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Double-bump showers are a rare class of extensive air showers (EAS) predicted by Monte Carlo
simulations. They occur when a high-energy secondary particle, the leading particle, travels
significantly farther than the rest, creating a distinct double-peaked longitudinal profile. So far,
no experiment has been able to directly detect these showers. The unique radio footprint of
double-bump showers, characterized by multiple Cherenkov rings, provides a way to reconstruct
longitudinal profiles from radio observations. With its dense antenna array and broad frequency
range, the Square Kilometer Array Observatory (SKAO) will be the first experiment capable of
detecting these features, offering a new opportunity to probe hadronic interactions and constrain
particle cross sections at high energies.

In our analysis, we simulate the EAS using CORSIKA with the CoREAS plugin for radio.
We developed a new method based on the Akaike information criterion to identify double bump
showers in simulations by analyzing their longitudinal profiles. Then we investigate the prevalence
of these double bump showers across different cosmic ray primary particles and various hadronic
interaction models. We create a skeleton of the EAS which consists of all the particles with at least
1% of the primary energy, allowing us to confirm the leading particle hypothesis and track shower
development following these particles. This will enable us to relate the attributes of the leading
particle to measurable parameters. Depending on the exact shower properties, the radio footprint
of a double bump shower can create a complex interference pattern, consisting of multiple rings.
From this information, the longitudinal profiles can be extracted. SKA due to its dense antenna
array and frequency range will be the first experiment able to observe these double bump showers
in detail.
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1. Introduction

Most extensive air showers (EAS) exhibit a characteristic “universal” longitudinal development
profile with a single, well-defined maximum. However, an intriguing class of events, known as
double bump showers, deviates by exhibiting two distinct peaks in their longitudinal development.
These anomalous profiles can provide valuable insight into the nature of the primary cosmic ray
and its interaction processes in the atmosphere [1]. Refining our understanding of such interactions
at cosmic ray energies will enhance the accuracy of hadronic interaction models. In turn, this will
improve the interpretation of extensive air shower (EAS) data, leading to better constraints on the
composition and origin of cosmic rays, while also feeding back into the refinement of the interaction
models themselves. Improved proton/helium separation is particularly promising for identifying the
onset of the extragalactic component in the cosmic-ray spectrum. Furthermore, it may enable the
detection of a helium-rich secondary galactic component, potentially originating from supernova
remnants of Wolf-Rayet stars [2].

Double bump showers are believed to occur when a secondary particle in the cascade travels
significantly farther than others before initiating further interactions. The occurrence of such events
is sensitive to the hadronic interaction model used in the simulation. Remarkably, the double-peak
structure also manifests in the radio emission detected at ground level. However, only with the dense
and homogeneous coverage of the SKA (bandwidth of 50 to 350 MHz) as opposed to the more sparse
LOFAR (bandwidth of 30 to 80 MHz) configuration can this structure be clearly resolved. Fig. 1
illustrates the radio footprint of a double bump event as detected by LOFAR (right) and SKA (left).
In certain antennas only when looking with the SKA-Low bandwidth, the distinctive double-peak
structure is directly observable in the time-domain traces as two separate radio pulses, revealing the
anomalous nature of the shower.

The showers were simulated using CORSIKA [3] with the CoOREAS [4] for the radio emission
using QGSJET (version: QGSJETII-04) [5], SIBYLL (SIBYLL 2.3d.) [6], or EPOS (version:
EPOS-LHC) [7] to simulate the hadronic interactions plugin, using a star-shaped antenna pattern.
A Fourier-based interpolation [8] as implemented in the NuRadioReco software [9] was used to
construct the radio footprint.

2. Identifying double bumps

In order to get the fraction of EAS’s that are double bumps, we analyze the longitudinal profiles
without simulating the radio emission to minimize computational time. The single-bump profile is
modeled using the reduced Gaisser-Hillas function Eq. (1) [10, 11]:

R72
T 1)

N(X) = Nmax (1+R 7

The double-bump profile is modelled as the sum of two such functions Eq. (1). While a previous
study identified double bump events based on a set of predefined rules depending on the parameters
from the resulting double bump fit [ 1], we instead apply the Akaike Information Criterion (AIC) [12]
to evaluate the relative quality of the two models. The AIC balances the goodness-of-fit with the
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Figure 1: The same double bump EAS as it would be detected by SKA (left) or LOFAR (right) because
individual showers will be observed with thousands of antennas distributed much more homogeneously. The
complete radiation pattern immediately becomes apparent compared to LOFAR. Middle: example traces (in
the shower-plane) of antennas at roughly the same position measured as by both SKA and LOFAR taking
into account the different bandwidths, the double bump nature is clear from the unusual waveform shape in
the trace signal of the SKA antenna.
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Figure 2: Fraction of anomalous shower profiles for different primaries for different hadronic interaction
models, plotted against 1g(E/eV). Each data point represents the percentage of anomalous shower profiles
with double bumps detected for different primary particles (proton, helium, carbon, silicon, iron).

model complexity and is given by AIC = 2k —21In(L) = 2k + x>. Where k is the number of model
parameters and L is the maximum likelihood. A lower AIC value indicates a better model.

Applying these methods, we estimate the fraction of anomalous showers in simulated samples
for primary energies from 10'6 to 10'® eV (zenith angle of 15°to 45 °). Each primary species (proton,
helium, carbon, silicon, iron) was simulated with 20 000 events. Fig. 2 shows the frequency of
double bump events for different primaries and hadronic interaction models, for the existing method
(old) as described in Ref. [1] and using the AIC method. Notably, helium and proton primaries
exhibit comparable rates of anomalous profiles. The overall occurrence of double bump profiles
decreases with increasing energy, consistent with expectations based on rising interaction cross-

sections.
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3. Looking inside EAS

To investigate the internal structure of EAS, we modified the CORSIKA simulation to access
the energy and trajectory of individual secondary particles. The example showers used in the rest
of these proceedings were simulated with QGSJETII-04 and 6 = 60°at 10'5 eV so that we have a
higher amount of double bumps and the shower development usually completes before hitting the
ground.

We applied an energy cut of E > 0.1 X Epimary to isolate high-energy secondaries responsible
for significant shower development. This allowed us to construct skeleton plots, as shown in Fig. 3.
Skeleton plots illustrate the correlation between the longitudinal development of an EAS and the
propagation of energetic secondaries. The top panel in Fig. 3 shows the standard longitudinal
profile, while the lower panel visualizes the tracked particle paths and their significant interactions.
These visualizations are crucial for identifying candidates for the so-called leading particle — a
particle hypothesized to traverse large distances before initiating a secondary cascade that causes
the second bump.

The probability for a particle penetrating a slant depth greater than AX is given by: P(AX) =
e~2X/1_with A denoting the hadronic interaction length in air. As AX cannot be measured directly,
we use the distance between the two shower maxima, AXp,x, as a proxy. To validate this we need
to identify the leading particle, we search for the secondary i that minimizes both AX; ~ AXpax
and Nmax/Nmax ~ Ei/(Epiimary — E;). Our analysis of multiple skeleton plots reveals that the
single-particle explanation is not always sufficient. We identify three formation mechanisms for
double bump showers:

 Single leading particle double bump: A single secondary particle travels deep before initiating
the second cascade.

* Ladder double bump: A cascade of two secondaries particles, each penetrating successively
deeper.

* Branching double bump: Two independent, energetic secondaries each contribute signifi-
cantly to the second bump.

These examples of these scenarios are depicted in Fig. 3.

To differentiate between these types, we developed a classification algorithm. This algorithm
systematically evaluates the trajectories and energy deposits of high-energy particles in the shower to
identify the most plausible underlying scenario that could have generated the observed longitudinal
double bump profile.

The distinction between these two scenarios is illustrated in Fig. 4, which shows the correlation
between the algorithm-inferred propagation distances (AX) and the observed separation between the
two peaks in the longitudinal profile (AXp.x). We differentiate between cases where the algorithm
found a match within 30 (circles) and those where it did not (crosses). The latter likely represent
false positives instances where the AIC-based double bump identification algorithm indicated a
double structure, but no corresponding signature is evident in the particle level skeleton. In
contrast, the strong correlation observed in the 30 (the uncertainties stem forth from the fitting of
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Figure 3: Longitudinal profile of a double bump shower with the path travelled by all particles which have
more than 1% of the primaries energy. Left: The sub bump is caused by a negatively neutron penetrating
deeply in the atmosphere, Single leading particle case. Middle: The sub bump is caused by positive pion
followed by a negative kaon, Ladder case. Right: The sub bump is caused by two neutrons travelling parallel,
Branching case.

the main and sub bump in the longitudinal profile) matches supports the interpretation that specific
particle-level processes underlie the observed double bump structure.

4. Reconstructing the slant depth of both bumps

Examining the radio traces of a double bump shower (Fig. 3, middle) for antennas along the
v X B axis reveals a clear signature of the structure (Fig. 5, left). For the antenna located 50 m
from the shower core, the double bump nature is evident, with two distinct peaks, the earlier one
corresponding to the second bump. In contrast, at a distance of 200 m, this double peak structure is
no longer visible in the time trace, likely due to geometric or coherence effects. When analyzing the
corresponding Fourier transforms, we observe that traces from antennas closer to the core exhibit
a distinct dip in the frequency amplitude spectrum (Fig. 5, right). This feature is only present for
antennas located within the outermost Cherenkov ring, suggesting that it is a direct consequence
of the double bump structure in the shower development. Further supporting this interpretation,
the interpolated radio fluence footprint filtered between 200 and 250 MHz (Fig. 6, left) shows a
secondary, smaller ring, which we attribute to the second bump in the longitudinal profile.

We hypothesize that the dip in the frequency spectrum is caused by destructive interference
between the signals originating from the two shower maxima. To test this, we model each Xpax as
a point-like emitter and compute the time delay AT between their respective signals as received at a
given antenna location. The condition for destructive interference corresponds to a phase difference
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Figure 4: The different type of causes for double bumps: Single leading particle (single particle penetrating
deeply), Ladder (successive penetration of particles together traveling a significant distance) and Branching
(independent deeply penetrating particles traveling significant distances). A clear linear correlation is
observed between AX and AXp, for events within 30, as expected. Outliers from this trend are likely cases
where the AIC method misidentifies showers as double-bump events, despite the underlying particle content

suggesting otherwise.
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Figure 5: Left: Time-domain electric field traces for two antennas at different lateral distances from the
shower core (at 50 m and at 200 m). Right: Corresponding Fourier transforms of the electric field components.
A frequency dip around 100 MHz is clearly visible for the closer antenna.

of 7 between the two signals. Given a time delay AT, the associated frequency where this condition

is met is derived in Eq. (2).

AT(F) = A¢ |A¢ =0 const. (mod 27) @
W |A¢p =n destr. (mod 27)

Using this we can predict the frequencies at which destructive interference occurs for each antenna.
These predicted dip frequencies align well with the observed dips, if they occur above roughly
200 MHz. Beyond these ranges, discrepancies arise, likely due to additional effects not accounted
for in the current model, for the same reason the second dip does not occur at the expected location
predicted by choosing A¢ = +2x. This allows us to invert the method: by identifying the dip
frequencies in the FFT traces, we can fit for the positions of the two shower maxima, Xy,x, and
Xmax,- Looking at Fig. 6, right, shows the reconstructed dip frequencies for antennas along
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Figure 6: Left: Example radio fluence plot in the shower plane of a double bump shower filtered between
200 and 250 MHz. Showing a second ring inside the main Cherenkov ring, caused by the second bump.
Right: Reconstructed dip frequencies along the positive v X B axis. Red crosses indicate the extracted
dip positions for each antenna, while the yellow curve shows the best-fit model. The background heatmap
displays the predicted phase difference A¢ = AT (F) X w as a function of position and frequency. Blue dotted
lines illustrate the effect of increasing the separation AXpax by 100 g/cm?, while the white dotted line shows
the impact of shifting only Xmax, .

the positive v X B axis. Red crosses mark the dip, and the yellow line is a best-fit curve. The
background heatmap represents the predicted phase difference for a given antenna position and
frequency. The blue lines illustrate the sensitivity of nearby antennas to the separation AXpax:
shifting AXmax by 100 g/cm? results in a noticeable change that aligns with the fit. In contrast, the
white lines correspond to a shift in X, alone, which causes a different pattern, confirming that
nearby antennas are more sensitive to the separation than the absolute depth.

Using this proof-of-principle reconstruction method, we obtain Xy, = 685.09 g/cm? and
Xmax, = 1484.62 g/cm2. For comparison, the AIC-based method yields Xyax, = 659.93 g/cm2 and
Xmax, = 1496.37 g/cmz, indicating that at least one of the two shower maxima was reconstructed
within 30 g/cm? in both approaches.

To further interpret these results, it is necessary to estimate the energy of both the primary
and leading secondary particles, quantities which are related to Npmax, and Nmax,, respectively. Two
possible approaches could be pursued: (1) decompose the radio footprint into the contributions
from each of the two shower components, or (2) use the reconstructed values of Xmax, and Xmax, in
conjunction with fast radio simulation tools such as SMIET [13] or MGMR [14], to determine the
corresponding Npmax, and Npax, values that best match the measured signal. This demonstrates that
the signal measured by SKA-Low can be used to reconstruct double-peaked air shower profiles.
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