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Photons in the EeV range and beyond are expected from top-down models of UHECR production
and from the GZK effect. As they reach the Earth, they have a non-zero probability of converting
into an electron/positron pair in the geomagnetic field and of producing an electromagnetic
shower above the atmosphere. In this work, we present a new method to search for cascading UHE
photons with gamma-ray telescopes based on Monte-Carlo simulations and multivariate analyses.
Considering the future CTA-North experiment in La Palma, Spain, we show that such a method
provides an efficient cosmic-ray background rejection with little loss of cascading UHE photon
events. We also estimate that if gamma-ray bursts photon emission extends to the EeV regime, the

number of expected events in 30 hours of observation time can go up to 0.17.
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1. Introduction

In astroparticle physics, several theoretical models predict the production of ultra-high
energy (UHE) photons (EeV and beyond), that would constitute a fraction of the ultra-high energy
cosmic-ray (UHECR) flux seen on Earth. Whether they emerge as the result of the interaction of
UHE protons or nuclei with the cosmic microwave background (CMB) [1, 2], or from the decay
of supermassive particles [3-5], the direction of propagation of UHE photons is unaffected by
electromagnetic fields, which makes them valuable messengers in the identification of sources of
UHECRs. Nevertheless, the highest energy events observed by the leading collaborations, the
Pierre Auger Observatory (Auger) [6] and Telescope Array (TA) [7], are not considered photon
candidates, if the present state-of-the-art air-shower reconstruction procedures are applied.

The most straightforward explanation for the absence of UHE photon observations could
simply be related to the absence of physical mechanisms responsible for their production, therefore
refuting predictions made by both classical bottom-up and exotic top-down scenarios of UHECR
production. Although rather simplistic and quite effortless, such an explanation remains fully
conceiveable, as recent experimental limits from Auger and TA on the UHE photon flux strongly
disfavor the exotic models [8, 9]. Alternatively, as predicted by Lorentz invariance violation models,
UHE photons may decay after a very short period of time (of the order of 1 second) [10, 11]. In this
case, their decay occurs nearly immediately after their production and gives them no chance to reach
the Earth, making direct observations of such photons almost impossible. One can also speculate
that UHE photons do not reach the Earth because of some yet unknown, or not well-understood,
processes occurring before entering the Earth’s atmosphere. As these photons travel through space,
they may interact with electromagnetic fields of different origin and produce cascades of secondary
particles of lower energy. Such screening effect leads to the production of air showers, whose
properties may differ from the ones of unconverted photons.

In order to increase the chance probability of detecting UHE photons, we propose to include
ground Imaging Atmospheric Cherenkov Telescopes (IACTs) in their search [12]. Due to the
low expected flux of particles in the UHE domain and to the energy threshold of IACTs, the
standard vertical mode of observation of gamma-ray telescopes is no longer efficient. The use
of gamma-ray telescopes in a non-standard approach, i.e. in the nearly-horizontal direction, is
therefore considered [13]. Looking at nearly-horizontal air showers makes possible the isolation
of the muonic component, which constitutes a great discriminator to identify EASs’ primaries.
Furthermore, looking for air showers at high zenith angles offers a greater collection area, about
10-100 times larger, compared to the typical aperture of gamma-ray experiments in the standard
mode of observation. However, due to the geometry of the cascade development, the Cherenkov
light detected by the IACT cameras is produced further away from the telescopes. In the TeV
domain, such a characteristic leads to the formation of very small images in the cameras, often
within a single pixel, and therefore results in a poor photon/hadron separation. However, in the
EeV domain, the dominating muonic component can produce brighter and larger images such that
a good separation can be recovered.

UHE photons propagating through strong magnetic fields have a probability of converting
into a pair of e~ /e* close to 1 when reaching the Earth at high zenith angles. When such a
conversion occurs in the Earth’s magnetic field, this phenomenon is referred to as preshower effect
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Figure 1: Left: Longitudinal profiles of electrons, hadrons and muons of 10 nearly-horizontal EAS’s produced by 40
EeV photons affected by the preshower effect. Right: Xmax distribution of the nearly-horizontal EASs initiated by 40
EeV primaries. NOTE: the location of the CTA-North site at 2200 m is equivalent to a slant depth of 4550 g/ cm? at 80°
zenith angle.

[14]. In this study, the feasibility of observing very inclined air showers produced by this effect
was investigated throught Monte-Carlo simulations, taking the example of the next generation
of gamma-ray telescopes developed by the CTA collaboration, with a special attention given
to CTA-North, which is planned to be located in La Palma, Canary Islands [15]. The images
formed in CTA-North cameras by the cosmic-ray (CR) background and preshower-induced air
showers are analyzed and compared, through a set of geometrical parameters that characterize these
images. With a multivariate analysis, the CR background/converted UHE photon separation power
obtained assuming properties of the CTA-North design, and for point sources of UHE photons,
was investigated. From the results of the multivariate analysis, the number of events that should be
detected based on the upper limits on the UHE photon flux from point sources set by Auger [16]
and TA [17] and by the extrapolation of gamma-ray emission from gamma-ray bursts (GRB) at the
highest energies, was estimated.

2. Preshower/CR Background simulations

The study of the properties of preshowers was carried out by investigating different energies
for the primary photons, as well as different arrival directions, with a particular attention given
to the case where photons are headed towards La Palma. To do so, the PRESHOWER algorithm
was used [18]. For a given azimuth angle, the probability increases with the energy and is null for
photons with energy of a few EeV [12]. The azimuth angle for which the maximum conversion
probability is reached, depends on the location of the observation site. For La Palma, which is on
the northern hemisphere, the peak is observed in the direction of the geomagnetic North, which can
be explained by the fact that the magnetic field is stronger close to the pole, therefore increasing
the chance of UHE photons to produce pairs of e~ /e™. The e*/e™ pairs lose energy predominantly
through the emission of bremsstrahlung photons of lower energy and the negligible deflection of the
pair by the geomagnetic field leads to a large number of electromagnetic particles contained within
an area of a few cm?. In the subsequent part of this work, we focus on 40 EeV photons coming at
80° zenith angle and 180° azimuth angle.
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Figure 2: Normalized Hillas distributions for point sources of preshower with standard energy cuts used in the BDT
analysis (red) and with lower energy cuts described in the Outlook section. CR background distributions are also shown
in green.

When these preshowers reach the atmosphere, they may in turn initiate extensive air showers
(EASs). The properties of these showers, such as their composition, their longitudinal development,
their ground distribution, and the origin of the Cherenkov light they emit, can be examined via the
CORSIKA simulation software [19]'. Figure 1 (left) shows the evolution of the air showers
components as a function of the depth of the atmosphere for a preshower initiatied by a 40 EeV
photon. Around 2300 g/cm?, the muonic component dominates the further stages of the shower
development. Figure 1 (right) shows where EASs initiated by different primaries with an energy of
40 EeV reach their maximum development Xy,.x. The preshower effect tends to produce EASs that
reach their maximum higher up in the atmosphere, closer to where hadronic showers reach theirs, as
the first interaction point can occur thousands of kilometers above the atmosphere. Such property
makes EASs from "preshowered" photons more similar to hadronic ones, such that experiments
relying solely on Xp,,x measurements may misinterprete the primary identification if such an effect
is not taken into account. In order to reduce the computing time of preshower simulations used in the
multivariate analysis, we used high energy cuts (6000, 4000, 500 and 500 GeV for hadrons, muons,
electrons and gammas, respectively) and of the thinning algorithm of CORSIKA. The maximum
impact distance of the EASs core was also randomized within a circle of radius 1300 m centered
around the direction defined in the previous paragraph. The CR background was simulated in
13 energy bins for a pure proton composition between 10 TeV and 10 EeV according to the CR
spectrum, with a direction randomized within a cone of 5° opening.

The Cherenkov light emitted by EASs can be recorded by the cameras of IACTs in the
form of images generated by triggered pixels. The main focus is set on simulating the cameras

ISee reference [12] for more details regarding the hadronic models used and the options activated in CORSIKA.
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Figure 3: Left: BDT score of point sources of preshowers and of the CR background. Both training and testing
distributions are shown. Right: Efficiency as a function of the cut on the BDT score distributions.

properties and the geographical location of CTA-North with the sim_telarray package [20]. The
trigger conditions are set to a minimum of 2 triggered telescopes with 3 triggered pixels. The
images produced by the Cherenkov light can be characterized by a set of geometrical parameters,
called Hillas parameters [21], which can be used to discriminate between images formed by the
CR background and by preshowers. As shown in Figure 2, tend to be smaller (length and width
distributions) and dimmer (size distributions), due to the significantly larger number of muons
found in hadronic showers at ultra-high energy. The distance parameter, which characterizes the
angular distance between the center of the camera and the source position, is expected to be larger
if the shower axis is not aligned with the pointing direction of the telescopes, as it is the case with
isotropic CR-initiated EASs.

The full simulation chain has provided almost 40 000 images of preshowers and 240 000
for the CR background. The Hillas parameters of these images were fed into a Boosted Decision
Trees (BDT) analysis provided by the TMVA package [22] in order to evaluate the efficiency with
which the CR background can be rejected. Half of the images were used to train 800 trees while
the other half was used to test the trained classifier?. Each image, signal or background, is assigned
with a score. The BDT score distributions are shown in the left panel of Figure 3. Appropriate cuts
on these distributions can provide observations with very small background contamination, as the
efficiency plot in the right panel of Figure 3 shows.

3. UHE photon event rates from GRBs

Using these results, the aperture and the number of expected preshowers can be calculated
for different upper limits set by Auger and TA on point sources of UHE photons. The aperture is
defined as a function of the area within which showers are simulated (7R2 ) and of the number of
events that actually trigger the telescope array, as shown in Figure 4. For the parameters used in our
simulations, we found an aperture of approximately 3.42 km? for point sources of preshowers.

Furthermore, knowing the aperture allows us to estimate the number of preshowers one
could expect to observe in a given amount of time. This number can be written as:

NpreshW(E) = ¢y (40 EeV) €convAt Aett, (D

2See reference [12] for more details regarding the hyperparameters of the method.
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Figure 4: Definition of the effective area — relation between the number of preshower events simulated Nopy in a
generation plane Agy within which events are simulated homogeneously, and the effective area A with Nyjg events
triggering the array.

where we set Az to 30 hours and €.ony ~ 0.67 is the fraction of UHE photons converting in the
geomagnetic field for the energy and direction given previously. The ¢, (40 EeV) factor is the upper
limit on UHE photon flux set by Auger on the Galactic center [16] and by TA on point source
emission in the northern sky (average and local) [17]. These limits are reported in the second row of
Table 1. The expected number of preshower from these limits are given in the third row. However,
in the case of GRB flares, it is possible to imagine that photon flux may be boosted. Following
MAGIC and H.E.S.S. observations of such flares [23, 24], we calculated the factor R by which
such a boost may occur by comparing the flux measured by these two collaborations to the flux of
the Galactic center without transient events [25]. In the case of H.E.S.S. afterglow observation,
we found R = 5, while R = 652 for MAGIC’s detection was calculated. The number of expected
preshowers from such a boost is obtained by multiplying R to the upper limits, and is reported in the
last two rows of Table 1. In such a scenario, one could expect to see almost up to 0.2 events in 30
hours of observation, which could be collected in consecutive observations of long-lasting flares.

4. Outlook

Underestimation of the number of expected preshower events may arise from the high energy
cuts used in the simulations and from the small maximum impact distance allowed. The influence
of the energy cuts on the Hillas distributions is also illustrated in Figure 2. While the red histograms
are the distributions from the standard cuts used, so far, in this analysis, the blue ones are obtained

AUGERpoint  (TAgs31.66ev) max(TAgs>31.6Eev)

¢y—, (40 EeV) [kmZyr'] 0.034 0.0073 0.019
Npreshw — non-transient (R = 1) 2.7 x 107 5.7x107 1.5x 107
-R=5 1.4 %1073 29x%x107™ 7.6%x 1074

— R =652 0.17 0.037 0.09

Table 1: Point sources of UHE photons — Number of preshowers expected in 30 hours of observation based on the limits
set by Auger [16] and TA [17] as described in the text and on the boosted emission of the UHE photon flux by GRBs.
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Figure 5: BDT score distributions of the testing and training samples (left) and efficiencies (right) of CR background
and preshowers with Rmax = 1300 m and with the energy cuts described in the text.

for lower energy cuts E(lfl’lw, i.e. 300, 300, 3 and 3 GeV, for hadrons, muons, electrons and gammas,
respectively. The Hillas distributions of the CR background used in the multivariate analysis are
also shown for comparison. The lower energy cuts are essentially characterized by brighter and
larger images. These two features are easily explained by the fact that charged particles of lower
energies also emit Cherenkov radiation. Moreover, the larger lateral spread of these particles leads
to images formed further away from the source location, resulting in higher values of the distance
parameter.

Figure 5 shows the BDT score distributions and the efficiencies obtained for energy cuts
set to Eé‘l’lvtv when simulating point sources of converted UHE photons with Ry,ax = 1300 m. This
preliminary results shows that even in this case, the photon/hadron separation remains very good
and observation of preshower events in the nearly-horizontal direction could still be performed at
high signal efficiencies and low background contamination.

The size of the collection area on the ground for 40 EeV converted photons in the nearly-
horizontal direction is significantly larger than in the standard mode of observation. Figure 6 shows
the size of the area for which preshower events, represented by red dots, have triggered the telescopes
of CTA-North, for Ry = 8 and 20 km. For Ryax = 20 km, the size of the area is ~ 1450 km?,
and does not increase significantly for larger Rpn,x values. If an efficiency of 1 is considered, such
collection area results in an optimal aperture of ~ 250 km? at zenith angle # = 80°. One can note
the growing asymmetry of the collection area when compared to the location of CTA-North (black
dot), as more events with the shower core hitting in front of the telecopes, trigger the array.

A new method for observation of UHE photons in the EeV domain, consisting in searching
for preshower cascades in the nearly-horizontal direction, was presented in this work [12]. Such
a strategy could already be applied to other experiments, such as MAGIC, which already contains
data in the observation mode discussed in this work, in the Crab Nebula vicinity.
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Figure 6: Location of impact points (red dots) of EASs produced by converted UHE photons that have triggered the
array located at (0,0) which is represented by a black disk, for different maximal impact distances Rmax = 8 km (left)
and 20 km (right).
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