.4° 206.8 ± 0.6° 255.9 ± 0.6° 16.1 ± 0.5°

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

RESEARCH | RESEARCH ARTICLE

Telescope Array Collaboration, Science 382, 903–907 (2023) 24 November 2023 2 of 5

D
ow

nloaded from
 https://w

w
w

.science.org at O
saka M

etropolitan U
niversity on N

ovem
ber 23, 2023

Telescope Array Collaboration, Science 382, 903 (2023) 

Raw-data publicly available

https://www.science.org/doi/10.1126/science.abo5095


l

b

NGC253

M82

NGC4945

M83

IC342

NGC1068

NGC6946

NGC4631

M51

CenA

M87

NGC1275/IC310
Mrk421Mrk501

360 300 240 180 120 60 0(deg)
 R.A.

G.P.

G.C.

S.G.P.

30

60

90

-30

-60

-90

 (deg)Dec.

Equatorial ICRC 2023 
Preliminary

○ TA  
□ Auger

>100 EeV skymap 19

>100 EeV of TA 15-years and Auger 17-years Need more statistics with mass identification capabilities

T. Fujii, PoS (ICRC2023) 031 (2023)

★ : Starburst galaxies  ♦︎ : Active galactic nuclei

https://pos.sissa.it/444/031


20

Workshop for the Global Cosmic Ray Observatory 
Challenging Next-Generation Multi-Messenger Astronomy with Interdisciplinary Research 

September 9 - 11 2025, Koshiba Hall, University of Tokyo, Japan

©︎ Souichi Takahashi, Toshihiro Fujii
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https://indico.cern.ch/e/gcos2025
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Science of the Global Cosmic Ray Observatory
Charged-particle astronomy to clarify the origin and nature of the most 
energetic particles in the universe

Unprecedented effective area, ~60,000 km2 and mass identification capabilities

Begin operations in 2030s, One team in the world
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1 Introduction

Nature is providing particles at enormous energies, exceeding 1020 eV – orders of magnitude
beyond the capabilities of human-made facilities like the Large Hadron Collider at CERN.

• discovery of UHE accelerators
• charged-particle astronomy
• UHE neutrinos and photons
• BSM physics
• cosmic magnetism
• multi-messenger studies

Science Targets of GCOS
At the highest energies the precise parti-
cle types are not yet known, they might be
ionised atomic nuclei or even neutrinos or
photons. Even for heavy nuclei (like e.g. iron
nuclei) their Lorentz factors γ = Etot/mc2

exceed values of γ > 109. The existence
of such particles imposes immediate, yet to
be answered questions [4, 5]: • What are the
physics processes involved to produce these
particles? • Are they decay or annihilation
products of Dark Matter? [6, 7] If they are accelerated in violent astrophysical environments:
• How is Nature being able to accelerate particles to such energies? • What are the sources
of the particles? Do we understand the physics of the sources? • Is the origin of those
particles connected to the recently observed mergers of compact objects – the gravitational
wave sources? [8–13] The highly-relativistic particles also provide the unique possibility to
study (particle) physics at it extremes: • Is Lorentz invariance (still) valid under such condi-
tions? [14–19] • How do these particles interact? • Are their interactions described by the Stan-
dard Model of particle physics? When the energetic particles interact with the atmosphere of
the Earth, hadronic interactions can be studied in the extreme kinematic forward region (with
pseudorapidities η > 15) [20].

The Global Cosmic-ray Observatory (GCOS) is a planned large-scale facility designed to
study ultra-high-energy cosmic particles, including cosmic rays, photons, and neutrinos. Its
main objective is to precisely characterize the properties of the most energetic particles in the
universe and to pinpoint their mysterious origins. Featuring an aperture that is twenty times
larger than current observatories, GCOS aims to begin operations after 2030, coinciding with
the gradual phase-out of existing detectors [21].

Figure 1: Expected exposures of GCOS (dashed red line) and existing air shower arrays as function of time. A band
is shown to indicate the exposure for various deployment schedules for TA→4. The solid blue line denotes the
total Auger exposure and the exposure collected with the upgraded AugerPrime detectors is indicated by the blue
dashed line. Adapted from [21].
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automated all-sky monitoring camera has been developed to record cloud coverage and atmospheric
transparency [102].

(a) The telescope frame, showing four PMTs at the
focus of a 1.6 m diameter segmented mirror. The sup-
port structure is made from aluminium profiles. The
UV filter can be seen attached to the periphery of the
camera box.

(b) The dimensions of the FAST prototype telescope’s
optical system. Da is the diameter of the telescope
aperture, Di is the side length of the square camera
box, Dm is the diameter of the primary mirror, and l is
the mirror-aperture distance.

Figure 1: The mechanical and optical design of the full-scale FAST prototype telescopes.

2. The FAST prototype telescopes

2.1. Telescope design
A lensless Schmidt-type optical design was adopted for the full-size FAST prototype [15].

In a typical Schmidt telescope a corrector plate is placed at the entrance aperture (located at the
mirror’s radius of curvature, a distance of 2 f , where f is the focal length) to facilitate the control of
o�-axis aberrations: coma and astigmatism. The coarse granularity of the FAST camera, having
only four PMTs each covering an angular field-of-view of � 15�, allows the requirements on
the size and shape of the telescope’s point spread function to be relaxed. The FAST prototype
telescope therefore forgoes the use of a corrector plate, utilises a reduced-size mirror, and uses a
shorter distance between the mirror and the camera relative to a regular Schmidt telescope, with
the entrance aperture located closer to the focal surface.

The dimensions of the FAST prototype telescope are shown in Fig. 1b. An octagonal aperture
of height 1.24 m is located at a distance of 1 m from a 1.6 m diameter segmented spherical mirror
(radius of curvature � 1.38 m). The design fulfils the basic FAST prototype requirements, with
an e�ective collecting area of 1 m2 after accounting for the camera shadow, and a field-of-view of
30� � 30�.

4

Figure 7: A FAST telescope frame,
showing four PMTs at the focus of
a 1.6 m diameter segmented mir-
ror. The support structure is made
from aluminium profiles. The UV
band-pass filter can be seen attached
to the periphery of the camera box
[100, 101].

Over the last five years, the feasibility and reliability of the
FAST model of fluorescence detection has been demonstrated,
with the ultimate goal of laying the foundations for a future
array with an order of magnitude larger ground coverage than
previous-generation detectors targeted at the highest-energy
cosmic rays. UHECRs with energies above 1019 eV have been
measured and vertical laser signals to investigate the atmo-
spheric transparency above the detector have been analyzed
[100]. Further, a novel method for event reconstruction has
been established that allows to circumvent the principal lim-
itations of a coarsely-pixelized camera: the lack of timing
information to tightly constrain the shower geometry. Con-
tinued operation will allow to further test the robustness of
the FAST telescope concept, while work towards achieving
full independence from the existing FD infrastructure will be
continued, and in the process, FAST telescopes installed at
both, the Telescope Array and Pierre Auger Observatory sites
will allow to compare the quality of the atmosphere and sky
between the two largest current-generation detectors.

3.4 Further considerations

 0 5
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Two arrays can cover the full sky,
and the coverage seems to be most
uniform for � � ±30°.

�at’s why Auger was deployed
at 35° S in the �rst place —
“Auger north” had also been planned.

A. di Ma�eo (INFN Torino) Optimal declinations GCOS Workshop, May 2021 7 / 23

Figure 8: Directional exposure for a pair of detectors,
located at latitude±30� [103].

Location of GCOS On of the most important
decisions to be made will be the locations of the
GCOS site(s). Building an observatory with an
exposure of the order of 40 000 km2 or more
with a huge number of individual detector sta-
tions will most likely require to distribute the re-
sources to build, maintain, and operate such an
installation over several host countries/regions.
In order to achieve full-sky coverage from a
single location, one needs to be on the equator
and needs full 2c aperture. The celestial poles
would only be detectable through horizontal air
showers. Thus, also from a scientific point of
view it is useful to have several sites, located in the Northern and Southern Hemispheres in order
to achieve an optimal sky coverage. The optimal latitudes will depend on the number of sites to be
implemented. As illustration, choosing a pair of sites in the Northern and Southern Hemisphere,
respectively, the optimum latitude is found to be ±30� [103]. This is illustrated in Fig. 8 for two
sites with an area of 20 000 km2 each, covering zenith angles up to 80�.

Further constraints on the site locations arise from the detection principles used. For example,
fluorescence telescopes will require clear atmospheres. A large ground array will require a region
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Detector of the Global Cosmic Ray Observatory
Number of sites ≧ 2, Trigger energy threshold: 10 EeV

Energy resolution: 10%, mass resolution: ln(A) ~ 1, 
arrival direction: 1 degree

Detector design and possible installation sites are under 
considerations
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3. Detection concepts

Di�erent detection concepts are at hand. They need to be optimized to reach the targeted physics
case. Fluorescence detectors provide a calorimetric measurement of the shower energy and a direct
and almost model-independent measurement of -max. However, they have only a limited duty cycle
(⇠ 15%) due to constraints on atmospheric transparency and background light conditions. An
alternative with almost 100% duty cycle is the use of radio antennas in a frequency range where the
atmosphere is transparent to radio waves. Such detectors require radio-quiet regions. The classical
approach of a particle detector ground array has no restrictions with respect to radio interference
or background light and the particle type is inferred from the ratio of secondary particles on the
ground. Unfortunately, the conversion from measured signal ratios to the mass of the incoming
particle requires Monte Carlo simulations and the result depends relatively strong on the hadronic
interaction model used.

In the following a few detection concepts are being discussed. They serve as a starting point
towards the development of a detailed plan and a realistic sketch of an anticipated concrete layout
for GCOS.

3.1 Advanced water Cherenkov detectors

nested water Cherenkov 
detector

layered water Cherenkov 
detector

Figure 6: Detection concepts, using a layered (left) and a
nested (right) water Cherenkov detector with a radio antenna
on top.

In order to determine the mass of each
incoming cosmic ray with a detector array
one typically measures two shower com-
ponents simultaneously, mostly the elec-
tromagnetic and muonic components are
used. One can stack detectors on top of
each other, as e.g., in the KASCADE ex-
periment (two layers of scintillators with
a lead-iron absorber in between) [86] or
in the AugerPrime upgrade [20] (a layer of
plastic scintillators on top of a water Chen-
erkov detector – WCD). The main idea is
that the di�erent shower components ((em

and (`) generate di�erent signals in the two sub detectors ((top and (bot). Using matrix inversion
allows to derive (em and (` from the measured values (top and (bot. A cost e�ective approach is the
use of layered water Cherenkov detectors [87–89]. A big water volume is read out through optically
separated segments as illustrated in Fig. 6. Prototypes of such detectors have been successfully
operated at the Pierre Auger Observatory.

By carefully choosing the height-to-diameter ratio a WCD can be optimized to exhibit a more
or less uniform detector response as a function of zenith angle, this is a big advantage over, e.g., a flat
scintillator sheet. If enhanced electron-muon separation is also desired for horizontal air showers
(e.g. for neutrino detection) a possible design could be a nested detector (see Fig. 6). The aspect
ratio and the relative size of the inner and outer detector can be optimized to achieve a detector
response with only a weak dependence on the zenith angle of the showers. Layered or nested WCDs
would be ideal for GCOS. They are very robust detectors, requiring not too much maintenance,
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automated all-sky monitoring camera has been developed to record cloud coverage and atmospheric
transparency [102].

(a) The telescope frame, showing four PMTs at the
focus of a 1.6 m diameter segmented mirror. The sup-
port structure is made from aluminium profiles. The
UV filter can be seen attached to the periphery of the
camera box.

(b) The dimensions of the FAST prototype telescope’s
optical system. Da is the diameter of the telescope
aperture, Di is the side length of the square camera
box, Dm is the diameter of the primary mirror, and l is
the mirror-aperture distance.

Figure 1: The mechanical and optical design of the full-scale FAST prototype telescopes.

2. The FAST prototype telescopes

2.1. Telescope design
A lensless Schmidt-type optical design was adopted for the full-size FAST prototype [15].

In a typical Schmidt telescope a corrector plate is placed at the entrance aperture (located at the
mirror’s radius of curvature, a distance of 2 f , where f is the focal length) to facilitate the control of
o�-axis aberrations: coma and astigmatism. The coarse granularity of the FAST camera, having
only four PMTs each covering an angular field-of-view of � 15�, allows the requirements on
the size and shape of the telescope’s point spread function to be relaxed. The FAST prototype
telescope therefore forgoes the use of a corrector plate, utilises a reduced-size mirror, and uses a
shorter distance between the mirror and the camera relative to a regular Schmidt telescope, with
the entrance aperture located closer to the focal surface.

The dimensions of the FAST prototype telescope are shown in Fig. 1b. An octagonal aperture
of height 1.24 m is located at a distance of 1 m from a 1.6 m diameter segmented spherical mirror
(radius of curvature � 1.38 m). The design fulfils the basic FAST prototype requirements, with
an e�ective collecting area of 1 m2 after accounting for the camera shadow, and a field-of-view of
30� � 30�.
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Figure 7: A FAST telescope frame,
showing four PMTs at the focus of
a 1.6 m diameter segmented mir-
ror. The support structure is made
from aluminium profiles. The UV
band-pass filter can be seen attached
to the periphery of the camera box
[100, 101].

Over the last five years, the feasibility and reliability of the
FAST model of fluorescence detection has been demonstrated,
with the ultimate goal of laying the foundations for a future
array with an order of magnitude larger ground coverage than
previous-generation detectors targeted at the highest-energy
cosmic rays. UHECRs with energies above 1019 eV have been
measured and vertical laser signals to investigate the atmo-
spheric transparency above the detector have been analyzed
[100]. Further, a novel method for event reconstruction has
been established that allows to circumvent the principal lim-
itations of a coarsely-pixelized camera: the lack of timing
information to tightly constrain the shower geometry. Con-
tinued operation will allow to further test the robustness of
the FAST telescope concept, while work towards achieving
full independence from the existing FD infrastructure will be
continued, and in the process, FAST telescopes installed at
both, the Telescope Array and Pierre Auger Observatory sites
will allow to compare the quality of the atmosphere and sky
between the two largest current-generation detectors.

3.4 Further considerations

Two arrays can cover the full sky,
and the coverage seems to be most
uniform for � � ±30°.

�at’s why Auger was deployed
at 35° S in the �rst place —
“Auger north” had also been planned.

A. di Ma�eo (INFN Torino) Optimal declinations GCOS Workshop, May 2021 7 / 23

Figure 8: Directional exposure for a pair of detectors,
located at latitude±30� [103].

Location of GCOS On of the most important
decisions to be made will be the locations of the
GCOS site(s). Building an observatory with an
exposure of the order of 40 000 km2 or more
with a huge number of individual detector sta-
tions will most likely require to distribute the re-
sources to build, maintain, and operate such an
installation over several host countries/regions.
In order to achieve full-sky coverage from a
single location, one needs to be on the equator
and needs full 2c aperture. The celestial poles
would only be detectable through horizontal air
showers. Thus, also from a scientific point of
view it is useful to have several sites, located in the Northern and Southern Hemispheres in order
to achieve an optimal sky coverage. The optimal latitudes will depend on the number of sites to be
implemented. As illustration, choosing a pair of sites in the Northern and Southern Hemisphere,
respectively, the optimum latitude is found to be ±30� [103]. This is illustrated in Fig. 8 for two
sites with an area of 20 000 km2 each, covering zenith angles up to 80�.

Further constraints on the site locations arise from the detection principles used. For example,
fluorescence telescopes will require clear atmospheres. A large ground array will require a region
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Figure 1. Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV
is defined as the region above the dashed curve at decl. = −10◦. (a) The points show the directions of the UHECRs E > 57 EeV observed by the TA SD array,
and the closed and open stars indicate the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color contours show the number of observed
cosmic-ray events summed over a 20◦ radius circle; (c) number of background events from the geometrical exposure summed over a 20◦ radius circle (the same color
scale as (b) is used for comparison); (d) significance map calculated from (b) and (c) using Equation (1).

The event selection criteria above are somewhat looser
than those of our previous analyses of cosmic-ray anisotropy
(Fukushima et al. 2013) to increase the observed cosmic-ray
statistics. In our previous analyses, the largest signal counter
is surrounded by four working counters that are its nearest
neighbors to maintain the quality of the energy resolution and
angular resolution. Only 52 events survived those tighter cuts.
When the edge cut is abolished from the analysis (presented
here) to keep more cosmic-ray events, 20 events with E >
57 EeV are recovered compared with the tighter cut analysis.
A full Monte Carlo (MC) simulation, which includes detailed
detector responses (Abu-Zayyad et al. 2013a), predicted a 13.2
event increase in the number of events. The chance probability of
the data increment being 20 as compared to the MC prediction
of 13.2 is estimated to be 5%, which is within the range of
statistical fluctuations. The angular resolution of array boundary
events deteriorates to 1.◦7, compared to 1.◦0 for the well contained
events. The energy resolution of array boundary events also
deteriorates to ∼20%, where that of the inner array events is
∼15%. These resolutions are still good enough to search for
intermediate-scale cosmic-ray anisotropy. One final check is that
when we calculate the cosmic-ray spectrum using the loose cuts
analysis, the result is consistent with our published spectrum.

4. RESULTS

Figure 1(a) shows a sky map in equatorial coordinates of
the 72 cosmic-ray events with energy E > 57 EeV observed
by the TA SD array. A cluster of events appears in this
map centered near right ascension ∼150◦, and declination
∼40◦, with a diameter of ∼30◦–40◦. In order to determine the
characteristics of the cluster, and estimate the significance of
this effect, we choose to apply elements of an analysis that
was developed by the AGASA collaboration to search for large-

size anisotropy (Hayashida et al. 1999a, 1999b), namely to use
oversampling with a 20◦ radius. Being mindful that scanning
the parameter space of the analysis causes a large increase in
chance corrections, we have not varied this radius. The TA
and HiRes collaborations used this method previously (Kawata
et al. 2013; Ivanov et al. 2007) to test the AGASA intermediate-
scale anisotropy results with their data in the 1018 eV range.
The present letter reports on an extension of this method with
application to the E > 57 EeV energy region.

In our analysis, at each point in the sky map, cosmic-
ray events are summed over a 20◦ radius circle as shown in
Figure 1(b). The centers of tested directions are on a 0.◦1 × 0.◦1
grid from 0◦ to 360◦ in right ascension (R.A.) and −10◦–90◦ in
declination (decl.). We found that the maximum of Non, the
number of observed events in a circle of 20◦ radius is 19
within the TA FoV. To estimate the number of background
events under the signal in Non, we generated 100,000 events
assuming an isotropic flux. We used a geometrical exposure
g(θ ) = sin θcos θ as a function of zenith angle (θ ) because
the detection efficiency above 57 EeV is ∼100%. The zenith
angle distribution deduced from the geometrical exposure is
consistent with that found in a full MC simulation. The MC
generated events are summed over each 20◦ radius circle in the
same manner as the data analysis, and the number of events in
each circle is defined as Noff . Figure 1(c) shows the number of
background events Nbg = ηNoff , where η = 72/100,000 is the
normalization factor.

We calculated the statistical significance of the excess of
events compared to the background events at each grid point of
sky using the following equation (Li & Ma 1983):

SLM =
√

2
[
Nonln

(
(1 + η)Non

η(Non + Noff)

)
+ Noff ln

(
(1 + η)Noff

Non + Noff

)]1/2

.

(1)
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Double liner

Design, calibration and simulations

Ioana C. Mariş for the double liner proponents

Low energy air showers at Auger as seen with layered Cherenkov detectors
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Clear di↵erence between the top and bottom signals between protons and photons
(this example lg(E/eV)=[15.5, 16])
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Obtaining the muonic and electromagnetic components
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Basic separation variables, summed over N stations (not yet optimized):

Rµ =
1
N

NX

i

Sµ · r 1.5
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Aim and approach

PEPS Phase I: a 2-km2 surface detector of water-Cherenkov detectors
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Layered Water Cherenkov detectors optically separated
(A. Letessier-Selvon, P. Billoir, M. Blanco, ICM, M. Settimo,

NIM A767 (2014), arxiv:1405.5699)

An array with a spacing of 145 m between the detectors
prod. of simulations by N. Gonzalez and E. Santos

12

I. Maris et al., GCOS 2025

Discovery of extreme PeVatrons in the Southern sky?
What is the maximum available energy in our Galaxy?

Extrapolations of the LHAASO sources

Between 30 and 400 events/ year above 1PeV

Between 1 and 100 events/ year above 3PeV

Background depends on the angular resolution
(expected between 0.3 to 1 degrees) and
separation power (this plot, 3e-4). RNN
expected to improve sensitivity (O.Zapparata,

PhD thesis, Auger coll., JINST 16 (2021) P07016)

�-� interactions important at distances larger
than 5 kpc

An extra component in the di↵use flux?

15

2 km2 array to be installed (if funded)

GCOS SD developments: PEPS



Detector development platform at Akeno observatory25

Detector design and construction

Base the design on robust segmented
detectors, leveraging previous expertise
and similarities to SWGO
(2 detectors operating since 2014)

Use decommissioned components for
non-critical parts
(Pierre Auger Observatory unified
boards and solar panels)

Build 3 prototypes in 2025/2026
( testing components and adapting
electronics in Brussels)

(2014)

drawings by L. Mendez

(2024)
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9 scintillators and 1 layered water-Cherenkov detector to be installed

Site visit on Sep. 12, 2025



GCOS FD developments: CRAFFT/FAST 26

The CRAFFT Project:  
Developing a Fully Automated Fluorescence 
Detector for UHECR observation

Y. Tamedaa,  
T. Tomidab, D. Ikedac, K. Yamazakid, J.H. Kime, K. Fujitaf, N. Okazakif, 
M. Fujiia, T. Hanaokaa, S. Inouea, H. Iwagamia, Y. Kuzutania, M. Moria,  
M. Murakamia, A. Nagataa, M. Nonoyamaa, R. Sakamotoa, H. Sasakia,  
H. Shimada, N. Shimamotoa, Y. Takeuchia, N. Urataa, S. Yamaguchia, H. 
Hattorib, K. Komatsub, M. Kuroiwab, and K. Tokuyamab For the CRAFFT 
collaboration 
(a) Osaka Electro-Communication University 
(b) Shinshu University 
(c) Kanagawa University, 
(d) Chubu university 
(e) University of Utah  
(f) University of Tokyo, ICRR

Cosmic Ray Air Fluorescence Fresnel lens Telescope 
Simple FD for UHECR future project
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工学部　基礎理工学科 

講師　多米田　裕一郎
Y.Tameda “The CRAFFT Project” ICRC (2025) Geneva, Switzerland

Future plan 
• Four CRAFFT detectors to be deployed at the TA LR site in 
2026 
• Stable observations using a fully automated operation system 
• Four detectors will cover approximately the same F.O.V. as 
one FD station 
• Stereo observation with the TA FD @ BR site 
• Hybrid observation with the TA surface detector (SD) array 
• Preparations in 2025 
• The automated operation system tested in 2024 will be 
upgraded to realize the fully automated DAQ 
• Custom-designed electronics such as HV and amplifiers 
are currently under development 

• Automated system will be tested at the LR site
13
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Test of DAQ with self triggering
• Trigger condition determined based on the 2023 observation test: 
→ Any two channels exceeding 7σ 
• Test date: September 26‒27, 2024 
• The trigger algorithm was implemented on the FPGA  
of a general-purpose FADC board. 
• PMT signals were split using a power splitter 
• Data were acquired simultaneously via both the self-trigger  
and the external trigger from the TA FD system 
• Successful data acquisition using the self-trigger system 
• Currently analyzing whether air shower events are included in the data 
• GPS-based timestamping was not implemented in this test 
• Cross-checking with TAFD data is underway, using time correction procedures

9

Y. Tameda et al., PoS (ICRC2025) 411 S. Sakurai et al., PoS (ICRC2025) 380

FAST prototypes
have been installed and operated to:

• validate observation techniques
• estimate telescope performance

in northern (FAST@TA) and southern (FAST@Auger) hemispheres next to existing fluorescence 
detectors (FD).

2

17th July 2025 ICRC2025, Geneva

Auger, Los Leones (LL)

TA, Black Rock Mesa (BRM)Energy spectra and Xmax-Energy

• Calculated from the recon. energy, Xmax, and exposure determined with 
simulations used for Data/MC comparison

• The FAST@Auger and FAST@TA results agree within statistical uncertainty. 

7

17th July 2025 ICRC2025, Geneva

FAST mini-array
Making a mini-array to validate stereo observation

2025: two telescopes to be installed 11 km from LL.
2026: two telescopes to be installed 16 km from LL,

and first two will be moved as a triangle.
Site inspection: completed

> 100 events/year expected from MC
11 km: focus on “good” events
16 km: increase statistics

We upgraded our prototype à FAST-Field

8

17th July 2025 ICRC2025, Geneva

Current: 2 tels.

20252026

E > 3 EeV
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Concept of the CRAFFT project
• Low-cost detectors to realize the future large-scale deployment of UHECR 
experiments 
• Simplified detector design to reduce manufacturing costs 
→ Fewer components, fewer detectors required 
• Reduced operational costs through improved maintainability and automated 
observation 
• Mass composition sensitive detector to measure rigidity 

• CRAFFT (Cosmic Ray Air Fluorescence Fresnel lens Telescope) project 
• To develop the low cost fluorescence detector  
• Detector Design Features: 
• Fresnel lens (High light collection efficiency with no central obstruction) 
• Wider field of view per channel (Fewer PMTs required) 
• Lower spatial resolution compensated by high time resolution using FADC 

• All components enclosed in a single, compact box (fully packaged design) 
→ Easy installation and transfer  
• Environmentally low-impact, as the detector spacing can be wider than that of 
surface detectors (SDs)
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Testing Commercial Satellite Communication
• Future UHECR experiments are expected to be deployed on a 
large scale in remote areas without existing network infrastructure 
• In current experiments, dedicated wireless LAN systems are 
custom-built on-site 
• Using commercial networks could provide significant benefits in 
terms of maintenance, reliability, and scalability 
• A test of commercial satellite communication was conducted at a 
TA FD site 
• A Starlink antenna was installed to evaluate network stability 
and performance 
• Achieved a data transfer speed of approximately 100 Mbps 
• Stable connectivity was maintained for nearly one month 
• Such services are expected to become increasingly valuable

10



New idea: "Chromatic" Fluorescence detection 27

Chromatic Fluorescence Detection
• separate detected signal in to wavelength ranges

e.g. alternate full-range and high-pass filter pixels

• detected signal: sum over wavelengths
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M. Unger (KIT)

Chromatic Fluorescence Detection
horizontal color ratio
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Color ratio = distance toward shower axis → better resolution even in monocular mode
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EarthCARE Mission and ATLID Instrument

Fig. Wehr et al. (2023)

Some key figures for lidar instrument ATLID: 
▪ High-Spectral Resolution Lidar HSRL, bi-axial optical design
▪ laser wavelength 354.8 nm, PRF 50 Hz, energy 35-40 mJ (at laser output), linear polarization, 36 µrad 

divergence (Ø 16 m footprint on ground)
▪ telescope diameter: 62 cm, 66 µrad FOV
▪ 3 channels: molecular Rayleigh signal, aerosol/cloud Mie co-polar signal, aerosol/cloud Mie cross-polar 

signal, with 3 memory MCCD detectors (specific for ATLID)

EarthCARE - Auger, 14 Feb 2025

K. Fujita (ICRR)

M. Takeda (ICRR)
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VERITAS
(Very Energetic Radiation

Imaging Telescope Array System) 
Telescope Array ProjectPierre Auger Observatory

First detection on 26 January 2025First detection on 9 October 2024

Black Rock Mesa

Detections on 29 October 2024, 7 November 2024
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VERITAS
(Very Energetic Radiation

Imaging Telescope Array System) 
Telescope Array ProjectPierre Auger Observatory

First detection on 26 January 2025First detection on 9 October 2024

Black Rock Mesa

Detections on 29 October 2024, 7 November 2024

Auger overpass on 29 October 2024 

TA overpass on 9 October 2024 

Intersection with Earth science as "global light source"

M. Unger (KIT)

EarthCARE 
team: O. Lux and 

O. Reitebuch 
(DLR)



Importance of machine learning for GCOS
Machine learning will be capable to "Event-by-event" mass(-group) of 
primary cosmic rays 

Optimization of detector design from feedbacks of machine learning

29

energy-dependent efficiency of the fiducial cut, i.e., to
ensure in each energy bin similar statistics as the fiducial
dataset. The finding of a 4.6σ significance using our data
selection confirms the expectation that the significance
should increase with improving data quality.
We additionally tested energy-dependent calibrations

of the DNN with the hybrid data by employing various
broken-line model fits. The tested calibration functions are
summarized in Fig. 19. None of the tested calibration
functions reduced the significance of rejecting a constant
elongation rate but showed, due to the energy dependence
of the calibration, a stronger rejection of a constant
elongation. In addition, for each studied hybrid calibration,
we examined the energy-dependent FD Xmax scale uncer-
tainty. The significance of rejecting the constant elongation
rate with the three-break model remains of the same order,
with a minimum of 4.4σ observed for the cases where the
total lower and upper uncertainty is applied to the meas-
urement. The two-break model can be rejected at a
significance level of around 3σ in most cases. Only for
more complex functions [compare Figs. 19(e) and 19(f)],
which cannot be strongly constrained due to the low
statistics in the hybrid sample, the significance level drops
to around 2σ. The rejection of a single-break model
consistently remains above the 3σ level and is at the 4σ
level in most cases.
Rejecting a constant elongation rate using the two-break

model is very stable and above a significance of 3.4σ for
all scenarios. Applying instead of the FD calibration a
correction of the SD Xmax reconstruction based on the
expected composition bias of the Auger mix using simu-
lations (compare Fig. 5), a constant elongation rate can be
rejected by more than 5σ assuming EPOS-LHC, as the first
break is strongly pronounced. Therefore, we find a robust
indication at a 4.4σ level for structures beyond a constant

elongation rate. However, more statistics and/or a reduction
in energy-dependent uncertainties are needed to confi-
dently reject the two-break model, i.e., to investigate the
existence and nature of the third break.

B. Interpretation using hadronic interaction models

By interpreting the reconstructed moments hXmaxi and
σðXmaxÞ using hadronic interaction models, the measure-
ment can be converted into the first two moments of the
distributions of the logarithmic mass [68,69], its mean
hlnAi and variance σ2ðlnAÞ. In Fig. 16, the derived
moments are shown using air-shower simulations based
on the interaction models EPOS-LHC, Sibyll2.3d, and
QGSJetII-04. The evolution of the mean logarithmic mass
with energy shows a trend from a light composition
toward a heavier composition, including the same char-
acteristic breaks at three energies. Likewise, at around
10 EeV and 30 EeV, the hlnAi shows indications of an
almost constant composition. For all interaction models,
the fluctuations σ2ðlnAÞ in lnA are small, indicating a
composition dominated by a single type of nucleus. This
observation exhibits a distinct characteristic that is quite
compatible with the expectations for the Peters cycle.
However, for quantitative results on the fluctuations of
lnA, the systematic uncertainties in the measurements, as
well as the uncertainties in the interaction models, will need
to be reduced.
Nonphysical negative fluctuations are found for

QGSJetII-04 across the whole energy range, strongly
disfavoring the model, in line with previous studies
[21,62,63,66]. Negative fluctuations for Sibyll2.3d and
EPOS-LHC are also visible but are compatible with zero
within uncertainties. Note that this result does not state that
the fluctuations are not correctly modeled in simulations
but rather that the fluctuations expected from a composition
derived from the hXmaxi measurement are in tension with
the model predictions. In fact, the uncertainties from the
interaction-model description of the fluctuations are rather
small, and parts of the mismatch found could likely
originate from differences in the Xmax scale in measured
data and simulations. Indications for such a tension in the
hXmaxi scale in simulation and data were previously
reported in other studies [12,59].
Another way of comparing the measured data to

model predictions is the illustration of the data in a
rescaled σðXmaxÞ vs. Xmax plane [15,70,71]. First, in this
representation, the measurements of hXmaxi are trans-
formed into the scale of the respective model. Thus,
x ¼ 0 translates to a pure iron composition, and x ¼ 1
corresponds to a pure proton composition. A similar
transformation is applied to σðXmaxÞ and denoted with y.
Note that extremely mixed compositions would feature
values larger than y ¼ 1. Since the elongation rate for
pure beams is, to a good approximation, universal across
all interaction models and the energy-dependence of

FIG. 15. The found elongation rate model with three breaks
obtained using SD data (continuous gray line) compared to the
evolution of hXmaxi as measured using the FD (open gray boxes)
and the SD (black markers). The χ2 shown refers to the FD data.

A. ABDUL HALIM et al. PHYS. REV. D 111, 022003 (2025)

022003-22

production as Ref. [63], which covers the same data-taking
period. Ongoing work on the FD reconstruction has led to
refinements in the Xmax scale [64,65] that have not been
considered, but remain below 5 g cm−2 in hXmaxi [66].
In Fig. 10, we show the event-by-event resolution of

reconstructing Xmax using the DNN (dashed red line) after
subtracting the FD resolution [62] (dashed gray line) in
quadrature from the standard deviation (continuous red
line), found using the hybrid data. The resolution improves
from 40 g cm−2 at low energies to 25 g cm−2, which is in
good agreement with simulations studies [33].
Cross-check of SD-based calibrations. We additionally

checked the event-by-event correlation between the FD and
the SD reconstruction before and after each calibration
described in Section III D 1 to ensure its validity. We found
an increase in correlation with the FD Xmax measurement
after performing each SD-based calibration. Furthermore,
the Pearson correlation coefficient increased from
0.62 to 0.7 by applying all the SD calibrations and the
analysis-specific cuts, thus confirming the validity of the
calibrations and the selection.

E. Systematic uncertainties

The systematic uncertainties of the hXmaxi measurement
using the SD are shown in Fig. 12(a). The Xmax -scale
uncertainty of the FD, as inherited by the DNN during the
calibration using hybrid measurements to remove the
dependence on hadronic interaction models, is depicted
as a dash-dotted line. It contains uncertainties regarding the
reconstruction, the atmosphere, and the calibration of the
FD. Whereas the latter is independent of energy, the energy
dependence is caused by the former two contributions.
At low energies, reconstruction uncertainties of the FD
dominate. These are surpassed by atmospheric uncertain-
ties with increasing energy since more distant showers can

be detected with correspondingly larger corrections for
the light transmission between the shower and the detector.
For more details on the FD uncertainty, we refer to
Ref. [62]. The uncertainties from the SD are denoted as
a hatched region and are summarized in Fig. 11. They
comprise the remaining uncertainties of the detector aging
(< 0.5 g cm−2), diurnal variations (1 g cm−2)—since the
FD calibration is performed at night—and the uncertainty
on the calibration using hybrid events. The calibration
uncertainty has two parts, the uncertainty of the definition
of the absolute Xmax scale, which is estimated to be
!2 g cm−2, and the energy dependence of the calibration.
To estimate the energy-dependent uncertainty of the cal-
ibration, we compare the assumed constant calibration to a
calibration function linear in log10ðESD=eVÞ and use the
observed differences as the upper and lower uncertainty on
our calibration (compare Fig. 19(a) in the appendix).
The resulting total uncertainties of the SD-based hXmaxi

measurement are of the order of !10 g cm−2 and shown as
a continuous red line. In general, the obtained uncertainty is
very similar to the FD uncertainty. Only at high energies,
due to the limited statistics of hybrid events, is the
uncertainty on the calibration rising slightly. Nevertheless,
at high energies, substantial deviations from the applied
calibration are not to be expected since the simulation study
(see Sec. III C) indicated only a very small reconstruction
bias above 30 EeV.
In contrast with the measurement of the first moment,

no strong dependence of σðXmaxÞ on hadronic interaction
models was found. Therefore, no calibration is performed
using the FD. Hence, the measurement is independent of
the FD and the systematic uncertainties contain only SD
contributions. Figure 12(b) displays the different contribu-
tions as a function of energy, where effects are only shown
that contribute more than 1 g cm−2. The largest source of
uncertainty at low energies is the composition bias that was
found to be independent of the interaction models. It was

FIG. 10. Standard deviation of the distributionXmax;DNN–Xmax;FD
as a function of energy. The energy-dependent resolution of
the DNN (dashed red line) is obtained by subtracting the FD
resolution (dashed gray line) from the standard deviation of the FD
and the SD Xmax reconstruction (red line) in the hybrid dataset.

FIG. 11. Summary of the SD systematic uncertainties for the
measurement of hXmaxi after calibrating DNN to FD observa-
tions. Only the hybrid calibration shows a distinct energy
dependence.

MEASUREMENT OF THE DEPTH OF MAXIMUM OF AIR-SHOWER … PHYS. REV. D 111, 022003 (2025)

022003-17

Pierre Auger Collab. PRD 111, 022003 (2025), See details in Jonas's talk



Auger Infill SD + machine learning 30Reconstruction of !max with the SD-750 using neural networks Steffen Hahn

0.5 1 3

!SD-750/EeV

−30

−20

−10

0

10

20

30

〈"
F
D

m
ax

−
"

SD
-7

50
m

ax
〉/

g
cm

−
2

275
177

80
56

46
37

275
177

80
56

46
37

sys. FD NN [only cal.]

NN [cor. & cal.]

600 650 700 750 800 850 900
(

"
NN
max − #FD(!SD-750)

)

/g cm−2

600

700

800

900

(

"
F
D

m
ax

−
#

F
D
(!

SD
-7

50
))

/g
cm

−
2

𝜌 = 0.73+0.03
−0.04

#FD(!) = lg
(

!
2.6 EeV

)

{

81.7 g cm−2 below break

25.6 g cm−2 above break
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bin. When we perform a least squares fit to the means using a piecewise linear function with a
single breakpoint, we obtain the elongation rates of (84.8 ± 10.4) g cm−2 and (33.0 ± 10.3) g cm−2

for each decade below and above the break, which occurs at (2.2 ± 0.5) EeV.
Since the SD-750 is nested within the SD-1500 there is a subset of EASs which is detected by

both arrays simultaneously. In Fig. 5, we compare the NN predictions of the SD-750 NN and SD-
1500 NN, which was used in Fig. 5, for the SD-750 energy estimate in the energy range [1, 10) EeV

and for events that triggered more than three SD-1500 stations. The SD-1500 NN is the one used
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Figure 4: Mean (left) and standard deviation (right) of the NN predictions (black) and the FD measurement
(gold, [17]) of !max as a function of the reconstructed energy. The vertical lines through the points show
the statistical uncertainties. The half-open, convex lines show the systematic uncertainties. The dashed lines
indicate the expected value of the first and second moments for showers induced by primaries when using
EPOS LHC. The solid line in the left panel is the best fit for the first moment using a piecewise linear function
with a single breakpoint.

bin. When we perform a least squares fit to the means using a piecewise linear function with a
single breakpoint, we obtain the elongation rates of (84.8 ± 10.4) g cm−2 and (33.0 ± 10.3) g cm−2

for each decade below and above the break, which occurs at (2.2 ± 0.5) EeV.
Since the SD-750 is nested within the SD-1500 there is a subset of EASs which is detected by

both arrays simultaneously. In Fig. 5, we compare the NN predictions of the SD-750 NN and SD-
1500 NN, which was used in Fig. 5, for the SD-750 energy estimate in the energy range [1, 10) EeV

and for events that triggered more than three SD-1500 stations. The SD-1500 NN is the one used
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For example, separating proton and nitrogen (! lnA = 2.63) can be done with a merit factor
of 1.04, which is the same value obtained when nitrogen and iron (! lnA = 1.39) are instead
used. Luckily, this is typically not an issue for most analyses, as light samples of high purity
are often the goal rather than high-purity heavy samples.

This general behavior of harder-to-distinguish light primaries is not unexpected, as
lower-mass primaries are subject to higher shower-to-shower fluctuations, which would a”ect
any mass-sensitive shower observable. This interpretation is somewhat borne out by examin-
ing Figure 7, which shows the distributions of predicted lnA for each of the four above-listed
primaries. First, as expected, protons and helium display longer tails to higher lnA values.
The higher shower-to-shower fluctuations are surely causing much of these tails; however,
surprisingly, iron also displays a tail extending into lighter lnA values. This unexpected iron
tail suggests that, in addition to shower-to-shower fluctuations, the network is also still in-
clined to predict the mean and that primaries near the edge of the training sample are most
severely a”ected by this e”ect. These distributions additionally illustrate that the merit
factor is an imperfect descriptor of mass-sensitive parameters, as their distributions tend to
be non-normal and asymmetric. However, since the bulk of published research utilizes the
merit factor, it remains a useful metric for comparing the ML method described here to other
methods and approaches.

Figure 7: Rescaled predictions of p, He, N, and Fe primaries.

7.1 The suitability of CNNs for this task

Among the networks tested (LSTM, Transformers, and 1D-CNN), the 1D-CNN demonstrated
the highest performance plateau and the fastest training time for this task. We do not
assert that the developed and tested network represents the best choice for this particular
application; however, we found the lightness and flexibility of a CNN to be particularly useful
in a study gauging the general potential of the method. We found that to build a network
that could robustly predict in high noise levels, the noise level had to be gradually increased,
as networks failed to converge when we started at high noise levels. This was achieved by
initially training on low noise levels and then transfer learning on increasingly higher noise
levels. We then found that to produce a network that could stably predict over a large

– 15 –

Z. Wang et al., arXiv: 2508.13933 submitted to JCAP
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Goal: Event-by-Event Reconstruction
R and L take it a step further by also examining the width and asymmetry of the profile
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evaluated by this measure. This high level of performance suggests that fluorescence profiles
contain significant mass information beyond what is currently utilized.

5.2 Benchmarking Network Prospects on Varied Noise Conditions

After establishing the base model, the next step was to benchmark the performance of the
method across a range of noise levels. To this end, we proceeded to train and benchmark
separate networks on combinations of baseline and Gaussian noise. For this, five baseline
levels (5%, 10%, 25%, 50%, and 75% of peak) and four Gaussian noise levels (2.5%, 5%,
10%, and 20% of peak) where used in this study resulting in a total of 20 benchmarked noise
conditions.

To train these networks, transfer learning was employed, as networks trained from
scratch exhibited significantly slower convergence and were occasionally terminated early
due to training breakdowns. Transfer learning from the base model enabled faster and more
stable convergence on the new noise condition, allowing the network to focus primarily on
fine-tuning and capturing the nuances specific to each noise condition. Each of the models
was trained for an additional 1500 epochs on top of the base model. Again, the model with
the lowest validation loss is picked as the best-performing model for that noise level.

5.2.1 Performance

The performance of the network architecture against varying noise conditions is shown in
Figure 3a. The network achieves a higher merit factor than the maximum attainable with
Xmax alone, at all tested noise levels. Within each baseline level, the expected degradation of
performance as the Gaussian noise level increases is observed. A similarly expected trend of
worsening performance is also seen when the Gaussian noise level is fixed while the baseline
height is increased. Interestingly, however, the rate of degradation is much slower for baseline
height increase than it is for Gaussian noise increase. When combined with the improvement
over Xmax alone, these behaviors suggest that the shape of profiles contains considerable
additional mass information. Furthermore, this information can be resolved with a small
range of depths near Xmax and with low signal-to-noise ratios. These factors bode well for
the performance of the method when eventually applied to real data.

(a) Peak performance on EPOS data (b) Cross-validation on Sibyll data

Figure 3: Performance of the network on di!erent HIMs and noise conditions.

– 9 –
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• Network input is MC values for X , dE/dX , θMC
• Resulting Pearson correlation 0.966

➜ µ(∆	ln	A)	= 0.010, σ(∆	ln	A)	= 0.307
• Network Merit Factor: 9.84

CNN Performance on Full Profile

Not Realistic: Almost all network attention was looking for first non-zero bin → X1
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Scientific objectives of GCOS
Charged-particle astronomy to clarify the origin and nature of UHECRs

Unprecedented effective area, ~60,000 km2 and mass identification capabilities
Constrain a detailed structure of the Galactic magnetic field
Detect ultra-high-energy neutrinos and photons, and search for new physics beyond 
standard model
Understand hadronic interaction and air-shower physics at the highest energies
Study geophysics and earth science as interdisciplinary research

Machine learning is important for GCOS to enhance primary mass sensitivity

©︎ Souichi Takahashi, Toshihiro Fujii
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Strong connections to astrophysics and particle physics
34

Astroparticle Physics 149 (2023) 102819

5

A. Coleman et al.

Fig. 1. Diagram summarizing the strong connections of UHECRs with particle physics and astrophysics, the fundamental objectives of the field (in orange) for the next two decades,
and the complementarity of current and next-generation experiments in addressing them.

used to study the transition from galactic to extragalactic sources, by
combining the mass-sensitive observables of the surface and deep in-ice
detectors. The upgrades benefit from recent technological advances, in-
cluding the resurgence of the radio technique as a competitive method
and the development of machine learning as a powerful new analysis
technique. Through extrapolation from the current state of analyses,
the energy-dependent resolutions for mass observables in AugerPrime
may reach as low as 20 g cmω2 for the atmospheric depth of the shower
maximum, 𝜔

max
, and 10% for the muon number at the highest energies

(𝜀 > 10EeV). If these resolutions are achieved, AugerPrime should be
able to distinguish between iron and proton on an event-by-event basis
at 90% C.L. and even separate iron from the CNO group at better than
50% C.L., allowing for composition-enhanced anisotropy studies. One
of its design goals is to identify the possible existence of a 10% proton
fraction at the highest energies.

The exciting future ahead Thanks to increasingly precise mea-
surements, achieving the primary goals outlined at the top and bottom
of Fig. 1 are within reach in the next two decades. This will be
done through complementary approaches taken by the upgraded and
next-generation UHECR detectors. The Probe of MultiMessenger Astro-
physics (POEMMA) space observatory and the multi-site Giant Radio
Array for Neutrino Detection (GRAND) ground observatory are two
instruments that will measure both UHE neutrinos and cosmic rays.
Thanks to their large exposure, both POEMMA and GRAND will be
able to search for UHECR sources and ZeV particles beyond the flux
suppression. The Global Cosmic Ray Observatory (GCOS), a 40,000 km2

ground array likely split in at least two locations, one or more of
them possibly co-located with a GRAND site, will be the purposely-
built precision multi-instrument ground array mentioned earlier. Its
design will need to meet the goal of < 10% muon-number resolution
to leverage our improved understanding of hadronic interactions. With
these capabilities, GCOS will be able to study particle and BSM physics
at the Energy Frontier while determining mass composition on an
event-by-event basis to enable rigidity-based studies of UHECR sources
at the Cosmic Frontier. Fig. 2 summarizes the features, complementary
goals, and timeline of the upgraded and next-generation instruments.

Interdisciplinary science and broader impact The study of
UHECRs leverages the atmosphere as a detector, providing many op-
portunities to study atmospheric science in particular. UHECR detectors
are extremely well suited for detecting transient events induced by the
weather and even a variety of other exotic phenomena. From a broader
impact perspective, big science uses a lot of resources and the UHECR
community needs to be more aware of its societal and environmental
impacts. For example, a community-wide effort to achieve carbon
neutrality could not only help mitigate the effects of climate change,
but also set a new standard to be followed outside of the scientific
community. Likewise, a commitment to the principles of open science
and open data can only benefit the UHECR community by reducing
the scientific gap between countries and increasing the potential for
discoveries in the future. Most importantly, as we look two decades
into the future, there has to be a strong renewed pledge for a diverse,
equitable, and inclusive community — ensuring equal opportunities for
success and transforming the workforce of our field.

Recommendations:

• Even in the most optimistic scenario, the first next-generation ex-
periment will not be operational until around 2030. AugerPrime
and TAε4 should continue operation until at least 2032.

• IceCube and IceCube-Gen2 provide a unique laboratory to study
particle physics in air showers. For this purpose, the deep detector
in the ice should be complemented by a hybrid surface array for
sufficiently accurate measurements of the air showers.

• A robust effort in R&D should continue in detector developments
and cross-calibrations for all air-shower components, and also
in computing techniques. This effort should include, whenever
possible, optimized triggers for photons, neutrinos and transient
events.

• Closer collaboration between theorists and experimentalists is
required. Clear pathways for theorists to propose analyses and re-
ceive feedback should be established, as testable predictions lead-
ing to specific measurement goals are needed to inform design
choices.

A. Coleman et al., Astroparticle Physics 149 (2023) 102819
物理学会誌 2000年 福島・吉田

https://doi.org/10.1016/j.astropartphys.2023.102819
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Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

energy spectra for the Southern sky, seen by Auger only, for the Northern sky, seen by TA only, and for the
declination range �15�  �  24.8�, seen by both observatories. The energy spectrum for the common
declination band is depicted in the right panel of Figure 3. Obviously, the agreement is much better, but
some differences are still seen. It should also be noted that the energy spectrum measured by Auger does
not show any significant declination dependence, but that of TA does. As it is still too early to draw definite
conclusions about the source of the differences, the joint working group will continue their studies. It is
also worthwhile to note that the declination dependence of the energy spectrum seen by TA should cause a
significant anisotropy in the arrival directions of UHECR. This has been studied in [34] and was found to
be in tension with astrophysical models aimed at reproducing observational constraints on anisotropies.

Another important question related to the UHECR energy spectrum is about the origin of the flux
suppression observed at the highest energies. The GZK cut-off was predicted 50 years ago independently
by Greisen and Zatsepin & Kuzmin [2, 3] and was claimed to be found by the HiRes collaboration in
2008 [21]. At the same time, the Auger collaboration reported a flux suppression at about the same energy
and with a significance of more than 6� [35]. Above 1019.8 eV, TA has reported the observation of 26
events [36] and Auger has reported 100 events [37] by ICRC2017. However, these numbers cannot be
compared directly due to the difference in the energy calibration of the experiments. We discuss more this
problem in Section 3.1.

2.3 Mass Composition
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Figure 4. Measurements [38–40] of the mean (left) and standard deviation (right) of the distribution of
shower maximum as a function of energy. Data points from the Pierre Auger Observatory are shown as
published since they have been corrected for detector effects. Data from the Telescope Array have been
approximately corrected for detector effects by shifting the mean by +5 g/cm2 [41] and by subtracting
an Xmax-resolution of 15 g/cm2 [40] in quadrature. Furthermore, the TA data points were shifted down
by 10.4% in energy to match the energy scale of the Pierre Auger Observatory [42] (see also [43]
for a discussion of the good overall compatibility of the Xmax measurements from the Pierre Auger
Observatory and the Telescope Array). All error bars denote the quadratic sum of the quoted statistical and
systematic uncertainties. The energy evolution of the mean and standard deviation of Xmax obtained from
simulations [44] of proton- and iron-initiated air showers are shown as red and blue lines respectively. The
line styles indicate the different hadronic interaction models [45–47] used in the simulation. M. Unger for
this review.

2.2 Energy spectrum: Well established but not well explained

The flux of cosmic rays as a function of energy, i.e., the energy spectrum, is one of the most
fundamental observables to infer on the nature of UHECRs. The production mechanisms, the
source type and distribution and the propagation environment, shape the spectrum in a non-trivial
way, imprinting on the spectrum several features deviating from a pure power law. The shape is
thus an object of detailed scrutiny for studying the combined e↵ects of the evolution of the arrival
directions and mass composition with primary energy. The precise measurements of the spectrum
have been used to put strong constraints on astrophysical models of the sources, particularly when
combined with other measurements like Xmax [106, 107] (see Ch. 4).

Figure 2.6: Recent measurements of the all-particle flux from the TA [108], IceCube [82], Pierre
Auger [33, 48, 66], Yakutsk [109], KASCADE-Grande [110], and TUNKA [111] experiments, which
define the spectral features in the UHE region, are shown. Those with upgrades specifically de-
scribed in this white paper are shown in color. The direction and magnitude of the systematic
uncertainty in the energy scale for Auger and TA is indicated by the corresponding arrows.

The spectra measured by the Auger (Sec.2.1.1) and TA (see Sec.2.1.2) collaborations are shown
in Fig. 2.6, scaled by E

3 to highlight the deviation from a pure power law. Despite being conceived
as UHECR detectors, the two observatories achieve an impressive 5 orders of magnitude spectrum
in energy. This feature, other than being visually extremely powerful, allows to construct a single
overview of the spectrum from the low energy up to the highest. This allows to give a single
description of the transition from the galactic to extragalactic cosmic rays, reducing the systematic
uncertainties that would result from di↵erent measurements. Modelling e↵orts can now rely on data
from single experiments, both in the northern and southern hemispheres, over an impressively wide
ranges of energy. Several features are now well established, the knee at ' 5⇥ 1015 eV, the so-called
low energy ankle just above 1016 eV, the second-knee at ' 1017 eV, the ankle at ' 5⇥ 1018 eV, the
instep at ' 1019 eV, and the suppression beginning at ' 5⇥1019 eV. In the following, measurements
which cover the final two decades in energy, in the UHECR range, where Auger and TA are the only
experiments available are mainly covered. The developments needed for a better understanding of
the transition from galactic to extragalactic component will be also briefly discussed.
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R.A. Batista et al.,  
Front.Astron.Space Sci. 
6 (2019) 23 A. Coleman, Astropart. Phys. 149, 102819 (2023)
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Arrival directions of most energetic neutrino events
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Figure 4: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions
for upgoing track events [15, 16] collected in 8 years of IceCube operations (j), the high-energy starting events
(HESE) (tracks i and cascades h) [17–19] collected in 6 years, and additional track events published as public
alerts (j) [20] since 2016. Note that the angular resolution for the different event categories varies from ,1 deg
for high-quality track events to -10 deg for cascade-type events. The distribution of the events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location
of the first candidate neutrino source, the blazar TXS 0506+056, is marked with a star. Shown in the inset
are the related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056
around the time that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [4].
The uncertainty on the reconstructed arrival direction of IC-170922A is shown for reference.

The significance for the cosmic origin of the observed neutrinos has collectively reached
a level that puts it beyond any doubt. A decade of IceCube data taking has demonstrated
the means to study the flavor composition of the cosmic neutrino flux via independent
channels of tracks, cascades, the tau neutrino candidates, and one observed electron
anti-neutrino candidate at the Glashow resonance of 6.3 PeV [24] to date [25, 26] (see
Section 3.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much
larger data samples are needed.

2.1. Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of the sources of
high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution of ⇥0.5` for track-like events from charged-current
muon neutrino interactions and ⇥10` for cascade-like events from all flavors of neutrinos,
make identification of neutrino point sources challenging. The distribution of astrophysical
neutrinos to date in the sky is largely consistent with isotropy (see Figure 4), implying that
a substantial fraction of IceCube’s cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced �-ray
emission state of the blazar TXS 0506+056 [4]. Evidence for a period of enhanced neutrino
emission from this source, in 2014/15, was revealed in a dedicated search in the IceCube
archival data [5]. The individual statistical significance of the blazar-neutrino association
and the observed excess in the IceCube data alone are, respectively, of 3� and 3.5�.

5

Fermi Collaboration

GAIA Collaboration eROSITA Collaboration

IceCube Collaboration

Planck Collaboration

Pierre Auger and Telescope Array Collaborations

Clarifying origins of extremely energetic particles 
by multi-wavelength and multi-messenger observations

NeutrinosGamma-rays UHECR?

Radio Optical X-rays



Energy spectrum 37

2.2 Energy spectrum: Well established but not well explained

The flux of cosmic rays as a function of energy, i.e., the energy spectrum, is one of the most
fundamental observables to infer on the nature of UHECRs. The production mechanisms, the
source type and distribution and the propagation environment, shape the spectrum in a non-trivial
way, imprinting on the spectrum several features deviating from a pure power law. The shape is
thus an object of detailed scrutiny for studying the combined e↵ects of the evolution of the arrival
directions and mass composition with primary energy. The precise measurements of the spectrum
have been used to put strong constraints on astrophysical models of the sources, particularly when
combined with other measurements like Xmax [106, 107] (see Ch. 4).

Figure 2.6: Recent measurements of the all-particle flux from the TA [108], IceCube [82], Pierre
Auger [33, 48, 66], Yakutsk [109], KASCADE-Grande [110], and TUNKA [111] experiments, which
define the spectral features in the UHE region, are shown. Those with upgrades specifically de-
scribed in this white paper are shown in color. The direction and magnitude of the systematic
uncertainty in the energy scale for Auger and TA is indicated by the corresponding arrows.

The spectra measured by the Auger (Sec.2.1.1) and TA (see Sec.2.1.2) collaborations are shown
in Fig. 2.6, scaled by E

3 to highlight the deviation from a pure power law. Despite being conceived
as UHECR detectors, the two observatories achieve an impressive 5 orders of magnitude spectrum
in energy. This feature, other than being visually extremely powerful, allows to construct a single
overview of the spectrum from the low energy up to the highest. This allows to give a single
description of the transition from the galactic to extragalactic cosmic rays, reducing the systematic
uncertainties that would result from di↵erent measurements. Modelling e↵orts can now rely on data
from single experiments, both in the northern and southern hemispheres, over an impressively wide
ranges of energy. Several features are now well established, the knee at ' 5⇥ 1015 eV, the so-called
low energy ankle just above 1016 eV, the second-knee at ' 1017 eV, the ankle at ' 5⇥ 1018 eV, the
instep at ' 1019 eV, and the suppression beginning at ' 5⇥1019 eV. In the following, measurements
which cover the final two decades in energy, in the UHECR range, where Auger and TA are the only
experiments available are mainly covered. The developments needed for a better understanding of
the transition from galactic to extragalactic component will be also briefly discussed.

15

Firmly confirmed the spectrum 
cutoff above 50 EeV 

No detection above 300 EeV

"Shin" (= second 
knee) around 0.1 EeV

A. Coleman et al., Astropart. Phys. 149, 102819 (2023)

"Instep", softening 
around 20 EeV

https://www.sciencedirect.com/science/article/pii/S0927650523000051?via=ihub
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θ ∼ 10∘ Z ( E
10 EeV )

−1

Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

energy spectra for the Southern sky, seen by Auger only, for the Northern sky, seen by TA only, and for the
declination range �15�  �  24.8�, seen by both observatories. The energy spectrum for the common
declination band is depicted in the right panel of Figure 3. Obviously, the agreement is much better, but
some differences are still seen. It should also be noted that the energy spectrum measured by Auger does
not show any significant declination dependence, but that of TA does. As it is still too early to draw definite
conclusions about the source of the differences, the joint working group will continue their studies. It is
also worthwhile to note that the declination dependence of the energy spectrum seen by TA should cause a
significant anisotropy in the arrival directions of UHECR. This has been studied in [34] and was found to
be in tension with astrophysical models aimed at reproducing observational constraints on anisotropies.

Another important question related to the UHECR energy spectrum is about the origin of the flux
suppression observed at the highest energies. The GZK cut-off was predicted 50 years ago independently
by Greisen and Zatsepin & Kuzmin [2, 3] and was claimed to be found by the HiRes collaboration in
2008 [21]. At the same time, the Auger collaboration reported a flux suppression at about the same energy
and with a significance of more than 6� [35]. Above 1019.8 eV, TA has reported the observation of 26
events [36] and Auger has reported 100 events [37] by ICRC2017. However, these numbers cannot be
compared directly due to the difference in the energy calibration of the experiments. We discuss more this
problem in Section 3.1.

2.3 Mass Composition
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Figure 4. Measurements [38–40] of the mean (left) and standard deviation (right) of the distribution of
shower maximum as a function of energy. Data points from the Pierre Auger Observatory are shown as
published since they have been corrected for detector effects. Data from the Telescope Array have been
approximately corrected for detector effects by shifting the mean by +5 g/cm2 [41] and by subtracting
an Xmax-resolution of 15 g/cm2 [40] in quadrature. Furthermore, the TA data points were shifted down
by 10.4% in energy to match the energy scale of the Pierre Auger Observatory [42] (see also [43]
for a discussion of the good overall compatibility of the Xmax measurements from the Pierre Auger
Observatory and the Telescope Array). All error bars denote the quadratic sum of the quoted statistical and
systematic uncertainties. The energy evolution of the mean and standard deviation of Xmax obtained from
simulations [44] of proton- and iron-initiated air showers are shown as red and blue lines respectively. The
line styles indicate the different hadronic interaction models [45–47] used in the simulation. M. Unger for
this review.

R.A. Batista et al.,  Front.Astron.Space Sci. 6 (2019) 23 
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primarily consist of electromagnetic particles.
We applied a neural network proton-photon
classifier, developed for photoinduced shower
searches using the TA SD (23, 24), to this event.
The classifier excludes a photon as the pri-
mary particle at the 99.986% confidence lev-
el, instead favoring a proton as the primary

particle. However, the classifier is unable to
distinguish between protons and heavier
nuclei for this event because the fluorescence
detectors were not operating at the time (owing
to bright moonlight).
The core position of this event was located

1.1 km from the northwest edge of the SD (Fig.

1A). We evaluate the statistical uncertainty
of the reconstructed energy using a detector
simulation (12) and assuming the reconstructed
geometry and energy parameters; we find an
energy resolution of 29 EeV for this event.
Assuming an energy spectrum of E−4.8 above
100 EeV, as previously measured using the TA

Fig. 1. The high-energy particle event observed by TA SD on 27 May 2021.
(A) Map of the TA SD; each dot indicates the location of a SD station. The black
arrow indicates the shower direction projected on the ground. The landing shower
core position was located at (−9471 ± 31 m, 1904 ± 23 m), measured from the
center of the SD. The size of the colored circles is proportional to the number of
particles detected by each station, and the color denotes the relative time from
the earliest detector [both quantified in (B)]. (B) The corresponding detector
waveforms for each station, in flash analog–to–digital converter (FADC) counts. Each
detector has a separate y axis. Labels indicate the detector number, total signal
in units of the minimum ionizing particle (MIP), and the distance from the shower
axis. Thick and thin lines (mostly overlapping) are the recorded signals in the upper and lower layers of each station. Each SD is identified by a four-digit number:
The first two digits correspond to the column of the array in which the SD is located (numbered west to east), and the second two digits correspond to the row
(numbered south to north). Colors correspond to those in (A). UTC, coordinated universal time.

Table 1. Reconstructed properties of the high-energy event. The reconstructed energy and S800 are given for the high-energy particle. The arrival
direction is given in both the observed zenith-azimuth coordinates and the derived equatorial coordinates. The azimuth angle is defined to be anticlockwise
from the east. The event time is expressed in UTC.

Time (UTC) Energy (EeV) S800 (m−2) Zenith angle Azimuth angle R.A. Dec.

27 May 2021 10:35:56 244 T 29 stat:ð Þ þ51
$76 syst:ð Þ 530 ± 57 38.6 ± 0.4° 206.8 ± 0.6° 255.9 ± 0.6° 16.1 ± 0.5°
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primarily consist of electromagnetic particles.
We applied a neural network proton-photon
classifier, developed for photoinduced shower
searches using the TA SD (23, 24), to this event.
The classifier excludes a photon as the pri-
mary particle at the 99.986% confidence lev-
el, instead favoring a proton as the primary

particle. However, the classifier is unable to
distinguish between protons and heavier
nuclei for this event because the fluorescence
detectors were not operating at the time (owing
to bright moonlight).
The core position of this event was located

1.1 km from the northwest edge of the SD (Fig.

1A). We evaluate the statistical uncertainty
of the reconstructed energy using a detector
simulation (12) and assuming the reconstructed
geometry and energy parameters; we find an
energy resolution of 29 EeV for this event.
Assuming an energy spectrum of E−4.8 above
100 EeV, as previously measured using the TA

Fig. 1. The high-energy particle event observed by TA SD on 27 May 2021.
(A) Map of the TA SD; each dot indicates the location of a SD station. The black
arrow indicates the shower direction projected on the ground. The landing shower
core position was located at (−9471 ± 31 m, 1904 ± 23 m), measured from the
center of the SD. The size of the colored circles is proportional to the number of
particles detected by each station, and the color denotes the relative time from
the earliest detector [both quantified in (B)]. (B) The corresponding detector
waveforms for each station, in flash analog–to–digital converter (FADC) counts. Each
detector has a separate y axis. Labels indicate the detector number, total signal
in units of the minimum ionizing particle (MIP), and the distance from the shower
axis. Thick and thin lines (mostly overlapping) are the recorded signals in the upper and lower layers of each station. Each SD is identified by a four-digit number:
The first two digits correspond to the column of the array in which the SD is located (numbered west to east), and the second two digits correspond to the row
(numbered south to north). Colors correspond to those in (A). UTC, coordinated universal time.

Table 1. Reconstructed properties of the high-energy event. The reconstructed energy and S800 are given for the high-energy particle. The arrival
direction is given in both the observed zenith-azimuth coordinates and the derived equatorial coordinates. The azimuth angle is defined to be anticlockwise
from the east. The event time is expressed in UTC.

Time (UTC) Energy (EeV) S800 (m−2) Zenith angle Azimuth angle R.A. Dec.

27 May 2021 10:35:56 244 T 29 stat:ð Þ þ51
$76 syst:ð Þ 530 ± 57 38.6 ± 0.4° 206.8 ± 0.6° 255.9 ± 0.6° 16.1 ± 0.5°
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Extragalactic diffuse

15
Precise spectrum shape measurement will test connections with UHECR and beyond standard model physics  
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