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Open questions in Cosmic Ray Physics

4

Much of CR research in the past century has been devoted to answering a set of classical 
questions:
 
✓  Which classes of sources contribute to the CR flux in different energy ranges?  How 

many types of sources provide a significant contribution to the overall CR flux? 

✓ What is the elemental composition of CRs as a function of the energy?

✓ Is the knee due to a limit in SNR acceleration? Does it depend on the particle 
rigidity? How can we explain the second knee? 

✓ Which are the relevant processes responsible for CR propagation/confinement in the 
Galaxy?

✓  Where is the transition between Galactic and EG-CRs? How can we explain the 
ankle? 

✓ Which sources are capable of reaching the highest particle energies and how? 
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Cosmic Ray detection
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≈ 11 decades
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Cosmic Ray detection

5

Ground-based m
easurements

≈ 11 decades

Nevts = Flux × Area × Time

small 
given by nature ≈1 m2 

for satellite exp
≈5 yrs

Detector size limits the 
smallest measurable flux !

Direct measurements up to 100 TeV/n≈

According to the flux and 
the physics line different 
platforms and detection 

techniques can be adopted
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The challenge of EAS detection
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The ultimate aim of EAS detection is the 
identification of the primary CR in terms of 

Mass / Charge
Energy

Arrival direction

We are dealing with an INDIRECT 
measurement of Cosmic Rays

To infer the properties of the primary particle 
one needs to detect EAS as precisely as possible 

(with multi-component experiments)

AIR MASS 1:

27 rad.length

11 hadronic abs. length

ARTIST VIEWOF A

 PROTON INDUCED

AIR SHOWER +

OBSERVABLES

E. Lorentz 2005
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The ultimate aim of EAS detection is the 
identification of the primary CR in terms of 

Mass / Charge
Energy

Arrival direction

We are dealing with an INDIRECT 
measurement of Cosmic Rays

To infer the properties of the primary particle 
one needs to detect EAS as precisely as possible 

(with multi-component experiments)

Astrophysical interpretation limited by 
description of interactions in the atmosphere

AIR MASS 1:

27 rad.length

11 hadronic abs. length

ARTIST VIEWOF A

 PROTON INDUCED

AIR SHOWER +

OBSERVABLES

E. Lorentz 2005
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CARTOON

SHOWER FRONT (FLASH

PHOTO BEFORE HITTING

GROUND)

DETECTOR CONCEPTS

MAY BE IN FUTURE:

DETECTION BY RADIO

SIGNALS??

(24 h, ALL SKY??)

E. Lorentz 2005

Different detectors for different observables

7
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1. Ground-based arrays: sample shower tail particles reaching ground 

➜ Tail Catcher Sampling Calorimeter 
 (in HEP detector language) 

Atmosphere: the absorber

Detector at ground: the device to measure a (poor) calorimetric signal 
➜ signal about direction and energy from the shower tail particles

★ large shower-to-shower fluctuations 
★ large geometric acceptance and 

high duty cycle (≈100%)
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1. Ground-based arrays: sample shower tail particles reaching ground 

➜ Tail Catcher Sampling Calorimeter 
 (in HEP detector language) 

Atmosphere: the absorber

Detector at ground: the device to measure a (poor) calorimetric signal 
➜ signal about direction and energy from the shower tail particles

★ large shower-to-shower fluctuations 
★ large geometric acceptance and 

high duty cycle (≈100%)

2. Telescopes: observation of Cherenkov photons/nitrogen 
fluorescence allows the study of EAS longitudinal profile

 

➜ Homogeneous Calorimeter

★ low duty cycle (≈10-15%) 


★ good energy resolution
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Detection of showers with arrays
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From an experimental point of view, the sampling of secondary particles at ground can be 
realized with two different approaches 

(1) Particle Counting. A measurement is carried out with thin (≪ 1 radiation length) 
counters providing a signal proportional to the number of charged particles (as an 
example, plastic scintillators or RPCs). The typical detection threshold is in the keV 
energy range. 

(2) Calorimetry. A signal proportional to the total incident energy of electromagnetic 
particles is collected by a thick (many radiation lengths) detector. An example is a 
detector constituted by many radiation lengths of water to exploit the Cherenkov 
emission of secondary shower particles. The Cherenkov threshold for electrons in water 
is 0.8 MeV and the light yield ≈320 photons/cm or ≈160 photons/MeV emitted at 41◦. 

“Detecting gamma-rays with moderate resolution and large field of view: Particle detector arrays and 
water Cherenkov technique”
Michael A. DuVernois, Giuseppe Di Sciascio
Chapter for "Handbook of X-ray and Gamma-ray Astrophysics" (Eds. C. Bambi and A. Santangelo, 
Springer Singapore) arXiv:2211.04932

https://arxiv.org/search/astro-ph?searchtype=author&query=DuVernois%2C+M+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Di+Sciascio%2C+G
https://arxiv.org/abs/2211.04932
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Mass-sensitive EAS observables
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We have different mass-sensitive EAS observables

Strictly speaking, no air shower experiment measures the primary composition of CRs. 

• the electron-to-muon number ratio 
• the arrival time distribution  
• the curvature of the shower front 
• the slope of the lateral distribution 
• shower core density 
• underground muons 
• muon fluctuations 
• …

✦ Particle numbers at ground 

• electrons 
• muons (also underground) 
• hadrons

E >1013 eV

✦ Cherenkov light 

✦ Fluorescence light 

✦ Radio signals

1014 <  E < 1016 eV

E >1017 eV

E >1017 eV
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Mass Resolution in EAS measurements
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According to the Heitler-Matthews toy model we can evaluate the mass resolution 
in EAS measurements (Horandel 2007, Di Sciascio 2022)

XA
max = Xp

max − X0 ⋅ ln A

• Depth of shower maximum Typical uncertainty

ΔXmax ≃ 20 g/cm2

Radiation length       X0 ∼ 37 g/cm2

Expected mass 
resolution

Δ ln A ≈ 1

A resolution of one unit in lnA in principle allows to reconstruct 4 (or 5 ?) different mass groups: 
p, He, CNO, MgSi (?) and Fe.

lg( Ne

Nμ ) = C − 0.065 ⋅ ln A
Δ(Ne /Nμ)

Ne /Nμ
∼ 0.15[ ΔA

A ] →

• Electron-muon ratio Typical uncertainty Expected mass 
resolution

Δ( Ne

Nμ ) ≈ 15% − 20 %

4 to 5 mass groups     
p, He, CNO, (MgSi), Fe
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A description of the CR energy spectrum
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Figure 3 – All-particle energy spectra of primary cosmic rays measured by TALE
?
, IceTop

?
, Tunka-133

?
, ARGO-

YBJ
?
, Tibet AS� ?

, KASCADE-Grande
?
experiments. The lines are fits to the di↵erent spectra with the formula

(2). Best fits parameters are reported in Table 1. The total errors are plotted.

? experiments with a widely used form ?,?,?,?
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The absolute flux K0 and the spectral index ↵1 quantify the power law. The flux above the
cut-o↵ energy Eb is modeled by a second and steeper power law. The parameters ↵2, the slope
beyond the knee, and w > 0, the smoothness of the transition from the first to the second power
law, characterize the change in the spectrum at the cut-o↵ energy. A value w = 0 corresponds
to a steep transition that soften with increasing values ?.

In Fig. ?? some selected measurements of the all–particle energy spectrum in the energy
region from 8 · 104 to 2 · 109 GeV are shown. The data come from ARGO-YBJ ?,Tibet AS�
(Sibyll) ?, Kascade-Grande ?, IceTop ?, Tunka-133 ?, TALE ? experiments. As it can be seen,
ARGO-YBJ and Tibet AS� are the only shower arrays which traced the knee in detail, starting
from more than an energy decade below. Instead the other experiments have an energy threshold
too close to the knee.

Di↵erent spectra agree in showing a knee at a few PeV, an ankle right after and a second knee
at about 200–300 PeV. But the di↵erent experiments also show important di↵erences related to
large systematic errors. By assuming the existence of these structures we described the spectra
with the formula (2) summarizing the best fit parameters in Table 1. The spectrum is described
as four segments with constant spectral index, ↵1, ↵2 and ↵3, separated by three spectral features
(a knee, an ankle and another knee) with break energies Eb1, Eb2 and Eb3 and widths w1, w2

and w3. We used the total error, combining quadratically statistically and systematic errors.

3 Measurement of the ”Knee” in the (p+He) energy spectrum
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All-particle energy spectrum: the knee region
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The most detailed observation of the knee region comes from ARGO-YBJ and Tibet ASγ
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Fits to the all-particle spectra in the knee region
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Table 1: Fits to the all–particle CR spectra in the energy range 8 · 104 to 2 · 109 GeV.

(a) Parameters for the first Knee.

Experiment Eb1 (PeV) ↵1 ↵2 w1

TALE 4.26 ± 1.65 2.76 ± 0.18 3.11 ± 0.07 0.07 ± 0.18
IceTop 3.30 ± 1.23 2.48 ± 0.08 3.12 ± 0.12 0.30 ± 0.46
Tunka–133 4.18 ± 0.83 2.76 ± 0.09 3.20 ± 0.04 0.15 ± 0.16
ARGO–YBJ/Tibet AS� 3.72 ± 0.03 2.66 ± 0.01 3.13 ± 0.01 0.11 ± 0.01
Kascade–Grande 2.10 ± 0.87 2.47 ± 0.04 3.16 ± 0.14 0.60 ± 0.51

(b) Parameters for the ankle feature.

Experiment Eb2 (PeV) ↵2 ↵3 w2

TALE 16.61 ± 8.36 3.11 ± 0.05 2.93 ± 0.05 0.07 ± 0.05
IceTop 18.66 ± 6.65 3.12 ± 0.12 2.92 ± 0.05 0.05 ± 0.05
Tunka–133 18.70 ± 3.88 3.20 ± 0.04 2.96 ± 0.05 0.17 ± 0.45
ARGO–YBJ/Tibet AS� 43.8 ± 4.81 3.13 ± 0.01 2.86 ± 0.05 0.01 ± 0.01
Kascade–Grande 18.01 ± 17.4 3.16 ± 0.14 2.83 ± 0.45 0.66 ± 1.74

(c) Parameters for the second Knee.

Experiment Eb3 (PeV) ↵3 ↵4 w3

TALE 104.5 ± 40.0 2.93 ± 0.05 3.18 ± 0.06 0.02 ± 0.02
IceTop 168.4 ± 17.4 2.92 ± 0.05 3.50 ± 0.40 0.25 ± 0.16
Tunka–133 238.2 ± 56.8 2.96 ± 0.05 3.34 ± 0.19 0.05 ± 0.50
Kascade–Grande 274.5 ± 122 2.83 ± 0.45 3.20 ± 0.13 2.47 ± 0.97
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The knee region
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 4 PeV≈  100 - 200 PeV≈
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The origin of the ‘knee’

15

In 1961 B. Peters postulated a rigidity cutoff model. B. Peters, Nuovo Cimento 22 (1961) 800 

Origin and physics of the knee

45
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➜ Etotal (knee) ~ Z ⨉ R(knee)

• Not only does the spectrum become steeper due to such a cutoff but also heavier
• <A> should begin to decrease again for E > 30 x Eknee   100 PeV → 2nd knee??≈

Emax ≈ Ze ⋅ L ⋅ B

If Emax depends on B then p 
disappear first, then He, C, O, etc

Fe confined longer ➜ accelerated to higher energies

(p, E) = (Fe, 26 E)RL RL
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A Rigidity Cutoff model?
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 4 PeV≈  26  (4 PeV)≈ ×Z=14Z=8Z=2
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The standard model of Galactic CRs

17
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The standard model of Galactic CRs
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The standard model of Galactic CRs

17

Proton knee
 4 PeV ≈

2nd knee = Iron knee?
 4  26 PeV≈ ×

End of Galactic CRs?

Determining elemental composition in the knee energy region 
is crucial to understand where Galactic CR spectrum ends.
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Galactic CRs: mainstream interpretation

18

• All-particle knee at about 4 PeV caused by cut-off for light elements (p, He)

• Standard paradigm: Galactic CRs accelerated 
in SN shocks via 10 order Fermi mechanism 

• Somehow released into the ISM, CRs are 
diffusively confined within a magnetized 
Galactic halo

• CRs reside from some time before escaping 
the Galaxy

• Galactic CRs are scrambled by galactic magnetic field over very long time 
➜ arrival direction mostly isotropic 
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Tunka-133 YAKUTSK 2012

TALE 2018 TA hybrid 2015

TA SD 2019 AUGER 2020

AUGER 2021 - Combined AUGER 2021 - SD750

 • CRs below 1017 eV are predominantly Galactic

✓ Acceleration limits in galactic sources (Hillas, 2005) 
✓ Escape increasing of particle from the Galaxy (Giacinti, 2014, 2015)The knee
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A = SNR??

• CRs below 1017 eV are predominantly Galactic

✓ Acceleration limits in galactic sources (Hillas, 2005) 
✓ Escape increasing of particle from the Galaxy (Giacinti, 2014, 2015)The knee
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Galactic CRs: mainstream interpretation
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• All-particle knee at about 4 PeV caused by cut-off for light elements (p, He)

• Standard paradigm: Galactic CRs accelerated 
in SN shocks via 10 order Fermi mechanism 

• Somehow released into the ISM, CRs are 
diffusively confined within a magnetized 
Galactic halo

• CRs reside from some time before escaping 
the Galaxy

• Galactic CRs are scrambled by galactic magnetic field over very long time 
➜ arrival direction mostly isotropic 

• 2nd galactic component at ~1017 eV?

• Transition to extragalactic CRs occurs somewhere between 1017 and 1019 eV
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A = SNR??
E-GB=?

• CRs below 1017 eV are predominantly Galactic

✓ Acceleration limits in galactic sources (Hillas, 2005) 
✓ Escape increasing of particle from the Galaxy (Giacinti, 2014, 2015)The knee
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KASCADE results

19

✓ Knee caused by cut-off for light elements 
✓ Knee energy increases with primary mass 
✓ Fe knee not observed 
✓ Strong indication for a rigidity-dependent knee

• Results depend on the high energy hadronic interaction models
• QGSJetÆ He more abundant element at the knee
• SIBYLL 2.1 Æ C more abundant element at the knee

• Knee energy increases with primary mass
• Fe knee not observed
• Strong indication for a rigidity dependent knee

Astroparticle Physics 24 (2005) 1
Astroparticle Physics 31 (2009) 86
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4 PeV

4 PeV

Fluxes depend on the high energy hadronic interaction models  
• QGSJet ➜ He more abundant element at the knee 
• SIBYLL 2.1 ➜ C more abundant element at the knee 



G. Di Sciascio - INFN Roma Tor Vergata CRA - Chicago, May 16,  2023

Kascade-Grande: Iron knee ?

20

Phys. Rev. Lett. 107 (2011) 171104

• Energy spectra of the 
samples obtained by an 
event selection based on 
the k parameter

• Spectrum of the electron 
poor sample: k>(kC+kSi)/2
Æ steepening
observed with increased 
significance Æ 3.5s

• Spectrum of electron 
rich events Æ can be 
described by a single 
power law Æ hints of a 
hardening above 1017 eV

g1  2.76  0.02 Eb  1016.92  0.04 eV
g2  3.24  0.05 15

Heavy primaries mass group spectrum:
cut between C and Si (QGSJetII-02)

• Spectrum of the electron poor sample: 
k>(kC+kSi)/2 ➜ steepening observed 

with 3.5 σ significance 

• Spectrum of electron rich events             
➜ can be described by a single power law 

➜  hints of a hardening above 1017 eV 

• relative abundances different for different 
high-energy hadronic interaction models

26November, 2014 Andreas Haungs

KASCADE-Grande: model dependence

Advances in Space Research 53 (2014) 1456 

- Structures of all-particle, heavy and light spectra similar 
Î knee by light component and heavy component; ankle by light component
- relative abundances different for different high-energy hadronic interaction models

Adv. Sp. Res. 53 (2014) 1456 
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samples obtained by an 
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poor sample: k>(kC+kSi)/2
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• Spectrum of electron 
rich events Æ can be 
described by a single 
power law Æ hints of a 
hardening above 1017 eV
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Heavy primaries mass group spectrum:
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heavy

light
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• Energy spectra of the 
samples obtained by an 
event selection based on 
the k parameter

• Spectrum of the electron 
poor sample: k>(kC+kSi)/2
Æ steepening
observed with increased 
significance Æ 3.5s

• Spectrum of electron 
rich events Æ can be 
described by a single 
power law Æ hints of a 
hardening above 1017 eV

g1  2.76  0.02 Eb  1016.92  0.04 eV
g2  3.24  0.05 15

Heavy primaries mass group spectrum:
cut between C and Si (QGSJetII-02)

iron knee ?

26  4 PeV×
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IceTop + IceCube

21

3 PeV

3 PeV

The elemental spectra results agree well with the 
recent H3a and H4a phenomenological models in 
which heavier elements retain a harder spectral 
index to higher energies.
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TUNKA-133: Elemental Composition

22KIT Workshop, 21-23 September 2015  A.Castellina 33

Tunka Composition

light: p+He
heavy: N+Fe

•knee : p, He 

•heavy knee at ~ 7 1016 eV 

•light component growing above 
4-5 1016 eV 

•mean mass getting heavier up 
to ~ 1017 eV, then lighter again

QGSJet04/Gheisha

Tunka-25

Tunka-133

EPJ Web of Conferences 121, 03004 (2016) DOI: 10.1051/epjconf/201612103004

RICAP-2014

Figure 4. Mean Logarithmic Mass vs. Energy.

The mean values of 〈Xmax〉 can be recalculated to the mean values of 〈ln A〉 by a simple
method of interpolation. The result of such an approach for the points derived from the ADF
steepness analysis are shown in Fig. 4. Primary mass composition becomes heavier in the
energy range 1016−3 · 1016 eV and lighter again in the range 1017−1018 eV.

6. Conclusion
1. Primary CR energy spectrum in the range of 6 · 1015−1018 eV has a number of features:

the spectrum becomes flatter (the index changes from ! = 3.23 ± 0.01 to ! = 2.98 ±
0.01) at E0 = 2 · 1016 eV and steeper (! = 3.35 ± 0.11) at E0 = 3 · 1017 eV. There is a
possibility of more complex description of the second “knee” with a small intermediate
increase of the absolute value of the index to ! = 3.06 ± 0.03 at E0 = 8 · 1016 eV.

2. Tunka-HiSCORE will provide information on the detailed shape of the spectrum at and
before the knee after getting more statistics. A preliminary spectrum has been presented.

3. In the energy range of 1016−1017 eV observed Tunka spectrum is consistent with the
spectra of KASCADE-Grande [5] and Ice-TOP [13].

4. Beyond the energy 1017 eV Tunka-133 spectrum is consistent with fluorescent light
experiments: Fly’s Eye [14], HIRES [15] and hybrid experiment TA [16].

5. The depth of maximum Xmax does not contradict to the results obtained by fluorescent
light experiments HiRes-MIA [15] and Auger [17].

6. Primary mass composition becomes heavier in the energy range 1016−3 · 1016 eV and
lighter again in the range 1017−1018 eV.

This work was supported by the Ministry of Education and Science of the Russian Federation (State
Contract 14.V25.31.0010, project 1366, zadanie N 3.889.2014/K), the Russian Foundation for Basic
Research (grants 13-02-12095, 13-02-00214, 15-02-05769, 15-02-10005), the Helmholtz Association
(grant HRJRG-303) and the Deutsche Forschungsgemeinschaft (grant TL 51-3).
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of Cerenkov light Tunka experiment results with previous fluorescent light observations. But we
have no enough statistics to discuss the discrepancy with the current PAO results.

Figure 1. Mean experimental depth of EAS
maximum vs. the primary energy. Other
experiments – HiRes-MIA [12], AUGER 2013
[13], AUGER 2015 [14].

Figure 2. Mean experimental logarithmic
mass vs. the primary energy.

The experimental results are compared with the theoretical curves simulated with the
QGSJET-II-04 model for primary protons and iron nuclei. The mean values of hXmaxi can
be recalculated to the mean values of hlnAi by a simple method of interpolation. The result of
such an approach are shown in Fig. 2. Primary mass composition becomes heavier in the energy
range 1016 � 3 · 1016 eV and lighter again in the range 1017 � 1018 eV.

4. Experimental Evaluation of Accuracy of the EAS Main Parameters

The experimental evaluation of errors of reconstructed EAS parameters is interesting because
of the complexity of the simulation of the all possible errors of measurements. The accuracy in
determination of shower parameters can be estimated using the well known chessboard method
[15]. To use this method the experimental array is divided into two independent subarrays of
similar size and configuration. Then the EAS parameters are derived independently with each
of the two subarrays. The accuracy of any parameter is given by the di↵erence between the
two reconstructed values divided by

p
2 because they represent two independent determinations

of the same shower parameter. Applying this method to the Tunka-133 data we arranged the
first subarray from odd detectors and the second one from even ones. The results are shown in
figures 3 and 4.

The upper panel of Fig. 3 shows the errors of core position reconstruction. The error is less
than 6 m for energy E0 � 1016 eV and less than 10 m for the large e↵ective area (Reff  800 m)
and E0 � 5 · 1016 eV. The lower panel of Fig. 3 shows the energy relative errors.The error is less
than 6% for energy E0 � 1016 eV and less than 8% for the large e↵ective area (Reff  800 m)
and E0 � 5 · 1016 eV.

The Fig. 4 shows the errors in arrival direction and depth of maximum Xmax obtained for
the main e↵ective area (Reff  450 m), used for analysis of mass composition. The error of

3

✓ Knee: p, He 

✓ Heavy knee at  eV, light component growing above 

 eV 

✓ Mean mass getting heavier up to  eV, then lighter again

∼ 7 ⋅ 1016

∼ 4 − 5 ⋅ 1016

∼ 1017



G. Di Sciascio - INFN Roma Tor Vergata CRA - Chicago, May 16,  2023

Is that all?

23

NO!
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The ARGO-YBJ (p+He) knee

24

ARGO-YBJ: the only experiment with (p+He) data in the range TeV - 5 PeV     

 → clear observation of a knee both with array and a wide FoV Cherenkov Telescope
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ARGO-YBJ global fit
Break energy =  

 
 

914 ± 260 TeV
α1 = 2.64 ± 0.01
α2 = 3.85 ± 0.48
w = 0.18 ± 0.14

A single power-law

Table 1: Fits to the all–particle CR spectra in the energy range 8 · 104 to 2 · 109 GeV.

(a) Parameters for the first Knee.

Experiment Eb1 (PeV) �1 �2 w1

TALE 4.26 ± 1.65 2.76 ± 0.18 3.11 ± 0.07 0.07 ± 0.18
IceTop 3.30 ± 1.23 2.48 ± 0.08 3.12 ± 0.12 0.30 ± 0.46
Tunka–133 4.18 ± 0.83 2.76 ± 0.09 3.20 ± 0.04 0.15 ± 0.16
ARGO–YBJ/Tibet AS� 3.72 ± 0.03 2.66 ± 0.01 3.13 ± 0.01 0.11 ± 0.01
Kascade–Grande 2.10 ± 0.87 2.47 ± 0.04 3.16 ± 0.14 0.60 ± 0.51

(b) Parameters for the ankle feature.

Experiment Eb2 (PeV) �2 �3 w2

TALE 16.61 ± 8.36 3.11 ± 0.05 2.93 ± 0.05 0.07 ± 0.05
IceTop 18.66 ± 6.65 3.12 ± 0.12 2.92 ± 0.05 0.05 ± 0.05
Tunka–133 18.70 ± 3.88 3.20 ± 0.04 2.96 ± 0.05 0.17 ± 0.45
ARGO–YBJ/Tibet AS� 43.8 ± 4.81 3.13 ± 0.01 2.86 ± 0.05 0.01 ± 0.01
Kascade–Grande 18.01 ± 17.4 3.16 ± 0.14 2.83 ± 0.45 0.66 ± 1.74

(c) Parameters for the second Knee.

Experiment Eb3 (PeV) �3 �4 w3

TALE 104.5 ± 40.0 2.93 ± 0.05 3.18 ± 0.06 0.02 ± 0.02
IceTop 168.4 ± 17.4 2.92 ± 0.05 3.50 ± 0.40 0.25 ± 0.16
Tunka–133 238.2 ± 56.8 2.96 ± 0.05 3.34 ± 0.19 0.05 ± 0.50
Kascade–Grande 274.5 ± 122 2.83 ± 0.45 3.20 ± 0.13 2.47 ± 0.97

IceTop 14 experiments with a widely used form 15,16,17,18,19

�(E) = K0

✓
E

E0

◆��1
"
1 +

✓
E

Eb

◆ 1
w

#�(�2��1)w

(2)

The absolute flux K0 and the spectral index �1 quantify the power law. E0 is a reference energy.
The flux above the cut-o↵ energy Eb is modeled by a second and steeper power law. The
parameters �2, the slope beyond the knee, and w > 0, the smoothness of the transition from the
first to the second power law, characterize the change in the spectrum at the cut-o↵ energy. A
value w = 0 corresponds to a steep transition that soften with increasing values 18.

In Fig. 2 some selected measurements of the all–particle energy spectrum in the energy
region from 8 · 104 to 2 · 109 GeV are shown. The data come from ARGO-YBJ 9,Tibet AS�
(Sibyll) 10, Kascade-Grande 12, IceTop 14, Tunka-133 11, TALE 13 experiments. As it can be
seen, ARGO-YBJ and Tibet AS� are the only shower arrays that traced the knee in detail,
starting from more than an energy decade below. Instead the other experiments have an energy
threshold too close to the knee.

Di↵erent spectra agree in showing a knee at a few PeV, an ankle right after and a second knee
at about 200–300 PeV. But the di↵erent experiments also show important di↵erences related to
large systematic errors. By assuming the existence of these structures we described the spectra
with the formula (2) summarizing the best fit parameters in Table 1. The spectrum is described
as four segments with constant spectral index, �1, �2 and �3, separated by three spectral features
(a knee, an ankle and another knee) with break energies Eb1, Eb2 and Eb3 and widths w1, w2

and w3. We used the total error, combining quadratically statistically and systematic errors.
As expected the most accurate determination of the first knee comes from the ARGO-

YBJ/Tibet AS� global fit with Eb1 = 3.72 ± 0.03 PeV. The spectral index before the knee is
�1 = 2.66±0.01 and after �2 = 3.13±0.01. The small ankle feature results at about 18 PeV with



G. Di Sciascio - INFN Roma Tor Vergata CRA - Chicago, May 16,  2023

p+He: indirect measurements
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✓ ARGO-YBJ and TIBET AS : single power law 
E<500 TeV  

✓ HAWC: deviation from single power law?

γ ✓ ARGO-YBJ and TIBET AS : light 
knee below the PeV 

✓ KASCADE: light knee at about 4 PeV

γ
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HAWC vs ARGO-YBJ/TIBET ASγ

26

Same altitude, 4300 m asl
Different analises
Different sampling 

✓ HAWC: deviation from single power-law 

✓ ARGO-YBJ and TIBET AS : single power-lawγ

All-particle energy spectrum
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HAWC vs ARGO-YBJ/TIBET ASγ

26

Same altitude, 4300 m asl
Different analises
Different sampling 

Water Cherenkov  calorimetry→

Particle sampling  particle counting→

✓ HAWC: deviation from single power-law 

✓ ARGO-YBJ and TIBET AS : single power-lawγ

All-particle energy spectrum
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The light knee: ARGO-YBJ and Tibet Array

27

Same altitude but different detectors, layouts, observables (shower core), 
reconstruction. In both, NO muons and small dependence on interaction models

The only observations of the knee region 
over more than 2 energy decades
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High altitude measurements
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ARGO-YBJ
Tibet AS

HAWC
LHAASO

γ

4300 m asl = 606 g/cm2

Shower sampling before the max?

shower maximum for protons has large fluctuations 

Jörg R. Hörandel, Paris 2020

J. Blümer et al. / Progress in Particle and Nuclear Physics 63 (2009) 293–338 313

Fig. 13. Average depth of the shower maximum Xmax as function of primary energy as obtained by Auger [305], BLANCA [173], CACTI [306], DICE [182],
Fly’s Eye [307], Haverah Park [308], HEGRA [174], HiRes/MIA [228], HiRes [309], Mt. LianWang [310], SPASE/VULCAN [311], Tunka-25 [176], Yakutsk [312].
The lines indicate simulations for proton and iron induced showers using the CORSIKA codewith the hadronic interactionmodel QGSJET 01 (—), QGSJET II-3
(- - -), SIBYLL 2.1 (. . .), and EPOS 1.6 (-·-·).

constant intensity method by requiring the same number of showers per unit of sin2 � . In the second step S38 is converted
to total shower energy.

The aperture of the Auger detector increased continuously during construction and has an uncertainty of less than 3%.
The systematic uncertainty of the energy scale coming from the fluorescence energy measurement is estimated to be 22%.
The main contributions to this uncertainty come from the uncertainty of the fluorescence yield (14%), the calibration of
the fluorescence telescopes (10%), and the reconstruction method (10%) [304,169]. The described calibration procedure for
relating S(1000) to the primary particle energy leads to an uncertainty of 7% at 1019 eV increasing to 15% at 1020 eV.

4. Composition

4.1. Mean logarithmic mass

At energies below 1014 eV the abundance of individual elements has been measured with detectors above the
atmosphere. At higher energies this is presently not possible due to the low flux values and the large fluctuations in the
development of extensive air showers. Thus, in the past,mostly themeanmass has been investigated. An often-used quantity
to characterize the composition is the mean logarithmic mass, defined as ⌅ln A⇧ = �

i ri ln Ai, ri being the relative fraction of
nuclei of mass Ai. Experimentally, ⌅ln A⇧ is obtained applying twomethods: (i) the quantity is proportional to the ratio of the
number of electrons and muons registered at ground level ⌅ln A⇧ ⇤ log10(Ne/Nµ), see (19) and (ii) ⌅ln A⇧ is proportional to
the observed depth of the showermaximum, according to the relation XA

max = Xp
max �XR ln A, see (13). Hence, themaximum

of an iron induced shower should be about 150 g/cm2 higher up in the atmosphere as compared to a proton induced shower
(Xp

max).
Recent measurements of the average depth of the shower maximum are compiled in Fig. 13, covering energies from 105

to almost 1011 GeV. The experimental results are compared to predictions for the average depth of the shower maximum
from simulations for primary protons and iron nuclei. The CORSIKA code [135] has been used with the hadronic interaction
model QGSJET 01 [124], QGSJET II-3 [125], SIBYLL 2.1 [127], and EPOS 1.6 [313]. There are significant differences between
the predictions of the different models concerning the absolute values of Xmax. The differences become important when the
model predictions are compared with the experimental data to derive information on the elemental composition of cosmic
rays.

Below 4⇥106 GeV the values obtained by different experiments exhibit a common trend, they seem to increase faster as
a function of energy than the simulations, which implies that the average composition would become lighter as a function
of energy. Above the knee (E � 4 ⇥ 106 GeV) the measured values flatten up to about 4 ⇥ 107 GeV, indicating an increase
in the average mass in this energy range, as expected from sequential breaks in the energy spectra for individual elements,
seen already in Fig. 9. Finally, above 4 ⇥ 107 GeV the measured data exhibit a constant slope for Xmax as function of energy.
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established experimentally, there is still controversy as to its ori-
gin (Hörandel 2004). Proposals for its origin range from astro-
physical scenarios such as a change of acceleration mechanisms
(Berezhko&Ksenofontov 1999; Stanev et al. 1993; Kobayakawa
et al. 2002; Völk & Zirakashvili 2004) at the sources of cosmic
rays (supernova remnants, pulsars, etc.), to a single-source as-
sumption (Erlykin & Wolfendale 2005) or effects due to propa-
gation (Ptuskin et al. 1993; Candia et al. 2002) inside the galaxy
(diffusion, drift, escape from the Galaxy), to particle physics mod-
els such as the interaction with relic neutrinos (Wigmans 2003)
during transport or new processes in the atmosphere (Nikolsky
& Romachin 2000) during air-shower development. Common to
all models is the prediction of a change of the chemical compo-
sition over the knee region. Direct measurements of primary cos-
mic rays on board balloons or satellites are the best ways to study
this chemical composition; however, the energy region that they
can cover with sufficient statistics is limited to 1014 eV. The en-
ergy spectrum and chemical composition of primary cosmic rays
around the knee, therefore, has to be studied with ground-based
air-shower experiments using a surface array and/or detectors of
Cerenkov light.

Many reports have been made on the energy spectrum, as well
as the chemical composition of primary cosmic rays. Although
the global features of the all-particle spectrum agreewell whenwe
take into account the systemic errors of about 20% that are in-
volved in the energy scale (Hörandel 2003), there are still serious
disagreements in the chemical composition depending on the ex-
perimental method. For example, the knee composition obtained
by the Tibet and KASCADE experiments can be summarized as
follows. We have already reported the energy spectrum of pro-
tons and helium in the energy range from 200 to 10,000 TeV
(Amenomori et al. 2000, 2006a) from air-shower core observa-
tions, suggesting a steep power index of approximately !3.1.
This indicates that the power index of the light component is
changed from approximately !2.7 as measured by direct obser-
vations to !3.1 at around a few hundred TeV. Hence, the light
component should become less abundant at the knee, and the
main component responsible for the structure of the knee must
be heavier than helium. Furthermore, the spectral shape of the
light component seems to follow the power law instead of the
exponential cutoff. On the other hand, KASCADE, which uses
electron-muon size analysis (Antoni et al. 2005), claims that the
knee in the all-particle spectrum is due to the steepening of the
spectra of light elements with an exponential-type cutoff.

The accurate measurement of the all-particle energy spectrum
around the knee is essential to establish the chemical composition
of cosmic rays in this energy range. There is no precise measure-
ment of the chemical composition around the knee region yet, and
it is impossible to discriminate individual elements clearly by in-
direct observations. Therefore, most of the works published so far
simply discuss the average mass ln Ah i. Another approach is to
unfold the all-particle spectrum using shower characteristics such
as the electron-muon ratio, the depth of the showermaximum, and
so on. In thesemethods, the detailed information of the all-particle
spectrum plays an important role in determining chemical compo-
sition. It is also expected that the specific features of each com-
ponent, such as cutoff energy or source characteristics, should be
reflected in the shape of the all-particle spectrum, as discussed in
the single-sourcemodel (Erlykin&Wolfendale 2005). The impor-
tant features of the all-particle spectrum are the absolute intensity,
the position of the knee, the difference of the power index before
and after the knee, and the sharpness in the size spectrum, all of
which are deeply connected with the acceleration mechanism and
the source of cosmic rays.

The merit of the air-shower experiment in Tibet is that the
atmospheric depth of the experimental site (4300 m above sea
level; 606 g cm!2) is close to the maximum development of the
air showers, with energies around the knee almost independent of
the masses of primary cosmic rays, as demonstrated in Figure 1
for vertically incident cosmic rays. It should be also noted that
the number of shower particles is dominated by the electromag-
netic component, with a minor contribution from muons, whose
interaction model dependence is known to be rather large among
current interaction models, leading to a large systemic error in the
experiments carried out at sea level because of the large contri-
bution of muons. In other words, the air-shower observation at
high altitude is sensitive to the most forward region of the ha-
dronic interactions in the center-of-momentum system (CMS),
where high-energy secondaries are produced, and the electro-
magnetic component as a decay product of neutral pions dom-
inates the number of shower particles,while remaining insensitive
to the central region of the CMS, where a large number of muons
are produced as the decay product of charged pions. The differ-
ences among current interaction models are mainly related to
the central region, as seen in the problem of the electron-muon
correlation. Hence, the air-shower experiment in Tibet can deter-
mine the primary cosmic-ray energy with much less dependence
on the chemical composition and the interaction model than ex-
periments at sea level.
We have already reported the first result on the all-particle

spectrum around the knee region based on observations from
2000 November to 2001 October by the Tibet-III air-shower
array (Amenomori et al. 2003a). In this paper, we present an up-
dated all-particle energy spectrum using the data set collected
from 2000 November through 2004 October. The updates are
due to (1) statistics increased approximately 2.6 times, (2) the
use of new simulation codes, and (3) improvement of the lateral
structure function used for the size estimation of air showers. The
previous result was obtained using almost the same analysis as
that used in Tibet-I (Amenomori et al. 1996), except for the pa-
rameters that depend on the detector configuration. In the present
paper, the simulation code COSMOS is replaced by CORSIKA
with interactionmodelsQGSJET01c and SIBYLL2.1, a code now
widely used in many analyses by other authors, which makes
easier the comparison of thisworkwith others. The third update to
the structure function allows us to cover a wider energy range than
before (see x 4.1.3).

Fig. 1.—Average transition curves of air-shower size induced by protons and
iron nuclei for a vertical incidence.
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Fig. 13. Average depth of the shower maximum Xmax as function of primary energy as obtained by Auger [305], BLANCA [173], CACTI [306], DICE [182],
Fly’s Eye [307], Haverah Park [308], HEGRA [174], HiRes/MIA [228], HiRes [309], Mt. LianWang [310], SPASE/VULCAN [311], Tunka-25 [176], Yakutsk [312].
The lines indicate simulations for proton and iron induced showers using the CORSIKA codewith the hadronic interactionmodel QGSJET 01 (—), QGSJET II-3
(- - -), SIBYLL 2.1 (. . .), and EPOS 1.6 (-·-·).

constant intensity method by requiring the same number of showers per unit of sin2 � . In the second step S38 is converted
to total shower energy.

The aperture of the Auger detector increased continuously during construction and has an uncertainty of less than 3%.
The systematic uncertainty of the energy scale coming from the fluorescence energy measurement is estimated to be 22%.
The main contributions to this uncertainty come from the uncertainty of the fluorescence yield (14%), the calibration of
the fluorescence telescopes (10%), and the reconstruction method (10%) [304,169]. The described calibration procedure for
relating S(1000) to the primary particle energy leads to an uncertainty of 7% at 1019 eV increasing to 15% at 1020 eV.

4. Composition

4.1. Mean logarithmic mass

At energies below 1014 eV the abundance of individual elements has been measured with detectors above the
atmosphere. At higher energies this is presently not possible due to the low flux values and the large fluctuations in the
development of extensive air showers. Thus, in the past,mostly themeanmass has been investigated. An often-used quantity
to characterize the composition is the mean logarithmic mass, defined as ⌅ln A⇧ = �

i ri ln Ai, ri being the relative fraction of
nuclei of mass Ai. Experimentally, ⌅ln A⇧ is obtained applying twomethods: (i) the quantity is proportional to the ratio of the
number of electrons and muons registered at ground level ⌅ln A⇧ ⇤ log10(Ne/Nµ), see (19) and (ii) ⌅ln A⇧ is proportional to
the observed depth of the showermaximum, according to the relation XA

max = Xp
max �XR ln A, see (13). Hence, themaximum

of an iron induced shower should be about 150 g/cm2 higher up in the atmosphere as compared to a proton induced shower
(Xp

max).
Recent measurements of the average depth of the shower maximum are compiled in Fig. 13, covering energies from 105

to almost 1011 GeV. The experimental results are compared to predictions for the average depth of the shower maximum
from simulations for primary protons and iron nuclei. The CORSIKA code [135] has been used with the hadronic interaction
model QGSJET 01 [124], QGSJET II-3 [125], SIBYLL 2.1 [127], and EPOS 1.6 [313]. There are significant differences between
the predictions of the different models concerning the absolute values of Xmax. The differences become important when the
model predictions are compared with the experimental data to derive information on the elemental composition of cosmic
rays.

Below 4⇥106 GeV the values obtained by different experiments exhibit a common trend, they seem to increase faster as
a function of energy than the simulations, which implies that the average composition would become lighter as a function
of energy. Above the knee (E � 4 ⇥ 106 GeV) the measured values flatten up to about 4 ⇥ 107 GeV, indicating an increase
in the average mass in this energy range, as expected from sequential breaks in the energy spectra for individual elements,
seen already in Fig. 9. Finally, above 4 ⇥ 107 GeV the measured data exhibit a constant slope for Xmax as function of energy.
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Fig. 3. A comparison of the zenith angle distribu-
tions for simulated and observed events. Symbols
are as in Fig. 2.

Fig. 4. A comparison of the impact parameter
distributions for simulated and observed events.
Symbols are as in Fig. 2.

Based on this simulation, an investigation aiming at
the selection of Hydrogen and Helium induced showers,
out of all detected showers, cosmic ray showers is carried
out as follows.

4 Hydrogen and Helium nuclei selection

The secondary particles in showers induced by heavy
nuclei are further spread away from the core region where
a uniform lateral distribution due to Coulomb scatter-
ing is well described by the Nishimura-Kamata-Greisen
(NKG) function. Therefore, it is clearly seen that there
are significant differences between the lateral distribu-
tions around the core of showers induced by light and
heavy nuclei, while they are similar beyond a certain
distance, for example 20 m. With its full coverage, the
ARGO-YBJ array uniquely measures the lateral distri-
bution of secondary particle densities near the shower
cores. Usually, the largest number of particles recorded
by a RPC in an event, denoted as Nmax, is a good mea-
sure of the lateral distribution in 3 meters from the core.

In a shower induced by a heavy nucleus, Nmax is expected
to be smaller than that in a shower induced by a light
nucleus with the same energy. According to the simu-
lation, Nmax is also proportional to E1.44

rec , where Erec is
the reconstructed primary energy using the Cherenkov
telescope (see Sect. 5) as the first order approximation,
without knowing the composition of the shower. The
reduced parameter log10Nmax-1.44log10(Erec/1 TeV), de-
noted as pL, is a good indicator of the nature of the pri-
mary. For example, the separation between the proton
and iron showers is a factor of 2 on average.

The other mass sensitive parameter is associated with
the shape of the Cherenkov images of showers recorded
by the telescope. The elliptic Cherenkov image of a
shower is described by the Hillas parameters [27], such as
the width and length of the image. The images are more
stretched (i.e. narrower and longer) for showers that are
more deeply developed in the atmosphere. The ratio of
the length to the width (L/W ) is, therefore, a parameter
sensitive to the primary composition. It is also known
that the images are more elongated for showers farther
away from the telescope due to pure geometrical reasons.
This effect can be removed by using the well measured
shower impact parameters, Rp. Moreover, the images are
also more stretched for more energetic showers due to the
elongation of the cascade processes in the atmosphere.
This effect can be suppressed by using the “energy” Erec.
According to the simulations, the ratio L/W of images is
linearly proportional to Rp and log10Erec. The reduced
parameter L/W−0.0091×(Rp/1 m)−0.14log10(Erec/1 TeV),
denoted as pC, serves as an indicator of the nature of the
primary that initiated the shower. For example, the sep-
aration between the proton and iron showers is a factor
of 1.5 on average.

By combining the two composition-sensitive param-
eters, pL and pC, one expects that the separation be-
tween cosmic ray components will be improved. This is
shown in Fig. 5 where all of the simulated events are
displayed in a scatter plot of the two parameters. Pro-
tons, helium, CNO group, MgAlSi group and iron with
the ratio of 1:1:1:1:1 are put in the simulation. At first,
no strong correlation between the two parameters is ob-
served, indicating that the parameters are quite indepen-
dent. Secondly, a rather significant separation between
the composition groups is clearly observed, although the
different groups overlap each other. Thirdly, the lighter
components (e.g. H and He) are in the uppermost-right
region while the iron showers are mainly concentrated in
the lower-left corner. Finally, it is rather significant that
the fluctuation in showers initiated by heavier nuclei is
much less than that in showers induced by light nuclei.
This offers a great opportunity to pick out a light com-
position sample with high purity by simply cutting off
the concentrated heavy cluster in the lower-left region in

045001-4

 g/cm2≈ 700

ARGO-YBJ distributions for 
simulated and observed events

established experimentally, there is still controversy as to its ori-
gin (Hörandel 2004). Proposals for its origin range from astro-
physical scenarios such as a change of acceleration mechanisms
(Berezhko&Ksenofontov 1999; Stanev et al. 1993; Kobayakawa
et al. 2002; Völk & Zirakashvili 2004) at the sources of cosmic
rays (supernova remnants, pulsars, etc.), to a single-source as-
sumption (Erlykin & Wolfendale 2005) or effects due to propa-
gation (Ptuskin et al. 1993; Candia et al. 2002) inside the galaxy
(diffusion, drift, escape from the Galaxy), to particle physics mod-
els such as the interaction with relic neutrinos (Wigmans 2003)
during transport or new processes in the atmosphere (Nikolsky
& Romachin 2000) during air-shower development. Common to
all models is the prediction of a change of the chemical compo-
sition over the knee region. Direct measurements of primary cos-
mic rays on board balloons or satellites are the best ways to study
this chemical composition; however, the energy region that they
can cover with sufficient statistics is limited to 1014 eV. The en-
ergy spectrum and chemical composition of primary cosmic rays
around the knee, therefore, has to be studied with ground-based
air-shower experiments using a surface array and/or detectors of
Cerenkov light.

Many reports have been made on the energy spectrum, as well
as the chemical composition of primary cosmic rays. Although
the global features of the all-particle spectrum agreewell whenwe
take into account the systemic errors of about 20% that are in-
volved in the energy scale (Hörandel 2003), there are still serious
disagreements in the chemical composition depending on the ex-
perimental method. For example, the knee composition obtained
by the Tibet and KASCADE experiments can be summarized as
follows. We have already reported the energy spectrum of pro-
tons and helium in the energy range from 200 to 10,000 TeV
(Amenomori et al. 2000, 2006a) from air-shower core observa-
tions, suggesting a steep power index of approximately !3.1.
This indicates that the power index of the light component is
changed from approximately !2.7 as measured by direct obser-
vations to !3.1 at around a few hundred TeV. Hence, the light
component should become less abundant at the knee, and the
main component responsible for the structure of the knee must
be heavier than helium. Furthermore, the spectral shape of the
light component seems to follow the power law instead of the
exponential cutoff. On the other hand, KASCADE, which uses
electron-muon size analysis (Antoni et al. 2005), claims that the
knee in the all-particle spectrum is due to the steepening of the
spectra of light elements with an exponential-type cutoff.

The accurate measurement of the all-particle energy spectrum
around the knee is essential to establish the chemical composition
of cosmic rays in this energy range. There is no precise measure-
ment of the chemical composition around the knee region yet, and
it is impossible to discriminate individual elements clearly by in-
direct observations. Therefore, most of the works published so far
simply discuss the average mass ln Ah i. Another approach is to
unfold the all-particle spectrum using shower characteristics such
as the electron-muon ratio, the depth of the showermaximum, and
so on. In thesemethods, the detailed information of the all-particle
spectrum plays an important role in determining chemical compo-
sition. It is also expected that the specific features of each com-
ponent, such as cutoff energy or source characteristics, should be
reflected in the shape of the all-particle spectrum, as discussed in
the single-sourcemodel (Erlykin&Wolfendale 2005). The impor-
tant features of the all-particle spectrum are the absolute intensity,
the position of the knee, the difference of the power index before
and after the knee, and the sharpness in the size spectrum, all of
which are deeply connected with the acceleration mechanism and
the source of cosmic rays.

The merit of the air-shower experiment in Tibet is that the
atmospheric depth of the experimental site (4300 m above sea
level; 606 g cm!2) is close to the maximum development of the
air showers, with energies around the knee almost independent of
the masses of primary cosmic rays, as demonstrated in Figure 1
for vertically incident cosmic rays. It should be also noted that
the number of shower particles is dominated by the electromag-
netic component, with a minor contribution from muons, whose
interaction model dependence is known to be rather large among
current interaction models, leading to a large systemic error in the
experiments carried out at sea level because of the large contri-
bution of muons. In other words, the air-shower observation at
high altitude is sensitive to the most forward region of the ha-
dronic interactions in the center-of-momentum system (CMS),
where high-energy secondaries are produced, and the electro-
magnetic component as a decay product of neutral pions dom-
inates the number of shower particles,while remaining insensitive
to the central region of the CMS, where a large number of muons
are produced as the decay product of charged pions. The differ-
ences among current interaction models are mainly related to
the central region, as seen in the problem of the electron-muon
correlation. Hence, the air-shower experiment in Tibet can deter-
mine the primary cosmic-ray energy with much less dependence
on the chemical composition and the interaction model than ex-
periments at sea level.
We have already reported the first result on the all-particle

spectrum around the knee region based on observations from
2000 November to 2001 October by the Tibet-III air-shower
array (Amenomori et al. 2003a). In this paper, we present an up-
dated all-particle energy spectrum using the data set collected
from 2000 November through 2004 October. The updates are
due to (1) statistics increased approximately 2.6 times, (2) the
use of new simulation codes, and (3) improvement of the lateral
structure function used for the size estimation of air showers. The
previous result was obtained using almost the same analysis as
that used in Tibet-I (Amenomori et al. 1996), except for the pa-
rameters that depend on the detector configuration. In the present
paper, the simulation code COSMOS is replaced by CORSIKA
with interactionmodelsQGSJET01c and SIBYLL2.1, a code now
widely used in many analyses by other authors, which makes
easier the comparison of thisworkwith others. The third update to
the structure function allows us to cover a wider energy range than
before (see x 4.1.3).

Fig. 1.—Average transition curves of air-shower size induced by protons and
iron nuclei for a vertical incidence.
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the energy spectrum determination, which strongly affect the
uncertainties in the rate of arrival, we conclude that the sim-
ulation gives good agreement with the experimental results.

As mentioned in the previous section, the present result
shows that heavier components, such as iron nuclei, become
dominant in the energy region around the knee. With our pre-
vious observations of Cerenkov radiation induced by EASs, we
observed EAS longitudinal development in the stages before
shower maximum. With the present analysis, we determined
the longitudinal development at the later stages. Nonetheless,
both measurements of the chemical composition with two
different and independent observations are consistent with each
other. Thus, we have successfully measured the whole longi-
tudinal development of EASs with the two observations and
thereby reached an estimate of the chemical composition.

The present result is consistent with the results of both
CASA-MIA and KASCADE (hadrons), but inconsistent with
those of KASCADE (electrons) and CASA-BLANCA. The
validity of our result is shown in the observed longitudinal
development curves, by comparison with the simulated curves
of the primary protons. While the calculated EAS longitudinal
development curves are dependent on the hadron interaction
model, our adopted QGSJET model shows the most rapid
development among the major models. Therefore, it is not
possible to explain our observed development curves with any
hadronic interaction model that is proton-dominant.

The present energy spectrum shows a gradual steepening
around 1015.5 eV. In this energy region, ln Ah i is more than 3
and is slowly increasing with primary energy. Our result
combined with the direct measurements of ln Ah i, shown in
Figure 7, indicates that ln Ah i is constant up to about 1014.5 eV.
Above this energy, ln Ah i increases with energy up to 1016 eV.
The factor between these two characteristic energies is about
30, and it is equal to the charge of iron, i.e., Z ¼ 26. Thus, one
possible explanation of this feature of the measured ln Ah i is
that the energy spectrum of each cosmic-ray component is
steepening at a fixed rigidity.

Using the simple assumptions of our all-particle flux and
ln Ah i, we compare our result to a composition model in
which there are five cosmic-ray components (protons, He,
CNO, Ne-Si, and Fe) that have spectral indices measured by
the RUNJOB collaboration and the spectra are steepened at
the fixed rigidity 1014.5 V. The calculated flux of each com-
ponent is added according to the relative abundances mea-
sured by SOKOL (Ivanenko et al. 1993) at 1012 eV, and the
total flux is normalized to the all-particle spectrum obtained
by SOKOL at the same energy. Moreover, we examined two
different cases for the model. In the first case, A, each spectral
index is steepened by 0.6 in energy, corresponding to the same
value in rigidity. This is expected in the case in which the
energy dependence of the diffusion coefficient dominating the
cosmic-ray propagation processes changes at a fixed rigidity.
In the second case, B, the spectral index changes, irrespective
of A, at "3.2 in energy, corresponding to the same change in
rigidity. This is expected in the case in which the dominant
acceleration process of cosmic rays is changed above the ri-
gidity. The values of 0.6 in model A and "3.2 in model B are
assumed on the basis of our measured all-particle spectrum.
The calculated spectra and the resultant ln Ah i are shown in
Figures 9 and 10, respectively. Although the calculated fluxes
in both Figures 9a and 9b are slightly less than the measured
one at 1014.7–1015.7 eV, the all-particle fluxes at the other
energy range and the predicted ln Ah i of models A and B are
consistent with present results. This suggests that iron nuclei
are the dominant component at the primary energies greater
than 1015 eV. The model predictions do not fit the measured
spectrum between 1014:7 and 1015:7 eV and result in two knees,
at 1014:7 and 1015:7 eV. Therefore, the simple models described
here are not sufficient to produce the measured spectrum and
composition.
In the report of the HEGRA CRT group (Bernlöhr et al.

1998), they suggest that the spectrum of each of the primary
components is steepened at a fixed rigidity and that the dom-
inant component at the knee energy is CNO. They also see an
increase in ln Ah i with energy. Their simple model is con-
sistent with our present result up to 1015 eV. However, the
ln Ah i in their model saturates around this energy and does
not fit our result at higher energies. The model by Hörandel
(2001), which introduces the charge-dependent cutoff energy

Fig. 9.—All-particle spectrum and the contributions of five components
calculated with model A (a) and with model B (b), compared with the spec-
trum in Fig. 7.

Fig. 10.—Predicted mean logarithmic mass ln Ah i with model A (solid line)
and model B (dashed line).

OGIO ET AL.274 Vol. 612

≈ 400 TeV

ApJ 612 (2004) 268 

and ultraheavy nuclear (Z ¼ 30 92) components is incon-
sistent with our result, because the model predicts that protons
are dominant at the knee.

The model of particle acceleration by oblique shocks de-
scribed by Kobayakawa et al. (1999, 2002) predicts the knee and
the gradual increase of ln Ah i with the primary’s energy be-
tween 1014 and 1016 eV without any assumption of a rigidity-
dependent cutoff. Their prediction of an increasing ln Ah i is
consistent with our result, but the predicted absolute value of
ln Ah i is smaller than our result.
In the model of Völk & Biermann (1988), cosmic rays from

1013 eV to the knee are mainly accelerated during explosions
of massive stars. Biermann (1993) develops this model further
and examines explosions of Wolf-Rayet stars. He concludes
that at the knee, the particles segregate with particle energy
according to their charge and that protons drop off first, then
the C-N-O elements, next Mg, Si, etc., and finally iron nuclei.
At the surfaces of Wolf-Rayet stars helium and heavier ele-
ments are enhanced, rather than protons. This can be attributed
effectively to the chemical composition of primary cosmic
rays. As discussed in our previous paper (Shirasaki et al.
2001), the measured ln Ah i suggests that the accelerated par-
ticle abundance must be greater than that in the stellar winds
of Wolf-Rayet stars. Since the accelerated particles are a
mixture of the stellar wind particles and ejected matter,
Biermann’s model seems to be very promising, given our
former and present results.

6. CONCLUSIONS

Using the equi-intensity method, we have obtained mean
longitudinal development curves of EASs with primary ener-
gies from 1014 to 1016 eV. In the measured atmospheric depth
range, the apparent maximum development points, which are

expected with a proton-dominant composition model, are not
found. By comparing the measured curves with those calcu-
lated from a Monte Carlo simulation, we obtained the mean
logarithmic mass, ln Ah i, as a function of the primary energy.
The measured ln Ah i increases with energy over the energy
range of 1014:5 1016 eV. This is consistent with our former
Cerenkov light observations and the measurements by some
other groups. The observed ln Ah i is consistent with the ex-
pected features of a model in which the energy spectrum of
each component is steepened at a fixed rigidity of 1014.5 V.

The present result from the cosmic-ray flux is consistent
with other experiments, and the obtained all-particle spectrum
finds a gradual steepening in the spectral index, from "2.66 to
"3.19, at 1015.5 eV. While we cannot specify any actual source
or propagation model for cosmic rays with energies above
1014 eV, the supernova acceleration model with stellar winds
and ejected matter of Wolf-Rayet stars is one plausible model
to explain our results.

Finally, we conclude that the actual model suggests that the
dominant component above 1015 eV is heavy and that the
ln Ah i increases with the energy to about 3.5 at 1016 eV.
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and ultraheavy nuclear (Z ¼ 30 92) components is incon-
sistent with our result, because the model predicts that protons
are dominant at the knee.

The model of particle acceleration by oblique shocks de-
scribed by Kobayakawa et al. (1999, 2002) predicts the knee and
the gradual increase of ln Ah i with the primary’s energy be-
tween 1014 and 1016 eV without any assumption of a rigidity-
dependent cutoff. Their prediction of an increasing ln Ah i is
consistent with our result, but the predicted absolute value of
ln Ah i is smaller than our result.
In the model of Völk & Biermann (1988), cosmic rays from

1013 eV to the knee are mainly accelerated during explosions
of massive stars. Biermann (1993) develops this model further
and examines explosions of Wolf-Rayet stars. He concludes
that at the knee, the particles segregate with particle energy
according to their charge and that protons drop off first, then
the C-N-O elements, next Mg, Si, etc., and finally iron nuclei.
At the surfaces of Wolf-Rayet stars helium and heavier ele-
ments are enhanced, rather than protons. This can be attributed
effectively to the chemical composition of primary cosmic
rays. As discussed in our previous paper (Shirasaki et al.
2001), the measured ln Ah i suggests that the accelerated par-
ticle abundance must be greater than that in the stellar winds
of Wolf-Rayet stars. Since the accelerated particles are a
mixture of the stellar wind particles and ejected matter,
Biermann’s model seems to be very promising, given our
former and present results.

6. CONCLUSIONS

Using the equi-intensity method, we have obtained mean
longitudinal development curves of EASs with primary ener-
gies from 1014 to 1016 eV. In the measured atmospheric depth
range, the apparent maximum development points, which are

expected with a proton-dominant composition model, are not
found. By comparing the measured curves with those calcu-
lated from a Monte Carlo simulation, we obtained the mean
logarithmic mass, ln Ah i, as a function of the primary energy.
The measured ln Ah i increases with energy over the energy
range of 1014:5 1016 eV. This is consistent with our former
Cerenkov light observations and the measurements by some
other groups. The observed ln Ah i is consistent with the ex-
pected features of a model in which the energy spectrum of
each component is steepened at a fixed rigidity of 1014.5 V.

The present result from the cosmic-ray flux is consistent
with other experiments, and the obtained all-particle spectrum
finds a gradual steepening in the spectral index, from "2.66 to
"3.19, at 1015.5 eV. While we cannot specify any actual source
or propagation model for cosmic rays with energies above
1014 eV, the supernova acceleration model with stellar winds
and ejected matter of Wolf-Rayet stars is one plausible model
to explain our results.

Finally, we conclude that the actual model suggests that the
dominant component above 1015 eV is heavy and that the
ln Ah i increases with the energy to about 3.5 at 1016 eV.
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Taking into account the determined proton mixing ratio, we
derived the average relation between primary energies and
observed EAS sizes for EASs with 1:0! sec !<1:1 as

log E ¼
0:95 log Nobs þ 9:65; log E < 15:7;

0:85 log Nobs þ 10:36; log E $ 15:7:

!
Finally, using this relation, we derived the primary energy

spectrum. The resultant differential energy spectrum, dF=dE,
is shown in Figure 8 and is well expressed by

log
dF

dE

" #
¼

(19:258 % 0:018)& (2:660 % 0:001) log E; log E < 15:5;

(27:44 % 0:31)& (3:19 % 0:02) log E; log E $ 15:5;

!

where F is in units of m&2 s&1 sr&1 and E is in units of eV. In
Figure 8, we also plot the results reported by other groups. At
energies around 1014 eV the present result is consistent, within
uncertainties, with the direct measurements and with the
CASA-MIA (Glasmacher et al. 1999b) and DICE (Swordy &
Kieda 2000) measurements. Comparing our results with those
with Tibet (Amenomori et al. 1996) and KASCADE, both the
absolute intensity and the energy at the knee in our spectrum
are low. These differences could be due to the systematic
difference of energy estimation procedures mentioned by
CASA-MIA group (Glasmacher et al. 1999a). According to
this discussion, the required energy shift is small. Lowering
the Tibet energy scale by 20% would reduce the discrepancy
between the experiments.

5. DISCUSSION

We show simulated equi-intensity curves, along with the
measured ones without any normalization in Figure 4b. In the
simulation, we not only took consideration of the obtained
mixing ratios of protons and iron, but also obtained an all-
particle energy spectrum. In this plot we show only the sta-
tistical uncertainties. When we consider the uncertainties in

Fig. 6.—Systematic and statistical errors of np=(np þ nFe). The errors are
estimated for simulated data with equivalent number of events as observed.

Fig. 7.—Mean logarithmic mass ln Ah i measured by the BASJE MAS
array as a function of primary energy, compared with the results of other
experiments with balloon-borne detectors (JACEE: Asakimori et al. 1995,
1998; RUNJOB: Apanasenko et al. 2001) and ground-based detectors (CASA-
MIA: Glasmacher et al. 1999a; KASCADE [hadrons]: Engler et al. 1999;
HEGRA CRT: Bernlöhr et al. 1998; KASCADE [electrons]: Ulrich et al. 2001;
CASA-BLANCA: Fowler et al. 2001; DICE: Swordy & Kieda 2000; and
Fly’s Eye: Bird et al. 1993). In addition, the results of our former Cerenkov
observations (Shirasaki et al. 2001) are plotted. A hatched region represents
the result of other direct observations, which are accumulated by Linsley
(1983).

Fig. 8.—Differential all-particle cosmic-ray flux measured by BASJE MAS
array. Also plotted are the cosmic-ray fluxes reported by JACEE (Asakimori
et al. 1995, 1998), RUNJOB (Apanasenko et al. 2001), SOKOL (Ivanenko
et al. 1993), the proton satellite (Grigorov et al. 1971), KASCADE (elec-
trons; Ulrich et al. 2001), CASA-MIA (Glasmacher et al. 1999b), and Tibet
(Amenomori et al. 1996), and the dashed line represents the flux measured by
Akeno group (Nagano et al. 1984).
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Composition at the knee: CASA-MIA
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Fig. 18. 

notation 

the points represent the flux multiplied by a factor of 
E’,‘, a relative energy error between the points magnl- 
fies their apparent differences. For example, an energy 
error of 20%. when multiplied by 2.5, would account 
for the observed deviations. Random energy recon- 
struction errors are of this size in this energy range, 
improving to about IO% near IO’” eV (Section 5). It 
is notable that when the SIBYLL simulation is used in 
the KNN analysis to identify the composition, the two 
spectrado not show such an intensity difference, but do 
exhibit the same degree of steepening at a similar en- 
ergy as in this plot isee Section I? below. and [ 151). 

The spectra of the heavy and light components ap- 
pear similar below 500 TeV, at which point the lighter 
component’s spectral index steepens. The heavier 
component shows no such “knee” at that energy. 
There may be a steepening of the heavy component 
at higher energy, but the statistics are too low for 
certainty. 

Given CASA-MIA’s mass resolution and the mass 
groupings above. we estimate that the heavy compo- 
nent would exhibit a spectral change at about IO times 
the energy of the corresponding knee of the tighter 
component if the composition is distributed as in the 
JACEE results. and is experiencing cutoffs of each 
component at fixed rigidity. (See [ 15,221 for further 
details about the spectrum and energy computation. ) 

proton showers. with 

notation as in Fig. 17 

12. Use of other simulations 

The KNN analysis was also performed using a dif- 
ferent simulation, based on the SIBYLL interaction 
generator ( see Section 4). None of the results are sig- 
nificantly altered when this is done. Fig. 18 shows the 
change in composition as a function of energy and the 
energy spectra for data grouped into sets identified as 
heavy or light, as described above. The notation and 
symbols on the left side of Fig. 18 are the same as in 
Fig. 16, and those on the right are as in Fig. 17. 

The trend toward a heavier average composition 
through the knee region is again apparent, as is the 
consistency with previous direct measurements at 
lower energy. A rigidity-dependent spectral knee is 
atso strongly suggested. The energies at which all 
changes occur appears to be slightly less when the 
SIBYLL-based simulation is employed. In light of 
the uncertainties discussed above, this difference is 
likely not significant. 

13. Summary and implications 

The composition measured by CASA-MIA near 
IO” eV is consistent with direct measurements by 
other experiments. and becomes heavier through the 
knee region of the spectrum. At lOI eV, the data 
closely resemble simulated iron-induced events, in 
accord with measurements by other groups at higher 
energy. Spectra constructed separately for broad mass 
groups are consistent with cutoffs proportional to the 
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The all-particles energy spectrum obtained in the
NUCLEON experiment is presented in Fig. 6 in compar-
ison with the results of other experiments including
ground-based ones (ARGO (Yi et al., 2015), TAIGA
(Prosin et al, 2019), HAWC (Leon Vargas, 2019)).

The applicability of power fit of the all-particles energy
spectrum was evaluated by the Chi-square test for pure sta-
tistical fluctuations. The minimal value of v2 is equal to 69
for the integral spectrum index c = 1.50. The probability of
P(v2 > 69) with 10 degrees of freedom is equal to 6.9∙10-11.
This value indicates the limited applicability of a simple
power description.

One of the main characteristics of the chemical compo-
sition of cosmic rays reflecting physical processes of their
acceleration and propagation is the ratio between the fluxes
of protons and helium nuclei at different magnetic rigidi-
ties. The dependence of this ratio on magnetic rigidity is
shown in Fig. 7. The points for rigidities below 2 TV are
taken from the AMS02 data (Aguilar et al, 2015, 2017).
The significance of deviation from the AMS extrapolation

Table 2
Values of uncertainties.

Type of uncertainty Value, %

The uncertainty of the simulation 6
The uncertainty of the geometric factor 5.6
The uncertainty of the calibration 0.05

Fig. 5. The magnetic rigidities spectra fitted by a power function after the
‘‘knee”.

Fig. 6. All-particles spectrum. The NUCLEON data in comparison with
ATIC (Zatsepin et al., 2004), SOKOL (Turundaevskiy and Podorozhny,
2017, ARGO (Yi et al., 2015), TAIGA (Prosin et al., 2019), HAWC (Leon
Vargas, 2019), PROTON (Grigorov et al., 1970), KASCADE (Antoni
et al., 2005), NUCLEON (Turundaevskiy et al., 2021).

Fig. 7. Proton-to-helium ratio. Data from AMS02 (Aguilar et al., 2015,
2017), ATIC (Zatsepin et al., 2004), CREAM (Yoon et al., 2011),
DAMPE (Ahn et al., 2008), NUCLEON (Karmanov et al., 2020a) is
presented.

Fig. 8. B/C ratio. Data from AMS02 (Aguilar et al., 2016), CREAM (Ahn
et al., 2008), PAMELA (Adriani et al., 2014, Mori et al., 2015), TRACER
(Obermeier et al., 2011), NUCLEON (Grebenyuk et al., 2019b) is
presented.

D. Podorozhny et al. Advances in Space Research 70 (2022) 1529–1538
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Abstract

The NUCLEON space observatory was developed to measure the spectra of cosmic ray nuclei with individual charge resolution in the
energy range of several TeV to 1 PeV per particle. This work is a brief review of the results from the NUCLEON observatory over three
years of operation in orbit. The spectra of the main primary abundant nuclei and secondary nuclei of cosmic rays (CRs) are presented.
Some new interesting features of the CR spectra found in the NUCLEON data are discussed.
! 2022 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The NUCLEON experiment (Atkin et al, 2017a) was
developed in cooperation between the Skobeltsyn Institute
of Nuclear Physics, the Joint Institute for Nuclear
Research (Dubna), and a number of other Russian scien-
tific and manufacturing centers. The aim of the experiment

was to measure the spectra of cosmic ray nuclei with indi-
vidual charge resolution in the energy range of several TeV
to 1 PeV per particle. The satellite RESURS-P with the
NUCLEON device was placed in a sun-synchronous orbit
with an inclination of 97.276" and an average altitude of
475 km. The satellite was launched on December 26,
2014. The experiment was ended in 2017. The NUCLEON
device was an additional payload on the vehicle. The net
exposure time was 226.832 days. The exposure time was
limited by technical conditions of the satellite mission.

https://doi.org/10.1016/j.asr.2022.06.014
0273-1177/! 2022 COSPAR. Published by Elsevier B.V. All rights reserved.
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NUCLEON: A new universal cosmic-ray knee near the magnetic rigidity 10 TV. 
Universality means the same position of the knee in the magnetic rigidity scale for 
all groups of nuclei. This new cosmic ray “knee” is probably connected with the limit 

of acceleration of cosmic rays by some generic or nearby source of cosmic rays.

Break?

Figure 1: A compilation of the data on proton spectrum before the NUCLEON experiment and
very recent data from the CREAM experiment [19]. The shown spectra are: AMS02 [16], BESS-TeV
[20, 21, 22], CAPRICE [23], PAMELA [14], ATIC [11], CREAM-III (preliminary) [12], CREAM-I
[13], MUBEE [24, 25], JACEE [26], RUNJOB [27], SOKOL [28].

spectra have di↵erent spectral indices [10, 11, 12, 13, 14, 15, 16, 17]. Then, it was discovered
that the spectra deviate significantly from a single power-law form at energies even lower than
the energy of the famous cosmic-ray knee (about 3 · 1015 eV). For example, a nearly universal
hardening of the spectra near the magnetic rigidities at about 200–500GV was observed in the
spectra of all abundant cosmic-ray nuclei [11, 18, 14, 16, 17]. In addition, there are a number
of indications to other features in the energy spectra of cosmic rays. For example, one can
see an indication of a break near 10TeV in the proton spectrum in the collection of data from
di↵erent experiments (Fig. 1); however, no experiment has been able to provide a statistically
significant result. This break was discussed specifically in two recent papers on the NUCLEON
experiment [29] and CREAM experiment [19]. It was pointed out in both papers that there
is also an indication of a break near the same magnetic rigidity in the helium spectrum 10TV
but estimations of the statistical significance of the breaks were not presented in either paper.
Therefore, it is still important to prove that the spectral break near the magnetic rigidity of
10TV really exists in the spectra of protons and helium nuclei with su�ciently high statistical
significance.

The problem is actually even more interesting. V. Zatsepin and N. Sokolskaya, based on
data like that in Fig. 1, in their paper [30] suggested that the break in the spectra of protons
and helium not only really exists but that it also has a universal nature in the sense that it

2

A compilation of the data on proton spectrum 
before NUCLEON
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DAMPE: p+He between 46 GeV and 316 TeV
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Figure 4. p+He spectrum measured with the DAMPE detector (red circles), between 46 GeV and 316 TeV, compared with:
direct measurements of p+He made by ATIC-02 [15], NUCLEON [14] and CREAM [13] (left), and indirect measurements from
ARGO-YBJ+WFCT [41], HAWC [42], KASCADE [43] and EAS-TOP+MACRO [44] (right). Statistical uncertainties (1σ) are
represented by error bars, while the continuous bands represent the systematic uncertainties on the analysis (inner band) and
the total systematic uncertainties (outer band).

DAMPE satellite. The spectrum confirms the hardening
and softening features, with the unprecedented signifi-
cance of 6.6σ. The selection of proton+helium, instead
of individual proton and helium contributions, allows the
collection of additional statistics, thus reaching higher
energies with low background. Consequently, these re-
sults provide a link between direct and indirect cosmic-
ray measurements, exhibiting a good general agreement
among very different techniques, and pointing out devi-
ations from a simple power-law behavior.
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APPENDIX: SUPPLEMENTAL MATERIAL

Efficiency validations

HET and track efficiency

There are four implemented triggers for the DAMPE
detector: the Unbiased Trigger (UNBT), the Minimum
Ionizing Particle Trigger (MIPT), the Low Energy Trig-
ger (LET) and the High Energy Trigger (HET) [31].
These triggers are subject to different pre-scaling factors
depending on the latitude. The UNBT is the least re-
strictive and it is used to estimate the HET efficiency,
which can be calculated as follows:

εHET =
NHET+UNBT

NUNBT
, (4)

where NHET+UNBT is the number of events that pass
both the HET and UNBT triggers. Figure A1 shows
the HET efficiency as a function of the deposited energy
in the BGO for MC simulations and flight data. The
UNBT sample has a pre-scale factor of 1/512 (1/2048)
when the satellite operates in (out of) the geographical
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Figure 4. p+He spectrum measured with the DAMPE detector (red circles), between 46 GeV and 316 TeV, compared with:
direct measurements of p+He made by ATIC-02 [15], NUCLEON [14] and CREAM [13] (left), and indirect measurements from
ARGO-YBJ+WFCT [41], HAWC [42], KASCADE [43] and EAS-TOP+MACRO [44] (right). Statistical uncertainties (1σ) are
represented by error bars, while the continuous bands represent the systematic uncertainties on the analysis (inner band) and
the total systematic uncertainties (outer band).

DAMPE satellite. The spectrum confirms the hardening
and softening features, with the unprecedented signifi-
cance of 6.6σ. The selection of proton+helium, instead
of individual proton and helium contributions, allows the
collection of additional statistics, thus reaching higher
energies with low background. Consequently, these re-
sults provide a link between direct and indirect cosmic-
ray measurements, exhibiting a good general agreement
among very different techniques, and pointing out devi-
ations from a simple power-law behavior.
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where NHET+UNBT is the number of events that pass
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Deviation from a single power-law 

Hardening at ∼600 GeV with a softening at ∼29 TeV with a significance of 6.6 σ 

Possible second hardening at ∼150 TeV

arXiv:2304.00137
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p+He: DAMPE vs ARGO-YBJ and HAWC
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Conflicting results in the 10 - 100 TeV range
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p+He: DAMPE and NUCLEON 
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p+He: direct vs indirect measurements
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Deviation from a single power-law in the 10 - 100 TeV range?
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CALET 2023
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6

FIG. 3. Energy dependence of the spectral index calculated
within a sliding energy window for CALET data. The spectral
index is determined for each point by fitting the data using ±2
bins. The gray band indicates the uncertainty range including
systematics.

from 60 GeV to 250 TeV:
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A progressive hardening from a few hundred GeV to
a few tens TeV is observed. The fit returns a power
law index � = �2.703 +0.005

�0.006 (stat) +0.032
�0.009 (syst), �� =

0.25 +0.02
�0.01 (stat) +0.02

�0.03 (syst), first break energy E0 =

1319 +113
�93 (stat) +267

�124 (syst) GeV and smoothness pa-

rameter S = 2.7 +0.6
�0.5 (stat) +3.0

�0.9 (syst). The onset of
a flux softening above a few tens of TeV is also ob-
served, with a second spectral index variation ��1 =
�0.22 +0.07

�0.10 (stat) +0.03
�0.04 (syst) and second break energy

E1 = 33.2 +9.8
�6.2 (stat) +1.8

�2.3 (syst) TeV. Given the rela-
tively large uncertainties of the data in the highest energy
bins, the second smoothness parameter S1 cannot be ef-
fectively constrained and is kept fixed at value S1 = 30.

The index change �� is proven to be di↵erent from
zero by more than 8 �, taking into account both statis-
tical and systematic error [57]. The fit parameters are
generally consistent, within the errors, with the recent
results of DAMPE [1], although ��1 seems to indicate a
less pronounced softening in our data.

The spectral hardening and softening can be easily seen
in Fig. 3 where the spectral index is shown as a function
of kinetic energy. For each point the spectral index is fit-
ted within a sliding energy window of ±2 bins. The black
marker in the plot represents the index � with its statis-
tical error, while the gray band represents the quadratic
sum of statistical end systematic uncertainties.

Di↵erences between the proton and helium spectra
can contribute important constraints on acceleration
models (e.g. [16]). To ease the comparison in Fig. 4, we
show the CALET proton spectrum published in Ref. [2]
and the helium spectrum from this analysis, in kinetic
energy per nucleon. The 3He contribution to the flux is

FIG. 4. The CALET proton [2] and helium fluxes are shown
as function of kinetic energy per nucleon, together with previ-
ous measurements from other experiments [1, 3, 7, 9, 34, 62,
63].

FIG. 5. Energy spectrum of p/He ratio as measured by
CALET, the red bars represent statistical error only, the
gray band represents the quadratic sum of statistical and
systematic errors. Results of previous measurements from
CREAM [10] and PAMELA (calorimeter analysis) [64, 65]
are shown as reference.

taken into account assuming the same 3He/4He ratio as
measured by AMS-02 [61] and extrapolating it to higher
energies with use of a single power-law fit.

Using the CALET proton flux of Ref. [2], we present
the p/He flux ratio in Fig. 5 as measured by CALET with
high statistical precision in a wide energy range from 60
GeV/n to ⇠60 TeV/n. Both the statistical and system-
atic errors are shown; details on the systematic uncer-
tainty can be found in the SM [57]. Measurements from
other experiments [10, 64] are included in the same plot.
Our result is found to be in agreement with previous mea-
surements from magnetic spectrometers [3, 8] up to their
maximum detectable rigidity (⇠2 TV), as shown in Fig.
S8 of the SM [57]. The measured p/He ratio is tabulated
in Table II and III of the SM [57], as a function of kinetic
energy per nucleon and rigidity respectively.

arXiv:2304.14699

Deviation from a single power-law at 8 σ level
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Knees and atmospheric neutrinos
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The flux of atmospheric neutrinos is sensitive 
to the spectrum of parent cosmic rays.

“A clear distinction between an ARGO-like 
and a KASCADE-like knee seems possible 
at energies ≥100 TeV if the atmospheric 
neutrinos could be properly tagged.”

26  C.  Mascaretti,  P.  Blasi  and  C.  Evoli  /  Astroparticle  Physics  114  (2020)  22–29  

Fig.  3.  Muon  neutrino  fluxes  resulting  from  the  parametrizations  of  the  primary  spectrum  of  Eq.  (4)  .  Our  spectra  are  compared  to  those  resulting  from  the  “H3a” [23]  primary  
flux  model  and  to  the  IceCube  unfolded  atmospheric  νµ spectrum  [24]  and  the  total  νµ spectrum  [8]  .  The  vertical  error  bars  are  the  quadratic  sum  of  the  statistical  and  
systematic  uncertainties.  

Fig.  4.  The  atmospheric  muon  neutrino  flux  uncertainty  due  to  that  on  the  pri-  
mary  cosmic  ray  flux  parameters  and  on  its  functional  form:  the  bands  are  de-  
limited  by  the  largest  and  the  smallest  fluxes  obtained  by  choosing  (a  i  +  δa  i  ;γi  −
δγi  ; exp-square-knee  )  and  (a  i  − δa  i  ;γi  +  δγi  ;$γ − knee  )  respectively.  These  fluxes  
are  compared  to  the  IceCube  unfolded  νµ spectrum  [8]  and  to  the  unfolded  atmo-  
spheric  νµ spectrum  [24]  .  

in  that  energy  region  the  current  statistics  of  events  is  rather  low  

and  the  contribution  of  astrophysical  neutrinos  to  the  total  flux  is  

important.  With  all  these  caveats,  we  computed  the  average  resid-  

ual  of  the  IC-59  [24]  data  with  respect  to  the  top  of  the  KG  and  

ARGO  band  for  the  5  most  energetic  datapoints:  we  obtain  0.9  for  

KG  and  1.5  for  ARGO,  which  shows  some  weak  preference  for  the  

case  with  high  rigidity  knee  in  the  light  CR  component.  

In  order  to  quantify  the  dependence  of  our  results  on  the  in-  

teraction  model,  we  computed  the  muon  neutrino  fluxes  employ-  

ing  four  hadronic  interaction  models  available  in  MCEq,  namely  

SIBYLL-2.3c  [12]  ,  EPOS-LHC  [25]  ,  QGSJET-II-04  [26]  and  DPMJET-III-  

17.1  [27]  .  Our  results  are  shown  in  Fig.  5  ,  together  with  the  IC-59  

and  IC-79  data  points.  The  difference  in  the  theoretical  predictions  

at  energies  !  100  TeV  are  due  to  that  fact  that  QGSJET  and  EPOS  

do  not  include  the  contribution  of  prompt  neutrinos.  

We  assumed  a  primary  spectrum  like  Eq.  (5)  ,  fitted  to  the  ARGO  

data,  and  with  normalization  a  i  +  δa  i  and  slope  γi  − δγi  in  order  

to  maximize  the  atmospheric  neutrino  flux  in  the  case  of  a  fit  to  

the  ARGO  data.  The  aim  of  this  exercise  is  to  check  the  extent  to  

which  the  difference  between  KASCADE-Grande  and  ARGO  fits  to  

light  primary  CR  can  be  masked  by  the  uncertainties  in  the  inter-  

action  models.  It  appears  that  the  uncertainties  due  to  the  fit  to  

primaries  and  those  deriving  from  interaction  models  are  compa-  

rable.  

Another  source  of  uncertainty  in  the  atmospheric  neutrino  

flux  is  the  contribution  of  the  prompt  component,  namely  neu-  

trinos  due  to  the  decay  of  charmed  mesons  produced  in  cosmic  

rays  collisions  on  the  atmosphere,  which  is  yet  to  be  measured.  

Many  (semi-)analytical  computations  [28–33]  have  been  carried  

out,  adopting  different  primary  CR  spectra  and  hadronic  interac-  

tion  models.  Our  predictions  based  on  using  MCEq,  adopting  the  

primary  CR  fluxes  as  defined  in  Section  3  and  adopting  SYBILL-  

2.3c  as  interaction  model,  agree  with  the  most  recent  of  these  

computations.  As  can  be  seen  from  Fig.  5  ,  the  level  of  uncertainty  

due  to  the  prompt  component  becomes  somewhat  of  a  concern  at  

!  300  TeV,  so  that  it  is  not  expected  to  affect  in  any  significant  

way  our  conclusions  on  the  position  of  the  knee  in  the  light  com-  

ponent.  

4.3.  Angular  distribution  expectations  

A  safe  discrimination  between  different  models  of  the  knee  

in  the  individual  light  elements  requires  neutrinos  with  energies  

above  a  few  hundred  TeV  and  a  clear  tagging  of  atmospheric  neu-  

trinos,  perhaps  based  upon  the  angular  distribution  of  the  signal.  

In  fact  neutrinos  of  astrophysical  origin  are  expected  to  show  a  

quasi-isotropic  angular  distribution.  Such  isotropy  may  either  re-  

flect  the  homogeneity  of  the  universe  on  cosmological  scales  (the  

pathlength  of  neutrinos  at  the  energies  of  interest  is  larger  than  

the  size  of  the  universe),  if  the  sources  have  a  cosmological  spa-  

tial  distribution  (see  for  instance  [34]  and  references  therein),  or  

the  presence  of  a  large  emission  region  around  our  own  Galaxy,  as  

would  be  the  case  in  some  models  [35,36]  .  

Some  information  on  the  observed  angular  distribution  of  neu-  

trinos  was  recently  presented  in  Ref.  [9]  for  IC-86;  unfortunately  

Mascaretti, Blasi, Evoli (2020)

"Current experimental uncertainties do not allow to draw firm conclusions." 

“Unfortunately this is also the energy region where the 
total neutrino flux detected by IceCube departs from the 
existing predictions for atmospheric neutrinos. This is 
usually interpreted as the onset of a neutrino 
component having an astrophysical origin. So far, the 
sources of such neutrinos remain unknown."
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Knee region: quite confusing situation
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Selected all-particle and (p+He) energy spectra

Each experiment can find compatible measurements!
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Why conflicting results?

39

• Experiments located at different altitudes: sea level ➜ 5200 m asl

• Different detectors and layout

• Different coverage ➜ different sampling capability/fluctuations

• Different energy threshold ➜ calibration absolute energy scale

• Different role of fluctuations which limit mass resolution

• Different energy resolution  ➜ better close to the shower max

• Different observables to infere the elemental composition

• Different reconstruction procedures

• …



G. Di Sciascio - INFN Roma Tor Vergata CRA - Chicago, May 16,  2023

Electron & Muon counting

40

The first method to investigate the composition of CRs dates back in 1962 when J. Linsley, L. Scarsi 
and B. Rossi working at MIT Volcano Ranch Station suggested for the first time that muons are a 
mass-sensitive observable after the observation of a muon/electron correlation:  Nµ ～ A1-α ・(Ne)α

Primary energy and elemental composition: an entangled problem!!!

• Problem:  Ne and Nµ depend on Energy and Mass 
and atmospheric depth! 

Want to know E ➞ need to know A! 
Want to know A ➞ need to know E!

Exact relations to be taken from EAS simulation assuming a given elemental composition and an interaction model 

EAS analysis of  CR data

Both electron and muon numbers scatter considerably.

N(Eo, A) = α(A) ⋅ Eβ(A)

302 J. Blümer et al. / Progress in Particle and Nuclear Physics 63 (2009) 293–338
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Fig. 5. Expected number of muons and electrons in vertical showers at sea level. The curves show the FWHM of the distributions for different primary
particles and energies, as obtained with QGSJET 01, QGSJET-II, and SIBYLL 2.1 [129,138].

Asmuons aremainly produced inhadronic interactions, their number and lateral distribution canbeused as composition-
sensitive observables. The predicted muon distributions depend on the assumptions on hadron production in air showers.
This is demonstrated in Fig. 5 where the expected number of muons and electrons is shown for showers initiated by proton,
iron, and gamma-ray primaries, as calculated with different interaction models [129]. The energy dependence of the total
muon number and the ratio between the muon numbers of proton and iron showers is in agreement with the expectations
from the superpositionmodel. At high energy, the discrimination power of electron–muon numbermeasurements is subject
to large systematic uncertainties due to our limited understanding of hadronic multiparticle production.

In Fig. 4 (right), we show the mean depth of shower maximum, hXmaxi, for different primary particles. The difference
between proton and iron showers is in agreement with the predictions of the superposition model. Whereas the expected
mean depth of the maximum depends again, sensitively, on the chosen hadronic interaction model, the fluctuations are
rather model-independent at a given energy. The elongation rate of em. showers obtained with detailed model simulations
coincides with that predicted in em. cascade theory [95]. The increase of the em. elongation rate at high energy is caused by
the LPM effect. Also, at ultra high-energy, photon interaction with the geomagnetic field can lead to a negative elongation
rate. The elongation rates found for hadronic showers within different models (Dhad

10 ⇡ 50 . . . 60 g/cm2 at 1019 eV) can
be qualitatively explained with the elongation rate theorem [115,113]. An increase of the observed hXmaxi faster than or
comparable to the elongation rate of em. showers is amodel-independent signature for a transition to a lighter composition.
However, over a limited range in energy, drastic changes in the characteristics of hadronic multiparticle production can also
lead to an elongation rate comparable to that of em. showers [139].

Finally, it should be mentioned that the em. shower component exhibits a number of universality features that are
independent of the primary hadron type and also rather insensitive to the primary energy. For example, near the shower
core, the electron energy distribution is a universal function of shower age and the angular distribution of electrons depends
almost exclusively on the electron energy and only slightly on shower age [140–142]. Furthermore, the longitudinal shower
profile (particle flux) at a given lateral distance can be well parametrized by a universal function of the depth of the shower
maximumand shower size at themaximum [143]. This reflects the universality of the lateral distribution of electromagnetic
particles if the lateral distance is measured in Moliere units [144].

2.2. Measurement of charged secondary particles

2.2.1. Detection techniques
The classical set-up to measure air showers is an array of scintillation detectors, registering charged particles from the

shower. In each detector the density of charged particles (mostly electrons, positrons, but also some converted photons)
is measured. From this information the lateral distribution of the electromagnetic component is inferred. This yields
information on the position of the shower core and the total number of particles in the shower. Measurements of the arrival
times of the particles with a resolution of a few ns allow us to reconstruct the orientation of the shower plane and thus,
perpendicular to it, the arrival direction of the primary cosmic ray. Due to the large number of secondary particles, it is
usually sufficient to cover only a small fraction of the total area with detectors. Typical values range from 1.2% for the
KASCADE array to 5 ⇥ 10�6 for the Auger array.

Examples for arrays in the knee region are the EAS-TOP experiment [145], where 37 stations of scintillation detectors
were distributed over an area of ⇠105 m2, located above the Gran Sasso underground laboratory at an altitude of 2005 m,

Kascade Coll.

Disentanglement of the threefold problem: E, A, interaction
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Intrinsic ambiguity
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There is an intrinsic ambiguity in the interpretation of CR data. 
The ambiguity is governed by our poor understanding of two basic elements:

(a) the shower development
(b) the composition of the primary CR spectrum, i.e., the mass number A of the primary particles 

Ultra-high energy cosmic ray extensive air showers
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Most relevant mass-sensitive
observables are:

Depth of shower maximum
Muon content

Precise modelling is mandatory for a
cosmic ray mass measurement

ralf.ulrich@kit.edu Cosmic Ray and LHC Interactions 3

1. the behaviour of the inelasticity K, the fraction of the primary energy converted into secondaries
2. the inelastic cross sections

Crucial for shower development 

proton ironE=1014 eV

large cross-sections

high inelasticity

large mass A

small cross-sections

low inelasticity

small mass A

short showers

long showers}
}
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Gaisser, 2003

Fluctuations in Ne, Nµ  at two depths

42

High altitude crucial to improve mass and energy resolution for the knee energy region

Both electron and muon numbers scatter considerably.

Shower-to-shower fluctuations limit 
the mass resolution of detector 

located deep in the atmosphere!

The intrinsic fluctuations of shower development and the additional scattering introduced 
by the limited sampling of shower particles at the observation level are typically  larger than 
the mean differences between showers initiated by different types of primaries.
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What’s next? LHAASO
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LHAASO:      taking data since 2019; 
                       fully completed - July 2021

flux sensitivity !νFν : erg/cm2s

          

LHAASO - 4,4 km a.s.l. (Sichuan, China) 

           

detection rate: !R( ≥ E), h−1

           

LHAASO opened the PeV gamma-sky to observations for the first time!
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To fill the gap in the CR detection between the low and the very high energy ranges 
with a single experiment.

LHAASO
Multi-component strategy to 
measure light and heavy knees

Prospects of P, He knees from 100TeV to 10PeV
´ 1/2 KM2A + 6 WFCT telscopes + 1 water pool 

6 Tel. 
FoV

n KM2A 
• Muon content, EM. 
• Core reconstruction:  3m
• Arrival direction 

reconstruction: 0.3°

proton
iron

n WCDA
• Energy flux near the core (full coverage)
• Core reconstruction:  3m
• Arrival direction reconstruction: 0.3°

n WFCTA
• SIZE (total PE in image) 
• Width, Length
• Angular offset between arrival directions 

to the image center

Prospects of P, He knees from 100TeV to 10PeV
´ 1/2 KM2A + 6 WFCT telscopes + 1 water pool 

6 Tel. 
FoV

n KM2A 
• Muon content, EM. 
• Core reconstruction:  3m
• Arrival direction 

reconstruction: 0.3°

proton
iron

n WCDA
• Energy flux near the core (full coverage)
• Core reconstruction:  3m
• Arrival direction reconstruction: 0.3°

n WFCTA
• SIZE (total PE in image) 
• Width, Length
• Angular offset between arrival directions 

to the image center

Prospects of iron knee from 10PeV to 200PeV
´ KM2A + 18 C-Tels

´ Pointing direction of WFCTA 

´ According to the elongation of Xmax

´ 45°in zenith，EAS fully developed  

´ 0~360°in azimuth

´Full coverage in azimuth to reduce edge 
effect 

• Xmax àmass sensitive
• Size àEnergy related

Xmax WFCTA covered 
with zenith 45o

iron

proton

• Water Cherenkov Detector Array

• Scintillator Array

• Muon Detector Array

• 18 Cherenkov/Fluorescence Telescopes

• Neutron (Hadron) Detectors
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A combined event recorded by KM2A and WFCTA
simultaneously is shown in Fig. 2. The left and middle
plots show the electromagnetic particle number and muon
number maps, respectively. The electromagnetic particle
number map was used to reconstruct the shower core and
direction precisely [16]. The muon number map was used
to count the number of muons in the shower. The right plot
shows the Cherenkov image of the same shower observed
by WFCTA, which provides the information on the photo-
electron number in the Cherenkov image of the shower. The
reconstructed core from the electromagnetic particles is
represented by red stars in the left and middle panels in
Fig. 2. Therefore, the combined event can provide multiple
parameters [6], such as the total number of Cherenkov
lights measured by telescopes and the number of muons
detected by MDs.

C. Event selection

To ensure a high quality of the reconstructed shower
observables, event selection criteria are applied:
(1) The reconstruction effects of events near the edge

of WCDA were avoided by discarding the events
with a reconstructed core within 50 m at the edge
of WCDA.

(2) Only events with reconstructed core positions
falling within a perpendicular distance from the
telescope to the shower axis (Rp) from 60–120 m
were used.

(3) The intersection angle (α) (the angle between the red
and black lines in the left and middle plots of Fig. 2)
should be less than 10° to further rule out events with
erroneous reconstruction.

(4) Considering the pointing of the telescopes, showers
with zenith angle range 22°–38° and azimuth angle

range jϕ − ϕtelj < 13° were selected, where ϕtel is
the pointing of the telescopes.

(5) The center of gravity (MeanX;MeanY) of the image
should be jMeanXj < 6° and jMeanYj < 6° to en-
sure that the Cherenkov images were complete.

(6) The number of fired EDs should be larger than 20,
and the hit number of EDs with filtering out noise
should be larger than 10 to ensure a high-quality
reconstruction of the shower core and arriving
directions.

(7) The number of fired silicon photomultipliers
(SiPMs) should be greater than 10 in the cleaned
Cherenkov image.

D. The number of muon measurement

In the LHAASO experiment, the muon content of the
air shower can be detected by the MD array with high
precision, and the number of muons within the ring
40–200 m from the shower axis (named Ring40−200) is
proportional to the total number of muons in the air
showers [17]. Therefore, the number of muons, counting
the muon over the MDs within Ring40−200, was used in the
previous analysis. However, if the shower core closes the
WCDA or edge of the MD array, such as the green star
shown in Fig. 1, the MD cannot cover the corresponding
ring completely owing to the lack of MDs in WCDA or
outside the half array. In this case, the measured number of
muons is less than that of the completely covered ring and
induces a deviation in the analysis results.
To avoid this issue, this study developed a new method

to measure the number of muons in Ring40−200. In this
method, Ring40−200 was divided into eight subrings of 20 m
width, and the number of muons Nμ in Ring40−200 was
calculated as

FIG. 2. A combined event recorded by both KM2A and WFCTA. Left: the electromagnetic particle number map recorded by EDs.
Middle: the muon number map recorded by MDs. Right: a Cherenkov image recorded byWFCTA. The color accords to the logarithm of
the number of detected electromagnetic particles (left), the number of detected muons (middle), and photoelectron (right). The red and
black stars connected by the red lines in the left and middle panels indicate the core of the air shower reconstructed by KM2A and the
position of the telescope of WFCTA, respectively. The black lines in the left and middle panels indicate the intersection line between the
shower-detector-plane reconstructed by WFCTA and the ground. The major and minor axes of the ellipse in the Cherenkov image
indicate the length and width (the Hillas parameters).
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Electrons Muons

Photo-electrons

Combined event observed with KM2A and WFCTA

The energy reconstruction results based on the EPOS-LHC
hadronic interaction model are presented in Fig. 12.
The results of EPOS-LHC are similar to those of MC
simulations based on QGSJET-II-04. The energy
reconstruction function [Eq. (5)] was also used, but the
parameter kwas slightly different from the result obtained
based on the QGSJET-II-04 hadronic interaction model.
The difference in k is 3.5% between the two hadronic
interaction models, which corresponds to the energy
estimation uncertainty of 3.5%.

IV. SUMMARY

For the first time, we combine the Cherenkov lights
and the number of muons to develop a new energy
reconstruction method to measure the energy of air showers
induced by the nucleus. The energy resolution for the light
component was better than 10% with an energy bias of less
than 1% at approximately 1 PeV. The difference in the

relative energy deviations was less than 1% for proton and
helium at approximately 1 PeV. Compared with the case
where only Cherenkov light is used in the energy
reconstruction because the energy fraction remaining in
the hadronic part of the air shower was added in the form
of the number of muons in this work, the effects of the
primary mass of the nuclear air showers on the recon-
structed energy were effectively reduced and the recon-
structed energy resolution was improved as well.
Moreover, the energy resolutions of all components were
better than 10%, within 3% of the energy biases of
approximately 1 PeV. The energy reconstruction method
proposed in this study can be used for high-precision
single element, light component, heavy component, and all
particle energy spectrum measurements.
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FIG. 11. Left: Etrue versus the Ncμ for five mass components of air shower. Right: the reconstruction energy resolution and bias versus
Erec for the five groups of air shower. The hollowed and solid shapes stand for the resolution and the bias of reconstructed energy,
respectively. Different shapes with different colors are described in the plot.
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FIG. 12. Left: energy resolution (hollowed circles) and energy bias (solid circles) versus the Erec of the light components. Right: the
energy resolutions (hollowed shapes) and biases (solid shapes) of the proton (circles) and helium (squares) versus the Erec. The MC
simulation is based on the EPOS-LHC hadronic interaction model.
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kaons decay into muons. Thus, the number of muons can
represent the energy fraction that remains in the hadronic
part. The relationship between the number of muons Nμ

and the cosmic ray primary energy is shown in the right
panel of Fig. 5. The number of muons increased as a
function of energy, which is consistent with Ref. [22].
Both Nμ and N0

pe were related to the primary energy of
cosmic rays; however, they were affected by the primary
particle type.
LHAASO with its combined observation can measure

N0
pe in the Cherenkov image and the number of muons in

KM2A, simultaneously. Thus, an energy estimator com-
bining Cherenkov light and muons can be used to recon-
struct the primary energy of a nuclear air shower.

B. Energy reconstruction method

In the Heitler-Matthews model [21], the primary energy
(Etrue) of the air shower is derived as

Etrue ¼ gϵec

!
Nmax

e þ ϵπc
gϵec

Nmax
μ

"
; ð3Þ

where Nmax
e and Nmax

μ are the number of electromagnetic
particles and muons in the air shower when the air shower
develops to its maximum, ϵec ¼ 85MeV and ϵπc ¼ 20 GeV
are the critical energies of electromagnetic particles and
pions, respectively, and g ¼ 10 is the correction factor in
the Heitler-Matthews model.
Equation (3) was derived considering the shower

maximum. If the measurement deviates from the shower
maximum, the number of electromagnetic particles (Ne)
on the observatory will deviate from Nmax

e because of the
fast attenuation of electromagnetic particles in the air
shower [23]. Thus, the energy reconstruction accuracy
decreases when using Ne. For the ground-based array,
determining whether the observed shower is at its

maximum is challenging, particularly for a shower in a
wide energy range. The solution is to find a measurable
shower observable sensitive to the particle number at the
shower maximum position, and this parameter is insensitive
to fluctuations in the shower maximum position.
Relativistic charged particles in an air shower traveling

through the atmosphere can produce Cherenkov light, and
the attenuation of Cherenkov light from the generation
point to the observation plane is small [20,24], indicating
the insensitivity of Cherenkov light to the position of the
air shower maximum. Based on the Monte Carlo (MC)
simulation of the light composition, the relationship
between the normalized Cherenkov light size N0

pe and
Nmax

e is shown in the left panel of Fig. 6, which can be well
described by log10ðN0

peÞ ¼ log10ðNmax
e Þ þm, where the

parameter m ¼ 0.079% 0.001 is obtained by fitting MC
data. Therefore, we replace Nmax

e with N0
pe.

Muon attenuation in an air shower is also smaller than
that in electromagnetic particles [25]. According to the MC
simulation, as shown in the right panel of Fig. 6, the
relationship between the number of muons Nμ measured
using Eq. (1) and the number of muons at the shower
maximum (Nmax

μ ) follows log10ðNμÞ ¼ log10ðNmax
μ Þ þ n,

where the parameter n ¼ −0.599% 0.001 was extracted
from the fit to the MC simulation.
Based on the above discussion, a composite variable Ncμ

was developed for energy reconstruction, which combined
the normalized Cherenkov light size (N0

pe) and number of
muons (Nμ) as follows:

Ncμ ¼ N0
pe þ CNμ; ð4Þ

where C ¼ ϵπc=ðgϵecÞ × 10m=10n ≈ 120 is derived with
respect to the Heitler-Matthews model [Eq. (3)].
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FIG. 5. Normalized Cherenkov light size N0
pe (left) and the Nμ (right) versus Etrue of the five groups of cosmic rays. Different shapes

with different colors are described in the plot.
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1. Knee energy region

✓ all experiments observe an all-particle knee at ~4 ・1015 eV  

✓ Composition at knee controversial: light component knee  ~500 TeV (Tibet 
Array), ~800 TeV (ARGO-YBJ) a factor ~4-5 lower than Kascade  

✓ Possible deviation from a single power-law in the 10 - 100 TeV range reported by 
HAWC and direct measurements

✓ 10-3 - 10-4 LSA amplitudes found at 
TeV energies. 

✓ 10-4 MSA amplitudes at TeV energies 

✓ Dramatic phase-flip around ≈100 TeV.
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2. Transition region: 1016 - 1018 eV
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ARGO-YBJ 2015 Tibet-III (QGSJet) 2008
Tibet-III (SIBYLL) 2008 CASA-MIA 1999
EAS-TOP 1999 KASCADE (QGSJet) 2005

KASCADE-Grande (QGSJet) 2013 KASCADE-Grande (combined) 2015
IceTop 2019 IceTop/IceCube combined 2019
Tunka-25 Tunka-133
YAKUTSK 2012 TALE 2018

TA hybrid 2015 TA SD 2019
AUGER 2020 AUGER 2021 - Combined
AUGER 2021 - SD750 KASCADE-Grande QGSJetII.0.4 (p+He) 2015
KASCADE-Grande QGSJetII.0.4 (C-Fe group) 2015

 ✓ good agreement of all experiments 
within systematics  

✓ good superposition with UHE arrays 

✓ concave region above 2 · 1016 eV  

✓ steepening ~1017 eV 

✓ 2nd galactic component at ~1017 eV? 

According to Kascade-Grande results 

✓ evidence for a heavy knee at ~ 1017 eV 

✓ ankle-like feature of the light component 

above 1017 eV   between 1016 and 1018 eV dipole smaller than ~10-2

Cosmic Ray Dipole Anisotropy
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The position of the proton knee is of the crucial importance for the description of the Galactic 
CRs component(s) and to identify the transition from Galactic to extragalactic CRs.

Data are still conflicting: different measurements suggest rather different scenarios 

• A proton knee at about 800 TeV (ARGO-YBJ, Tibet Array, BASJE-MAS, CASA-MIA)

• A proton knee at few PeV (KASCADE, KASCADE-Grande, TUNKA, IceTop)

• Deviation from a single power-law in the 10-100 TeV range?

The LHAASO experiment will investigate a wide energy range (1013 ➞ 1017 eV) 
studying CR physics at extreme altitude with a multi-component strategy.

The energy resolution for the light component was better than 10% with an energy 
bias of less than 1% at 1 PeV. ≈

The recent detections by LHAASO directly demonstrate the presence of electron and proton 
PeVatrons in the Milky Way

Are the galactic proton PeVatrons linked to SNRs or YMCs or Sgr A* or all of of them?

 - observations with LHAASO, eRosita, CTA and SWGO will tell us 
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Table 1: Table 1: Characteristics of di↵erent EAS-arrays
Experiment g/cm2 Detector �E e.m. Sensitive Area Instrumented Area Coverage

(eV) (m2) (m2)
ARGO-YBJ 606 RPC/hybrid 3 · 1011 � 1016 6700 11,000 0.93

(central carpet)
BASJE-MAS 550 scint./muon 6 · 1012 � 3.5 · 1016 104

TIBET AS� 606 scint./burst det. 5 · 1013 � 1017 380 3.7⇥104 10�2

CASA-MIA 860 scint./muon 1014 � 3.5 · 1016 1.6⇥103 2.3⇥105 7⇥10�3

KASCADE 1020 scint./mu/had 2� 90 · 1015 5⇥102 4⇥104 1.2⇥10�2

KASCADE-Grande 1020 scint./mu/had 1016 � 1018 370 5⇥105 7⇥10�4

Tunka 900 open Cher. det. 3·1015 � 3 · 1018 - 106 -
IceTop 680 ice Cher. det. 1016 � 1018 4.2⇥102 106 4⇥10�4

LHAASO 600 Water C 1012 � 1017 5.2⇥103 1.3⇥106 4⇥10�3

scintill/muon/hadron
Wide FoV Cher. Tel.

µ Sensitive Area Instrumented Area Coverage
(m2) (m2)

LHAASO 4410 4.2⇥104 106 4.4⇥10�2

TIBET AS� 4300 4.5⇥103 3.7⇥104 1.2⇥10�1

KASCADE 110 6⇥102 4⇥104 1.5⇥10�2

CASA-MIA 1450 2.5⇥103 2.3⇥105 1.1⇥10�2

1

Table 1: Table 1: Characteristics of di↵erent EAS-arrays
Experiment g/cm2 Detector �E e.m. Sensitive Area Instrumented Area Coverage

(eV) (m2) (m2)
ARGO-YBJ 606 RPC/hybrid 3 · 1011 � 1016 6700 11,000 0.93

(central carpet)
BASJE-MAS 550 scint./muon 6 · 1012 � 3.5 · 1016 104

TIBET AS� 606 scint./burst det. 5 · 1013 � 1017 380 3.7⇥104 10�2

CASA-MIA 860 scint./muon 1014 � 3.5 · 1016 1.6⇥103 2.3⇥105 7⇥10�3

KASCADE 1020 scint./mu/had 2� 90 · 1015 5⇥102 4⇥104 1.2⇥10�2

KASCADE-Grande 1020 scint./mu/had 1016 � 1018 370 5⇥105 7⇥10�4

Tunka 900 open Cher. det. 3·1015 � 3 · 1018 - 106 -
IceTop 680 ice Cher. det. 1016 � 1018 4.2⇥102 106 4⇥10�4

LHAASO 600 Water C 1012 � 1017 5.2⇥103 1.3⇥106 4⇥10�3

scintill/muon/hadron
Wide FoV Cher. Tel.

µ Sensitive Area Instrumented Area Coverage
(m2) (m2)

LHAASO 4410 4.2⇥104 106 4.4⇥10�2

TIBET AS� 4300 4.5⇥103 3.7⇥104 1.2⇥10�1

KASCADE 110 6⇥102 4⇥104 1.5⇥10�2

CASA-MIA 1450 2.5⇥103 2.3⇥105 1.1⇥10�2

1

(KM2A)

✦ LHAASO Muon detector area: 4.2 x 104 m2 + 8 x 104 m2 (WCDA) ≈ 105 m2 !!!
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