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Modified hadronic interactions

Phys. Rev. D, 83:054026, 2011
 - individual changes of multiplicity, elasticity and  
           cross-section in CONEX - 1D simulations
 - 215 citations

CONEX in Corsika: 3D information

MOCHI: CORSIKA 7.741 with CONEX option, Sibyll 2.3d

- nuclear projectiles treated as  
  a set of p-Air interactions 
- POS(ICRC2023)245 
- POS(ICRC2021)441  
- EPJ WoC 283:05005 
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FIG. 7. Impact of hadronic interaction features on the shower maximum, Xmax, for proton (left) and iron (right) primaries.

val from 1019 to 1020 eV. For each point in the parameter
space under investigation, 1000 showers are simulated.

In the discussion of our results we will frequently com-
pare to the analytic Heitler model predictions summa-
rized in Table I, and also refer to the dependence of EAS
fluctuations on the longitudinal shower development as
shown in Fig. 5.

A. Longitudinal Shower Development and Depth

of the Shower Maximum

The results for the mean depth of shower maximum,
�Xmax�, and the fluctuation of Xmax, characterized by
RMS(Xmax), are summarized in Fig. 7. The extrapola-
tion of the total cross section for particle production has
by far the biggest impact on Xmax. It can shift �Xmax�
by almost 100 g/cm2 for protons and 40 g/cm2 for iron
in both directions, and exhibits a strong correlation with
the fluctuations of Xmax. All the other interaction char-
acteristics considered here change the fluctuations only
within a few g/cm2, except the elasticity for proton pri-

maries. A high elasticity leads to a moderate increase in
fluctuations, at the same time shifting the �Xmax� deep
into the atmosphere. The secondary multiplicity is al-
most as effective in shifting �Xmax� as the cross section.
This is a consequence of the distribution of the same en-
ergy onto a growing number of particles, which is also
predicted by the Heitler model. However, the depen-
dence we find is somewhat different from the simple pro-
portionality to − lnnmult for larger deviations from the
original model. For proton primaries the dependence on
the cross section is similar to 1/σ as in the Heitler model,
especially at larger cross sections; For iron primaries, on
the other hand, this change is more like − lnσ. Further-
more, in contrary to the independence of �Xmax� from
the pion charge ratio c we find a slight trend ∝ ln c. The
impact of the elasticity is approximately ∝ κel.

In addition to studying Xmax we also considered the
quantity ∆X = Xmax −X1, with X1 being the depth of
the first interaction in a shower. ∆X is only sensitive to
the shower development that follows the first interaction.
In Fig. 8 the results for ∆X are summarized.

As can be seen, only modifications of the cross section

MOCHI and CR observables Jan Ebr
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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 ofmodified characteristics of hadronic interactions (MOCHI), namely
the modification of three basic parameters – multiplicity, elasticity 𝜅el = 𝐸leading/𝐸tot and cross-
section – on the development of extensive air showers. These changes are implemented inCORSIKA
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 𝑓19 and then for
each interaction at an energy E above a threshold 𝐸thr, the parameter is modified by the factor

𝑓 (𝐸, 𝑓19) = 1 + ( 𝑓19 − 1) ·
log10(𝐸/𝐸thr)

log10(10 EeV/𝐸thr)
(1)

We consider 75 combinations of modifications: 𝑓 𝜎19 ∈ (0.8, 1.0, 1.2) for cross-section, 𝑓 el
19 ∈

(0.6, 0.8, 1.0, 1.2, 1.5) for elasticity and 𝑓 mult
19 ∈ (0.6, 0.8, 1.0, 1.3, 1.7) for multiplicity. Thresh-

olds are 1016 eV for cross-section, 1014 eV for elasticity and 1015 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 1018.7 eV and zenith angles
𝜃 ∈ (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 𝑋max 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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“Allowed” modifications and thresholds
Cross-section (Ethr = 1016 eV)
 - well constrained for p-p at LHC to a few %
 - unc. in conversion to p-A limited by CMS p-Pb measurement

Multiplicity  (Ethr = 1015 eV)
- no p-A data, limited rapidity coverage

Elasticity  (Ethr = 1014 eV)
- difficult at accelerators, limits from nuclear  emulsion chambers 
- recent LHCf neutron elasticity measurement?
- range of modifications limited by internal consistency
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Muons at 1000 m at fixed DX
- remove effects of shifting Xmax on Sμ by fitting a dependence 
on DX - allows comparison recent with Auger analysis
- note: Auger has universal correction to ground signal 
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Auger cross-section measurement
- modifications of elasticity change Λ→σ conversion: Auger CS = constraint in  σ–elasticity space
- unmodified Sibyll 2.3d smack on data; uncertainty extrapolation with f (E,f19)

constraint in σ–elasticity space

Phys.Rev.D102:063002,2020

Phys.R
ev.Lett.109:062002,2012
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Xmax fluctuations
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Figure 1: The first (left)
and second (right) moments
of 𝑋max distributions mea-
sured with the FD [8], the
SD [9], AERA [10], and
HEAT [7] during Phase-I.
Note: the systematic uncer-
tainties on 𝑋max for the SD
and FD are correlated.

Of the available techniques, the measurement of 𝑋max using hybrid events delivers the highest
resolution and lowest model dependence. However, it is also limited by the low uptime of the
FD, 𝑋max dependent aperture, and the need to correct for atmospheric conditions. As a result of
this, hybrid measurements struggle with low statistics and relatively high systematics, limiting their
power at energies above 1019.5 eV, an energy range critical to identifying astrophysical sources [11].
Statistics can be improved by deducing UHECR composition from SD data. However, unlike the
FD, the SD can not directly observe the development of showers. Instead, SDmethods must analyze
the timing structure and distribution of particles arriving at the ground to extract signatures related
to shower development and primary particle type. For example, a data-driven method used the
mean risetime of signals from SD stations in an event (Δ) as it is related to the proximity of the
shower maximum to the ground. By evaluating how the mean value of Δ evolved with energy,
the mass trends seen in the Hybrid data were confirmed and extended to 100 EeV [12]. The most
recent SD-only composition analysis applies machine-learning algorithms to theWCD signal traces
collected to simultaneously leverage all SD information to estimate shower 𝑋max directly, delivering
a strong improvement over earlier techniques [9, 13]).

The direct measurement of 𝑋max, when combined with predictions from hadronic interaction
models, allows for the straightforward calculation of the first two moments of the log of the mass
of the primary particles (ln 𝐴) making up the UHECR beam. An overview of the moments of
ln 𝐴 is shown in Fig. 2, which likewise shows impressive agreement between FD and SD-derived
measurements. The plot of first moments (ln 𝐴) describes the energy evolution of the mean
mass of primary cosmic rays and clearly shows the beam first becoming lighter before turning
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Figure 1: The first (left)
and second (right) moments
of 𝑋max distributions mea-
sured with the FD [8], the
SD [9], AERA [10], and
HEAT [7] during Phase-I.
Note: the systematic uncer-
tainties on 𝑋max for the SD
and FD are correlated.

Of the available techniques, the measurement of 𝑋max using hybrid events delivers the highest
resolution and lowest model dependence. However, it is also limited by the low uptime of the
FD, 𝑋max dependent aperture, and the need to correct for atmospheric conditions. As a result of
this, hybrid measurements struggle with low statistics and relatively high systematics, limiting their
power at energies above 1019.5 eV, an energy range critical to identifying astrophysical sources [11].
Statistics can be improved by deducing UHECR composition from SD data. However, unlike the
FD, the SD can not directly observe the development of showers. Instead, SDmethods must analyze
the timing structure and distribution of particles arriving at the ground to extract signatures related
to shower development and primary particle type. For example, a data-driven method used the
mean risetime of signals from SD stations in an event (Δ) as it is related to the proximity of the
shower maximum to the ground. By evaluating how the mean value of Δ evolved with energy,
the mass trends seen in the Hybrid data were confirmed and extended to 100 EeV [12]. The most
recent SD-only composition analysis applies machine-learning algorithms to theWCD signal traces
collected to simultaneously leverage all SD information to estimate shower 𝑋max directly, delivering
a strong improvement over earlier techniques [9, 13]).

The direct measurement of 𝑋max, when combined with predictions from hadronic interaction
models, allows for the straightforward calculation of the first two moments of the log of the mass
of the primary particles (ln 𝐴) making up the UHECR beam. An overview of the moments of
ln 𝐴 is shown in Fig. 2, which likewise shows impressive agreement between FD and SD-derived
measurements. The plot of first moments (ln 𝐴) describes the energy evolution of the mean
mass of primary cosmic rays and clearly shows the beam first becoming lighter before turning
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Adding muons and proton/iron separation

Ratio between number of muons for iron and proton tends down when muons are added
- whatever the answer to the muon problem is, it may make primary separation more difficult
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Universality 

Muon signal far more affected than EM (also lateral shape of EM well preserved) 
(notes: no complete 4-component model, arbitrary normalization between muon/EM)
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Sensitivity of muon number to modification as a function of Emin, r

- sum of absolute values of changes of muon density divided by statistical uncertainty (1000 showers)  

- example: proton @ 38 degrees

- large deviations in the most significant point in (Emin,r) space overwhelmingly due to low elasticity bins
 - deep underground measurements highly interesting for particle physics!
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Conclusions

- changing cross-section, elasticity and multiplicity within reasonable limits can have major impact on 
air-shower properties

- the impact can be quite different for quantities depending on 3D geometry as opposed to 1D sums

- the changes of hadronic interactions indicated by the Pierre Auger Observatory are just reachable
 - but only with a combination of modifications!
 - and already in a tension with other measurements

- a wealth of other features can be studied - see POS(ICRC2023)245 (full papers soon)

- even if some modifications are not realistic, we can learn interesting insights


