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Effect of forward meson spectra on Xmax determination
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Abstract: The LHCf experiment measured very forward π0 spectra at the laboratory energy of 2.5×1016 eV.
The effect of the difference between a hadronic interaction model and experiment on the Xmax determination was
studied. The mesons produced in the DPMJET3 model were filtered to match the LHCf results with keeping cross
section and inelasticity unchanged, and conserving energy. Various filters were found to reproduce the LHCf
results. They were applied in the air shower simulation of 2.5×1016 eV proton primary and a maximum 40 g/cm2

of difference in the Xmax was obtained. This indicates not only cross section and elasticity but meson spectrum is
also important to improve the current models used in the air shower simulations.
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1 Introduction
Impacts of the hadronic interaction on the extensive air
shower (EAS) simulation is systematically studied by Ul-
rich et al [1]. They parameterized energy dependence of
some important values, inelastic cross section, multiplici-
ty, elasticity and charge ratio, and studied their impact on
the <Xmax> and its rms (rms Xmax). However the impacts
of other important values, particle spectra that can not be
simply parameterized, are not discussed there. In this paper
an artificial filtering is applied on the meson production
spectrum in a certain interaction model and its effects on
the EAS development are studied. The filter is constrained
by the recent measurements of forward photon and π0 spec-
tra given by the LHCf collaboration at the LHC

√
s=7 TeV

proton-proton collisions, corresponding to the laboratory
frame energy of 2.5×1016 eV [2] [3].

2 Filtering to model
The results of LHCf lie in general at the middle of the
model-to-model variation. This means a difference between
the original model and the filtered model gives an good
estimate of the current <Xmax> and its rms uncertainties
coming from the meson spectral uncertainty.

2.1 Basic idea of filtering
The filtering is carried out by ‘softening’ the meson spec-
trum. A produced meson is split into two according to
an empirical probability function (discussed in detail in
Sec.2.2) to match the spectra with the LHCf results. In split-
ting a meson of p, two methods are considered as illustrat-
ed in Fig.1, where p is the three momentum vector of the
meson. Method-1 is splitting a meson into αp and (1-α)p,
where α is uniform random number in 0<α<1. This clear-
ly conserves energy and momentum (at E�m limit with m
meson mass), and the new mesons are emitted in the same
pseudo-rapidity (η) 1 as the parent. Because the photon
spectra given by LHCf is obtained for two pseudo-rapidity

ranges, this method produces a pile-up of child mesons in
the low energy part and never match with the LHCf data.

Method-2 is to split a meson into (αp//, pT ) and (βp//,
pT ), where p// and pT are the parallel and transverse
momenta of the primary meson and β (∼ 1−α) is defined
to conserve energy . This method violates the momentum
conservation but with a negligible amount because the
typical p// and pT considered here are ∼TeV and ≤1 GeV,
respectively. This also violates some quantum numbers like
charge, spin, strangeness in each interaction, but these are
irrelevant to determine the shower development especially
in <Xmax> discussed here. The essential point of this
method is the child mesons have larger pseudo-rapidities
and escape from the phase space of the LHCf acceptance.
Because DPMJET3 predicts more π0 than what LHCf
measured over the pT and rapidity (y) 2 range, by applying
this filter the overproduction of DPMJET3 is solved and
good matching with the LHCf measurements is obtained.
Consequently the method-2 is applied to the DPMJET3
model in the rest of this paper. We note this method is not a
unique solution to match the DPMJET3 to the LHCf results.

2.2 Probability function
For each meson of XF , the splitting is decided according
to a probability function P(XF ) whose shape is discussed
below. Here XF is defined as XF =

p//

E0
with E0 the energy

of the incident particle. Throughout this paper we use a unit
c = 1 where c is the speed of light. When a uniform random
number exceeds the function, the meson can survive from
the splitting. The trial of splitting is repeated for a few times
according to the predefined parameter Nrepeat independent
from if the meson is already split or not.

According to the comparison between DPMJET3 and
LHCf spectra for photon and π0 as shown in Fig.2, notable
deferences are as follows. 1) DPMJET3 predicts more π0

1. η =−ln(tan(θ/2)), where θ is the polar angle of the particle
2. y = 1

2 ln( E+p//

E−p//
) is almost identical to η .
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Fig. 1: Concepts of two filters in the E-pT phase space. The shaded areas indicate the acceptance of the LHCf detectors.
Method-2 is selected.

Fig. 2: The π0 (top and middle panels) and photon (bottom panels) spectra obtained by LHCf and DPMJET3. Open markers
indicate the prediction of DPMJET3 while filled markers with green boxes indicate the results of LHCf. Red markers show
the results of filtered DPMJET3 as discussed in Sec.2.3.
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Fig. 3: Some examples of the P(XF ) function for different
parameter values.

yield in high pT and high rapidity. 2) DPMJET3 predicts
more photon yield in the low and high energy ends.

From these differences, a probability function P(XF ) is
defined as follows.

P(XF) = A exp
(−XF

a

)
+B exp

(−(1−XF)
b

)
To clarify the definition of the parameters, other parameters
P1 and P2 are introduced as,

P(0) = P1

and
P(1) = P2.

Then the parameters A and B are expressed as,

A = P1−Bexp(−1/b)

B =
P1exp(−1/a)−P2

exp(−1/a) exp(−1/b)−1

Some examples of P(XF ) function are illustrated in Fig.3.
From the discussion above, P1 and a are constrained by the
photon spectra and P2 and b are constrained by both photon
and π0.

2.3 Best parameter search to match with LHCf
results

At first the best combination of the parameters are searched
for by uniform but coarse scan at P1={ 0.0, 0.2, 0.4, 0.6,
0.8, 1.0}, P2={ 0.0, 0.2, 0.4, 0.6, 0.8, 1.0}, a={ 0.0, 0.1,
0.2, 0.3, 0.4, 0.5} and b={ 0.0, 0.1, 0.2, 0.3, 0.4, 0.5} with
Nrepeat = 3 fixed. For each set of the parameters, χ2 is
calculated between the π0 spectra of the LHCf result and
filtered model using the total error of the LHCf data and
the statistical error of the model spectra. The number of
bins is 47 as shown in Fig.2. The distribution of χ2 for all
parameter sets is shown in Fig.4.

To save the computation time, 386 sets of parameters
having χ2 below 1 000 are selected to calculate the χ2 in
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Fig. 4: χ2 distribution of the π0 spectrum comparison
between LHCf results and filtered models. Result from the
coarse scan.
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Fig. 5: χ2 distribution of the π0 and photon spectra compar-
ison between LHCf results and filtered models. Result from
the fine scan.

the photon spectrum comparison with 54 bins. Additional
310 sets are also defined a priori around the parameter sets
of smallest χ2 found in the coarse scan. In the comparison
of the photon spectra, experimental effects like decay of the
produced mesons, the aperture and energy resolution of the
LHCf detectors, multi-hit cut and particle identification are
taken into account according to the description in [2]. Note
that these effects are unfolded in the LHCf π0 spectra and
it is not necessary to smear the model spectra in this study.

The χ2 of the 696 sets in π0 and photon spectrum
comparisons are shown in Fig.5. Clearly χ2/NDOF in the π0

results is larger than that of photon results. This is because
the estimation of the systematic error was conservative in
the LHCf photon analysis. Consequently, the χ2 values
are discussed separately in the π0 and photon results and
any statistical argument from the absolute χ2 value is not
available. Two examples of the filtered spectra with χ2

π0

= 132.2 and χ2
photon = 29.5 are shown in Fig.2 with red

markers. Though χ2/NDOF is larger than unity, a reasonable
agreement is obtained when compared with the original
model (open markers). This is visibly true for all the 696
samples shown in Fig.5.
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3 Results
3.1 Effects on <Xmax> determination
Among the 696 parameter sets with relatively small χ2,
53 sets are selected for air shower simulation. Green, red
and blue dots shown in Fig.5 are a group of smallest χ2

π0
, a

group of smallest χ2
photon and another group of small χ2

photon,
respectively. Here a ’group’ means a group of parameter
sets with similar parameter values.

Using the original DPMJET3 model and 53 filtered
ones, air shower simulation of 2.5×1016 eV proton primary
of vertical incident is carried out using COSMOS. Two
thousand showers were calculated for each parameter set.
The filter was applied for the particles of E0>500 GeV in
the laboratory frame.

Distribution of <Xmax> and rms Xmax for original mod-
el and 53 samples are shown in Fig.6. We note that the orig-
inal DPMJET3 model shows <Xmax>=665 g/cm2 and rms
Xmax=78 g/cm2. Different colors correspond to the param-
eter groups introduced above. When χ2

photon is minimized
(red histogram), about 40 g/cm2 of difference is found in the
<Xmax> from the original DPMJET3 while the difference
in rms Xmax is 8 g/cm2 at maximum.

4 Conclusions
We developed a filter to modify the meson spectrum in
hadronic interaction models. The filter was applied to the
DPMJET3 model and the best parameter sets were searched
for to match with the recent LHCf measurements. The filter
used in this study can be summarized as follows,

• Total (elastic and inelastic) cross section(s) is not
modified.

• Energy balance of leading particle and multi-particle
production (elasticity and inelasticity) is not modi-
fied.

• Spectrum of secondary baryons is not modified.

• Energy conservation is kept, but momentum conser-
vation is violated at a negligible level.

• Some quantum numbers like charge, spin, irrelevant
to the Xmax determination are not conserved.

• Particle multiplicity at the central rapidity (η ∼ 0) is
largely enhanced.

Using this filter, <Xmax> of 2.5×1016 eV proton showers
was calculated and a maximum 40 g/cm2 difference from
the original model was obtained. By keeping well-known
interaction parameters, such as cross section and inelasticity
except the last item above, we found that the forward meson
spectrum has significant effect on the determination of Xmax
even within the current model-to-model variation.

Because of the high splitting probability at XF ∼ 0,
there is a large enhancement of low η mesons with the
current filter. This enhancement is in conflict with the recent
LHC observations of multiplicity [4]. An additional filter
to suppress the enhancement of low η particles is under
development.
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Fig. 6: <Xmax> and rms Xmax distributions for
2.5×1016 eV proton showers simulated with the original
DPMJET3 and 53 filtered models.
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