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v The method presented in this work recovers the mean muon signal and provides the ability to
calculate muon signals for each element in the considered sample of real-like events. 

v In this work,we  performed calculations of muon scaling factors and 𝛽 exponents, by fitting 
a four-element Gaussian distribution to the overall z-histogram, with two-parameter scaling model 
which should follow Heitler-Matthews progression. 

v This work shows that the 𝑧-method can be applied to hybrid events to determine the muon signal, 
the scaling factor (total and for each element), and the 𝛽 exponent.

  

  

v Top Down simulation chain[1-4]: Conex/CORSIKA[6]/OFFLINE[7]

For each observed hybrid shower, starting with a large number of simulated air showers with 
varying initial conditions, we select the one which has a longitudinal profile most similar to the 
profile of the observed shower (the reference profile). As a result of the simulation-
reconstruction chain we get an event, with complete information about the distributions of the 
signals in the detectors (including information on the specific components that contribute to 
these signals) – these signals can then be compared with their reference counterparts.

2) Two-parameter nonlinear scaling model 

7) Summary  

6) Results

The number of muons in an air shower is a strong indicator of the mass of the primary particle and increases with a small power of the cosmic ray mass by the 𝛽-exponent, 𝑁𝜇 ∼ 𝐴(1−𝛽) . This behaviour can be explained in terms of the Heitler-Matthews model of 
hadronic air showers. In this paper, we present a method for calculating 𝛽 from the Heitler-Matthews model. The method has been successfully verified with a series of simulated events observed by the Pierre Auger Observatory at 1019 eV. To follow real 
measurements of the mass composition at this energy, the generated sample consists of a certain fraction of events produced with p, He, N and Fe primary energies. Since hadronic interactions at the highest energies can differ from those observed at
energies reached by terrestrial accelerators, we generate a mock data set with 𝛽 = 0.92 (the canonical value) and 𝛽 = 0.96 (a more exotic scenario). The method can be applied to measured events to determine the muon signal for each primary particle as well as 
the muon scaling factor and the 𝛽-exponent. Determining the 𝛽-exponent can effectively constrain the parameters that govern hadronic interactions and help solve the so-called muon problem: hadronic interaction
models predict too few muons relative to observed events. In this paper, we lay the foundation for the future analysis of measured data from the Pierre Auger Observatory with a simulation study.

v These two parameters indicate how much we need to scale the proton signal (𝜖p term) and by 
how much to modify the 𝛽-exponent (Δ𝛽) in the Heitler-Matthews formula [5] in order to 
match the observed numbers of muons in data and in simulations      .
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v Input dataset is constructed from Epos-LHC [8] simulations (mock dataset) and is built by taking 
MC simulations from the TD simulation chain obtained with Epos-LHC around 1018 eV. The 
matched dataset is a dataset from QGSJetII-04 [9] simulations. The input dataset contains 𝑁 events 
and the events will be indexed as 𝑛 = 1, . . . , 𝑁. The multiple longitudinal profile-matched MC events, simulated with 
primary 𝑘, corresponding to an input event 𝑛 are indexed with 𝑖 = 1, . . . , 𝑀 and are thus denoted with the triplet 
subscript 𝑛𝑘𝑖.

v  Simulations of extensive air showers using current hadronic interaction models predict too small 
 a number of muons compared to observations by the air-shower experiments, which is known
 as the muon deficit problem. We mimic this effect by construction of mock dataset.
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primary mass, index k={p. He, N, Fe}
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We can define the measured observable:
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The signal at 1000 m 
for the input dataset The signal at 1000 m 

for the matched dataset

The composition fractions as measured 
by the Pierre Auger Observatoty at this energy [11]

v The mean signal      of the input/matched      dataset is the sum of the mean electromagnetic 
(em) and muonic components
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v Since we assume a perfect matching of the longitudinal profile and thus the EM component 
    of the signal, all the         are very close or identical to the          signals in the corresponding 
    input events 
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The muon signal at 1000 m 
for the matched dataset [10]

v Above formula tells us by how much each 𝑧𝑘 -distribution must be shifted, rescaled, and then 
weighted and summed, in order to retrieve the 𝑧𝑛𝑖 -distribution and also its first and second moments
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iron

The 𝑧𝑘 -distributions for stations at 1000 m from the shower core, from TD simulations at Energy 1019 
eV for proton (left) and iron (right) induced air showers simulated with Epos-LHC and QGSJetII-04 
for mock dataset, see Ref. [4] for more details.
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EPOS-LHC

QGSJetII-04

Average logarithm of the muon signal for Epos-LHC [8] and QGSJetII-04 [9]. Solid lines are fits of 
the function ̄𝑆μ𝑘 = const 𝐴1−𝛽  to the TD simulation. From the fit, we obtain 𝛽 = 0.925 ± 0.003 for 
Epos-LHC (red line), and 𝛽 = 0.918 ± 0.003 for QGSJetII-04 (blue line)

Eq. 12
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zk := S� S̄ where S=total signal in the input dataset, Sbar_k= total signal in the matched dataset for primary k


