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The High-Altitude Water Cherenkov (HAWC) observatory was designed to study gamma-ray
sources in the energy range between a few hundred GeV up to few hundred TeV. It is composed
of 300 Water Cherenkov Detectors (WCDs) that cover a surface of approximately 22000 m?, at
4100m a.s.l. In this study, we use the HAWC WCDs as a very large horizontal particle tracker,
searching for horizontal muon rate variations by season using 1.5 years of HAWC data. We look
for a possible correlation between the effective temperature and the horizontal muon rate. In
order to do this, we developed a method to calculate the effective temperature for the horizontal
propagation of muons. This is the first time that a search for seasonal variations in the high-altitude

horizontal muon rate is reported.
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1. Introduction

The High-Altitude Water Cherenkov (HAWC) observatory, located at an altitude of 4100 m
in Puebla, Mexico, consists of 300 water Cherenkov detectors (WCDs), each equiped with four
photomultiplier tubes (PMTs), distributed over an instrumented area of 22000 m?>. While HAWC
was designed to detect gamma rays in the energy range from hundreds of GeV to hundreds of TeV,
it can also detect horizontal muons produced high in the atmosphere, these reach the detector after
traveling long paths, being affected by the physical conditions of the upper atmosphere. Previous
work by the HAWC collaboration explored the possibility of detecting Earth-skimming neutrinos
using nearly horizontal muon-like tracks [1]. This analysis builds upon the data selection and
reconstruction techniques developed for that work but it focuses on the horizontal muon rates as a
function of atmospheric conditions.

The dependence of the vertical muon flux on atmospheric temperature is well studied, mainly
by underground experiments [2, 3]. However, in the horizontal case, this dependence is not yet
known. Because of the long atmospheric paths, horizontal muon production and propagation may
exhibit different sensitivities to temperature variations compared to vertical fluxes. In this work, we
combine experimental data from HAWC, atmospheric modeling based on real data, and numerical
simulations performed with the Matrix Cascade Equations (MCEq) software [4] to investigate this
possible correlation. We present the methods used to calculate the effective atmospheric temperature
relevant for horizontal muon production, the simulations performed under different conditions and
hadronic interaction models, and a direct comparison with the experimental data collected over
more than one year of detector operation.

2. Horizontal Muons with HAWC

This analysis builds upon the data selection and reconstruction framework developed for the
HAWC Earth-skimming neutrino search, reported in a previous ICRC edition [1]. The main
difference lies in the use of an expanded dataset that includes all available high-quality data spanning
more than one year, along with stricter requirements on detector stability to enable reliable long-
term rate studies. The dataset consists of triggered events reconstructed with extended information,
including detailed timing and charge distributions from the PMTs in each WCD.

Since HAWC is surrounded by mountains, this study focuses on a direction where the horizon is
unobstructed, allowing muons to reach the detector nearly horizontally. Figure 1 shows an example
of a selected horizontal muon event. Although the array’s geometry is not fully symmetric,
the chosen direction aligns with a long row of detectors, enhancing detection efficiency. The
corresponding detection rate of horizontal muon candidates over time is shown in Figure 2. For
both opposing directions (approximately southeast and northwest), the rate remains approximately
constant over the whole time window (from may 2017 to january 2019), with no clear evidence of
seasonal modulation. We also include fits to a constant function and a first-degree polynomial; the
constant fit yields a y?/NDF between 0.85 and 1.10, supporting the interpretation of a stable rate.
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Figure 1: Event displays of horizontal muon candidates in HAWC. Color is showing arrival time, consistent
with the pattern expected for a near-horizontal trajectory. We consider two opposing directions; from
southeast and from northwest.
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Figure 2: Time variation of the horizontal muon rate over 1.5 years of HAWC data.

3. Effective temperature calculation

The atmospheric data used for our analysis is from the European Centre for Medium-Range
Forecasts (ECMWF) [5]. The ECMWF data combines measurements from multiple sensors in a grid
covering Earth’s surface across 37 pressure levels (1 to 1000 hPa). Measurements are sampled every
six hours daily. For the analysis, we use ECMWF tools with inputs like the HAWC observatory’s
coordinates (N 18° 59’ 397, W 97° 18 24”, 4089 m elevation) and points along the horizontal
trajectory. The tool returns the nearest grid point (e.g., Lat: 18.75, Long: 262.5 for HAWC, 33.9
km away) and four surrounding points, typically spaced 40 km apart.

For the effective temperature calculation from the atmospheric data we follow the procedure
in Ref. [2], adapted to a horizontal trajectory for our case. The effective temperature, expessed as
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a weighted average, is:

Teﬁ=/‘) d:(T(X)W(X)’ 0
Jy dX W(X)

where the weigths

(1= XN )2e XMnr Al
Wn,K(X) — 1 n,K ,K -, (2)
y+(y+1) B, (K(X) (Emcos8/exr k)

are dependent on parameters such as the meson masses, the attenuation lenghts A, the muon spectral
index vy, the critical energies € and the parameters A and B, which describe the meson production
in the forward region and the relative atmospheric attenuation, respectively.

4. Simulations

The MCEq software [4] solves cascade equations numerically, offering efficiency compared to
traditional Monte Carlo methods. We used Sibyll 2.3d, QGSJet-1I-04, and EPOS-LHC hadronic
models with HillasGaisser2012 H3a primary cosmic ray flux. Custom atmospheric profiles were
implemented from the ECMWF data.

4.1 Atmospheric profiles generation

We developed an atmospheric profile generator based on CORSIKA’s gdastool [6], producing
profiles compatible with air-shower simulation softwares. The tool considers the 37 ECMWF pres-
sure levels. Fixing values for pressure P(#4), temperature T (/), and relative humidity relh(%), the
atmospheric density p(h) is derived via the ideal gas law. Atmospheric depth X (%) is subsequently
computed using a multi stage fit. We make use of the 5-layer model of the atmosphere, where depth
follows exponential functions in the lower four layers:

X(h)=a;+bie” M, i=1,23,4 3)

with linear approximation above 100 km:

X(h) =as — i—:h. 4)

The parameters a;, b; and c; are optimized through nonlinear fitting with layer continuity constraints.

As a first approximation, we generated isothermal profiles (+10% from mean) to be able to iso-
late temperature effects. Since the majority of muons are produced in the upper atmosphere, where
temperature gradients are relatively small compared to lower altitudes, an isothermal treatment cap-
tures the dominant thermal effects on pion and kaon decay probabilities. Then, we implemented the
realistic ECMWEF profiles at HAWC location, covering a range of effective temperature variations.
This allows us to directly validate temperature effects against experimental muon horizontal flux
measurements.
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4.2 Simulation results

With the isothermal appoximation of the atmosphere and a muon energy threshold of 2 GeV,
we performed the simulations varying the primary zenith angle, shown in Fig. 3a. In general, we
observe an anticorrelation between the muon rate and the temperature. However, this trend weaken
progressively with increasing zenith angle, approaching a slope near zero for completely horizontal
flux, just as we expected from the experimental results.

To properly estimate the energy threshold to be used in the integration for calculating the
muon rate, it is important to account for the energy losses that muons experience as they propagate
through the atmosphere. We assume a constant average energy loss rate of 2MeV/gcm™2 for
muons traversing the atmosphere [7]. Using this approximation, we can estimate the energy a muon
must have at the point of production (at slant depth X) in order to reach the observation level at
depth X, ;s with sufficient energy to pass the detector threshold. The effective threshold energy at
production depth is then given by

Xobs
En(X) = Etp.obs +2MeV/g cm—2(—‘ bs _ X), (5)
cos b

where E;j,(X) is the required initial energy at slant depth X, 6 is the zenith angle of the muon’s
trajectory, and Esp, ops ~ 2 GeV is the energy threshold at HAWCs altitude. Figure 3b shows the
resulting threshold energy E,,(X) as a function of the slant depth, calculated using this expression.
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(a) Simulated muon rate vs. atmospheric temperature (in  (b) Minimum muon energy required at production depth X
the isothermal approximation) for different zenith angles.  to reach HAWC with £, > 2 GeV.

Figure 3

To evaluate the dependence of our results on the choice of hadronic interaction model, we
performed the simulations using three different models. For these, we use the highest muon
energy threshold considered (140 GeV), as well as the actual atmospheric profiles from ECMWF
data, corresponding to different effective temperatures. The results, shown in Figure 4, reveal
no significant differences between the models in the resulting rate variations at observation level.
For visibility, the points are slightly shifted along horizontal axis by 0.1 and 0.2 K for Sibyll 2.3c
and EPOS-LHC, respectively, since the models produce virtually identical results. This reinforces
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our conclusion that the observed weak correlation for horizontal muons is a general feature of the
production and transport mechanisms in the temperature variation range, and not something caused

by the choice of hadronic model.
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Figure 4: Comparison of hadronic interaction models (Sibyll 2.3, QGSJet-11-04, EPOS-LHC) for horizontal
muon rate vs. effective temperature. Points are horizontally offset for clarity.

Comparison with data

Finally, we present a direct comparison between the simulation results and experimental data
in Figure 5. Despite the large uncertainties present in the data, we find the agreement between
the MCEq predictions and the observed horizontal muon rates to be reasonable. Importantly, the
MCEq results show no significant correlation between the horizontal muon rate and the effective
atmospheric temperature, consistent with the behavior observed in the HAWC measurements. This
consistency further supports our conclusion that temperature induced variations in the horizontal
muon flux are negligible, both in simulations and in actual data.
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Figure 5: Comparison between HAWC data (black points) and MCEq simulations with Sibyll 2.3 (green
squares) for horizontal muon rate vs. effective temperature. Both data sets show the absence of significant
correlation.

5. Summary

We have presented an analysis of the horizontal muon flux detected by the HAWC observatory,
using an extended data sample based on the Earth-skimming neutrino search [1]. To analyze the
observed muon rates, we made use of realistic atmospheric profiles derived from ECMWF data
and calculated the corresponding effective temperatures following the method described in [2].
Numerical simulations were performed using the MCEq framework [4] with various hadronic
interaction models considering both isothermal and realistic atmospheric conditions. The results,
from both simulation and experimental data, suggest that variations in the horizontal muon flux
at HAWC due to atmospheric temperature variations are negligible. This work represents the first
reported search for seasonal variations in the horizontal muon rate at high altitude.
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