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Having implemented the option to make ad-hoc modifications of cross-section, multiplicity, and
elasticity of hadronic interactions during the development of cosmic-ray showers into the COR-
SIKA simulation package in a consistent way for both primary protons and arbitrary nuclei, we
can study the impact of these modifications on a variety of observables for different primaries.
The modifications of the interactions are generic, without any reference to a specific mechanism.
The ranges of parameters are only restricted by existing experimental data from accelerators and
nuclear emulsions. The complete 3-dimensional view of the showers provided by CORSIKA
allows us to study not only the depth of the maximum of the longitudinal development of the
showers and total particle yield at the ground but also to see how the modifications impact the sig-
nal at different distances from the shower core and at different energy thresholds for the detection
of secondary particles at the ground. Furthermore, we investigate the changes in the maximum
depth where muons are produced, the expected rates of anomalous shower profiles, the correlation
between the maximum of the longitudinal profiles and ground signal, and the fluctuations of all
the observables. We show which modifications help the most to alleviate the tension between
predictions made by current hadronic interaction models and data from ultra-high energy cosmic
ray observatories, most prominently the Pierre Auger Observatory. Moreover, we also illustrate
which observables are the most sensitive to the individual parameters of the hadronic interactions,
thus helping to guide the design of future cosmic-ray observatories.
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Figure 1: Left: In all the relevant plots, we use basic building blocks of 75 points to show the effects of
the modifications. The red point shows where unmodified simulations are. Right: fraction of showers with
anomalous longitudinal profiles for single-parameter modifications in CONEX.

1. Introduction

We investigate the effects of modified characteristics of hadronic interactions (MOCHI), namely
the modification of three basic parameters — multiplicity, elasticity kej = Eleading/Etor and cross-
section —on the development of extensive air showers. These changes are implemented in CORSIKA
7.741 [1] using the CONEX option for the high-energy part of the showers, based on the work [2]
with extensive modifications (we also use the original implementation in standalone CONEX [3]).
The modification of parameters is done without any reference to an underlying physical mechanism
by changing the cross-section provided by an existing hadronic interaction model (Sibyll 2.3d
[4] in our case) and resampling the secondary particles produced by the model to achieve the
desired elasticity and multiplicity with the least possible change in other properties of the generated
particles. The modifications for interactions of nuclei are implemented as modifications of the
individual proton-air sub-interactions.

For each set of simulations, we select for each modified parameter a factor fj9 and then for
each interaction at an energy E above a threshold Ey,,, the parameter is modified by the factor

log,o(E/Er)
log,,(10 EeV/Ey)

f(E, fi9) =1+ (fio—1)- )
We consider 75 combinations of modifications: f,7 € (0.8,1.0,1.2) for cross-section, flegl €
(0.6,0.8,1.0,1.2,1.5) for elasticity and f{gult € (0.6,0.8,1.0,1.3,1.7) for multiplicity. Thresh-
olds are 10'6 eV for cross-section, 10'* eV for elasticity and 10! eV for multiplicity. (For
further discussion, see [5]). For each combination, we simulate 1000 showers for the primary
proton and 1000 showers for primary iron at a primary energy of 10'®7 eV and zenith angles
0 € (0,25.7,37.8,48.7,60) deg, totaling 750 thousand simulated showers. We call each set of
1000 simulations a "bin" for brevity, and we adopt a unified pattern for the visualization of the 75
modifications, see Fig. 1

2. Depth of maximum of energy deposit

While the extraction of the depth of the maximum of the energy deposit X.x from simulations
is routine, care must be taken for the case of modified simulations for the following reasons:

1. The CONEX option in CORSIKA does not allow multiple observation levels. Thus,
showers cannot be followed below the ground level of interest, which we set at 1400 meters a.s.l..
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Figure 2: Left: changes in Xp,x and o (Xyax) for different modifications, averaged over the three largest
zenith angles. Right: correlation between o (Xmax) and Xmax is particularly strong for bins with the same
change of multiplicity.

All simulated iron showers have a maximum above ground, but for proton showers, 1040 % of
showers for & = 0° and up to 6 % of showers in each bin for § = 25.7° have a maximum below
ground (less than 1 % for unmodified showers). We use only the three largest zenith angles for
Xmax analysis. 2. Modified simulations can show a larger deviation from the typical shower profile,
in particular when elasticity is increased. This leads to problematic results when fitting a Gaisser-
Hillas function with constraints on its parameters Xy and A derived from unmodified simulations
on the modified profiles. Using an unconstrained Gaisser-Hillas is not helpful. 3. A problem in the
CORSIKA version used causes outlier points in the longitudinal profiles, which make it difficult to
find the maximum by just searching for the highest point of the profile. For unmodified simulations,
it affects a tiny fraction of showers; when elasticity and/or multiplicity is decreased, this becomes
far more common, affecting more than 10 % of showers.

We algorithmically detected and removed showers affected by problems 2 and 3, but even
when removing up to 18 % of showers in some bins, we still find large bin-to-bin fluctuations. The
solution to both problems simultaneously is to calculate, for each shower, two values of Xpx —
one from a constrained Gaisser-Hillas fit within 100 g/cm? from the highest point and the other by
finding the extreme of a parabola defined by three points around the highest point in the profile. A
shower is rejected if these two maxima disagree by more than 20 g/cm?; otherwise, the highest-point
parabola Xy is taken, as this method has better stability with zenith angle. An exception is made
for the small fraction of proton showers at 37.8 degrees with maxima underground, where the fitted
value of Xy is taken instead. This method, while excluding less than 3.5 % of showers per bin,
leads to consistent results.

For proton, the mean values of Xj,,x (from the combined three largest zenith angles) and the
standard deviation o-(Xmax) span a significant range of values (fig. 2), with some correlation. For
a given multiplicity, the correlation is very high — changes in cross-section and elasticity only act
along the line of the correlation. For iron, the effect on mean X, is, on average, about 40 %
of that for proton, but the effect on o~ (Xyax) is much smaller, with o-(Xpax) for iron being always
within 21-25 g/cm?. The right panel of Fig. 2 also shows that while the statistical uncertainties
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Figure 3: Left: relative change of EM signal at 1000 m for all relevant bins. Right: correlation with mean
Xmax shift for primary protons; different colors indicate different zenith angles, with colors indicated on the
left panel; uncertainties in this and the following figures are omitted for clarity.
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Figure 4: Left: relative change of the EM LDF slope g for all relevant bins. Right: correlation with mean
Xmax shift for primary protons; different colors indicate different zenith angles, with colors indicated on the
left panel.

for mean Xp,ax are negligible compared to the changes, for o (Xmax), they are significant even with
3000 showers for each modification.

To study the effect of modified interactions on the profile shapes, we simulate additional
showers in CONEX only with higher statistics — 2 x 10° showers per bin, but only for modifications
of a single parameter, for proton primaries. We identify a shower as anomalous when the sum of
absolute differences between the profile and a Gaisser-Hillas fit exceeds a threshold optimized on
unmodified showers. This sum correlates well with the difference between the calculated y? of this
fit and of a fit using a sum of two Gaisser-Hillas functions, suggesting that most anomalous profiles
have a significant distinct sub-shower. The fraction of anomalous showers depends strongly on
elasticity, less on cross-section and only weakly on multiplicity (fig. 1 right).
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Figure 5: Left: relative change of X, max for r > 1000 m. Right: correlation with mean Xy, shift for
primary protons; different colors indicate different zenith angles, with colors indicated on the left panel.
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Figure 6: Left: relative change of muon signal at 1000 m for three different distances between the ground
and the shower maximum DX. Right: correlation with mean X, shift for primary protons; different colors
indicate different DX, with colors indicated on the left panel; the shaded area corresponds to the results of
the Pierre Auger Observatory at 6 = 55 [6] and the modifications that fall within this area are highlighted in
the left panel.

3. Muon production depth

Unlike the longitudinal profiles of the electromagnetic component, the shape of the longitudinal
profiles of the muon production depth (MPD) of muons that reach the ground is not universal [7].
The universality of the toral MPD is distorted by the muon propagation and decay [8], meaning that
the shape of the apparent MPD distribution, i.e., the one reconstructed from the muons reaching
the detectors, shows a dependency on the zenith angle and adopted radial cut in r, being these
effects less severe for the zenith angle region ~ 60° [9]. For the reasons stated above, the fit of
the maximum of the apparent MPD profile was performed with a universal shower profile (USP)
fit [10], with all four parameters set free, since the USP fit is more stable than the one with a
Gaisser-Hillas function. For the fitting procedure, we calculate the integral of the full distribution
and make a set of fits ranging from an integral of around the first 5% up to 100% of the integral
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Figure 7: Left: relative change of relative fluctuations of muon signal at 1000 m for all relevant bins. Right:
correlation with the relative change of in S,,(1000) for primary protons for § = 38; different colors indicate
different change of elasticity.

of the distribution. We then vary the fitting range around the maximum value of the profile and
select the best fit according to its p-value. We reject all the cases where the MINUIT failed or the
maximum fit value is below the ground. For all modifications, the shift in X, max is very tightly
correlated with the shift in Xy,,«; interestingly the slope is slightly higher than 1 (fig. 5).

4. Ground observables

To suppress local fluctuations, for the EM component, we fit the energy density of EM particles
as a function of radial distance (in the plane perpendicular to shower axis, between 300 and 1700
meters) with an NKG-like function Sgm(r) = N[(r/700)(1 + r/700)] #®™ which describes the
LDFs very well with just two parameters, except for 8§ = 60 for which the EM component is small
and we exclude it. We exclude only showers (no more than 5 per bin) where the fits are significantly
worse. Figures 3 and 4 show the results for the ratios Sgp(1000) and Bgy to the respective values
for unmodified simulations of same primary particle and 6, from which it is clear that the changes
are dominated by the shifts in Xpax.

For the muon component, we have not found a two-parametric function that would properly
describe the number density of muons for all bins and we thus fit S, (r) = N(r/320)"% (1 +
r/320)] ~P# with three parameters, which describes the LDFs well, but as « and 3 are degenerate,
we use the ratio S, (500)/5,(1500) to quantify the LDF slope instead. We find that the change of
this slope is very tightly correlated with changes in Xy« (with essentially the same slope for all
values of 6 except for 60 degrees). The change in S, (1000) is much less correlated with changes
in Xmax, but is still affected by it, differently for different 8. We thus, for each modification, fit the
difference of S, (1000) on DX — the distance between shower maximum and ground — for different
zenith angles and evaluate the fitted values at specific DX (fig. 6). In the right panel we also
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Figure 8: Ranking coefficient rg for S, (1000)—Xpax correlation for proton, iron and mixed primary beams
for the three zenith angles where full X,,.x coverage is available.
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Figure 9: Left: impact of modifications on muon densities for different radial distance and Epiy. Right:
S —Xmax plot for the most significant combination, colored by elasticity.

show what the Pierre Auger Observatory reports [6] as the most likely changes within systematic
uncertainties. We select our points which lie within the respective boundaries and highlight them
on the left panel. Note that simultaneous changes in all three variables are necessary.

The uncertainty in the relative fluctuations oS, /S, at 1000 meters at our statistics is high
enough compared to their changes due to the modifications that this shows up as substantial noise
in the left panel of fig. 7; the right panel illustrates these uncertainties and shows for a selected 6
that the modifications allow relatively independent changes of oS, /S, and S,,, with changes in the
former being dominated by elasticity.

5. Combined observables

Having extracted well-defined values for S, (1000) and Xn.x for each shower (except for a
small fraction that was excluded, see above), we use the Gideon-Hollister ranking coefficient rg
[11] to assess the correlation between the two variables. Fig. 8 shows that while modifications can
make the correlation for pure proton approach that of pure iron, the large difference from values for
highly mixed primary beam remains.
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6. Sensitivity vs. muon energy and radius

Various scans can be performed to look for observables where the modifications have the largest
effect. An example is shown in fig. 9 where we scan the muon signal (obtained as the average in a
200-meter thick annulus) as a function of radius and muon energy threshold. For each combination,
we calculate the average over all modifications of the absolute difference of the muon density from
the reference value divided by statistical uncertainty for 1000 showers. For the combination with
the largest effect found (r = 700 m, Eni, = 20 GeV), we see on the right panel that particularly
lowering the elasticity has indeed a huge effect for this observable. Measurements of high-energy
muons could constrain the hadronic interactions of cosmic rays strongly.

7. Conclusions

Changing cross-section, elasticity and multiplicity within reasonable limits can have major
impact on air-shower properties. Many effects are a direct consequence of changing the depth of
maximum — but some are not. The changes of hadronic interactions indicated by the Pierre Auger
Observatory are just reachable, but only with a combination of modifications. Specific observables
(such as high-energy muons), or their combinations (such as in the case of the combination of muon
number and its fluctuations), carry information on specific interaction properties.
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