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Composition measurement of cosmic rays (CRs) around the knee of the CR energy spectrum is crucial
for studying the processes of particle acceleration and propagation of Galactic CRs. The Square Kilometer
Array (KM2A) of the Large High Altitude Air Shower Observatory (LHAASO) can provide precise
measurement of the muonic and electromagnetic (em) components in CR-induced extensive air showers,
and hence a good chance to disentangle the CR composition. Here we propose an approach of decomposing
CR compositions with the number ratio between muons and em particles (Nμ=Ne) observed by LHAASO-
KM2A:We reconstruct the energy spectra of individual CR compositions by fitting theNμ=Ne distributions
in each reconstructed energy bin using the template shapes of the Nμ=Ne distributions of individual CR
compositions based on Monte Carlo (MC) simulation. We evaluate the performance of this approach with
MC tests where mock data of LHAASO-KM2A are generated by MC simulation. We show that the input
composition model can be well recovered in this approach, independent of the CR composition model
adopted in the MC simulation for the template distributions. The uncertainties of the reconstructed spectra
at < 20 PeV, mainly limited by simulation statistics, are ≤ 7% for the proton, He, and, Fe groups, and
≤ 8% and ≤ 16% for the carbon-nitrogen-oxygen and MgAlSi groups, respectively.

DOI: 10.1103/PhysRevD.110.043030

I. INTRODUCTION

Cosmic rays (CRs) are high-energy atomic nuclei of
astrophysical origins. The observed all-particle energy
spectrum of CRs is approximately a power law from
GeV to beyond 1011 GeV with several breaks where the
indices of the power law change. The energy spectrum of
CRs steepens around 4 PeV, with the power-law index
changing from −2.7 to −3.1 [1], which is the so-called
“knee” of the CR spectrum. The physical cause of the CR
spectral knee is still unclear, although many possible
reasons have been discussed. First, the break may arise
from the particle acceleration capability of Galactic CR
accelerators [2,3], i.e., the maximum energy of CRs that the
accelerators can produce. For example, supernova remnants
are well discussed to be potential candidates of Galactic CR

accelerators [4], which are believed to accelerate protons
up to ∼100 TeV by shock acceleration [5], but hardly up to
the PeV range [6]. Second, the knee may be caused by
propagation effects [7–9]. CRs propagate diffusively in the
Galactic magnetic field [10,11]. The propagation process
depends on particle energy. Low- and high-energy CRs
follow different propagation patterns, which may lead to a
spectral break in between.
Either the particle acceleration or propagation process is

expected to be governed by electromagnetic (em) inter-
action with the background magnetic field, which is rigidity
dependent; i.e., the particles with the same rigidity may
undergo the similar acceleration and/or propagation proc-
esses. Rigidity-dependent spectra are expected for different
types of nuclei [12,13]. Therefore, precise measurements of
elemental composition around the knee are crucial to
understanding the acceleration and propagation of CRs
and deciphering the mechanism accounting for the knee.

*Contact author: zhuo.li@pku.edu.cn
†Contact author: gouqb@ihep.ac.cn

PHYSICAL REVIEW D 110, 043030 (2024)

2470-0010=2024=110(4)=043030(11) 043030-1 © 2024 American Physical Society

https://orcid.org/0000-0001-8462-0407
https://orcid.org/0000-0001-6797-0990
https://orcid.org/0000-0003-2585-7652
https://orcid.org/0000-0002-5963-4281
https://orcid.org/0000-0001-9138-3200
https://orcid.org/0000-0002-7893-2348
https://ror.org/02v51f717
https://ror.org/02v51f717
https://ror.org/03v8tnc06
https://ror.org/05qbk4x57
https://ror.org/0040axw97
https://ror.org/0207yh398
https://ror.org/025rrx658
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.110.043030&domain=pdf&date_stamp=2024-08-23
https://doi.org/10.1103/PhysRevD.110.043030
https://doi.org/10.1103/PhysRevD.110.043030
https://doi.org/10.1103/PhysRevD.110.043030
https://doi.org/10.1103/PhysRevD.110.043030


Because of the low CR flux at high energies, CRs of
> 100 TeV are detected via extensive air showers by
ground-based detectors. Because of the fluctuations in
air showers, it is hard to reconstruct the primary mass
for a single air shower event. However, elemental energy
spectra grouped by CR mass can be statistically recon-
structed from observables on the ground. Observationally,
it is common to decompose the CR compositions at
> 100 TeV into five groups, following the direct measure-
ments: proton, He, carbon-nitrogen-oxygen (CNO),
MgAlSi, and Fe [14].
Many ground-based experiments have tried to measure

the CR compositions around the knee region, but the results
among experiments are inconsistent, in particular, on the
breaks of proton and He spectra. KASCADE decomposed
the primary CRs from 1 to 100 PeV into five mass groups
represented by proton, He, C, Si, and Fe, by unfolding the
distribution of secondary electrons and muons [15,16]. The
reconstructed spectra of the proton and He break beyond
PeV, which indicates the knee of the all-particle spectrum
results from the breaks of the proton and He, namely, the
light component. On the contrary, a light knee below PeV
is observed by the Tibet ASγ [17] and the astrophysical
radiation with ground-based observatory at Yangbajing
(ARGO-YBJ) plus Wide Field Cherenkov Telescope
(WFCT) [18] measurements. Tibet ASγ measured the energy
spectra of the proton and He from 1 to 10 PeV using an
artificial neutral network to reconstruct the primary mass and
select protonlike events and lightlike events [17]. The spectra
of the proton and He are expressed as anE−3 power law from
1 to 10 PeV, suggesting the light component breaks below
1 PeV. ARGO-YBJ+WFCT measured the energy spectrum
of the proton plus He by selecting lightlike events with a
two-dimensional cut applied to observables from surface
detectors and the Cherenkov telescope. The spectrum of
light nuclei measured by ARGO-YBJ+WFCT breaks at
around 700 TeV [18], which is compatible with the
results from Tibet ASγ, but at odds with the KASCADE
measurements.
The inconsistency of the CR composition may come

from the limitations of each experiment. For KASCADE,
the detectors are deployed at sea level (grammage
∼103 g cm−2), which is far from the shower maximum
of PeVenergies (Xmax ∼ 600 g cm−2). Therefore, the meas-
urement suffers more uncertainty from the atmospheric
absorption. On the other hand, though located around the
shower maximum of PeV showers, Tibet ASγ and ARGO-
YBJ lack good muon measurements in the shower, which is
crucial to distinguishing different nuclei. Thus, an observa-
tory at high altitude as well as having good measurements
of secondary muons is necessary to settle the question of
the composition around the knee.
The Large High Altitude Air Shower Observatory

(LHAASO) [19], with an array area of ∼1.3 km2 and
located at Haizi Mountain, Daocheng, China, 4410 m
above sea level, is designed for precise measurements

of high-energy CR and gamma-ray-induced air showers.
It consists of three subarrays—the Square Kilometer Array
(KM2A), Water Cherenkov Detector Array (WCDA), and
Wide Field Cherenkov Telescope Array (WFCTA)—and
observes air showers from high-energy CRs and gamma rays
using hybrid techniques [19]. In one of the key goals for CR
observations, LHAASO aims to measure the energy spectra,
i.e., the spectral knee, of the light (proton or Hþ He) and Fe
groups, by using multiple observables from KM2A,
WFCTA, and WCDA data combined to select air shower
events for individual groups with high purity [20–22].
We note that LHAASO-KM2A can be very powerful

for CR composition measurement around the knee region.
First, the high altitude of LHAASO, near the shower
maximum for CR energy around 4 PeV, allows the energy
reconstruction of primary CRs with less dependence on
the CR composition [23]. The insensitiveness of energy
reconstruction to the primary mass will greatly facilitate
composition studies. Second, thanks to the dense arrange-
ment of secondary detectors in LHAASO-KM2A, the
precise measurement of the lateral distribution of secon-
daries in air showers is allowed, and low-energy CRs can be
observed down to 30 TeV. Third, the large area makes
LHAASO-KM2A capable of observing CR with energies
up to 100 PeV. The wide energy range of CRs observed by
LHAASO-KM2A will provide complementary measure-
ments between direct measurements of low-energy CRs via
satellites/balloons and high-energy CR observations by
ground arrays. Fourth, LHAASO-KM2A is equipped with
two types of detectors to probe both the muonic and em
components of the shower, which is crucial for mass
separation in the composition reconstruction [24].
In this work, we propose an approach of composition

measurement by LHAASO-KM2A. Given the measure-
ments of the muonic and em components of air showers, we
use the number ratio between muons and em particles
(Nμ=Ne) of the air shower as the mass indicator of primary
CRs to reconstruct the elemental energy spectra. We carry
out detection simulation to evaluate the performance of
LHAASO-KM2A in reconstructing the elemental energy
spectra. The paper is organized as follows: Sec. II intro-
duces the detector layout of LHAASO-KM2A and the
detection simulation used in this analysis. Section III
describes the analysis procedure, including the energy
reconstruction, the mass separation, and the reconstruction
of elemental energy spectra. Section IV demonstrates the
capability of reconstructing the elemental energy spectra
with Monte Carlo (MC) tests and presents the uncertainties
in reconstruction shown in the MC tests. Section V is a
summary and discussion on the approach.

II. EXPERIMENT AND SIMULATION

A. LHAASO-KM2A layout

Hybrid techniques for air shower observations are
used in LHAASO-KM2A, which consists of 5216 em
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detectors (ED) and 1188 muon detectors (MD), independ-
ently measuring the secondary particles in the air shower.
An ED is a scintillator detector with a sensitive area of
1 m2. EDs are deployed over a circle of radius 635 m. The
spacing between EDs is 15 m in the central region
(with radius R < 575 m) and 30 m at the outskirts
(575 < R < 635 m). The different spacing is used to better
reconstruct the events for showers near the edge of the
central array. The MD is a water Cherenkov detector that
has an area of 36 m2 buried under 2.5 m of soil to shield it
from the em particles in the shower. MDs are deployed in
the central region of radius 575 m with a spacing of 30 m.
Details about the design and performance of the ED and
MD can be found in [25].

B. Detection simulation

In order to evaluate the KM2A performance in compo-
sition observations, we carry out an MC simulation for the
detection. We simulate the interactions and propagation of
air showers in the atmosphere and the detector response on
the ground. The simulated CR showers are reconstructed by
utilizing the hit information of the triggered detectors.
In the simulation, five types of nuclei are used: proton,

He, N (denoted by CNO), Al (denoted by MgAlSi), and Fe.
The shower energy is sampled from an E−2 power law from
10 TeV to 50 PeV. The incident directions are drawn from
an isotropic distribution in the range of zenith 0°–40° and
azimuth 0°–360°.
The simulation is produced by CORSIKA 7.7410 [26] and

G4KM2A [27] for air show simulations and detector
response, respectively. CORSIKA samples the generation
of secondary particles in the atmosphere and the propaga-
tion of the shower to the ground. The selected interaction
models are QGSJetII-04 [28] for high-energy (> 80 GeV)
interactions and FLUKA [29] for low-energy (< 80 GeV)
interactions. The atmosphere model used for CORSIKA is the
U.S. standard atmosphere with a grammage of 597 g cm−2

for the LHAASO site. The magnetic field is set to
Bx ¼ 34.6 μT and Bz ¼ 36.1 μT, where the x axis points
to the north and the z axis points vertically downward.
In the detector response simulation with G4KM2A, the

shower cores of the injected showers are uniformly dis-
tributed in an annulus 260 < R < 480 m from the array
center in order to boost sampling efficiency considering the
current event selection condition (see Appendix A). In
G4KM2A, one CORSIKA shower is reused 20 times to
increase the statistics; i.e., a same shower is injected 20
times with different shower core positions. The total
number of simulated showers of all five mass groups are
around 5.555 × 107 before the trigger, of which 1.36 × 106

events survive after the trigger and event selections.
The trigger events in the simulation are further being

reconstructed. The hit information after filtering the noise
from triggered detectors is translated into the properties of
the primary particle. The shower core position and the

incident direction are fitted by the hits from all triggered
EDs. The time resolution of the ED during reconstruction is
set to 0.2 ns from the charges collected by the EDs.

III. CR DECOMPOSING METHOD

Observations of CR compositions call for at least two
orthogonal measurements of an air shower to obtain
primary energy and mass at the same time. A high-energy
CR particle interacts with nuclei in the atmosphere and
produces secondary mesons, which further decay or inter-
act during propagation. Thus, a high-energy CR particle
will initiate a particle cascade made up of decay and
interaction in the atmosphere. Most of the secondary
particles that reach the ground are em particles, including
electrons/positrons and photons, and muons. em particles
mostly result from the decay of neutral pions, while muons
are from the decay of charged pions. The secondary em
particles and muons are related to the shower development,
which depends on the energy and mass of the primary CR
particle. Therefore, taking advantage of the large and
uniform coverage of the EDs and MDs of LHAASO-
KM2A, we can use the number of em particles Ne and the
number of muons Nμ of each shower to estimate the CR
energy and composition1 and hence reconstruct the elemen-
tal energy spectra.
The proposed method is as follows: First, we reconstruct

the shower energies using a composition-insensitive method,
and then bin events by reconstructed energies. Next, taking
advantages of the mass-dependent Nμ=Ne ratio, we decom-
pose CR compositions by fitting the Nμ=Ne distribution in
each reconstructed energy bin. See below for the details.

A. Mass-insensitive energy reconstruction

The primary CR energy can be given by summing up the
two components of CR showers, i.e., em and muonic
components. The altitude of the LHAASO site is around
the shower maximum for the knee-region CRs. The
proximity to the shower maximum improves the energy
reconstruction and weakens the dependence on the primary
CR composition. An approach for energy reconstruction
of LHAASO-KM2A has been given in Ref. [23], which is
only weakly dependent on the primary mass. For this
analysis, we use Eq. (9) in Ref. [23] to reconstruct the
primary CR energy E, i.e.,

logðE=GeVÞ ¼ 2.768þ log ð2.8Nμ þ NeÞ: ð1Þ

The resolution of energy reconstruction is better than 15%
above 300 TeV, and the energy bias is smaller than 5% [23],
independent of the primary mass.

1Note, Nμ and Ne are the numbers of secondary particles
detected by all triggered MDs and EDs located 40–200 m from
the shower core on the shower plane, respectively.
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B. Mass dependence of the Nμ=Ne ratio

The primary mass affects the properties of air showers,
and hence the observables on the ground. For CRs of the
same energy, heavy nuclei tend to produce more muons
and less em particles than light nuclei at the shower
maximum [30]. Therefore, Nμ=Ne can be a good esti-
mator of the primary mass; i.e., a heavier nucleus shows
larger Nμ=Ne around the shower maximum [31].
Moreover, the shower generation and development has

intrinsic fluctuations because the particle interaction is a
stochastic process. The fluctuation mostly results from the
first few interactions of the shower. As a result, showers of
the same CRs, with the same energy and composition, show
a distribution of Nμ=Ne instead of a constant. In addition,
the scatter of the fluctuation is also dependent on the
primary mass, with proton showers being more fluctuating
while those of heavy nuclei showing less fluctuation, due to
the averaging effects of more nucleons. Therefore, the
width of the Nμ=Ne distribution is determined by the
primary composition.
The Nμ=Ne distribution encapsulates the primary com-

position by both its shape and mean (or peak) value.
Figure 1 shows the simulated Nμ=Ne distribution in the
reconstructed energy bin of 0.5–0.8 PeV, assuming a
CR composition model, namely, the H3a composition
model [32], which is a three-spectral-component fit to
observed CR spectra with rigidity-dependent cutoffs. The
distributions of each mass group, along with the total
distribution, have been shown. Despite the fluctuation due
to the low statistics in the simulation on the left and right

ends of the distribution, it is clearly shown that the
distributions of each mass group differ from each other
in two aspects, corresponding to the shower development.
First, the peaks of five mass groups are well separated.
Statistically, the proton showers tend to have the smallest
Nμ=Ne values, dominating the total distribution at the low-
value end. The Fe showers have the largest Nμ=Ne ratio,
dominating the high-value end of the total distribution. The
peak position reflects the most probable value of Nμ=Ne for
each mass group, which results from the fact that a heavy
nucleus produces more muons than the light nucleus.
Second, the width of the distributions is different between
mass groups. The proton showers disperse over a wider
range compared to heavier nuclei, whereas the Fe distri-
bution is narrower, resulting from smaller fluctuations of
the development of the Fe shower.
The fact that different mass groups are well separated in

the Nμ=Ne distribution allows for decomposing CR com-
positions and reconstructing the elemental energy spectra
by fitting the Nμ=Ne distribution, as discussed in the
following.

C. Derivation of fluxes for different mass groups

In our approach, we generate template Nμ=Ne distribu-
tions for individual mass groups by MC simulation, with
which we decompose the observed Nμ=Ne distribution into
different mass groups, and then reconstruct the elemental
energy spectra. The events of both observed data and MC
simulation are binned in E and Nμ=Ne. We fit the observed
Nμ=Ne distribution independently in each energy bin with
the template distributions. The fluxes of different mass
groups in a given energy bin are given by the best fit.
Therefore, the elemental energy spectra of CRs are recon-
structed by fitting the fluxes of the five mass groups in
separate energy bins.
Note, we use the template Nμ=Ne distributions of

individual mass groups coming from MC simulation rather
than doing any parametrization of the distribution. It is
necessary to assume a template model for the spectral shape
of each mass group within one energy bin. However (see
discussion in Sec. IV B), the choice of the template model
and hence the spectral shape could have little effect on the
fitting results, because of the narrow binning of energies.
Thus, the MC simulated templates can well describe the
profile of the distribution for each mass group at given
energy. Moreover, we also note that the fitting is done
independently for energy bins, so that the method is CR
composition model independent, avoiding circular reason-
ing in measuring CR compositions.
Therefore, the free parameters in the fitting of the

observed total distribution are only the fluxes of individual
mass groups, here denoted as the normalization factors fk

with respect to the assumed flux for the each mass group,
where k stands for the nucleus types. For the best fit of fk,

FIG. 1. Simulated Nμ=Ne distribution in the reconstructed
energy bin of 0.5–0.8 PeV, assuming the H3a model [32]. The
black line is the total distribution, and the colored lines are
distributions of each mass group as annotated in the figure legend.
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the flux of nucleus k is derived to be fkFk
0ðEiÞ, with Fk

0ðEiÞ
being the assumed flux at energy Ei when generating the
template distributions.
To obtain the best fit, we use the Markov chain

Monte Carlo (MCMC) simulation implemented in Ref. [33]
to sample the distribution of likelihood. The best-fit value
is the median value of the a posteriori distribution, and
the statistical uncertainty is bracketed by the 16% and
84% percentiles. Detailed fitting procedure is described
in Appendix B.

IV. MONTE CARLO TEST

In the following, we carry out an MC simulation to test
the validity of the composition measurement approach
proposed in Sec. III and derive the uncertainty of the
reconstructed elementary spectra. The observational data
are replaced by the mock data from MC simulation
assuming a certain input composition model; thus, the
mock data will be fitted with the procedures described in
Sec. III C. The fitting results are compared with the input
composition model of the mock data to examine the
capability of recovering the CR compositions. In this
analysis, we use the same simulation dataset for producing
the mock data and the MC templates.
In order to estimate the effects of the template model and

the input model on decomposing the CR composition, the
method should be tested under various assumptions. Table I
summarizes the three MC tests in this work, showing the
input and template composition models. We consider three
choices of CRmodels. Besides the H3a model [32], we take
the global spline fit model (GSF), which is the latest
empirical fit from the available experiment data [34], and
the polygonato (PG) model [35], which is also an empirical
fit of the observed data, assuming rigidity dependence for
spectral cutoffs of different nuclei. We only consider the
five leading mass groups for simplicity: proton, He, CNO,
MgAlSi, and Fe. The simulation of CNO (MgAlSi) mass
group is simplified by approximating the mass group by the
nucleus in the middle, i.e., N (Al), whose flux is the
summation of the three nuclei in the mass group.

A. Benchmark test

For the benchmark test, test I, the template CR compo-
sition model is taken to be the H3a model for the template

Nμ=Ne distributions of individual mass groups, and the
input CR composition model is taken to be the GSF model
for the mock data distribution. The results of the benchmark
test (test I) are shown in this section, which is followed by
the other tests with the input or template model changed to
estimate the effects of the model assumptions.
The events are binned in E and Nμ=Ne in log scales. The

energy range of this analysis is E ¼ 0.2–20 PeV. This wide
energy range helps to better probe the composition evolu-
tion around the knee and the possible spectral breaks of
elemental energy spectra. The energy is binned in log space
logðE=GeVÞ with a step size of 0.2, in comparison with the
energy resolution of better than 15% above 300 TeV. The
Nμ=Ne ratio is evenly binned in log space with a step size
of 0.025 in the range of Nμ=Ne ¼ 10−1.5–100.5, which is a
compromise between the number of bins and the statistic
within each bin.
Presented below are the fitting results of the Nμ=Ne

distribution and the reconstructed elemental energy spectra
and discussion on the uncertainties.

1. Best fit of the Nμ=Ne distribution

The flux of each mass group is fitted by maximizing the
likelihood of observing the mock Nμ=Ne distribution. The
template distributions of the five mass groups are adjusted
vertically on the y axis, i.e., fitting the fluxes of the mass
groups, to find the parameters that maximize the likelihood.
Figure 2 shows, for example, a case of the best-fit result for
the Nμ=Ne distribution in the energy bin of 0.5–0.8 PeV.
The upper panel shows the Nμ=Ne distribution of the mock
data and the best-fit distribution, as well as the contribu-
tions from each mass group. The bottom panel shows the
ratio between the best-fit distribution and the mock data.
One can see the best fit well restores the Nμ=Ne

distribution.
It should be noted that in the MC test, the used template

model, i.e., the assumed spectral shape within an energy
bin, is different from the input model for the mock
observational data. The good recovery of the ratio distri-
bution suggests the insensitivity of the fitting to the
template model.
However, the statistical uncertainty affects the uncer-

tainties of the fitted fluxes, which is mainly from the
limited MC sample size. In the energy bin of 0.5–0.8 PeV,
the peak region of the Nμ=Ne distribution with 0.1 <
Nμ=Ne < 0.3 is better sampled with smaller statistical
uncertainties, whereas the side wings of the distribution
have less statistics and thus larger fluctuation. For
example, Fig. 2 shows the right wing (Nμ=Ne > 0.4) is
underestimated by the fitting, where the Fe group domi-
nates the distribution. At higher energies, the fitting is
more biased to the peak region of the Nμ=Ne distribution,
while the side wings are increasingly underestimated
compared to the mock data.

TABLE I. Three MC tests.

Test Input model Template model

I GSF H3a
II GSF PG
III PG H3a

Note, the template model is assumed to generate the template
Nμ=Ne distributions of individual mass group, and the input
model to generate the mock observational data.
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2. Reconstructed elemental energy spectra

The elemental energy spectra are reconstructed by fitting
the Nμ=Ne distributions binned in primary energy. The
reconstructed energy spectra of the five mass groups from
0.2 to 20 PeVare shown in Fig. 3, along with the input CR
model, GSF, for comparison. The derived fluxes are the
median values of the a posteriori distributions sampled
by MCMC simulation. The profiles of elemental energy
spectra are well reconstructed in general.
The ratios of the best-fit fluxes and the input model GSF

are shown in Fig. 4 for the five mass groups. The GSF
model is basically within the 1σ range of the reconstructed
spectra. The reconstructed fluxes of all mass groups match
the input model well.

Overall, the bias of the reconstructed spectra is small,
while the deviation also differs for mass groups. The He
and CNO spectra are best reconstructed, compared to the
other mass groups, with the maximum deviations around
2%. The biases of the reconstructed energy spectra for
the proton and Fe are within 6%, and the reconstructed
MgAlSi spectrum has the largest deviations from the
GSF model, ∼7%.
Given that the template and input models are different,

the consistency between the reconstructed spectra and the
mock data shows that the proposed approach works well
to decompose the chemical composition of CRs around
the knee.
The anticorrelation between adjacent mass groups is also

observed somewhat; e.g., the underestimate of the CNO
group in 0.5–1 PeV is correlated with the overestimate
of MgAlSi in the same energy bin. The correlation and
degeneracy between mass groups will be further discussed
in Sec. IVA 3.

3. Uncertainties of reconstructed elemental
energy spectra

The performance of the proposed CR decomposing
method is further evaluated here by the uncertainties of
the reconstructed elemental energy spectra. We find that the
uncertainties of the reconstructed spectra depend on both

FIG. 2. The best fit of the Nμ=Ne distribution in the energy bin
of 0.5–0.8 PeV (test I). Upper panel: the mock data with the GSF
model (black solid line), the best fit (black dashed line), and the
template distributions of individual mass groups with the H3a
model; proton (red), He (blue), CNO (magenta), MgAlSi (green),
and Fe (cyan). Lower panel: the ratio between the best-fit
distribution and the mock data. The error bars are the statistical
uncertainties due to limited simulated samples.

FIG. 3. Reconstructed elemental energy spectra for the GSF
model in test I. Different colors represent different mass groups,
as annotated in the figure legend. The data points show the
reconstructed elemental energy spectra of different mass groups,
with the error bars given by the 16% and 84% percentiles of the
posterior distributions. In comparison, the solid lines present the
input GSF model.
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mass group and energy, and there is (anti)correlation
between the fitting results of different mass groups.
As for the composition and energy dependence, one

can see, from the fitting results, smaller uncertainty for
the proton, He, and Fe, but larger for CNO and MgAlSi,
and larger uncertainty at higher energy. We show in Fig. 5
the uncertainties of the best fit to the five mass groups in
0.2–20 PeV. For the proton and He, the relative uncer-
tainties are 2% at 200 TeV and 6% at 20 PeV; for Fe, the
uncertainty increases from 3% at 200 TeV to 7% at
20 PeV. As for CNO and MgAlSi, the uncertainties range
from 5% and 9% at 200 TeV to 8% and 16% at 20 PeV,
respectively.
The reason why the proton, He, and Fe groups obtain

better constraints than the others is understandable. The
Nμ=Ne distribution is usually a bump with two side wings
dominated by the lightest and heaviest mass groups
(Fig. 2); thus, the proton and Fe fluxes are constrained
with smaller uncertainties. He is next to the proton in the
distribution, with the Nμ=Ne peak well separated from the
other groups, namely, the proton and CNO (see Fig. 2),
so the fitting of the He flux is less affected by the
mixing with the proton and CNO groups. On the contrary,
the two intermediate mass groups, CNO and MgAlSi,
which lie mostly around the peak region of the

distribution, are subject to strong mixing of all the
mass groups which makes the decomposition more
challenging. Therefore, the determination of the CNO
and MgAlSi fluxes is less certain.
The reason why the fitting is better at low energies and

more uncertain at high energies is also understandable.
The dependence on the energy of the uncertainty is
mostly attributed to the limited MC sample size. Since
the MC simulation is sampled from an E−2 power law,
low-energy showers are better sampled, while the high-
energy showers have smaller statistics with larger fluc-
tuations. In principle, a larger simulation library can
reduce the statistical uncertainties. However, the simu-
lation of a high-energy shower is so time consuming that
the dependence on the energy of the uncertainty is almost
inevitable.
Finally, we find that there is a correlation and degen-

eracy between fitting parameters, i.e., fk (with k denoting
different mass groups; see Appendix. B), reflected by the
posterior distributions of the MCMC simulation. Figure 6
shows, for example, the a posteriori distributions and the
correlations between the fitting parameters in the energy
bin of 0.5–0.8 PeV. The fitting parameters are fk’s. The
adjacent mass groups are anticorrelated, e.g., CNO and
MgAlSi, which results from the overlap between the two
adjacent mass groups. The mock data constrain the total
number of events contributed by the two (or more)
overlapping mass groups, which leads to an anticorrela-
tion or degeneracy between neighborhood nuclei.
Therefore, the alternate mass groups are positively corre-
lated, e.g., CNO and Fe. The correlation decreases for
distant mass groups. For example, the proton and Fe have
the weakest correlation in Fig. 6, because they are best
separated for the Nμ=Ne spectrum. The degeneracy
between fk’s is not unique to this analysis, but ubiquitous
for any measurements on the elemental energy spectra.

FIG. 4. Ratios between reconstructed fluxes to the input ones as
a function of the reconstructed energy in test I. From top to
bottom shown are for the five mass groups: proton, He, CNO,
MgAlSi, and Fe.

FIG. 5. Relative uncertainties of the reconstructed elemental
energy spectra as a function of the reconstructed energy in test I.
The colored lines correspond to different mass groups.
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B. Test for a different template composition model

Since the template distributions of mass groups depend
on the presumptions of spectral shapes within the energy
bins, i.e., the template model, here we further carry out test
II, in comparison with test I, to examine the dependence on
template models. In test II, we use the PGmodel to generate
the template distributions, whereas the mock composition
is kept the same as test I. We approximate PG’s mass
groups of CNO, MgAlSi, and MnFeCo by simulating only
the middle nucleus, i.e., N, Al, and Fe, and the nucleus flux
is from summing the fluxes of all three nuclei within the
mass groups. Template distributions of Nμ=Ne are pro-
duced with the PG model for the five mass groups after the
above simplifications.
Figure 7 compares the results of test II to test I, under two

different template models, i.e., PG versus H3a. The compo-
sition reconstruction is robust for changing the template
models, where the difference between the two results is
smaller than 9%. Particularly, the differences of the results
obtained with the two template models arewithin 2% for low
energies (< 4 PeV). The largest deviation is the He spectrum
above 10 PeV, which likely comes from a fluctuation caused
by the small statistic of the MC sample. On the other hand,
the error bars represent the statistical uncertainties due to the
limited simulation sample.
The consistency of the reconstructed spectra with differ-

ent template models demonstrates the decomposing method
is almost independent of the CR composition model. This is
because the MCMC fitting is done independently in each
energy bin, and the energy bin is narrow enough so that the
template spectral shape does not matter much.

C. Test for a different input composition model

In order to test the reconstruction performance, we also
try the case of a different input composition model. Here we
carry out test III, where, compared to test I, the input
composition model is replaced by the PG model, whereas
the template model is kept the same. The reconstructed
energy spectra for the PG model are shown in Fig. 8. The
knees of the proton and He below 10 PeVare well restored
by the reconstruction. The relative uncertainties are pre-
sented in Fig. 9. The reconstruction is done very well, with
the reconstructed fluxes consistent with the PG model
within the 1σ error.
The uncertainty changes very little compared with the

results of test I. For proton spectrum, the uncertainty is 1%
at 200 TeVand 9% at 20 PeV. For the He and Fe groups, the
uncertainties are 2% at 200 TeVand up to 5% at 20 PeV. As
for CNO and MgAlSi, the uncertainty increases from 7%
and 12% at 200 TeV to 9% and 20% at 20 PeV,
respectively.
The dependence of the uncertainties on the mass groups

also exists for test III. Again, the fluxes of the proton, He,
and Fe are better reconstructed, while the reconstruction of
CNO and MgAlSi suffers more degeneracy due to stronger
mixing of the two intermediate mass groups.
The good recovery of the elemental energy spectra with a

different input model demonstrates that the reconstruction

FIG. 6. Posterior distributions and correlations of log fk of the
five mass groups in the energy bin of 0.5–0.8 PeV (test I).

FIG. 7. The ratio between the fluxes resulting from test II and
test I (PG and H3a as template composition models, respectively)
as a function of the reconstructed energy. The error bar is only
statistic uncertainty.
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method is capable of restoring the CR composition in
general, instead of only for certain input models.

V. SUMMARY AND DISCUSSION

In this work, we propose an approach to reconstruct the
elemental energy spectra of CRs around the knee with the

Nμ=Ne distribution measured by LHAASO-KM2A: The
energy spectra of individual CR compositions is obtained
by fitting the Nμ=Ne distributions in each reconstructed
energy bin using the template shapes of the Nμ=Ne

distributions of individual CR compositions based on
MC simulation. We validate the feasibility of the approach
and estimate the uncertainties of the reconstruction with an
MC test, where we fit the mock data generated by MC
simulation to test how well the input composition model
can be restored. The uncertainties depend on the mass and
energy of the primary CR. In test I using the GSF model as
the input composition and the H3a model to generate
template distributions, we find that the CR spectra of
individual mass groups below 20 PeV can be well recon-
structed by LHAASO-KM2A, for the proton, He, and
Fe groups, with uncertainty < 7% below 20 PeV, though
somewhat larger uncertainties for CNO and MgAlSi,< 8%
and < 16% below 20 PeV, respectively. Furthermore, the
versatility of the reconstruction is demonstrated by tests II
and III where different template and input models are
tested, showing good recovery of the input CR spectrum
and weak dependence on the template model of individual
mass groups.
The consistency with different template models demon-

strates the CR model independence of the method. This is
mainly because the MCMC fitting is done independently
between energy bins. This is especially desirable compared
with those methods explicitly involving assumptions on CR
composition, and avoids circular reasoning. Some methods
using a neutral network to decompose CR compositions
necessitates a presumed composition model for training
the network, e.g., hypotheses for the proton or heavy
dominant [17], or equal mixture among four mass
groups [36]. However, the true CR composition distribution
likely deviates from the assumption.
We also note a caveat that the CRmodel independence of

this reconstruction method is at the expense of relying on
an accurate description of the Nμ=Ne distribution for the
five mass groups. At low energies, the MC simulation has a
sufficient statistic to sample the expected ratio distribution.
At higher energies, the sampling may be incomplete due to
poorer statistics, which introduces bias to the fitting.
Considering the difficulty of simulation at high energies,
parametrizing the Nμ=Ne distribution from simulation may
overcome the limited MC sample size with introducing
acceptable model dependence. For example, KASCADE
used parametrization to overcome the insufficiency of
simulation and extrapolation to better describe the side
wings of the Nμ distribution that are hard to simulate [15].
IceCube used a kernel density estimation to extract the
template distributions of the four mass groups [36].
Presently, the template distributions in this analysis are
directly from the simulation data without parametrization,
which is more based on simulation with minimized model
dependence on the choice of the parametrization.

FIG. 8. Same as Fig. 3, but for test III.

FIG. 9. Same as Fig. 4, but for test III.
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In our method, the template distributions of individual
mass groups rely on simulation; thus, other uncertainties
will arise when applying the method to measurements, i.e.,
the uncertainties from the hadronic interaction model and
the atmosphere model, which is a general problem for a CR
decomposing method based on air shower simulation. In
future analysis of measurements, more than one hadronic
interaction model should be used to estimate the related
systematic uncertainties. Moreover, the atmospheric profile
could be more properly described. Also, the possible
seasonal variation should be considered. On the other
hand, one may try to reconstruct the energy and compo-
sition together in order to mitigate the potential migration
effect, especially for the events with a small number of
detectors triggered.
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APPENDIX A: EVENT SELECTION

Event selection filters out showers that are poorly
reconstructed, e.g., showers with core position outside
the array or showers with few secondary particles. On
the other hand, the event selection depends on the scientific
goal of the analysis to minimize the loss of events of
interest. The selection conditions used in this analysis are as
follows: (1) The zenith angle of the shower is from 10° to
30°, which is determined by matching the grammage of the
atmosphere and the shower maximum of the energy range
to be studied. (2) The distance of the shower core from the
array center is from 320 to 420 m to ensure the shower is
well contained in the array with a good measurement of the
em and muonic content in the shower. (3) More than 50
EDs are triggered. (4) The number of secondary electro-
magnetic particles and muons located 40–200 m from the
shower axis should be greater than 80 and 15, respectively.
The geometry cut, i.e., cuts on the shower zenith angle

and the shower core position, is used to select the showers
that are well measured by the KM2A array with little
particles absorbed in the atmosphere or falling outside the
array, which minimizes the bias and uncertainty in the
reconstruction. The requirements on the minimum number
of em and muon particles are to guarantee the
reconstruction quality. The more secondary particles the
array collects, the better the reconstruction will be. At
the same time, the minimum numbers of muons and
electrons determine the threshold energy of the array,
which makes the analysis start from 200 TeV.

APPENDIX B: MCMC FITTING
OF THE Nμ=Ne DISTRIBUTION

The fluxes of the five mass groups are derived from
fitting the Nμ=Ne distribution in the reconstructed energy
bins. We use anMCMC simulation to sample the likelihood
distribution of observing the actual data for different
compositions, where the best fit maximizes the likelihood.
The events are binned into the primary energy E

and ratio R≡ Nμ=Ne bins. We define bin ði; jÞ where

Ei < E < Eiþ1 and Rj < R < Rjþ1, and Npred
i;j and Nobs

i;j as
the model-predicted and observed numbers of events,
respectively, in bin ði; jÞ.
For a given composition model, the predicted number of

events in a bin should be the sum of the contributions from
all mass groups and can be given by

Npred
i;j ¼

X

k

fki N
temp;k
i;j ; ðB1Þ

where Ntemp;k
i;j is the number of events contributed by

nucleus k, with k ¼ proton, He, CNO, MgAlSi, or Fe,
in bin ði; jÞ for the adopted template composition model,
and fki is the normalization factor for nucleus k and energy
bin Ei. fki is the parameter to be determined by comparing
the model with observation.
We assume the number of events in a bin can be

approximated by a Gaussian distribution for large event
counts. Thus, the likelihood in bin ði; jÞ can be given by

Li;jðNobs
i;j jNpred

i;j Þ¼ 1
ffiffiffiffiffiffi
2π

p
Npred

i;j

exp

�
−
ðNobs

i;j −Npred
i;j Þ2

2Npred
i;j

�
; ðB2Þ

which depends on the fluxes of the five mass groups. In
energy bin i, the likelihood considering all R bins is

LiðNobs
i jNpred

i Þ≡Y

j

Li;jðNobs
i;j jNpred

i;j Þ; ðB3Þ

where the right-hand side runs over all Rj bins. Therefore,
one can find the best-fit flux of each mass group at energy
bin i by maximizing LiðNobs

i jNpred
i Þ.

This can be done in each energy bin to derive the fki ’s.
The best-fit flux can be given by FkðEiÞ ¼ fki F

k
0ðEiÞ,

where Fk
0ðEiÞ is the flux of nucleus k at energy Ei for

the adopted template composition model. Therefore, the
elemental energy spectra of each mass group are obtained.
With Fk

0ðEiÞ the flux of nucleus k at energy Ei for the
adopted template composition model, the best-fit flux can
be given by FkðEiÞ ¼ fki F

k
0ðEiÞ.
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