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The all-particle cosmic ray energy spectrum measured
with HAWC in the TeV region
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The HAWC observatory is an air shower detector well suited for the research of cosmic rays in
the energy interval between 10 TeV to 1 PeV, which is very interesting because in this range the
data from space-borne detectors and extensive air shower experiments overlap. This fact opens
the possibility to perform cross checks between direct and indirect cosmic ray detector techniques
and to study the systematic errors that affect each detection technique. In this work, we present
an update of the all-particle energy spectrum of cosmic rays between 10 TeV and 1 PeV that
was obtained from an unfolding analysis applied on three years of HAWC data. The events were
collected from January, 2018 to December, 2020. The results show the presence of a knee-like
structure around tens of TeV, which was previously reported by the HAWC collaboration in 2017.
For the calibration and the energy estimation, we employed the high-energy hadronic interaction
model QGSJET-II-04.
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1. Introduction

The study of cosmic rays dates more than 100 years ago, yet there are many unsolved mysteries
around this radiation, related with their sources, acceleration mechanism and propagation in space.
Some clues to answer these questions can be found in the study of the energy distribution of these
energetic particles. Depending of the energy, the spectrum of cosmic rays can be measured by
direct or indirect techniques. In the past, due to technological limitations, direct measurements
were mainly constrained to energies below some TeV and indirect techniques, mostly to energies
above a few PeV, producing a gap between both detection methods in the TeV energy range.

Recent technological advances, however, have allowed to reduce such a gap. In this regard,
the NUCLEON [1], DAMPE [2] and CALET [3] satellites, as well as the HAWC high-altitude
air-shower observatory [5] have contributed to this effort.

The HAWC observatory is a ground-based detector for gamma and cosmic rays, located in
Puebla, Mexico, between the Pico de Orizaba and the Sierra Negra volcanoes. The detector
consists of 300 water Cherenkov detectors and 1200 photomultipliers. Since the development of
the experiment, the HAWC collaboration has dedicated its effort to unravel novel insights about
gamma rays [4] and cosmic rays [5–7]. One of the most important contributions of the collaboration
to the cosmic ray science is the measurement of the total energy spectrum in the energy interval
between 10 TeV and 500 TeV, where a new kink on the spectrum was found [5]. The present work
is an update of this analysis. For this study, we have increased the size of the data sample, and
extended the energy of the spectrum up to 1 PeV. Finally, we have reduced the systematic errors in
the reconstruction of the spectrum.

2. HAWC’s simulated and experimental data

The simulations employed for the cosmic-ray analysis in HAWC were performed within the
framework CORSIKA (v760) [8]. We simulated eight primary nuclei (H, He, C, O, Ne, Mg,
Si, and Fe), with a differential energy spectrum of 𝐸−2 using FLUKA [9] and QGSJET-II-02
[10]. Simulated events possess arrival directions that can go from 0◦ up to 65◦. In order to recreate
realistic spectra we weighted the simulations with a composition model based on fits to experimental
data from CREAM-II [12], ATIC-02 [13], and PAMELA [14]. Finally, we use GEANT-4 [11] to
simulate the detector response of HAWC.

The data used in this analysis were collected in period from January 1st, 2017 to December
31st, 2020. The effective time of observation amounts to 2.9 years.

The primary energy of the cosmic-ray events in HAWC is determine through a log-likelihood
analysis in which the lateral distribution is compared event-by-event and the result is stored in
probability tables divided per bins of energy, and zenith angle.

For further details about the primary energy reconstruction method in HAWC and other air-
shower reconstruction procedures see [5, 6].

3. Selecting the data

To reconstruct the energy spectrum we must apply cuts to rule out events that can potentially
increase the systematic effects in our result that are mostly associated to errors in the reconstruction
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of main shower observables such as the primary energy, arrival direction, and core position. It is
important to mention that the event selection was chosen after studies with our MC simulations.
As a first selection criterion we considered only those events that were successfully reconstructed
(according to the method described in [4]). Next, we restricted the selection to showers with
zenith angles within 0◦ and 35◦, and whose reconstructed shower cores were located mainly inside
HAWC’s area. Additionally, we required that events activated a minimum of 60 photomultipliers
within a radius of 40 m from the core of the event, and that have hits in at least 30% of the active
photomultipliers (PMT). Finally, for the selection, we restricted the data to the reconstructed energy
interval log10(𝐸𝑟/𝐺𝑒𝑉) = [3.8, 6.2].

4. Reconstruction of the total energy spectrum

We begin the analysis by reconstructing the raw energy distribution, 𝑁 (𝐸𝑟 ), from the measured
data described in section 2, with a bin size of Δ log10 (𝐸𝑟 /GeV) = 0.2. As expected, this raw
distribution (see Fig. 1) needs to be corrected for migration effects, and to do so we made use of an
unfolding procedure based on the Bayes theorem [15–17].

Figure 1: Raw energy distribution, 𝑁 (𝐸𝑟 ), of the selected HAWC data used in the present analysis (see
section 2).

For the unfolding procedure, we employed the MC simulations with our cosmic-ray composition
model to build the response matrix (see Fig. 2, left), 𝑃(𝐸𝑟 |𝐸). With these simulations, we also
computed the effective area (Fig. 2, right) using the formula

𝐴eff (𝐸) = 𝐴thrown · 𝜖 (𝐸). (1)

where 𝜖 (𝐸) is the efficiency for detecting a shower event with energy 𝐸 , and 𝐴thrown stands for the
simulated throwing area. Such area corresponds to a circular region over where the simulated events
were thrown (𝑅thrown = 1 km), and it is multiplied by a geometrical factor due to the flat geometry
of the array. In other words, the effective area is the region in which an event will be detected,
reconstructed and pass the cuts described in section 3. A detailed description can be found in [5].
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Figure 2: Left: Response matrix, 𝑃(𝐸𝑟 |𝐸), used in our analysis. Right: Effective area for the reconstruction
of the energy spectrum of cosmic rays as a function of the true primary energy E, compared with the
geometric area of HAWC (dashed line). Both, response matrix and effective area, were calculated with our
MC simulations, using the hadronic interaction model QGSJET-II-04 (see section 2).

Once all these elements are computed, we estimated the energy spectrum by means of the
following expression:

Φ(𝐸) = 𝑁 (𝐸)
Δ𝐸 𝑇 ΔΩ 𝐴eff

, (2)

where 𝑁 (𝐸) is the unfolded spectrum, Δ𝐸 represents the energy bin width (Δ log10 (𝐸 /GeV) = 0.2),
𝑇 is the total effective time and equals to 1062 days, ΔΩ corresponds to the solid angle that was
monitored with a value of 1.14 𝑠𝑟 , and 𝐴eff is the effective area (described above).

5. Results

The left plot in Fig. 3 shows the unfolded energy spectrum obtained from this analysis. The
systematic errors are shown with an error band, while the statistical uncertainties are represented
with vertical error bars. The systematic error sources that were included in our analysis are
uncertainties in the effective area, the composition model of cosmic rays, differences between
experimental runs (divided in periods of one month), the quantum efficiency, resolution and charge
resolution of the PMTs, and the late light effect [4]. Also, we included uncertainties due to the
unfolding technique by reconstructing the energy spectrum with a different unfolding algorithm
(Gold’s technique [18]) and by accounting the differences between the resulting spectrum and our
main result as uncertainties, and by studying also the dependence with the prior and the smoothing
algorithm.

In our result, we found a cut in the energy spectrum of cosmic rays in the TeV energy region,
thus we performed a statistical analysis to find out the significance of this feature. To start the
aforementioned analysis, we used a 𝜒2 minimization procedure (following the definition from [19])
to fit our main result with a single power-law function
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Figure 3: Left: The all-particle cosmic ray energy spectrum measured with HAWC (black circles). In here,
it is compared with the spectrum of the H+He mass group of cosmic rays from [6] (open squares). Spectra
are shown with their corresponding systematic uncertainties (error bands) and statistical errors (vertical
error bars). Right: Results of the fits to the HAWC spectrum with a power-law formula (green dashed line)
and a broken power-law expression (pink continuous line).

Φ(𝐸) = Φ0𝐸
𝛾1 . (3)

In equation (3), Φ0 is simply a normalization parameter, and 𝛾1 is the spectral index. The
corresponding parameter values from the fit are Φ0 = 104.47±0.01 m−2 s−1 sr−1 GeV−1 and 𝛾1 =

−2.650 ± 0.001 with 𝜒2
0 = 418.84 for a total of 8 degrees of freedom. Now, we proceed to fit our

main result again, but this time with a broken power-law function

Φ(𝐸) = Φ0𝐸
𝛾1

[
1 +

(
𝐸

𝐸0

) 𝜖 ] (𝛾2−𝛾1 )/𝜖
, (4)

which gives us Φ0 = 103.80±0.04 m−2 s−1 sr−1 GeV−1, 𝛾1 = −2.5 ± 0.01, 𝛾2 = −2.7 ± 0.01,
𝜖 = 9.9 ± 1.8, and 𝐸0 = (31.02+1.92

−1.81) TeV with 𝜒2
1 = 0.17 for 5 degrees of freedom. The 𝜒2 value

is small due to the size of the statistical error of the unfolded energy spectrum. This effect comes
from the iteration depth in the unfolding procedure. The corresponding error increases with the
iteration depth. The right plot in Fig. 3 shows both fits over the energy spectrum.

Once we have the information from the fits, we want to find which hypothesis best describes
the data, thus we employed a statistical analysis based on a test statistic that is defined as 𝑇𝑆 =

Δ𝜒2 = 𝜒2
0 − 𝜒2

1 . For the observed spectrum, we found 𝑇𝑆𝑜𝑏𝑠 = 406.15. Then, we generate toy MC
spectra with correlated data points using our statistical covariance matrix and the results of the fit
for the power-law model [19], and for each MC spectrum, we repeated the fits with eqs. (3) and (4).
The results gives us a distribution of TS for the hypothesis of the power-law scenario and from it we
found a p-value 𝑝 ≤ 4× 10−5, giving the broken power-law scenario a significance of at least 3.9𝜎.

Finally, in Fig. 4 we compared the unfolded energy spectrum with measurements from other
cosmic ray experiments (space-borne and ground-based detectors). The measurements come from
the satellites ATIC-02 [20] and NUCLEON [1], and from the indirect cosmic ray experiments
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Figure 4: Comparison of the HAWC all-particle energy spectrum of cosmic rays (black circles, this work)
and other measurements of the spectrum from direct and indirect cosmic-ray experiments (refer to end of
section 5).

ARGO-YBJ [21], ICETOP [22], KASCADE [23, 24], TAIGA-HiSCORE [25], TIBET [26] and
TUNKA-133 [27].

6. Discussion

We have reduced the systematic uncertainties of the HAWC energy spectrum in comparison
with the analysis of [5] thanks to the recent improvements in the PMT modeling [4]. Just as a
reference value for the aforesaid comparison, at energies of E = 100 TeV, the systematic uncertainty
was reduced from -24.8%/+26.4% to -3.7%/+9.8%.

Another important point to be discuss here is the shape of the energy spectrum in the energy
range from 10 TeV to 1 PeV. According to the present analysis, the total energy spectrum of cosmic
rays is best described by a broken power-law. The presence of a spectral difference on the spectrum
in the TeV region is also supported by NUCLEON data [1].

Finally, Fig. 4 shows an agreement of our result with ATIC-02 data [20] at energies close to 10
TeV and with TAIGA-HiSCORE [25] at around 1 PeV. The HAWC result, however, is larger than
ARGO-YBJ, TIBET and ICETOP measurements at high energies.

7. Conclusions

In this work, we have improved the analysis on the total energy spectrum of cosmic rays with
HAWC data, thus contributing to the now increasing overlap between direct and indirect cosmic-ray
measurements in the 10 TeV - 1 PeV energy regime. In this region, our result is found to be in
agreement (within systematic uncertainties) with the observations made by NUCLEON [1]. Both
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NUCLEON and HAWC show a softening in the energy spectrum at TeV energies. In particular,
HAWC measurements show a softening around an energy of 31 TeV.
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