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In this contribution, we have investigated the energy spectra of the elemental mass groups of
cosmic rays for the Light (H+He), medium (C+O) and heavy (Ne-Fe) components using the High
Altitude Water Cherenkov Gamma-Ray observatory (HAWC). The study was carried out in the
energy interval from 10 TeV to 1 PeV using almost 5 years of data on hadronic air showers. The
energy spectra were unfolded using the bidimensional distribution of the lateral shower age versus
the reconstructed primary energy. We have employed the QGSJET-II-04 high-energy hadronic
interaction model for the current analysis. The results show the presence of fine structure in the
spectra of the light, medium and heavy mass groups of cosmic rays.
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1. Introduction

The study of the composition, energy spectrum and arrival directions of TeV cosmic rays are
of importance to investigate the high-energy phenomena that occur in our galaxy. To this end,
direct and indirect detection techniques of cosmic rays can be conveniently applied. HAWC is a
high-altitude air-shower observatory with capabilities to study cosmic rays between a few TeV up
to 1 PeV [1]. It has allowed the measurement of the all-particle energy spectrum of cosmic rays
between 10 TeV and 1 PeV [2, 3], the elemental spectrum of H+He nuclei from 6 TeV to 158 TeV
[4], and the large- and small-scale anisotropies in the cosmic-ray skymaps in the 3-73 TeV interval
[5–7]. Recently, HAWC capabilities have been applied to separate the elemental mass groups of
cosmic rays. In a preliminary study, HAWC determined the energy spectra for the H, He and
heavy (C-Fe) primaries of cosmic rays at TeV energies [8]. The results showed fine structure in
these spectra, specifically, softenings at around tens (hundreds) of TeV for the light (heavy) nuclei.
In addition, it also detected individual hardenings close to 100 TeV in the spectra of H and He
primaries. In order to continue the investigations, here, we have carried out a preliminary analysis
to determine the spectra of the light (H+He), medium (C+O) and heavy (Ne-Fe) mass groups.

2. The HAWC observatory and the experimental data

HAWC is located on a plateau between the Pico de Orizaba and the Sierra Negra volcanos
(19◦ N, 97.3◦ W) in Puebla, Mexico at an altitude of 4100 m (637 g/cm2 of vertical atmospheric
depth) [1]. The primary detector consists of 300 water Cherenkov detectors (WCD) with a diameter
of 7.3 m and a height of 5.4 m installed over a surface area of 22000 m2. Each WCD contains 4
photomultipliers (PMT) and 200, 000 ℓ of water. HAWC measures the arrival times of the shower
particles at the WCD and the effective charge collected by the PMTs due to the air-shower passage.
The arrival direction of the event is determined from the recorded timing of the particles of the
extensive air shower (EAS), while the shower core is obtained from the effective charge spatial
distribution [9]. These parameters are used to reconstruct the lateral distribution (LDF) of the
effective charge, which is estimated as a function of the radial distance from the core in the shower
plane. The amplitude and the slope (lateral shower age) of the LDF are calculated from a 𝜒2 fit to
the radial distribution of the effective charge with a NKG-like function [10]. The primary energy
of a hadronic showers is derived by means of a maximum likelihood estimation which is applied
even-by-event on the measured LDFs [2]. For the energy assignment, the LDF data is compared
with MC templates built with proton simulations and the QGSJET-II-04 hadronic interaction model
[11].

The full primary array of HAWC has continuously taken data since March 20, 2015. The present
analysis is based on a set of 4.62 × 1010 selected events taken during the observation period from
January 2016 to January 2021 during an effective time ofΔ𝑡 = 1727 days. These data passed several
selection criteria to increase the precision of the study. In particular, only events with a successful
reconstruction were considered, with reconstructed energies 3.6 ≤ log10(𝐸𝑟𝑒𝑐/GeV) ≤ 6.2. Events
of PeV energies, which are misreconstructed, were removed from the data set with a cut on the
logarithm of the LDF amplitude log10 𝐴 < 2.5. In addition, showers with zenith angles 𝜃 from 20◦

to 45◦ were kept. Vertical events were discarded to avoid large systematic errors in the results at
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Figure 1: Left: Energy spectra of the nominal cosmic-ray composition model used in the present analysis.
Right: The shower age vs reconstructed energy distribution for the measured data. Bin sizes of Δ𝑠 = 0.2
and Δ log10 (𝐸𝑟𝑒𝑐/GeV) = 0.15 were employed to build the distribution. Selection cuts have been applied as
described in the text.

energies close to 1 PeV. Showers measured during data taking periods with more than 900 available
PMTs and that activated a fraction 𝑓ℎ𝑖𝑡 ≥ 0.2 of the available channels were also considered.
Migration effects due to the uncertainty in the location of the EAS cores were reduced by removing
events with shower ages (𝑠) greater than −1.99 𝑓ℎ𝑖𝑡 + 4 and with less than 40 hit PMTs within a
radius of 40 m from the shower core. Finally, only data with shower ages greater or equal to 1.0
were included.

3. MC simulations

For the present analysis, MC simulations were generated, which include details about the
production and propagation in the atmosphere of EAS, calculated with CORSIKA v7.40 [12], as
well as the interactions of the air showers with the detector components, using the Geant4 code
[13]. The output is provided in the same format as the measured data and is reconstructed with the
algorithms that were applied on the experimental events. The EAS were simulated using the hadronic
interaction models FLUKA (hadronic energies 𝐸ℎ < 80 GeV) and QGSJET-II-04 (𝐸ℎ ≥ 80 GeV)
without thinning for the HAWC site including the effects of the geomagnetic field. Simulations were
carried out for zenith angles smaller than 65◦ and eight primary nuclei, in particular, H, He, C, O,
Ne, Mg, Si and Fe, at energies in the 5 GeV − 2 PeV interval. The MC data were produced with an
𝐸−2 energy spectrum and were reweighted to simulate a nominal model of cosmic-ray composition
that was calibrated with direct and indirect measurements (see Fig. 1, left). The data employed to
build the model were fitted with broken power-law functions and were measured by the PAMELA
[14, 15], AMS-2 [16–19], ATIC-2 [20], CREAM I-II [21, 22], CALET [23–25], DAMPE [26, 27],
NUCLEON [28] and KASCADE [29] cosmic-ray experiments.
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Figure 2: Left: The experimental distribution for 𝜃 vs log10 𝐸𝑟𝑒𝑐. Right: The effective areas for the H+He,
C+O and Ne-Fe mass groups of cosmic rays as a function of log10 𝐸 estimated with MC simulations using
the nominal composition model.

4. Analysis procedure

To extract the energy distributions of the H+He, C+O and Ne-Fe mass groups from the selected
data, we applied the Gold unfolding method [29, 30] to the 2D-distribution of the shower age
versus the estimated primary energy 𝑛(𝑠, log10 𝐸𝑟𝑒𝑐) built for the measured data. This distribution
is shown in Fig. 1, right. The objective of the unfolding procedure is to solve the following set of
coupled equations:

𝑛(𝑠, log10 𝐸𝑟𝑒𝑐) =
∑︁
𝑗

∑︁
𝐸

𝑃 𝑗 (𝑠, log10 𝐸𝑟𝑒𝑐 | log10 𝐸) 𝑛 𝑗 (𝐸), (1)

for 𝑛 𝑗 (𝐸) ( 𝑗 = 1, 2, 3), which represents the unfolded energy distribution for each cosmic-ray mass
group. Here, 𝑃 𝑗 (𝑠, log10 𝐸𝑟𝑒𝑐 | log10 𝐸) is the response matrix for the 𝑗 th group of primaries, which
provides the probability that a cosmic ray of true energy log10 𝐸 from this mass group generates an
EAS with shower age 𝑠 and reconstructed energy log10 𝐸𝑟𝑒𝑐, which can trigger and pass the selection
cuts of HAWC. The response matrices were computed using the QGSJET-II-04 MC simulations for
the nominal cosmic-ray composition model.

Eq. (1) was solved iteratively with the Gold unfolding algorithm. The initial guess distributions
for 𝑛 𝑗 (𝐸) were taken from the nominal model. As regularization procedure, the intermediate
energy distributions were smoothed with broken power-law functions. To evaluate the quality of the
unfolded distributions, we estimated the 𝜒2 between the measured and the estimated 𝑠 vs log10 𝐸𝑟𝑒𝑐

distributions using MINUIT [31] from ROOT [32]. The 𝜒2 slowly decreases with the number of
iterations, but no minimum is observed. Therefore, we added more information to the analysis
to find the proper iteration depth. In particular, we employed the 2D-distribution for the zenith
angle 𝜃 vs the estimated energy log10 𝐸𝑟𝑒𝑐 (see Fig. 2, left), which also has mass information.
Calculating the 𝜒2 between the experimental data and the unfolded solutions, we found a minimum
for 23 iterations. Once the 𝑛 𝑗 (𝐸) distributions were obtained, the corresponding energy spectra
Φ 𝑗 (𝐸) were calculated by means of the formula Φ 𝑗 (𝐸) = 𝑛 𝑗 (𝐸)/[Δ𝐸 ΔΩΔ𝑡 𝐴eff, 𝑗

(𝐸)], where
ΔΩ = 1.46 sr is the solid angle range, Δ𝐸 is the width of the bin centered at the energy 𝐸 , and
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Figure 3: Left: The total, H+He, C+O and Ne-Fe energy spectra of cosmic rays, which were obtained in
this analysis are shown with black circles, blue upward triangles, green squares and red downward triangles,
respectively. Right: The C+O, Ne-Fe and heavy (C-Fe) spectra of cosmic rays are plotted with green squares,
red downward triangles and orange circles, correspondingly. Statistical errors are displayed with vertical
error bars, and systematic errors, with error bands.

𝐴eff, 𝑗
(𝐸) is the effective area for the 𝑗 primary group of cosmic ray (c.f. Fig. 2, left), which was

estimated with the MC simulations.

5. Results and discussions

Fig. 3, left, shows the unfolded energy spectra for H+He, C+O and Ne-Fe nuclei, along with
the total spectrum obtained from the sum of these mass groups. Meanwhile, Fig. 3, right, displays
the result for the heavy component (C-Fe) of cosmic rays, which is the sum of the C+O and Ne-Fe
spectra, also shown in the plot. The spectra are presented with total statistical and systematic
errors. The total statistical uncertainties are not larger than 10% and include the errors due to
the experimental statistics and the limited size of the MC sample added in quadrature. Regarding
the total systematic errors, they are smaller than 50% and have contributions from uncertainties
in the modeling of the PMTs and the HAWC configuration [10], the composition of cosmic rays,
the unfolding method and the effective areas. The error due to the uncertainties in the cosmic-ray
composition was calculated by replacing the nominal model by alternative ones to evaluate the
response matrices and effective areas in the procedure. In particular, we employed the GSF [33] and
H3a [34] models, as well as spectra based on AMS-II [16–19] and ATIC-2 [20] data. To estimate
the systematic errors from the unfolding method, the results of the Gold unfolding procedure were
compared with those from the Bayesian unfolding algorithm [35], and also the results obtained
with the priors from the nominal model were compared with those estimated with the different
composition models. Finally, the error due to the effective areas were calculated by varying 𝐴eff for
each mass group within their corresponding uncertainties and then by repeating the calculations of
the energy spectra. All these contributions were added in quadrature to estimate the total systematic
error.
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Figure 4: Left: Results of the fits with the broken power law (BPL) of eq. (2) and a power law (PL) to the
HAWC energy spectra of Fig. 3. Right: Comparison of the HAWC energy spectra with data from direct
[20, 28, 36–38] and indirect [29, 39–41] cosmic-ray experiments. In both columns, the error bands represent
HAWC systematic uncertainties. From top to bottom, each row display the results for H+He, C+O and Ne-Fe
spectra.

The energy spectra of the H+He, C+O and N-Fe mass groups of cosmic rays do not follow
a simple power-law behavior, as seen from Fig. 3, due to the presence of different breaks. The
spectrum for the light (H+He) component exhibits a softening between 10 and 100 TeV and a
hardening close to 100 TeV, while the spectra for the C+O, Ne-Fe and heavy (C-Fe) mass groups
show individual cutoffs in the 100 TeV − 1 PeV interval. To characterize these features, the energy
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spectra were fitted with a broken power-law function

Φ(𝐸) = Φ0 𝐸
𝛾0

[
1 +

(
𝐸

𝐸0

) 𝜀0 ] (𝛾1−𝛾0 )/𝜀0 [
1 +

(
𝐸

𝐸1

) 𝜀1 ] (𝛾2−𝛾1 )/𝜀1

, (2)

using the 𝜒2 method and taking into consideration the covariance among the data points that appears
from the unfolding method. The covariance matrices were estimated with the Bootstrap method
[42]. In Eq. 2, Φ0, 𝛾 𝑗 ( 𝑗 = 1, 2, 3), 𝐸𝑖 and 𝜀𝑖 (𝑖 = 0, 1) are free parameters. Φ0 is the normalization
factor, 𝐸0 (𝐸1), the location of the break in the 10 − 102 TeV (102 − 103 TeV) decade and 𝜀0 (𝜀1),
the smoothing parameter of the break at 𝐸0 (𝐸1). The spectral indexes before and after the first
(second) break are 𝛾0 (𝛾1) and 𝛾1 (𝛾2), respectively.

The results of the fits (see Fig. 4, left column) reveal that the softening of the light mass
group is located at 𝐸0 = (31.6 ± 0.2) TeV and is produced by a change in the spectral index of
Δ𝛾10 = 𝛾1 − 𝛾0 = −0.57 ± 0.01. The corresponding hardening was found at 𝐸1 = (110.1+3.8

−3.7) TeV.
Here the spectral index change from 𝛾1 = −3.08±0.01 to 𝛾2 = −2.65±0.02. The fits also show that
the cut-off in the C+O spectrum appears at energies 𝐸1 = (81.0 ± 1.7) TeV with Δ𝛾21 = 𝛾2 − 𝛾1 =

−0.51 ± 0.01. For the Ne-Fe component, the cut-off was located at higher energies (𝐸1 = 210+6
−5

TeV). Here Δ𝛾21 = 𝛾2 − 𝛾1 = −1.07 ± 0.07.
Fig. 3 supports the results on the features of the H+He and heavy (C-Fe) spectra previously

reported in [4] and [8]. But also shows that the break in the heavy component is produced by the
superposition of the cut-offs in the C+O and Ne-Fe spectra. The latter seems to be more abundant
than the C+O component at hundred cosmic rays. Here, it can be also seen that the TeV cut-offs
for the heavier mass groups are located at higher energies. Finally, in Fig. 4, right column, HAWC
results are compared with the data from direct and indirect cosmic-ray measurements. At TeV
energies HAWC H+He spectrum is in agreement with ATIC-2 [20]. Above ∼ 30 TeV, it agrees
with CREAM [36], DAMPE [37], EAS-Top [39] and ARGO-YBJ [40]. The C+O (Ne-Fe) are in
agreement with ATIC-02 [20] between 10 and 130 (200) TeV, but above NUCLEON measurements
[28].

6. Conclusions

With HAWC data on the lateral shower age and the primary energy of hadronic EAS events
and using unfolding techniques, the energy spectra for the H+He, C+O and Ne-Fe mass groups of
cosmic rays were estimated in two decades of energy, from 10 TeV to 1 PeV. The results show that
the energy spectra of these primary groups have different features. The energy spectrum for the
H+He mass group shows a softening at (31.6 ± 0.2) TeV and a hardening close to (110.1+3.8

−3.7) TeV,
while the C+O and Ne-Fe spectra show individual cut-offs at (81.0 ± 1.7) TeV and (210+6

−5) TeV,
respectively. The superposition of the cut-offs in the C+O and Ne-Fe intensities produce a knee-like
feature in the spectra of the heavy (C-Fe) component of cosmic rays.
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