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Abstract: The High-Altitude Water Cherenkov (HAWC) Observatory is a TeV gamma-ray and cosmic-ray
detector currently under construction at an altitude of 4100 meters at volcano Sierra Negra in the state of Puebla,
Mexico. Data taking has started during construction, and after nine months of operation, the air shower statistics
are already sufficient to perform detailed studies of cosmic rays observed at the site. We report on the detection
and study of the moon shadow and its deflection due to the geomagnetic field. From the observation of the moon
shadow and simulations, we infer the pointing accuracy and the angular resolution of HAWC for cosmic rays.
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1 Introduction
The HAWC Observatory is a second generation water
Cherenkov observatory that is sensitive to cosmic-ray and
gamma-ray induced air-showers of primary energies be-
tween 50 GeV and 100 TeV [1]. Water Cherenkov air-
shower observatories are complimentary to pointing detec-
tors like ground-based air Cherenkov detectors and spaced-
based direct detection instruments. The near 100% duty cy-
cle and 2 sr instantaneous field of view of the HAWC Ob-
servatory provides an unbiased survey of the high-energy
sky that triggers followup campaigns in air Cherenkov de-
tectors, which have superior pointing resolution but small
fields of view. Furthermore, the HAWC Observatory is con-
tinuing spectral measurements made by spaced-based di-
rect detection instruments - like Fermi-LAT - because of
its larger effective area at higher energies. The HAWC de-
tector comprises 300 optically isolated water Cherenkov
detectors (WCD) containing about 200,000 liters of filtered
water and four upward-facing Hamamatsu photomultiplier
tubes (PMTs). The modular design of HAWC makes data-
taking possible during construction. Since September 2012,
30 WCDs (HAWC-30) have been operating, allowing us
to gather useful diagnostic information through cosmic-ray
observations.

HAWC detects air showers through their cascading
superluminal particles which penetrate the WCDs and
then emit Cherenkov photons that strike the cathodes of
PMTs causing a pulsed signal. Each PMT pulse is digitized
at a central electronics house as a time over threshold
(ToT) using custom front-end board electronics and then
timestamped using a CAEN time-to-digital converter with
100ps resolution. In software, an air shower reconstruction
is triggered if a simple multiplicity trigger condition is
passed, that is N PMT pulses in a time window T. The
ToT of each pulse is calibrated to an amount of charge
deposited in the PMT [2][3]. The spatial distribution of
charge deposited on all PMTs within a given trigger window
is used to find the shower core location - the original ground
strike location of the primary particle. The core location
and the calibrated relative PMT timing information [2][3] is
used to reconstruct the angle of incidence of the air shower.

Nearby objects, such as the Moon, cause detectable
deficits on top of a nearly isotropic flux of incident air
showers at Earth. Before the detection of the first gamma-
ray source with HAWC-30, the observation of the cosmic-
ray Moon shadow’s angular width and position allows us to
infer the resolution and pointing of the detector’s angular
reconstruction. As the experiment grows, this becomes a
daily monitoring tool.

To produce a sky map of the statistical significance of
the deficit in the vicinity of the position of the Moon, we
compare a map of the actual cosmic-ray arrival directions
to a reference map that represents the expected cosmic-ray
flux in the absence of a Moon shadow. The reference map is
produced from the data themselves from methods [4] also
used in point source searches. The method has been adapted
to use a HEALpix [5] binning which conserves angular area
throughout the map. Angular bins approximately 0.1◦ in
resolution were used. After the reference map is made, it is
compared to the data map and the significance is calculated
using the method of Li & Ma [6]. As expected, this results
in a Gaussian significance distribution of width one for a
source free (or sink free) dataset. Map smoothing is applied
to study the significance of the shadow as a function of bin
size and thus estimate the angular resolution of the detector.

A Moon-centered equatorial coordinate system is used
for this study. Each reconstructed cosmic-ray air shower
direction is given an azimuthal coordinate of its incident
right ascension minus the current Moon right ascension
and a polar coordinate of its incident declination minus the
current Moon declination. These are denoted as ∆RA and
∆Dec, respectively.

We expect the Moon shadow position and width as well
as the angular resolution of the detector to be a function
of energy. HAWC-30 does not have an accurate energy
reconstruction but we can use the number PMT channels hit
in the air shower (nCh) as an energy proxy. For this study,
the data are split into five equal-statistics bins in nCh. The
highest nCh bin proves to provide the best reconstructions
and highest Moon signal; this bin corresponds to nCh ≥
32. From simulation we determine the median energy of
this subset to be 2.9 TeV. As only proton cosmic rays are
considered in the simulation, this is a lower bound. The
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energy resolutions of the bins are quite wide, but this energy
proxy will be replaced with a proper energy estimation
when the detector becomes larger.

2 Simulation
The Earth’s magnetic field will widen and shift the observed
shadow width. From simulation [7] the cosmic-ray deflec-
tion (∆) from the Moon to Earth as observed at the HAWC
site is approximately linear with primary energy E:

∆ = 1.58◦ ·Z
(

TeV
E

)
. (1)

Using a parametric simulation of the HAWC detector we
simulate the expected Moon shadow observation together
with the effects of the geomagnetic field. An eight-particle
representative composition (H, 4He, 12C, 16O, 20Ne, 24Mg,
28Si, 56Fe) is used as input to the incoming particle flux
in abundances that correspond to the CREAM-2[8] mea-
sured fluxes. Simulated cosmic-ray air showers triggered
the HAWC detector in accordance with its detector response
in energy, angle, and shower distribution. Shower direc-
tions were smeared in accordance with the simulated point-
spread function of HAWC. Since the HAWC detector has
undergone construction and expansion during the data run,
a detector configuration of 86 PMTs was chosen. The back-
ground model is set to match the Milagro observed large-
scale anisotropy [9], but this 10−3 effect was determined to
have no bearing on the Moon shadow. For more information
on the simulation technique see [7].

Using the IGRF 2011 [10], we back-propagate simulated
cosmic rays through the geomagnetic field to the radius
of the Moon’s orbit. If the cosmic ray collides with the
disk of the Moon, we throw out the cosmic ray from the
simulated dataset. This feature gives us the ability to study
the widening and shift of the observed Moon shadow by
comparing maps made with and without the geomagnetic
field model. Figure 1 shows the maps for 30 days of
simulated HAWC-30 air showers around the Moon position
with and without the geomagnetic field model. For nCh ≥
32, a 37% ± 16% widening and offset in ∆RA by 0.4◦±
0.1◦ of the shadow is observed (Figure 2). The widening
and shift diminishes with increasing median energy of the
dataset. The center of the Moon shadow is determined from
an asymmetric two-dimensional Gaussian fit to the relative
intensity map. The center is shifted almost entirely in ∆RA
by an amount that depends upon the majority primary
energy in the dataset.

The ∆RA shift in the Moon shadow center is energy-
dependent and our dataset has a wide variance in energy,
so we expect a shadow significance that drops off faster
in ∆RA than in ∆Dec due to smearing and offsets in the
shadow peaks as a function of energy. This is the reason.

3 Angular Resolution of Detector
Reconstruction

It is helpful to use an independent estimate of the angular
resolution of the detector reconstruction. One way to do
this is by splitting the detector reconstruction into two sub-
detectors so that each sub-detector covers the same physical
area as the full detector but contains half as many PMTs.
One way this is accomplished is by using every other PMT
for one sub-detector and the remaining PMTs in the other.

Figure 1: Skymap around the region of the Moon for 30
days of simulated HAWC-30 (86 PMTs) data without (top)
and with a geomagnetic field (bottom). Events were plotted
in the bin of the difference of the air shower angle of
incidence and the Moon position in equatorial coordinates.
The plot shows the Li & Ma significance. A cut of nCh ≥
32 was applied.
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Dataset	   ∆RA	   ∆Dec	   σ_RA	   σ_Dec	  

Simulated	  without	  B-‐field	   -‐0.04°	  ±	  0.06°	   -‐0.03°	  ±	  0.05°	   0.60°	  ±	  	  0.09°	   0.52°	  ±	  0.08°	  

Simulated	  with	  B-‐field	   -‐0.56°	  ±	  0.15°	   0.10°	  ±	  0.11°	   1.07°	  ±	  0.20°	   0.80°	  ±	  0.14°	  

Data	   -‐0.35°	  ±	  0.11°	   0.01°	  ±	  0.10°	   1.57°	  ±	  0.14°	   1.39°	  ±	  0.16°	  

Figure 2: The results of an asymmetric two-dimensional
Gaussian fit of the Moon shadow are shown for simulations
with and without the Earths geomagnetic field and HAWC-
30 data. Notice that the width in the ∆RA direction is larger
than the width in ∆Dec for data with a geomagnetic field.
Also the simulation with the geomagnetic field is consistent
with data.
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Figure 3: The normalized distribution of the half opening
angle between the even-PMT and odd-PMT reconstructions
for 100,000 air showers during a data run in March 2013
when HAWC had 102 PMTs. Data runs from earlier and
later in the dataset were found to be consistent with this
data run. The fitted width is 1.2◦, which is our estimated
detector resolution.

Even- and odd-numbered PMTs accomplish this end [11].
The difference in the angular reconstruction of the two sub-
detectors (∆EO) is plotted for all air showers. Assuming a
Gaussian point-spread function of the detector, the median
of this distribution (M∆) is related to the angular resolution
σ of the full detector as follows:

σ =
M∆

2 ·1.177
(2)

The factor of 1.177 comes from the integration of the
functional form of the distribution to the median. The factor
of 2 is the result of two factors of

√
2, the first of which

comes from adding the errors of each fit in quadrature.
The second comes from the angular resolution scaling with√

nPMT s in the fit. For this reason, the distribution in
Figure 3 is the opening angle between the fits divided by
2. This method is not sensitive to systematic offsets in the
detector pointing, which will be seen by both fits and cancel
out in the opening angle distribution.

The result for nCh ≥ 32 is a one-sigma width of 1.2◦ for
the whole detector. Since the Moon’s angular diameter is
about 0.5◦, the Moon should appear as a Gaussian sink. Of
course, the observed width of the moon is widened due to
geomagnetic smearing. Again, from simulation we expect
37% widening for the whole dataset.

Figure 4: Skymap around the region of the Moon for 131
days of HAWC-30 data with detector configurations of 86
PMTs (50 days), 102 PMTs (53 days), and 114 PMTs (28
days). The same skymap technique is used in data and sim-
ulation. Background is estimated via Direct Integration[4].
A cut of nCh ≥ 32 was applied.

4 Moon Shadow Observation
We observed the Moon shadow from 2012 October 22 to
2013 April 11 and accumulated over 131 days of livetime.
Using the data quality cut of nCh ≥ 32, seven billion air
showers survive from this dataset. The peak significance
is -15.6σ and is centered at (179.6◦± 0.1◦, 0.0◦± 0.1◦)
according to a two-dimensional Gaussian fit to the relative
intensity map (Figure 2). Also according to the fit, the
observed width in ∆RA is 1.6◦± 0.1 ◦ which is consistent
with our prediction of a 37% ± 16% widening of the point-
spread function (1.2◦, see Figure 3). The shadow center
is also consistent with the simulation results for the same
energy bin. Furthermore, the blocked flux measurement
in a circular region of radius 5◦ around the Moon shadow
(0.255%) matches the expected blocked flux from the Moon
(0.250%) from geometric considerations.

The Moon maps for both simulation and data were
smoothed in order to find the bin radius for the peak
significance. For all maps, this turned out to be a bin radius
of 2◦. For a Gaussian sink, the significance as a function of
bin radius follows the formula:

S(r) =
−A ·σ

r
(1− e

−r2

2σ2 ), (3)

where A is a scaling parameter, σ is the width of the sink,
and r is the bin radius.

A fit to the analytic function for S(r) gives a fit to sigma,
the Moon shadow width, of 1.3◦± 0.2 ◦ (Figure 6). This is
consistent within errors with the two-dimensional Gaussian
fit. The fit is good until r = 4.0◦, after which the significance
of the Gaussian sink fails to drop off quickly enough. This
is likely due to the large variance in energies of the dataset.
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Figure 5: Shown above is the relative intensity as a function
of angular distance from the expected Moon shadow posi-
tion based upon an asymmetric two-dimensional Gaussian
fit . A one-dimensional Gaussian fit was applied and the
width is reported for the two simulations and the HAWC-
30 data. The radial bins are differential so the that the func-
tional form is a simple Gaussian. The simulation widths
show the effect of the magnetic field widening the observed
Moon shadow width. The disagreement in width between
data and simulation is likely due to a mismatch in simulated
detector resolution. The relative widening of the simulated
moon widths agrees with the ratio of the observed Moon
shadow width to the estimated point spread function.

5 Conclusions
The detection of the cosmic-ray Moon shadow with HAWC-
30 is consistent with our simulations and reveals a working
detector with an angular resolution of about 1.2◦. Using a
rudimentary energy proxy, we are able to select subsets of
cosmic rays with varying median energies. With HAWC-
100 scheduled to start operation in August 2013, we can
expect more data with a well-behaved and well-understood
detector that will continue to improve in angular and energy
resolution as well as provide gamma-ray discrimination.
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