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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..

2
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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 (corrected for the effect of Xmax shift) vs. Auger
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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 and Auger
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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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Low CS and high elasticity lead to very high 
Xmax fluctuations that may be difficult to recon-
cile with Auger data
Note: fluctuations for Fe within ± +1.5 g/cm2

- implications for “heavy metal scenarios”
- see Jakub Vícha’s poster for an example
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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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Ground particles:  relative muon number fluctuations at 1000 meters

- not correlated with absolute changes in muon number, sensitive to high elasticity changes

- Auger sees muon fluctuations consistent with models

proton 38 deg

The measured relative fluctuations as a function of the
energy are shown in Fig. 2. We note that the measurement
falls within the range that is expected from current hadronic
interaction models for pure proton and pure iron primaries
[28–36]. To estimate the effect of a mixed composition, we
take the fractions of the four mass components (proton,
helium, nitrogen, and iron) derived from the Xmax mea-
surements [8,37,38] and, using the simulations of the pure
primaries, calculate the corresponding fluctuations in the
number of muons. The gray band in Fig. 2 encompasses
the predicted σ=hRμi of the three interaction models
QGSJET II-04, EPOS-LHC, and Sibyll 2.3d given the
inferred composition mix for each [17].

In Fig. 3, the effects of different composition scenarios
on both the fluctuations and the average number of muons
can be shown by drawing, at a fixed primary energy of
1019 eV, the relative fluctuations σ=hRμi against the
average number of muons hRμi. Given any one of the
interaction models, any particular mixture of the four
components p, He, N, and Fe falls somewhere within
one of the areas enclosed by the corresponding colored
lines. The points of pure composition in this contour are
labeled accordingly. For each model, the expected values
for σ=hRμi and hRμi given the composition mixture
obtained from the Xmax measurements [8] is indicated
within each contour by the correspondingly colored star
marker. The shaded areas surrounding the star markers

indicate the statistical and systematic uncertainties inher-
ited from the Xmax measurements [39]. Finally, our meas-
urement with statistical and systematic uncertainty is
shown by the black marker.

Within the uncertainty, none of the predictions from the
interaction models and the Xmax composition (star markers)
are consistent with our measurement. The predictions from
the interaction models QGSJET II-04, EPOS-LHC, and
Sibyll 2.3d can be reconciled with our measurement by an
increase in the average number of muons of 43%, 35%, and
26%, respectively. For the fluctuations, no rescaling is
necessary for any model.

Taken together, the average value and fluctuations of the
muon flux constrain the way hadronic interaction models
should be changed to agree with air shower data. To see
this, we briefly discuss the origin of the fluctuations.

The average number of muons in a proton shower of
energy E has been shown in simulations to scale as
hN�

μi ¼ CEβ, where β ≃ 0.9 [12,13,22,23]. If we assume
all the secondaries from the first interaction produce muons
following the same relation as given for protons above, we
obtain the number of muons in the shower as

Nμ ¼
Xm
j¼1

CEβ
j ¼ hN�

μi
Xm
j¼1

xβj ¼ hN�
μiα1; ð3Þ

where index j runs over m secondary particles which
reinteract hadronically and xj ¼ Ej=E is the fraction of
energy fed to the hadronic shower by each [41]. In this
expression, the fluctuations in Nμ are induced by α1 in the
first generation, which fluctuates because the multiplicitym
and the energies xj of the secondaries fluctuate [13].

We can continue this reasoning for the subsequent
generations to obtain

Nμ

hN�
μi

¼ α1α2 � � � αi � � � αn; ð4Þ

here the subindex i runs over n generations, until the
cascade stops. We note that, for the calculation of α2, in the
second generation, there are m particles contributing.
Assuming the distributions of the α’s for each one are
similar, when adding up the muons produced by each, the
fluctuations produced by one are statistically likely to be
compensated by another. In other words, the α2 distribution
is narrower by a factor ∼1=

ffiffiffiffi
m

p
. The deeper the generation,

the sharper the corresponding αi is expected to be. As a
result, the dominant part of the fluctuations comes from the
first interaction. This has also been observed with simu-
lations. The model can be generalized for primary nuclei
with mass A using the superposition model and fixing the
number of participants to A protons, which reduces the
different contributions to the fluctuations by a factor
∼1=

ffiffiffiffi
A

p
.

FIG. 3. Data (black, with error bars) compared to models for the
fluctuations and the average number of muons for showers with a
primary energy of 1019 eV. Fluctuations are evaluated in the
energy range from 1018.97 to 1019.15 eV. The statistical uncer-
tainty is represented by the error bars. The total systematic
uncertainty is indicated by the square brackets. The expectation
from the interaction models for any mixture of the four compo-
nents p, He, N, Fe is illustrated by the colored contours. The
values preferred by the mixture derived from the Xmax measure-
ments are indicated by the star symbols. The shaded areas show
the regions allowed by the statistical and systematic uncertainties
of the Xmax measurement [39].

PHYSICAL REVIEW LETTERS 126, 152002 (2021)

152002-7

Phys.Rev.Lett.126:152002,2021
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Conclusions I

- 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
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Modified simulations as an estimate of modelling uncertainty

Shape of longitudinal profiles conserved, normalization less affected for EM energy
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Modelling uncertainty vs. core distance

Density of charged particles most sensitive
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Muons at 1000 meters and proton/iron separation

Ratio between number of muons for iron and proton tends down when muons are added
- consequence of using the superposition model for modifications in nuclear interactions

 1.25

 1.3

 1.35

 1.4

 1.45

 1.5

 1.55

 1.6

 1.65

 1.7

 0.85  0.9  0.95  1  1.05  1.1  1.15  1.2

Nμ(1000) {proton} / Nμ(1000) {proton} (ref)

25° 

38° 

49° 

60° 

N
μ(1

00
0)

 {F
e}

 / 
N

μ(1
00

0)
 {p

ro
to

n}

0° 

 1.2

 1.25

 1.3

 1.35

 1.4

 1.45

 1.5

 0.9  0.92  0.94  0.96  0.98  1  1.02  1.04  1.06  1.08  1.1  1.12

Nμ
all {proton} / Nμ

all {proton} (ref)
N

μal
l  {

Fe
} /

 N
μal

l  {
pr

ot
on

}

muons
EM



16/20

Muons at 1000 meteres and proton/iron separation: merit factor

Modifications affect both muon number and fluctuations
- significant effect for maximal theoretical performance in proton/iron separation 
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Proton/iron separation and distance to shower axis

Full 3D simulations allow study of effects in ... 3D
- modified interactions may change the optimal geometry for a detector and/or data analysis
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Proton/iron separation with different detectors

What we measure is not really “number of muons”, but “Nµ at an energy established by other means”.
- simplification: signal ratios
- at 1000 meters: strong correlations, but note non-zero intercepts
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Proton/iron separation with different detectors

- at 500 meters more complicated: spread for CHARGED/EM due to elasiticity changes
- note once again the consequence of the energy threshold/superposition model combination
- other libraries can be made with different assumptions!
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Conclusions II

- 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

- even if some modifications are not realistic (after all, there is only one Universe), we can learn 
interesting insights
 - effects of 3D modifications are highly dependent on distance to shower axis
 - number of muons is more affected than EM energy density
 - proton/iron separation power can vary significantly
  - but note the implicit assumption on A-dependence of modifications

Do I use the three major models for my systematic uncertainty? What about using (up to) 75 instead!
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BACKUP
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Maximum of apparent muon production depth Xμ,max

Apparent MPD distribution from muons reaching ground at r > 1000 m
 - noisy, complex fitting procedure
 - reliable only for larger zenith angle
 - results preliminary!

Highly correlated with δXmax, but slightly steeper
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