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The presence of muons in air-showers initiated by cosmic ray protons and nuclei is well established
as a powerful tool to separate such showers from those initiated by gamma-rays. However, so
far this approach has been fully exploited only for ground level particle detecting arrays. In this
contribution, we explore the feasibility of using Cherenkov light from muons as a background
rejection tool for imaging atmospheric Cherenkov telescope arrays at the highest energies. We
adopt an analytical model of the Cherenkov light from individual muons to allow rapid simulation
of alarge number of showers in a hybrid mode. This allows exploration of the very high background
rejection power regime at acceptable cost in terms of computing time. We find that for very large
telescopes (220 m diameter), efficient identification of muons would provide a major improvement
with respect to standard background rejection techniques at energies above several tens of TeVs.
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1. Introduction

Muons are produced in large numbers when charged cosmic ray particles travel through the
atmosphere, primarily from the decay of charged pions. This fact has long been recognized as useful
information to discriminate between hadronic and electromagnetic cascades, a critical distinction
for gamma-ray astronomy [1].

Muons become a relevant separation tool for showers above ~1 TeV at high altitude [2].
However, excellent hadron rejection power, that is, over a factor 10* reduction, is possible only at
tens of TeV. Detector arrays such as LHAASO [3] have demonstrated the power of this approach
through the deployment of extensive muon detector arrays, leading to a dramatic reduction in the
background above tens and even hundreds of TeVs.

Imaging Atmospheric Cherenkov Telescope (IACT) arrays exploit the differences in shower
structure between hadronic and electromagnetic showers to perform background rejection [4—6].
This approach leads to superior rejection power at around ~1 TeV, but performance worsens above
few tens of TeVs [4, 5, 7]. This is in part due to the fact that high-energy events are typically
not fully contained by the camera, which hinders the calculation of the shower parameters used to
discriminate the primary particle nature. This loss of performance at high energies can be seen,
albeit indirectly, in the expected background rate after background rejection cuts for CTA!.

Telescopes with a large mirror, such as the central telescope of the H.E.S.S. array [8] or the
Large-Sized Telescopes (LSTs) of CTA [9] are able to detect individual muons out to large impact
distances due to their large collection area. This has been typically seen as a problem, as it is
an additional source of background at low energies. This is because at large impact distances,
muon images can resemble those produced by low-energy gamma rays. However, it could also
be an opportunity to improve the background rejection power at the highest energies if muons are
efficiently identified as such.

In this contribution we explore the potential for muon detection with IACTs as a tool for
background rejection by characterizing the number of muons that are detectable by a large Cherenkov
telescope in proton- and gamma-initiated showers of different energies.

2. The simplified muon model (SMM)

The Cherenkov emission of a single muon as it traverses the atmosphere, is straight-forward
to characterize in comparison to that of air-showers in general. The suppressed bremsstrahlung
cross-section of muons allows a majority of muons to reach ground-level with only ionisation losses.
Similarly the reduced multiple scattering of muons means that the assumption of a linear trajectory
is reasonable in most cases. This means that full simulation of muons might not be necessary to
describe their Cherenokov emission, and a semi-analytical treatment is possible. This is important
because, in order to explore the regime of muon-poor proton showers, very high statistics are needed,
with the associated computing power becoming a limiting factor.

The key parameters affecting the Cherenkov image properties of individual muons are the
initial energy, production height in the atmosphere and impact distance to the telescope. Muons
that hit the telescope dish produce ring-like images, with a smaller section of the ring forming
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an image as the distance of the muon away from the telescope dish becomes larger. The surface
brightness of these images, however, remains mostly constant. This is used to calibrate Cherenkov
detectors, and it also means that muons are able to trigger out to large distances, when the image
no longer resembles a section of arc but rather a clump of pixels.

We assume a linear trajectory of the muon as it travels down from the production height, Aproq.
The path through the atmosphere is then r = h/cos 8,, where 6, is the muon zenith angle. We use
atmospheric profiles for density p(h) and refractive index n(%) corresponding to the location of the
H.E.S.S. array in Namibia [10]. We also take into account the wavelength-dependent atmospheric
absorption A(A, &), integrated along the muon path. As the muon traverses the atmosphere with
velocity B(h), it produces Cherenkov photons once the Cherenkov condition (8 > ﬁ) is met.
These photons, produced at a height & arrive at a distance R(%4) from the muon impact point at
ground
sin 6,
cosd,’

R(h) = (h - hground) : (D
where 6. = arccos((n(h) - B(h)~"!) is the Cherenkov angle. Next, we need to establish the number
of photons collected by the telescope camera. This quantity is subject to the wavelength-dependent
telescope response, referred to as Wr(4). Additionally to this, there are a number of wavelenght-
independent geometric factors that combine to a factor f ~ 0.6 for a 28 m telescope.

Combining all the factors above with the well-known expression for the Cherenkov yield, we
can compute the number of Cherenkov photons produced per unit path that are detected by the
telescope:

dNie _ -2 v da
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where « is the fine-structure constant.

We can integrate this distribution inside the telescope mirror to produce the Cherenkov image.
We refer to this approach as the simplified muon model (SMM), from here on. The right column of
Figure 1 shows some examples of the resulting muon images. On the left column, for comparison,
there are images for muons with the same properties produced with a full simulation chain, with
CORSIKA [11] for the particle and Cherenkov light simulation and sim_telarray [12] for the
telescope simulation.

From the images, we can compute the total number of photoelectrons collected by the camera as
a function of impact distance for a muon with a given energy, incident angle and production height.
This quantity will be used to determine whether a muon would be able to trigger the telescope
camera. Figure 2 shows, for different values of initial muon energy and production height, the
resulting number of photoelectrons collected as a function of ground impact distance.

3. Detectable muons in showers

We consider shower development only down to the Cherenkov threshold for muons, which
allows for efficient simulations up to high primary energies with CORSIKA. For both gamma-
ray- and proton-initiated showers, over 107 showers were produced with energies between 10! and
102 TeV, distributed as oc E~!. A smaller sample of 3-10° iron-initiated showers was also produced.
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Figure 1: Comparison of muon images resulting from the full simulation of Cherenkov light via CORSIKA
and sim_telarray (left) with the resulting images from the SMM (right) for different values of impact distance
and energy. In both cases, the incoming muon zenith angle is 20°. The pixel shape is different, but the
angular size is roughly of the same order.

For all showers, the primary particle zenith angle was 8, = 20°. For all the muons present in these
showers, the production height, energy, ground level direction and impact point were extracted.
We define a muon as detectable if it passes three conditions:

1. Enough photoelectrons reach the camera to activate the trigger. The trigger is the same as the
one used by FlashCam, the camera installed in the largest H.E.S.S. telescope since October
2019 [13]. The criterion is passed when an image has a group of nine neighboring pixels
with a total of more than 68 photoelectrons.

2. The muon falls inside the telescope field of view (FoV). Assuming for simplicity that the
telescope is always pointed towards the direction of the primary shower particle, this translates
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Figure 2: Amount of photoelectrons predicted by the SMM to be collected by a 28 m telescope for several
muon energies and production heights.

to a cut on the maximum angular distance between muon and primary particle of half the
telescope FoV. The FoV is taken here to be that of the largest H.E.S.S. telescope, 3.5°.

3. The muon is not too close to the main shower. This cut is applied to reflect the fact that while
a muon can be detectable, it might be challenging to identify it as a muon. This is especially
true if the images of the shower and muon overlap in the camera, although note that this is
not necessarily an issue for timing-based identification methods. We apply a cut of 0.3° as
the minimum angular distance between the trajectories of the primary particle and the muon.
Close to 50% of muons that pass the other two cuts are removed by this criterion.

From the initial list of muons per shower, we compute how many of them survive all three cuts, i.e.,
are detectable. Figure 3 shows the average number of muons that pass all three cuts as a function
of primary energy for proton-, iron- gamma-ray-initiated showers. As can be seen, for all energies,
the number of muons in hadronic showers that are, in principle, possible to detect with a large
telescope is very high, particularly so at several tens of TeVs. On the other hand, muons produced in
gamma-ray showers are comparably rare, which means that few gamma-ray showers contain more
than one detectable muon.

4. Conclusion

Figure 3 shows that significant potential exists for improving the background rejection perfor-
mance of IACT arrays with at least one large telescope at high energies. This requires that individual
muon arcs are identified efficiently in the presence of bright shower images. The result shown in
Figure 3 assumes a muon identification efficiency of around 50%, which is probably optimistic.
However, the large disparity in detectable muons between electromagnetic and hadronic showers
means that even for more than an order of magnitude lower identification efficiency, there would be
benefits to the muon-tagging approach.
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Figure 3: Average number of muons that pass all three detectability cuts for showers initiated by gamma-rays,
protons and iron nuclei as a function of primary energy. Shaded areas represent the standard deviation.

The size of the telescope mirror is crucial to the detection of muons. Smaller telescopes have a
lesser collection area and thus are unable to detect the faint light from muons out to large distances.
The lower threshold of large Cherenkov telescopes is usually seen as an asset to the low-energy
end of the spectrum. However, they can also potentially be critical to improve the high-energy
performance of the array through such a muon-tagging approach, if included in the observations.

Showers produced by iron nuclei were included to take into account the fact that the hadronic
background is in fact not solely made up by protons, but also heavy nuclei [14]. The muon content
in these showers is higher, which translates into a higher number of expected detectable muons
as can be seen in Figure 3. In a sense, the proton case is the worst-case scenario, being the
hadronic background species most likely to initiate muon-poor showers. However, protons are also
the most likely species to masquerade as gamma ray events in traditional background rejection
approaches [15], and therefore the room for improvement is greater.

A forthcoming publication will describe this analysis in detail, including several checks of the
SMM. This will include the full exploration of the number muons in showers, down to the very-rare
muon-poor proton showers. We look forward to releasing these results to the community in due
course.
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