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Observation of the Crab Nebula and Galactic Center
with the improved HAWC reconstruction algorithm
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The performance of the High Altitude Water Cherenkov Gamma-ray Observatory (HAWC) is
mainly shaped by its event reconstruction methodologies, which take as input only the footprint
left on the ground by the air shower. We discuss here the revamped reconstruction algorithms,
including noise suppression cleaning, a refined core reconstruction method using simulations to
fit hit observation, addressing systematic error sources in direction reconstruction, and a new
gamma/hadron separation approach based on a more accurate model. As a result, HAWC’s
angular resolution and gamma/hadron separation reach an improvement of a factor of 2 and 3,
respectively, at the highest energies for highly inclined showers and can now observe the Galactic
Center at a significance of over 5𝜎. Furthermore, we verify the overall performance improvement
by observing the Crab Nebula as a reference source which we observe at 250𝜎 using 2434 days
of data.
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1. Reconstruction and performance improvements

HAWC has been successfully detecting and reconstructing gamma-ray events since 2015.
Previously published results, including the third HAWC catalog [1], were based on the “Pass 4”
revision of the event reconstruction algorithm. Here we present a substantial update on HAWC’s
reconstruction algorithm, referred to as the “Pass 5” revision, which was recently completed and
will be used for upcoming analyses.

In our reconstruction process, we analyze the incoming shower angle, deposited energy, and var-
ious event characteristics to distinguish between gamma-ray induced showers and hadron-induced
showers, relying solely on the collection of hit times and pulse amplitudes, measured in recorded
photo-electrons (PEs).

1.1 Effective area

In Figure 1, we show the effective collecting area of the detector, comparing the Pass 4 and
Pass 5 revisions as a function of the true energy of the simulated primary gamma ray, for events with
reconstructed shower core on the array, passing trigger conditions only. There is approximately 3
to 5 times more effective area at low energies for the range of zenith angles from 0◦ to 46◦, mainly
due to the inclusion of small events. In previous results published by HAWC, using Pass 4 analysis,
we excluded around 80% of our trigger events to avoid coincident noise hits that could compromise
the reconstruction quality, hence, the analyses. The noise-dominated regime coincides with the
lower-energy primary gamma rays, which develop smaller air showers and hit fewer PMTs, leaving
us with insufficient statistics to reconstruct the shower properly.
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Figure 1: Comparison of the effective area between the Pass 4 (faded light colors) and Pass 5 revisions for
three different zenith angle intervals. Events are passing trigger conditions only and with shower cores on
the main array. The hard cutoff at 105.7 GeV is placed to exclude events that cause saturation of the PMTs in
the measured data. With the improvements, the area threshold is lower, and it saturates at the physical area
of the detector at the highest energies.

We developed and included in Pass 5 a cleaning algorithm that fits the timing of the hits and
assigns them to shower planes. This multi-plane fitter algorithm is applied to the data before the

2



P
o
S
(
I
C
R
C
2
0
2
3
)
6
9
7

Improved HAWC reconstruction algorithm Sohyoun Yun-Cárcamo

primary reconstruction so that most of the hits that do not belong to showers are already discarded.
The hit cleaning algorithm allows the inclusion of showers at low energies that were previously
discarded due to high background rate. Despite the poor angular resolution typical of such events,
the quality is good enough to be included in analyses.

Moreover, at the highest energies, the effective area improved by over a factor of 2, reaching the
detector’s physical area in Pass 5 as we are addressing better the saturation of PMT in this energy
range.

1.2 Angular resolution

Figure 2 shows the 68% of angular containment as a function of the fraction of PMT hit, which
is HAWC’s main analysis data binning. Pass 5 includes smaller fractions than Pass 4, as explained in
the previous subsection. The angular resolution is determined by the analysis binning by a fraction
of PMT hit, with almost no dependence on the zenith angle. The primary enhancement is at the
highest zenith angles, reaching an angular 68% of containment around 0.2◦ at the higher energies.
In Pass 5, we identify the core location fitting the lateral distribution to the ones of simulated gamma
ray showers in the shower plane instead of the Gaussian approximation in the detector plane used in
Pass 4. As a result, we can now distinguish and optimize better the analysis cuts for events whose
cores land on or off-array (between the edge of the tank array and a concentric area equal to 1.5
times its size).
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Figure 2: Comparison between the Pass 4 (faded colors) and Pass 5 revision of the angular error with 68%
containment. Angular resolution as a function of the fraction of PMTs hit. The main improvement is for
showers inclined at large angles and reaching smaller showers (lower energies). Analysis bins determine
angular resolution with almost no dependence on the zenith angle in the present revision.

The improvement that had the most impact on the angular resolution performance, though,
is the correction of three small but salient systematic errors that mainly affect high zenith angle
showers. This corrections include, rectifying the direction of showers off by 0.1◦ to 0.2◦, properly
accounting for the tilt of HAWC’s main array ground level slope and correcting the shower direction
timing hit to the shower plane, not the detector’s.
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1.3 Gamma/hadron separation

The quality factor (𝑄) of our gamma/hadron separation cuts is shown in Figure 3, compared to
Pass 4. This factor is calculated as

𝑄 =
𝜖𝛾√
𝜖ℎ

, (1)

where 𝜖 is the fraction of hadrons (data) or gammas (simulations) passing the cuts from the total
of events passing trigger conditions. Most of the significant enhancement is for highly inclined
showers, with an improvement by a almost factor of 3. For showers hitting more than 25% of the
PMTs, the enhancement increases with the shower sizes.
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Figure 3: The 𝑄 factor as a function of the fraction of PMTs hit in a shower, for Pass 4 (faded colors) and
Pass 5 (solid colors).

To achieve these impressive improvements, we replaced a cut based on the identification of
nuclear cosmic rays by the reduced 𝜒2 obtained with one based on fitting the lateral distribution
function (LDF) with the NKG function (described in section 2.3 of [2]). This new cut is based on
a well-tested model of the radial profile and axial smoothness of gamma-ray showers[3].

2. Verification with the Crab Nebula

We selected events triggering fractions of the total PMTs in three different ranges near the
Crab Nebula, which is 3◦ zenith from HAWC. Using a likelihood framework with a point-like
source hypothesis, we obtained a maximum significance of 250𝜎 during the 2434 days of data.
The significance maps for each analysis bin, presented in Figure 4, show maximum significances
of 49.1𝜎, 101.6𝜎, and 62.8𝜎, for bins by fraction of PMTs hit with median energies 0.7, 6.0 and
35.0 TeV, respectively. The next subsection illustrates the integrated angular distribution of these
high-significance signals.
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Figure 4: Using 2090 days of data, the Crab Nebula’s maximum significances are 49.1𝜎, 101.6𝜎, and
62.8𝜎, respectively. These correspond to 10.4% - 16.1%, 47.2% - 59.9%, and 82.8%-100% fractions of the
total PMTs triggered, respectively.

2.1 Angular resolution

The distribution of signal and background events from the Crab Nebula location and vicinity
for the three selected bins is shown in Figure 5. It is presented as a function of 𝜃2, where 𝜃 is the
measured angular distance to the source. The data was used to verify that the point spread function
(PSF) is well simulated for small, medium, and large events, as described in Section 3.3 of [4]. The
signal distribution becomes narrower as the shower’s size increases, improving the statistics and
HAWC’s reconstruction performance, which is in line with the simulation performance plots shown
in Figure 2. The angular containment at 68% was calculated from the distributions and obtained as
0.61◦, 0.24◦ and 0.19◦ for small, medium, and large events, respectively.
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Figure 5: The red line in the figure represents the point spread function fit, while the blue markers indicate
signal events and the grey area shows the background data. The fractions of the total PMTs triggered for
the three selected bins are 10.4% - 16.1%, 47.2% - 59.9%, and 82.8%-100%, respectively. As the shower
size increases, the angular resolution improves due to better statistics and Pass 5 HAWC’s reconstruction
algorithm. It should be noted that the axes have different scales.
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3. Conclusion

The HAWC collaboration has made significant improvements to the reconstruction algorithm,
resulting in an enhanced detector performance. Incorporating the MPF algorithm for noise sup-
pression is crucial in analyzing small events that greatly impact the low-energy effective area. This
allows for the detection of distant active galaxy nuclei and gamma-ray bursts below 300 GeV[5, 6].
Improving core reconstruction using simulated gamma-ray showers and correcting systematic errors
in direction fitting has improved our angular containment for highly inclined showers by a factor of
2 at the highest energies. We have also achieved a factor of 3 improvement in the 𝑄 factor in the
same regime and can now observe the galactic center at over 5.7𝜎 of significance (see Figure 6).
The Pass 5 reconstruction algorithm has been verified through the observation of the Crab Nebula
in three different bins (by fraction of PMT hit), with maximum significances of 49.1𝜎, 101.6𝜎,
and 62.8𝜎 and median energies of 0.7, 6.0 and 35.0 TeV respectively, over 2434 days. There’s an
overall agreement between the 68% angular containment from simulations and data.

As a result of these enhancements, HAWC can now detect previously invisible sources above
the 5𝜎 significance threshold, and we are preparing an updated source catalog. This advanced
reconstruction algorithm also brings us closer to incorporating our outrigger array into the future
Pass 6 revision.

     Maximum significance 5.7

Galactic Center ridge

HESS J1746-285 VER J1746-289

Preliminary

HESS J1745-303

HESS J1745-308

HESS J1745-302SNR G000.9+00.1

Figure 6: Preliminary significance map of the Galactic Center region using all the bins from our analysis by
fraction of PMT hit. The maximum significance detected in this region is 5.7 𝜎.
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