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R. Ulrich, R. Engel, M. Unger: Phys.Rev.D83:054026,2011 
(arXiv 1010.4310)
 - modified CONEX to test effect of changes in interactions
 - smooth increase of magnitude from threshold up
 - change: cross section, multiplicity, elasticity, charge ratio ...

MOCHI: use the same code in CORSIKA via CONEX in CORSIKA
 - get 3D observables
 - allow comparison with current data 

Additonally:
 - explore parameter space (combine changes of variables)
 - more combinations of primaries/models (if possible)

CONEX modifications adapted by Ralf Ulrich to CONEX in CORSIKA
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What we did so far (talk outline):
 - checked CORSIKA with CONEX vs. „normal“ CORSIKA 

 - checked if modification makes sense to do in CORSIKA like this

 - tested CONEX modifications in CORSIKA, fixed small bugs 
  - FORTRAN/C++ interface „unsafe“, consistency critical
   - check your Mxpltlxs 
  - proper random seed initialization

 - adapted code to allow parallel changes of multiplicity/elasticity
  - changed steering card format accordingly
  - tested that

 - looked into the problem of nuclear interactions (confusedly)
 - made same bold plans and mused about parameter space
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CORSIKA with CONEX vs. „normal“ CORSIKA
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Handover of particles between CONEX and CORSIKA
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Modified interaction CORSIKA with CONEX vs. CONEX (paper)
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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

SIBYLL 2.3c proton SIBYLL 2.1 proton
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Effect of changing multiplicity on elas ticity
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Reproducing reques ted change in multiplicity
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Iron primaries and CONEX modifications for QGSJET vs. SIBYLL 8
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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

QGSJET-II-04

QGSJET-II-04

SIBYLL 2.1

SIBYLL 2.1
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Iron primaries and CONEX modifications for QGSJET vs. SIBYLL 11
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FIG. 10. Impact of a modified extrapolation of hadronic interaction features on the number of muons, Nµ, for proton (left)
and iron (right) primaries.

how Ne,max and Xmax are both affecting the electron
number at ground level, Ne. Note, that in Fig. 9 the
limit Xobs � Xmax is not always fulfilled.

It is interesting to note, that an efficient way to change
the fluctuations of the electron number in proton showers
is via the extrapolation of the multiplicity, especially in
the directions of reduced fluctuations. To increase the
fluctuations, lowering the cross section can be equally
effective. For iron primaries increasing the cross section
leads to decreased fluctuations, while the overall impact
of the multiplicity is very much reduced.

C. Muon Number at X = 1000 g/cm2

The results of the influence of the modification of in-
teraction features on the muon number are summarized
in Fig. 10. In analogy to electrons also the muon number
at 1000 g/cm2 reacts to changes in the depth of Xmax

relative to the observation level. But as shown in Fig. 5,
this sensitivity to Xmax is much smaller than in the case

of electrons. Especially the fluctuations are not hav-
ing the clear minimum at �Xmax�, but show a rather
smooth transition to a very constant rate of fluctuations
at larger depths. Furthermore, since muons in air show-
ers are mainly produced via the decay of pions, their
abundance is very sensitive to the overall number of pi-
ons in the shower. During the shower development there
is a competition between pion decay, yielding muons and
neutrinos, and interaction, producing new hadronic sec-
ondaries. While the hadronic interaction length of pi-
ons is λint ∼ 120 g/cm2 over a wide range in energy,
the decay length changes with energy (γ = E/m) and
is λdec = ρcγτdec. Muons are produced mainly by pi-
ons with λdec < λint. This is, for example, why high
energy muons are more efficiently produced at high alti-
tude where ρ is small. When muons are produced, pions
are removed from the multiplicative hadronic shower cas-
cade and ultimately fewer pions in the air shower lead to
the production of fewer muons. In addition, an increase
of the production of high-energy muons at high altitude
reduces the production of the more abundant muons at

QGSJET-II-04

QGSJET-II-04

SIBYLL 2.1

SIBYLL 2.1
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Iron primaries and CONEX modifications for QGSJET vs. SIBYLL 

What is the difference?
 - SIBYLL  gives nucleon-nucleon interaction separately -> treated 
        as such in „resampling“
 - how does that affect multiplicity (multiplication is dis tributive)?

Also:



12

How to set thresholds for modifications?

Rough ideas (for discussion):
cross-section ~ 1017 eV, multiplicity ~ 1015 eV, elasticity ~ 1013 eV 

3

EPJ Web of Conferences 208, 02002 (2019) https://doi.org/10.1051/epjconf/201920802002
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Figure 2. Inelastic p-air (thick lines) and π-air (thin lines) cross sections (left-hand side) and multiplicity for |η| < 2.5 for p (thick lines)
and π-air (thin lines) collisions (right-hand side) as a function of center of mass energy calculated with DPMJETIII.17-1 (dotted line),
EPOS LHC (full line), QGSJETII-04 (dashed line), and Sibyll 2.3c (dash-dotted line).

to charged particles. Until the start of the LHC, these pa-
rameters were not well constrained by particle production
measurements at accelerators. As a consequence, depend-
ing on the assumptions of how to extrapolate existing ac-
celerator data, the predictions of hadronic interaction mod-
els were very different [26]. We will show that the extrap-
olation to high energy is not really the issue anymore.

3.1 Inelastic cross section

As shown in [25], the inelastic nuclear cross section is very
important for the development of air showers and in par-
ticular for the depth of the shower maximum. As a conse-
quence, the number of electromagnetic particles at ground
level is strongly correlated to this observable (if the shower
maximum is closer to ground, the number of particles is
higher).
The inelastic cross section of proton-proton scattering

is usually used as an input to fix basic parameters via the
optical theorem in all hadronic interaction models. There-
fore it is very well described by all the models up to LHC
energies, where data exist. As shown in [27], thanks to
the measurements at the LHC even the extrapolations up
to the highest energy are now very similar.
However, plotting the prediction of these models for

the proton-air and pion-air inelastic cross-sections as
shown in Fig. 2 left-hand side, one notices that significant
differences appear which will have direct consequences on
air shower development. In all the figures DPMJETIII.17-
1 is represented by a dotted (indigo) line, EPOS LHC by
a full (blue) line, QGSJETII-04 by a dashed (red) line and
Sibyll 2.3c by a dash-dotted (green) line. Not only do the
evolutions diverge at high energy, but for Sibyll 2.3c and
DPMJETIII.17-1 the relative behavior of the proton and
pion-air cross-section is different from the other models
(faster increase of the pion-air cross-section to reach the
proton-air one).

3.2 Multiplicity

According to [25], the multiplicity plays a similar kind of
role as the inelastic cross section, but with a weaker depen-
dency (log). On the other hand the predictions from the
models have larger differences for the multiplicity com-
pared to the cross section.
As shown in [27], the average multiplicity is well re-

produced by all the models up to 1 TeV and even up
to 13 TeV for EPOS LHC and QGSJETII-04 [28] and a
difference appears between these two models only at the
highest energy (beyond 100 TeV). However, in the case of
a nuclear target the slope of the rise of the multiplicity as a
function of energy is different for all three models leading
to a difference of about 20-30% at the highest energies in
p or π-air interactions (Fig. 2 right-hand side). This effect
is small compared to the pre-LHC era [26] but can change
the elongation rate of the air shower maximum develop-
ment. Here again Sibyll 2.3c and DPMJETIII.17-1 have
a different behavior than the other models with a smaller
slope and the same multiplicity for p or π-air interactions
while other models have about a 10% difference.
So, for both cross section and multiplicity, when the

models are constrained by LHC data up to 7 TeV, the ex-
trapolations to the highest energy in p-p are very similar
but differences remain in nuclear and pion interactions be-
cause of the lack of data at high energy and with light ions
(only heavy ion data available from RHIC and LHC at high
energy).

3.3 Diffraction and elasticity

Another important observable determining air shower de-
velopment is the elasticity [25] defined as the largest en-
ergy fraction carried by a secondary particle (the leading
particle).
In additions to the parton ladder, there is another

source of particle production: the two off-shell remnants,
see Fig. 1. This is directly related to the elasticity since
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Figure 2. Inelastic p-air (thick lines) and π-air (thin lines) cross sections (left-hand side) and multiplicity for |η| < 2.5 for p (thick lines)
and π-air (thin lines) collisions (right-hand side) as a function of center of mass energy calculated with DPMJETIII.17-1 (dotted line),
EPOS LHC (full line), QGSJETII-04 (dashed line), and Sibyll 2.3c (dash-dotted line).

to charged particles. Until the start of the LHC, these pa-
rameters were not well constrained by particle production
measurements at accelerators. As a consequence, depend-
ing on the assumptions of how to extrapolate existing ac-
celerator data, the predictions of hadronic interaction mod-
els were very different [26]. We will show that the extrap-
olation to high energy is not really the issue anymore.

3.1 Inelastic cross section

As shown in [25], the inelastic nuclear cross section is very
important for the development of air showers and in par-
ticular for the depth of the shower maximum. As a conse-
quence, the number of electromagnetic particles at ground
level is strongly correlated to this observable (if the shower
maximum is closer to ground, the number of particles is
higher).
The inelastic cross section of proton-proton scattering

is usually used as an input to fix basic parameters via the
optical theorem in all hadronic interaction models. There-
fore it is very well described by all the models up to LHC
energies, where data exist. As shown in [27], thanks to
the measurements at the LHC even the extrapolations up
to the highest energy are now very similar.
However, plotting the prediction of these models for

the proton-air and pion-air inelastic cross-sections as
shown in Fig. 2 left-hand side, one notices that significant
differences appear which will have direct consequences on
air shower development. In all the figures DPMJETIII.17-
1 is represented by a dotted (indigo) line, EPOS LHC by
a full (blue) line, QGSJETII-04 by a dashed (red) line and
Sibyll 2.3c by a dash-dotted (green) line. Not only do the
evolutions diverge at high energy, but for Sibyll 2.3c and
DPMJETIII.17-1 the relative behavior of the proton and
pion-air cross-section is different from the other models
(faster increase of the pion-air cross-section to reach the
proton-air one).

3.2 Multiplicity

According to [25], the multiplicity plays a similar kind of
role as the inelastic cross section, but with a weaker depen-
dency (log). On the other hand the predictions from the
models have larger differences for the multiplicity com-
pared to the cross section.
As shown in [27], the average multiplicity is well re-

produced by all the models up to 1 TeV and even up
to 13 TeV for EPOS LHC and QGSJETII-04 [28] and a
difference appears between these two models only at the
highest energy (beyond 100 TeV). However, in the case of
a nuclear target the slope of the rise of the multiplicity as a
function of energy is different for all three models leading
to a difference of about 20-30% at the highest energies in
p or π-air interactions (Fig. 2 right-hand side). This effect
is small compared to the pre-LHC era [26] but can change
the elongation rate of the air shower maximum develop-
ment. Here again Sibyll 2.3c and DPMJETIII.17-1 have
a different behavior than the other models with a smaller
slope and the same multiplicity for p or π-air interactions
while other models have about a 10% difference.
So, for both cross section and multiplicity, when the

models are constrained by LHC data up to 7 TeV, the ex-
trapolations to the highest energy in p-p are very similar
but differences remain in nuclear and pion interactions be-
cause of the lack of data at high energy and with light ions
(only heavy ion data available from RHIC and LHC at high
energy).

3.3 Diffraction and elasticity

Another important observable determining air shower de-
velopment is the elasticity [25] defined as the largest en-
ergy fraction carried by a secondary particle (the leading
particle).
In additions to the parton ladder, there is another

source of particle production: the two off-shell remnants,
see Fig. 1. This is directly related to the elasticity since
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the leading particle is usually produced by the projectile
remnant.
All models have some remnant from the projectile and

target but the simplest scheme which does not allow more
than one quark exchange with the central ladder is used
except for EPOS which has more options. The simplest
approach allows, for instance, the production of leading
ρ0 in π−p/A interactions while EPOS using a fully gener-
alized scheme allows any flavor in the remnant. This is in
fact needed for the consistency of the model (no difference
between first scatterings and next ones) and to reproduce
multi-strange baryon production at low energy [29].
The model predictions are shown in Fig. 3 for p-p, π-

air and p-air (as inelasticity=1-elasticity) as a function of
center of mass energy. Sibyll 2.3c has the largest elasticity
which is probably related to the fact that the multiplicity is
lower (less energy taken from the leading particle). In the
cases of EPOS LHC and QGSJETII-04 the difference is
smaller for an air target compared to p-p interactions. This
opposite behavior compared to the other observables can
be explained by the fact that this quantity is very difficult
to measure in collider experiments since the latter cannot
cover 100% of the phase space. As a consequence there
are only indirect constraints on the different contributions
to the elasticity leading to a larger uncertainty in the mod-
els.
One contribution to the elasticity is the diffractive dis-

sociation. Diffraction is a special case of interaction where
no central ladder is produced and there is only some mo-
mentum exchange between excited remnants. There are
only technical differences to treat diffraction in the models.
Indeed diffractive events are producing the largest elastici-
ties and are important for air shower development, not only
for the position of the shower maximum but also for the
muon production [30]. At the LHC various measurements
related to diffraction are now available [31, 32]. Due to the
difficulties of measuring very forward particles, the com-
patibility between the results is not as good as it is for the
mid-rapidity measurements. This leads to some uncertain-

ties in air shower simulations at a level of 10 g/cm2 [33].
Nevertheless the difference between models seems to be
even larger as illustrated in Fig. 4 left-hand side. The ra-
pidity gap (range in pseudorapidity without particle de-
tection in triggered events) cross-section measurement is
poorly described by the model while it is directly related
to the elasticity in general and diffraction in particular (the
large rapidity gaps come from single diffractive events).
For instance, the large probability for Sibyll 2.3c to pro-
duce a rapidity gap around 2 to 4 is a direct consequence
of the too narrow pseudorapidity distribution and implies
a large elasticity.

3.4 Baryon and resonance production

Another important observable for EAS is the number of
muons reaching the ground. It has been shown in [35] that
the production of particles which are not π0 (for instance
baryon-antibaryon pairs or ρ0 resonance) plays an impor-
tant role in the muon production rate especially if we take
into account the leading particle effect [36].
Recent measurements by NA61 [37] show that the ρ0

production in π-C interactions seems to be underestimated
by a relatively large amount (from 20% to 100% for all
models but Sibyll 2.3c which was tuned to the data) poten-
tially leading to a large increase of muon production [38].
Furthermore in [39] it is demonstrated that increasing the
muon production by increasing the forward baryon pair
production like in EPOS leads to a very deep muon pro-
duction which seems to be in contradiction with data (see
section 4.3). And indeed from [34, 40] it can be concluded
that the excess of protons seen in [35, 41] is not due to
newly produce baryons but is due to some baryons stop-
ping (protons from the nuclear target). As a consequence
this effect does not lead to an increase of muon production
by energy transfer as in EPOS LHC. Both results imply
a change in the hadronic interactions models with strong
implication on muon production in air showers as shown
in the next section.
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Parameter space scan or additive effects? 
Sibyll 2.3c proton CONEX

Eprim=1018.7 Eth=1017

Additivity check = value(combined) – value(cross section) – value (multiplicity) + value(f19=1)
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Plans for simulations

CORSIKA 7.74 (fixed Xmax binning and strange baryons)
Eprim= 1018.7 eV, thresholds as discussed
zenith angles 0,30,40,50,60 degrees
p, He, O, Fe
SIBYLL 2.3d, EPOS-LHC, QGSJET-II-04
3-dim scan in cross section, multiplicity, elasticity, 5 values per axis
  - possible „prescan“ in CONEX for areas „excluded by data“?
FLUKA or UrQMD, radial thinning, Auger ground (only 1 with CONEX)

CPU time: ~N hours per shower, 125×3×4×5 = 7500 sets, 500/set
-> ~4N×106 CPUhours = 55N days on a 3000-CPU cluster
 - possibly doable, smart strategies still useful

Data output ~ 1 PB if 300 MB/shower (depends on radial thinning)
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Conclusions

MOCHI: a simple idea, devil in many details

 - everyone welcome to join in and give good advice (and CPU time)

- but we must start soon before CORSIKA 8 makes us obsolete! 

Talk to us at any time: 
  

       ebr@fzu.cz, vicha@fzu.cz, blazekj@fzu.cz


