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The volcanoes surrounding the HAWC observatory provide varying material depths from open sky to over 
15 km of rock for nearly horizontal muon trajectories. The muon integral intensity as a function of material 
depth may be determined from the rate of muons as a function of arrival direction near the horizon. A Hough 
transform algorithm is used to identify nearly-horizontal muons traversing the HAWC observatory by 
finding a line in the 3d point cloud of PMT hits (xi,yi, and cti). The arrival direction of the muon can be 
estimated from this line. Background Extensive Air Shower (EAS) fragments are identified by the presence 
of a lateral extension of PMT hits in a plane normal to the muon candidate trajectory. A geometry-based 
simulation has been developed to improve and estimate arrival direction reconstruction resolution and 
effective area. A description of the reconstruction techniques and estimates of detector resolution, 
backgrounds, and effective area as a function of arrival direction, will be provided. 
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1. INTRODUCTION

The High Altitude Water Cherenkov Observatory, HAWC,  is designed to detect VHE
Gamma-Ray and Cosmic-Ray extensive air shower (EAS) events. HAWC consists of 300 
Water Cherenkov Detectors (WCD) arranged in an array covering approximately 22,000 m2 
at an altitude of 4100 m at the saddle point between two volcanoes, Sierra Negra and Pico de 
Orizaba in Mexico. Each WCD contains about 200,000 L of water in a cylindrical bladder 7.3 
m in diameter and 4.3 m in height. Four upward-looking PMTs view the water volume from 
the floor of each WCD. The absolute location of each PMT is surveyed to a precision of ap-
proximately 1cm in each direction. The surface over which the tanks are deployed is flat but 
at an angle of roughly 0.7 degrees 
from the horizontal path just slightly 
west of north. The PMTs measure the 
arrival time of Cherenkov light gen-
erated by relativistic charged parti-
cles to a precision of better than 1 ns. 
As shown in figure 1, the regular ar-
rangement of the WCDs and PMTs 
facilitates the operation of the 
HAWC observatory as a hodoscope 
that can detect and measure the tra-
jectory of nearly horizontal muons, 
as described in [1]. In addition, the 
surrounding volcanoes provide material depths up to 30 km water equivalent (km w.e.) for a 
considerable fraction of the acceptance of HAWC, thereby enabling a measurement of the 
intensity of muons as a function of depth. This effort was motivated to perform studies of 
cosmic ray composition by studying muon multiplicity and rates as described in [2]. 

Previous measurements of muon intensity as a function of depth from underground ob-
servatories have been compiled by Bugaev[3]. A notable feature of the spectra is its flattening 
for depths above 14,000 hg cm-3 (or 14 km w.e) due to the constant intensity of neutrino-
induced muons. Preliminary results from HAWC, as reported in the ICRC 2019 proceedings 
paper on a measurement of the integral intensity of nearly horizontal muons[4], are consistent 
with the muon intensity as a function of depth with significant uncertainties up to depths of 7 
km. However, background events from misidentified EAS events, muons scattered from the 
mountain surface into the acceptance of HAWC [5], and poorly reconstructed muon events 
from directions of less depth have dominated the signal for muons penetrating depths over 6 
km. We are attempting to improve the reconstruction of the trajectories of nearly horizontal 
muons as described in this report to reduce the background from poorly reconstructed muon 
trajectories. We are also incorporating the improved reconstruction algorithms into acceptance 
calculations as described below. 

Figure 1 The HAWC observatory and Pico de Orizaba. 
Three hundred WCDs arranged in a regular array can be 
utilized as a hodoscope to observe nearly horizontal muons. 
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2. MUON TRAJECTORY RECONSTRUCTION

To fully reconstruct the trajectory of the muon, both the arrival direction (azimuth and zen-
ith angles) and offset from the center of the plane normal to the arrival direction must be deter-
mined. It is crucial to reasonably measure the offset for arrival directions where the depth is 
rapidly changing, such as the edges of the volcanoes. For each of the three arrival directions 
shown in figure 2, one of the 
two shown trajectories is in-
tercepted by the volcano de-
pending upon its offset in ei-
ther the lateral or vertical di-
rection. It is possible to 
"mask" the regions where the 
depth is rapidly changing and 
exclude those regions from 
analysis as described in [4]. 
We utilize a modified version 
of the three-dimensional 
Hough transformation soft-
ware developed by the Dalitz 
group [6]. This software iden-
tifies data consistent with 
straight lines in a 3d point 
cloud with user-configured resolution. Our implementation of this software to identify muons 
and reject EAS background was described by [4] in detail. 

  We have expanded the previous reconstruction procedure using the Hough transform by 
implementing a least-squares minimization to determine trajectory parameters (azimuth and zen-
ith angles and the lateral and vertical offsets) and their uncertainties. The uncertainties are ob-
tained from the slope parameters determined by linear least-squares techniques and propagation 
of errors described in Taylor's standard undergraduate laboratory text [7]. This simple method 
can be performed for both simulated and actual data for individual events directly from the PMT 
hit information. The point cloud of PMT hits as indicated by the 2d spatial coordinates, and the 
hit time multiplied by the speed of light is shown in the upper portion of figure 3. The 3d Hough 
algorithm identifies the points associated with linear nearly horizontal propagation consistent 
with the speed of light. The "Hough line" is projected onto the HAWC observatory plane to 
determine the azimuthal arrival direction φ .  An apparent propagation speed appv  for the muon 

is determined from the slope of the fitted "Hough line" to the data points  2 2 vs i i ict x y+ . The 

zenith angle θ  is determined from the difference of  appv , with the speed of light in vacuum c , 

using the equation ( )0 190 sin ( / 1)appv cθ −= − − . 

Figure 2 Muon trajectories (red lines) with differing offsets for three 
arrival directions. 
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 An assessment of the expected uncertainties for a complete sampling of the phase space 
will be used to determine the acceptance and arrival direction resolution for each arrival direction 
and offset. The acceptance as a function of depth can be determined by correlating the depth vs. 
arrival direction from GIS data [8].   

3. SEMI-ANALYTIC SIMULATION OF PMT RESPONSE TO MUONS

A semi-analytic geometry-based technique to simulate the response of HAWC to the passage
of nearly horizontal muons has been developed to assess the resolution of the muon trajectory 
measurements and the detector acceptance as a function of arrival direction and offset.  The WCD 
tanks intersected by a given muon trajectory are found by determining the minimum distance 
from tank centers to the trajectory line. WCD tanks whose centers have a projected horizontal 
distance less than a tank radius are considered "hit," and their PMT response to a simplified 
Cherenkov emission from the muon trajectory is determined. It is determined for each PMT in a 
"hit" tank whether direct (un-reflected) Cherenkov emission can be seen by finding the line whose 
angle is at the Cherenkov emission angle intersects the center of the PMT. If such a line exists 

Figure 3  A simulated muon trajectory (red line) and the calculated PMT hits and reconstructed muon trajectory 
(thicker green line).  The array of PMTs are indicated by colored markers in the detector plane. The point cloud of 
the coordinates of PMT hits,  , are shown by the colored dots above the plane in each panel. The 3d Hough 
algorithm identifies the PMT hits associated with linear, nearly horizontal, propagation consistent with the speed of 
light. The 3d Hough line (thin green) is projected onto the HAWC observatory plane to determine the azimuthal 
arrival direction. The difference of the apparent speed from the speed of light in vacuum is used to determine the 
zenith angle indicated in the thick green line just above the detector plane. 
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and the intersection point with the muon trajectory lies inside the tank,  the PMT is considered a 
"hit." The time at which the muon first enters the tank since the start of its journey is calculated. 
The time that the PMT is hit after the tank entry time of the muon is calculated by determining 
the muon travel time, assuming muonv c= , to the Cherenkov emission point and adding the 
propagation time of the Cherenkov light 

2
/Cherenkov H Ov c n= to the PMT center. The PMT hit time 

is then the sum of these times. The 
charge of the PMT is estimated by the 
fraction of the circumference of the 
Cherenkov ring subtended by a 
hemisphere of the diameter of the 
PMT (either 8" or 10") at the location 
of the PMT. The number of photons 
emitted in a Cherenkov ring is a 
parameter that has been adjusted to 
give a mean number of observed 
photoelectrons to be about 10, as seen 
in the data. A Gaussian with 
adjustable width, typically 1ns (0.4 ns 
determined from calibration), 
randomizes the PMT time.  The 
number of photoelectrons is 
randomized using Poisson fluctuation 
of the expected number from the 
calculation. Figure 4 shows the 
simulated response of PMTs to a 
given muon trajectory (red line). The 
diameters of the colored rings 
indicate charge. The vertical position 
of the colored spheres indicates the 
PMT time (multiplied by the speed of 
light). This simulation will estimate 
the arrival direction and offset 
measurement resolution as a function 
of the arrival direction. The estimated 
resolution will be used as a basis to 
determine if that trajectory contributes to the detector acceptance, as described in the next section. 

4. ESTIMATION OF RESOLUTION

We use the semi-analytic simulation to determine the bias and estimated uncertainty in 
reconstruction as a function of arrival direction and offset. The determination of trajectory 
resolution is performed by comparing the simulated response of the detector PMT hits to muon 

trajectories varied about a nominal trajectory. A chi-square statistic, 
( )( )2

2
21

N i i
i

i

y f x
χ

σ=

−
=∑ , 

is formed for both timing and charge information. The semi-analytic simulation plays the role of 

Figure 4 Simulated PMT response to a muon. The lines from 
the PMT centers to the muon trajectory indicate the Cherenkov 
path from its emission point from the muon trajectory. The 
reconstruction procedure itself determines the uncertainty in 
the measurement of azimuth and zenith angles as well as 
offsets on an event-by-event basis. The bias of the 
reconstruction may also be measured from the simulated 
events as shown by the difference in the thrown (red) and 
reconstructed (green) trajectories.  
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the "fit-function" ( )if x while iy  is either the PMT charge or time. The charge is measured in 

units of photoelectrons, i ihity npe= whose uncertainty is i ihitnpeσ = . The uncertainty in time 

i ihity t= is given by the measured PMT timing resolution. A variation of the reduced chi-square by a 
factor of 1 may estimate the resolution in a measurement parameter. For a simulated trajectory 
that can be well reconstructed, the reduced chi-square of the PMT times as a function of 
azimuth and zenith angle is shown in Figures 5, 6, and 7 for a representative trajectory that can 
be well reconstructed. This technique shows that the comparison of timing information for 
different muon trajectories allows a determination of both zenith and azimuth to better than 0.5 

degrees for, particularly preferred directions. 

Figure 5 Reduced chi-square from timing information vs  vs for a simulated representative 
trajectory that can be well reconstructed. The differences in the the trial azimuth and zenith direction 
direction about nominal trajectory are given by and .  The 
jitter of PMT timing was assumed to be 1.0 ns. 

Figure 6 Estimation of uncertainty for a simulated trajectory 
on azimuth direction obtained from change in chi-square 
value of 1 indicates that the range in lies between

with a bias of and a 

resolution of . 

Figure 7 Estimation of uncertainty for a simulated 
trajectory on zenith direction obtained from change in 
chi-square value for timing of 1 indicates that the range 
in  lies between with a bias of 

and a resolution of . 
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5. ESTIMATION OF DETECTOR ACCEPTANCE

The detector acceptance as a function of arrival direction may be estimated using the semi-analytic 
simulation of the PMT response described in section 3. Trial trajectories covering the available phase space 
covering zenith, azimuth, lateral offset, and vertical offset , , ,off offy zθ φ  can be examined as shown in
figure 8. Those trajectories that can be reconstructed with acceptable uncertainty and bias will contribute 
an area and solid angle to the total detector acceptance. The acceptance as a function of arrival direction 
and offset can thereby be determined. Correlating this information with depth as a function of trajectory 
enables the determination of detector acceptance vs depth.  

6. CONCLUSION

It is planned to measure the observed number of muons satisfying well-modeled selection criteria as a 
function of arrival direction and offset for the considerable exposure time of many years of HAWC 
observatory operation.  The selection criteria will be chosen to reduce backgrounds from EAS as well as 
mis-reconstructed trajectories as much as possible. The acceptance determination for the same criteria will 
be estimated using the semi-analytic simulation described above. A measurement of muon intensity vs. 
depth will be determined using the HAWC observatory for depths above the limiting depth of 6 km, as 
reported previously. The detailed simulation studies will estimate the backgrounds and sensitivity to provide 
limits on the muon intensity at the greatest depths possible, which hopefully exceed 14 km w.e where 
neutrino induced muons could be observed.  

Figure 8 Illustrations showing procedure to  estimate acceptance by summing the effective area (green 
squares to left of panels) associated with many muon trajectories for a given arrival direction (black 
line). All muon trajectories shown are for an azimuthal direction of 121o . Those with zenith angle of 
83.25 o are shown in the left panel. Those with zenith angle  90.75 o are shown in the right panel. The 
green lines indicate the reconstructed track length for muon trajectories. The area associated for that 
trajectory element of phase space is added to the detector acceptance if the track length exceeds a 
required minimum. The panel on the right shows that for the preferred direction of φ = 121.0o 
,θ = 90.75o  where the effective detector area approaches the geometric cross-sectional area of HAWC 
viewed from the detector plane that is inclined in that azimuthal direction by approximately 0.75o. 
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