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the lateral shower age and the primary energy of the events were analyzed using the Gold unfolding
algorithm, which allowed us to separate the elemental spectra for three mass groups: H, He and
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light mass groups of cosmic rays and hardenings at around 100 TeV in these spectra. In addition,
they also show an increment in the relative composition of heavy elements at high energies.
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1. Introduction

The origin, acceleration mechanism, composition and the details of the propagation of cosmic
rays of high energies are not fully understood. Precision measurements on the primary energy,
composition and arrival direction of cosmic rays and complementary information from the multi-
messenger astronomy are needed in order to discard and build astrophysical models that can allow
us to explain the observations on these extraterrestrial radiation. At TeV energies, HAWC is con-
tributing in two fronts by looking for cosmic-ray sources with gamma-ray observations of the sky
and by measuring the energy spectrum, anisotropies and composition of galactic cosmic rays.

HAWC is an air-shower array detector dedicated to the study of TeV cosmic-rays and gamma-
rays. It is located at an elevation of 4100 m on a terrace of the Sierra Negra Volcano in the state
of Puebla, Mexico [1]. For the detection of extensive air-showers, a compact array of 22000 m?
that is composed of 300 water Cherenkov detectors is employed in HAWC. Each detector consists
of a cylindrical tank (7.3m diameter and 4.5m high) made of steel, which is instrumented with
four photomultipliers (PMT). The detector measures the arrival times of the shower particles and
the deposited energy, which is converted to local charge by a dedicated calibration procedure. The
reconstruction of the EAS is done off-line and provides, among other observables, the shower core,
the zenith and azimuth of the shower axis, the lateral distribution function, i.e., the effective charge
per PMT as a function of the radial distance, the shower age and the primary energy. The latter is
estimated with a maximum likelihood procedure [2] which is based on a comparison of the LDF
of the EAS event with the predictions of full EAS-detector simulations produced for cosmic-ray
protons using QGSJET-1I-04 [3]. The shower age is computed on an event-by-event basis from
a fit to the LDF data with an NKG-like function using a y? minimization procedure [4]. In this
work, using the HAWC data for the shower age and the primary energy, we have investigated
the composition of TeV cosmic rays. In particular, we have employed an unfolding procedure to
separate the energy spectra for protons, helium nuclei and heavy primaries (Z > 2) in the energy
interval from 10 TeV to 1 PeV. In the next sections we will describe the experimental data and the
Monte Carlo (MC) simulations. Then, we will present the selection cuts and the analysis procedure.
Next, we will show the findings of our research. Finally, we will discuss the results and present the
conclusions.

2. Analysis method

The measured data consist of shower events collected between 2016 and 2020. The effective
time of observation correspond to T = 4.7 years. The selected data contain 37.5 X 10° EAS and
include events that were successfully reconstructed, with zenith angles 8 = [20°,45°] and shower
age s = [1.0,3.8], with more than 40 activated PMTs within a radius of 40 m from the EAS core,
fraction of hit PMTs > 0.2, more than 900 working PMTs, with a lateral amplitude smaller than
102-¢ and a reconstructed primary energy in the range log,o(E,c./GeV) = [3.8,6.5]. The selection
cuts were studied from MC simulations and were applied to MC and measured data to reduce the
effect of systematic errors in our results. We avoided to use vertical showers, because we observed
that above log(E.c/GeV) = 5.5 the systematic uncertainties of the spectra increase exponentially.
According to the predictions of the MC simulations, we found that for energies E,.. > 10 TeV, the
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Figure 1: Left: The nominal composition model of cosmic rays employed in the present analysis. Right:
The measured shower age vs reconstructed energy distribution after applying selection cuts.

shower core and angular resolutions of the instrument are 20 m and 0.7°, respectively, while the
energy resolution is o 1ogy(Erec/GeV) < 0.4.

To build our MC simulations, we used CORSIKA v7.40 [5] and the high-energy hadronic
interaction model QGSJET-II-04. With this software, we generated EAS for H, He, C, O, Ne,
Mg, Si and Fe primaries, using 6 < 65° and primary energies from 5 GeV to 10 PeV, as well as
energy spectra proportional to E~2. We weighted the MC simulations to reproduce the intensities
of a cosmic-ray composition model (see Fig. 1, left) that was derived by fitting broken power-
law functions to data from ATIC-2 [6], CREAM I-II [7, 8], PAMELA [9, 10], AMS-2 [11-14],
NUCLEON [15], CALET [16, 18, 19], DAMPE [20, 21] and KASCADE [22]. We simulated the
interaction of the particle showers with the detector using a code based on GEANT4 [23]. The
simulated data was reconstructed with the same algorithm employed for the measured data.

To start with the analysis, we obtained the bidimensional distribution, n(s,log;y Eyec), of the
lateral shower age against the reconstructed primary energy for the measured data (see Fig. 1, right).
The energy spectra of the elemental mass groups of cosmic rays and the measured distribution are
related in the following way:

n(5,10810 Erec) = Togp AQ Z Z P; (5,108 Erec| 10g,0 E) Agfr ;(E) @;(E) AE, (1)
j=1 E

where j runs over each mass group and E over each true energy bin. Here @ ;(E) represents the
energy spectrum of a given primary cosmic ray, P;(s,log;y E,ec|logo E) is the response matrix,
which give us the probability that a cosmic-ray event of type j and energy E that is detected and
selected in HAWC is reconstructed with energy E,.. and shower age s, AQ and T, are the solid
angle interval and effective time of observation, respectively, while A j(E ) is the effective area
for the j mass group. We have considered three mass groups for the analysis, in particular, H, He
and heavy nuclei (Z > 2).

To solve Eq. (1) for @;(E), we have applied the Gold’s unfolding algorithm [22, 24]. The
procedure requires the calculation of the effective area and the response matrix. We compute them
using our MC simulations and our nominal composition model. As the procedure is iterative we
need an initial guess for the energy spectra. In this case, we considered the intensities of our
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Figure 2: Left: The measured distribution for 8 vs E,... after using selection cuts. Right: The effective area
of HAWC for H, He and heavy primaries estimated with MC simulations and our composition model.

cosmic-ray composition model. As the iteration depth increases, the y? between n(s,log;y Erec)
and the forwardfolded solution decreases. However, large iterations depths does not imply to have
the best solution. We observe that for a large number of iterations, the y? between the measured
and the forwardfolded 6 versus E,.. frequency distribution grows. Since this distribution also
keep information about the composition of cosmic rays, to find the unfolded solution, we added
as a further physical criterion to minimize the y? for the n(6, E,.) distribution. As a smoothing
procedure we fitted the intermediate spectra with a broken power law. We employed the MINUIT
[25] version of ROOT [26] for the unfolding procedure.

3. Results

The energy spectra for the H, He and heavy mass groups as obtained in our analysis are
presented in Fig. 3, left. The total energy spectrum is also shown in this plot. On the other hand, the
unfolded spectrum for H+He is compared with the solution for H and He primaries in Fig. 3, right.
In each plot, we displayed the statistical and systematic uncertainties. The total statistical errors
(< 6%) receive contributions from the limited size of the MC simulations and the data sample, both
of them were added in quadrature. On the other hand, for the calculation of the total systematic
errors we evaluated the influence of the late-light effect, the charge resolution and the efficiency
of the PMTs as well as the configuration of the experiment [4], the uncertainties due to the priors
(using the spectra from the Polygonato [27] and the GSF [28] composition models), the unfolding
method (using the Bayesian unfolding procedure [29]), the effective area, the composition model
(employing the Polygonato, the GSF, the H3a [30] models and the uncertainties in the parameters of
our nominal model) and the influence of the high-energy hadronic interaction model (using EPOS-
LHC [31]). The individual contributions are added in quadrature to obtain the total systematic error
(< 42%), which is dominated by the uncertainties in the PMT modeling (< 40%). The main effect
of the systematic errors is to modify the relative cosmic-ray abundance. We do not observe an
important effect on the shape of the spectra due to the systematic uncertainties.

From Fig. 3, we see that the unfolded spectra of the light and heavy mass groups are not
featureless, all of them exhibit individual cuts. Besides, the energy spectra of the light nuclei show
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Figure 3: Left: The energy spectra for H (blue upward triangles), He (green squares) and heavy cosmic-ray
nuclei (red downward triangles) obtained from the unfolding analysis with HAWC data. The all-particle
energy spectrum , i.e., the sum of the individual spectra for H, He and heavy primaries, is plotted with black
circles. Right: The energy spectrum of H+He nuclei (pink circles) in comparison with the spectra for H and
He. Error bands represent systematic uncertainties and the error bars, statistical errors.

some hardenings. We have investigated the location of these structures by fitting the spectra with
the broken power-law formula

E\® (y1=%0)/ &0
D(E)=DyE”™ |1+ (E—) ]

E\® (r2-71)/ &1
5 1+(—) ] , )

E,

which has two breaks, one (Ej) at low energies and another one (E1) at higher energies. In the above
expression, ®¢ is a normalization parameter, y; and ;1 are the spectral indexes of the function
before and after the break at the energy E;, with i = 0, 1, while &; is a parameter that describes
the degree of smoothing of the feature. For our fits, we fixed gy to 5 for the spectra of H and
He primaries, 3 for the intensity of H+He nuclei and 10 for the spectrum of heavy elements. The
results of the fits are presented in Fig. 4 and table 1. From this table, we observe that the cuts in
the energy spectra of light elemental nuclei appears at tens of TeV, while the hardenings are located
at approximately hundred TeV. On the other hand, we also see that the spectrum for the heavy
component of cosmic rays has two softenings, one at 65 TeV and another one close to 323 TeV. By
applying a statistical analysis based on the test statistics Ay?, we found that the broken power law
with two breaks is preferred by the data with more than 30 of significance over the scenario with a
single power-law.

From Fig. 3, left, we observe that the relative abundance of the light to heavy primaries decreases
at high energies. In addition, we also see that the bump in the all-particle energy spectrum around
tens of TeV is due to the existence of softenings in the spectra of the light and heavy mass groups.
In the same way, from Fig. 3, right, we can say that the cut reported at tens of TeV for the spectrum
of H+He nuclei is due to the superposition of breaks in the individual spectra of protons and helium
primaries.

In Fig. 5, we compare our unfolded spectra with measurements of other experiments on TeV
cosmic rays. From this plot, we confirm the softening observed by DAMPE [20] and CALET [32]
in the spectrum of protons and the break of the spectrum for He reported by the DAMPE detector
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Figure 4: Fits to the unfolded energy spectra with the broken power law (BPL) of eq. (2), using the y?
minimization procedure and the statistical covariance matrix of the data. The dotted line is the result of the
fit with a power law (PL) expression.

[21]. Furthermore, we also observe the cut previously measured by DAMPE [33] and HAWC
[34] for the intensity of H+He primaries. We also see an overlapping of our measurements for
protons with the data from direct experiments. We must point out that the HAWC measurements
for He and H+He nuclei are in agreement with data from ATIC-02 [6] at around 10 TeV, but above
other experimental data up to ~ 100 TeV. We should mention that at high energies, above 126
TeV, the spectrum measured by HAWC for H+He primaries is in agreement with DAMPE [33] and
ARGO-YBJ within systematic uncertainties [35]. Note that for the 10 — 100 TeV energy range, the
HAWC measurements for the heavy component of cosmic rays agrees with data from ATIC-02 [6],

Mass group Ep (TeV)  E; (TeV) Y0 Ayo=v1-v0 Avi=v2-7
H 174+0.6 1135750  -256+£001  -0.46+0.01 0.33 £0.03
He 495+1.3  1042%32  -2382+0.004 -0.82£0.03  0.55+0.03
H+He 51288 903793 -2.506+0.002 -0.79+0.15  0.56+0.16
Heavy 65113 323127  —225+0.01  -030£0.01  —0.29+0.02

Table 1: Results of the fits with Eq. (1) to the unfolded energy spectra of Fig. 3.
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Figure 5: Comparisons of HAWC results with data from different experiments: ATIC-02 [6], NUCLEON
[15] , DAMPE [20, 21], KASCADE [22], ARGO-YBJ [35], JACEE [36], MUBEE [37] and CREAM [38]
and ISS-CREAM [39].

although it is above the measurements from NUCLEON [15], JACEE [36] and MUBEE [37]. In
addition, we found that the intensity for the light elemental nuclei at around 1 PeV measured by
HAWC is of the same order of magnitude than the corresponding one from KASCADE at around
the same energy [22]. Finally, at around 1 PeV, the HAWC spectrum for the heavy component
seems to be larger than that measured by KASCADE [22].

4. Conclusions

Using unfolding techniques, we have obtained the energy spectra for H, He and heavy cosmic-
ray nuclei in the energy interval from 10 TeV to 1 PeV from EAS data on the lateral shower age and
the estimated primary energy. Our results confirm the existence of cuts at tens of TeV for the spectra
of H, He and H+He and also show the presence of a cut in the spectrum for the heavy mass group
in the same energy range. On the other hand, at around 100 TeV energies, our measurements on
the spectra of light elemental nuclei reveal the existence of new features, i.e. hardenings. We also
found an additional softening in the spectrum of the heavy component of cosmic rays at energies of
around 323.1*227 TeV. We have estimated that the broken power-law hypothesis with two breaks is

-21.2
in better agreement with the data than the power-law scenario with at least 30 of significance.
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