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The identification of gamma-ray-induced air showers with Cherenkov
telescopes suffers from contamination with a specific class of cosmic-ray-
induced air showers. The predictions for this background show strong dis-
crepancies between the available event generators. In this study, we identify
collision events of cosmic rays with atmospheric nuclei in which a large frac-
tion of the original beam energy is transmitted to the electromagnetic part
of the shower as the main source for this background. Consequently, we
define a pseudorapidity region of interest for hadron collider experiments
that corresponds to this background, taking into account the center-of-mass
energy. This region of interest is compared with the available datasets and
the pseudorapidity coverage of the detectors that recorded it. We find
that the LHCf and RHICf detectors are the only ones covering substantial
parts of this region of interest and suggest a measurement of the energy
spectra of reconstructed neutral pions to be made with this data. Such
results could serve as valuable constraints for future parameter tuning of
the event generators to improve the background estimation uncertainties
for gamma-ray-induced air shower identification.
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1. Introduction

Imaging Atmospheric Cherenkov Telescopes (IACTs) [1] are used to de-
tect Cherenkov light from air showers that were initiated by cosmic gamma-
rays. The electromagnetic interaction between the gamma-rays and the
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atmospheric atoms can be accurately modelled with quantum electrodynam-
ics. However, in the energy range that IACTs are sensitive to, gamma-ray-
initiated showers are outnumbered by a factor of roughly 103 [2] by showers
caused by cosmic-ray (CR) particles.

CRs (for the energy range of interest here) consist predominantly of pro-
tons and span a wide range of energies. When they arrive at the Earth,
they collide with atmospheric nuclei, mostly nitrogen and oxygen. The col-
lisions are dominated by strong interactions with low-momentum exchange,
so-called soft QCD processes. The resulting particles initiate a cascade of
further particle production, also referred to as extensive air showers (EAS).
The produced particle multiplicities, the shower shape, and maximum de-
pend strongly on the details of the initial collision of the CR and the at-
mospheric nucleus. However, the amplitudes of soft QCD processes cannot
be derived via perturbative QCD. The event generators most commonly
used to simulate this kind of processes, EPOS-LHC [3], QGSJET II-04 [4],
sibyll 2.3d [5], and PYTHIA 8.3 [6] are strongly dependent on reference mea-
surements from hadron colliders for the tuning of their free parameters.

Usually, gamma-ray-initiated EAS can be well separated from the CR
background (at a level of ∼ 99%) due to their differences in the shower
shapes: typically, CR-induced EAS are wider and longer than gamma-ray-
initiated EAS [1]. However, despite the good background separation, the
amount of remaining background events is still significant due to the much
larger number of CR-induced EAS compared to gamma-ray-induced EAS.

In this work, we investigate the main source of the CR background for
IACT gamma-ray analyses and the modelling performance of the currently
available event generators. We define a suitable phase space for hadron col-
lider measurements corresponding to these events. Furthermore, we identify
detectors at colliders covering that phase space to improve the modelling of
the CR background for IACT gamma-ray analyses.

2. IACT backgrounds from cosmic-ray-induced EAS

The properties of CR backgrounds passing the gamma-ray identification
selections are studied with simulations using CORSIKA-7 [7]. Collisions of
cosmic protons with an energy of 1 TeV with atmospheric nitrogen nuclei
have been simulated at an altitude of 17 km. The particle information
was recorded both instantly after the primary interaction and at the ground
level. The simulated Cherenkov radiation was then propagated into a simple
simulated Cherenkov telescope setup of nine telescopes placed in a 3×3 grid
with a distance of 120 m between the telescopes. The selection of gamma-
ray-like events is performed by applying cuts on the measured mean scaled
width and the mean scaled length parameters of the showers. The fraction
of events passing this selection is then compared to the fraction of the total
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shower energy that can be attributed to electromagnetic (EM) components
of the shower, i.e. photons, electrons, and neutral pions as shown in Fig. 1.
It can be observed that the CR background increases with the EM energy
fraction, with more than 20% of the events passing the selection criteria at
an EM energy fraction of 70% of the initial proton’s energy. This behaviour
is predicted by all three shown event generators.

Fig. 1. Fraction of EAS induced by a 1 TeV proton colliding with a nitrogen atom
passing gamma-ray selection criteria as a function of the fraction of energy carried
by the EM parts of the shower. The individual event generators predict roughly
the same behaviour.

Large energy fractions in the EM component of the shower are an indi-
cator of the production of a highly energetic neutral pion which is already
produced at an early shower stage. The left plot of Fig. 2 shows the pre-
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Fig. 2. Energy fraction of neutral pions of the original 1 TeV proton beam, that
collides with a fixed proton target (left) or an oxygen target (right). The coloured
lines correspond to four different event generators.
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dicted energy distribution of neutral pions in a collision of a 1 TeV proton
with a proton at rest. The x-axis depicts the fraction of the pion’s energy of
the original proton beam energy. The plot focuses on the high-energy end
of the spectrum for the four different event generators. This demonstrates
that the event generators differ strongly in their predictions for the process
class that populates the CR EAS background for IACT analyses.

3. Pseudorapidity region of interest and scaling relation

In order to define the phase space relevant for the CR background events,
we adopt 70% as a threshold for the energy carried by the neutral pion in
comparison to the original beam energy. This translates into pseudorapidity
boundaries that depend on the center-of-mass energy
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mπ0
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m2
π0 + p2

T,π0
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Here, the lower boundary is not only defined by the 70% requirement on
the energy, but also by the sum of the neutral pion mass squared and the
squared pion momentum in the transverse plane with respect to the beam
axis. The latter is estimated from simulations: for different center-of-mass
energies, the maximum pT of the neutral pion does not change much and
is typically found at ∼ 1.5 GeV. The pseudorapidity range defined by ηmin

and ηmax is shown in Fig. 3. Existing hadron collider datasets are indicated
as horizontal lines at the corresponding center-of-mass energy. Measure-
ments that could be used to improve the modelling for the CR background
for IACTs should lie within the given pseudorapidity range at the respec-
tive energy. The coloured boxes represent the pseudorapidity coverage of
different detectors that were present during the respective data-taking peri-
ods. Figure 3 shows that only two detectors have taken data in the relevant
pseudorapidity range for the CR backgrounds: the LHCf detector [8] has
taken data at |η| > 8.4 in proton–proton collisions at the LHC at energies of
13.6 TeV, 13 TeV, and 2.76 TeV. The RHICf detector [9] has recorded data
during proton–proton collisions at RHIC at an energy of 510 GeV covering
η > 6. The most interesting measurements for the purpose of tuning event
generators to improve the CR background modelling could come from direct
neutral pion reconstruction and energy measurement in the respective pseu-
dorapidity bins. However, there are no such public results from the LHCf
or RHICf collaborations yet.
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Fig. 3. Region of interest for the CR background events in the plane spanned by
pseudoraptidity and

√
s. The horizontal lines show collider datasets at the respec-

tive center-of-mass energy. The colored boxes show the pseudorapidity coverage of
individual detectors.

4. Outlook for an LHC proton–oxygen collision run

While the suggested measurement of highly energetic forward neutral
pions in proton–proton collisions at different energies can already provide
valuable tuning data that could improve the modelling of the CR back-
ground for IACT analyses, one also has to consider that the CR-induced
EAS may originate from a proton–nitrogen or proton–oxygen collision rather
than a proton–proton collision. As the modelling of collisions of atomic nu-
clei includes an even wider set of free parameters in the event generators,
the modelling of these interactions is more complex. Furthermore, the event
generators have not been tuned yet to this kind of interactions at high en-
ergies. This leads to even more pronounced discrepancies in the prediction
of neutral pion energy spectra between the event generators for proton–
oxygen collisions than in proton–proton collisions, as shown in Fig. 2 on the
right. To mitigate these modelling discrepancies for the CR backgrounds
at IACTs, the planned proton–oxygen collision run at the LHC in 2025 will
provide an interesting opportunity for forward neutral pion measurements
with the LHCf detector.
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5. Conclusion

Our studies show that CR-induced EASs with a highly energetic neutral
pion produced at the early shower stages are a main irreducible background
to gamma-ray-induced EAS analyses with IACTs. It was demonstrated that
the available event generators differ strongly in their predictions for this
process class. Based on simulations and kinematic arguments, we defined
a region of interest for proton–proton collision experiments in the η–

√
s

plane, which relates directly to the CR background. It was shown that out
of the considered hadron collider experiments, only the LHCf and RHICf
detectors covered this area of phase space. Measurements of neutral pions
with their data could provide valuable input for the tuning of the event
generators. Furthermore, the event generators could benefit from tuning
based on LHCf data from the planned proton–oxygen run in 2025.
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