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The origin of cosmic ray (CR) spectral knee around ~4 PeV is unknown. Composition studies
around the knee can provide information on the CR sources and propagation. LHAASO-KM2A
is capable of simultaneously measuring the EM and muonic components in extensive air showers.
The triggered events of LHAASO-KM2A are dominated by CRs of higher energies at larger zenith
angles because of the increasing atmospheric attenuation. In this work, we use the KM2A observed
spectrum of muon-to-electron number ratio to constrain CR composition around the knee. The
muon-to-electron number ratio spectra are compared between Monte Carlo (MC) simulation and
experiment data over a wide zenith angle range. We report a MC excess at large zenith angles,
which sets an upper limit on CR Fe flux at PeVs. Systematic uncertainties of interaction models
and atmospheric models are briefly discussed.
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1. Introduction

The origin and propagation of cosmic ray (CR) are far from understood after its discovery more
than a century ago. The CR energy spectrum shows power laws in general. A spectral steepening
appears around 4 PeV, which marks the so-called CR spectral knee. The reason of the CR knee is
unclear. Possible causes include acceleration limit of the Galactic CR sources, i.e., the maximum
energy of CR that the sources can produce, and the propagation effects, i.e., the more rapid leakage
of CRs from the Galaxy with increasing energy[1]. Composition observations play a key role in
deciphering the physical processes accounting for the steepening in the energy spectrum. Previous
experimental efforts include KASCADE]2], IceTop and IceCube[3], ARGO-YBJ and WFCTI[4],
and so on. However, differences between various experiments prevent a observational consensus on
the CR composition around the knee.

Large High Altitude Air Shower Observatory (LHAASO)[5] is a multi-component experiment
with three sub-arrays: Water Cherenkov Detector Array (WCDA), Wide Field-of-view Cherenkov
Telescope Array (WFCTA) and Square Kilometer Array (KM2A). KM2A is composed of 5216
electromagnetic detectors (EDs) and 1188 muon detectors (MDs), deployed into a circle of 635 m
radius. The large coverage and high altitude of KM2A make it capable of observing showers from
large zenith angles. Meanwhile, independent measurements on electromagnetic (EM) component
and muon component in the air showers provide reliable differentiation between mass groups.

In this work, we show the spectra of muon-to-electron number ratio of CR events at different
zenith angles for the observation data and the simulation of the H3a[6] composition model. The
observed spectrum at large zenith angles leads to an upper limit on Fe flux at PeV range.

2. Data and simulation

2.1 Experimental data

The data used in this analysis is from January 22, 2022 to January 31, 2022, under the steady
operation of full KM2A. The triggered events are filtered by setting the minimum numbers of sec-
ondary EM and muon particles collected by EDs and MDs and that the distance of reconstructed
shower core should be greater than 65 m from the array edge. Besides the event selection conditions
mentioned above, the fraction of properly working detectors is greater than 99% for both EDs and
MDs.

2.2 Monte Carlo Simulation

Simulated events are generated with CORSIKA 7.7410 [7] and G4KM2A.The hadronic model
is QGSJet-11-04 at high energy and FLUKA at low energy. The atmosphere model used in simulation
is the US standard atmosphere, with a vertical depth around 597 gcm~2 at LHAASO altitude. The
simulated events are reconstructed and selected with the same procedure that is applied to data. The
simulated shower library includes five mass groups commonly used in ground-based experiments:
Proton, Helium, Nitrogen (for CNO group), Aluminum (for MgAISi group), and Fe.

The simulated shower covers a wide range of primary energy and zenith angle: 10 TeV-100 PeV
in energy, 0-89 degree in zenith angle. We use stratified sampling to simulate showers of such a wide
range, i.e., the sampling is divided into small energy and zenith angle bins. For the shower energy,
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the simulation is linearly divided in log space with a bin width of Alog E = 1 and the input spectrum
within each bin is E~2. For the zenith angle, the simulation is binned according to the increase of
slant depth towards large zenith angles from O to 89 degree. Special options of CORSIKA are
selected for simulating showers of high energy and/or large zenith angles. THINNING is used for
secondary EM particles (E§" = 10 MeV) if the primary energy is higher than 1 PeV. CURVED is
chosen for showers above 70 degree.

3. N,/N. spectra at different zenith angles

The muon-to-electron number ratio is related to the primary mass. Heavy nuclei have a larger
muonic component and smaller EM component compared to light nuclei of the same energy. There-
fore, heavy nuclei have larger muon-to-electron ratio than light ones. Theoretically, the spectrum of
muon-to-electron number ratio encapsulates the composition information of primary cosmic rays.

Observationally, we use the number of photoelectrons (pe) collected in MDs (EDs) as the proxy
of number of muons (EM particles) to study the composition evolution of cosmic rays. Hereinafter,
N, is defined as the total number of pe in all MDs within 40-200 m,' from the shower axis in the
shower plane. Likewise, N, is the total number of pe in all EDs within 0-200 m from the shower
axis.

3.1 Comparison between data and simulation

We compare in Figure 1 the N, /N, spectra in reconstructed zenith angle bins, e, between
data and simulation with the H3a model. Top panel shows the event rate spectra of N, /N, for data
(solid line) and simulation (dashed lines), where the spectra have been vertically shifted according
to the zenith angle to line up the spectra in the order of increasing zenith angles from top to bottom
for better visibility. Bottom panel is the ratio between simulation and data to show the deviations
of simulation at different zenith angles. An overall agreement is shown between the experimental
data and the simulation in a wide range of zenith angles. Furthermore, the agreement shows that
the H3a model can describe the data within 30% below 52 deg.

However, the significant discrepancy of simulation and data is the simulation excess (over
100%) around N, /N.~ 2 at zenith angle 55 — 66 deg. This implies that the H3a model likely
overestimates the flux of PeV Fe (see below).

3.2 Upper limit on CR Fe flux at PeV

The measured N, / N, spectra allow one to set upper limits on the flux of individual mass groups
by requiring the simulation of any individual nucleus not overshooting the observed spectrum. Mo-
tivated by the H3a excess of N, /N, at large zenith angles, we derive an upper limit of PeV Fe flux
based on the observed N, /N, spectrum at 58-66 degree.

Figure 2 zooms in on the N,/ N, spectrum at 58 —66 degree by displaying the simulated spectra
of different mass groups. The significant MC excess around N, /N ~ 2 is mostly contributed by
Fe (shown by the cyan lines). The ratio between the spectrum of Fe and the data peaks at the same

The central region is excluded for muon counting to alleviate punch-through effect of energetic EM particles near
the shower axis.
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Figure 1: N, /N, spectra of CR events at different zenith angles. Top panel: Comparison in different zenith
angle bins between data (dots) and simulation (dashed lines) assuming H3a model. The color codes refer to
different reconstructed zenith angles, Orec. The y-axis has been vertically shifted for visualization. Bottom
panel: The event rate ratio between simulation and data at different zenith angles. Only statistical uncertain-
ties of simulation and data are shown. (The ratios above 66 degree are left out in the bottom panel due to

poor statistics).

region. Therefore, the simulation excess at large zenith angles is most likely because the H3a model
overestimates the Fe flux.

The energy spectrum of triggered events in a certain zenith angle bin usually show a sharp
cutoff at low energy because of the atmospheric absorption of low energy showers, as shown in Fig
3. Because the atmospheric thickness increases at large zenith angles, the spectral cutoff energy
also increases with zenith angles. At the zenith angle bin of 58-66 degree, the event rate of Fe is
dominated by showers around 1.2 PeV. Therefore, the N, /N, spectrum of Fe at 58-66 degree is
mostly determined by PeV events.

Let us consider the upper limit on the Fe flux at PeV range, since the H3a excess at zenith angles
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Figure 2: N, /N, spectrum of CR at zenith angles of 58-66 degree. The black dashed line is simulation
with the H3a model summing up all mass groups and the colorful dashed lines are results of individual mass
groups given by H3a model. The colors represent different mass groups which is annotated in the figure
legend. Top panel: The black dots are observed N, /N, spectrum. The dashed lines are the simulation with
the H3a model. Bottom panel: event rate ratio between simulation and data.
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Figure 3: Simulated event rate of triggered Fe events as function of CR energy, assuming the primary spec-
trum is H3a model. The red dashed line is for zenith angles of 27-34 degree, and the blue solid line for 58-66
degree. The peak energy of the two angle bins are 200 TeV and 1.2 PeV, respectively.
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of 58-66 degree at N, /N, ~ 2 is mostly determined by the flux of PeV Fe. Assuming an isotropic
incidence and a CR spectrum with a flux of Fp, if the simulation of pure Fe results in an event rate
of Ny in the concerned region, i.e., zenith angles of 58-66 degree and N, /N, =~ 2, then the Fe flux

is limited to Fre < (Npaw/No)Fo, where Np,, is the observed event rate.

4. Discussion

The simulation excess observed at large zenith angles shown in Fig 1 probably points to the
overestimation of H3a model for heavy nuclei, i.e. Fe, around PeV. The inconsistency between data
and simulation on the N, /N, spectra at large zenith angles suggests the cosmic ray composition
may be lighter than the H3a model in the PeV energy range. On the other hand, we note the sys-
tematic uncertainties from atmosphere model and hadronic model are the caveat for any conclusive
judgement on the CR composition

The uncertainty of atmosphere is from the daily variation of experiment conditions. The exper-
iment data used in this analysis is from a short time window (10 days), which makes the seasonal
variation of atmosphere negligible. The averaged vertical depth during the data taking period at
LHAASO site is ~ 599 gcm™2 2 and the daily variation is roughly 1gcm™2. The vertical depth of
US standard atmosphere at LHAASO altitude is ~ 597g cm~2. To quantify the effects of changing
atmosphere on the upper limit of PeV Fe, we repeat the analysis with a modified atmosphere model
in simulation whose vertical depth is 603 g cm~? (denoted as Atm603), 1% thicker than US standard
model. Figure 4a compares the N, /N, spectra under the two atmosphere models, Atm603 and US
standard atmosphere. The bottom panels shows the ratio between the two atmosphere models. In
the region of interest (N, /N, = 2), the N, /N, spectrum of Atm603 is slightly smaller than that of
the US standard model by less than 10%. Thus, the effects of the daily changing atmosphere on the
ratio spectrum is within 10% around N, /N, ~ 2.

The interaction model is the major uncertainty for this analysis. We use two interaction mod-
els, Sibyll-2.3d and QGSJET-11-04, to bracket the variation induced by the imperfect hadronic mod-
elling. Figure 4b compares N, /N, spectra of the two models. Statistically, Sibyll-2.3d predicts a
smaller N, /N, than QGSJET-1I-04. The ratio between Sibyll and QGSJET is approximately 0.65
around N, /N, ~ 2. Therefore, the N,, /N, spectrum is sensitive to the hadronic model, which is the
most uncertain for this analysis.

5. Summary

We have compared the N, /N spectra of data and simulation in a wide zenith angle range. The
general agreement between data and simulation demonstrates the capability of LHAASO-KM2A
observing inclined air showers and the proper treatments of simulation programs at large zenith
angles.

The simulation excess at large zenith angles suggests the H3a model overestimates PeV Fe,
though the uncertainties from hadronic models is large. We set an upper limit of PeV Fe, by requiring
the pure Fe simulation not exceeding the observation data. The systematic uncertainties are mainly

2The depth is approximately calculated from the air pressure at LHAASO site, vertical depth[g em~2] ~ 1.02P,
where P is the air pressure measured in hPa.
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Figure 4: Systematic uncertainties of N, /N, at 58 — 66 degree for 1 — 10PeV Fe assuming E ~27 energy
spectrum. (a) Systematic uncertainties from atmosphere models. (b) Systematic uncertainties from interac-
tion models.

contributed by the hadronic model compared to the atmosphere model. The GST model is in tension
with the observation data at large zenith angles, while the judgement of H3a model depends on the
selected hadronic model. For the QGSJET model, H3a overshoots the observed spectrum at N,/ N
at large zenith angles. In contrast, the H3a model is more compatible with the data for the Sibyll
model. Therefore, a decisive conclusion on the CR composition is largely impeded by the hadronic
modelling, which calls for further investigation.
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