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Simulations of extensive air showers using current hadronic interaction models predict too small
numbers of muons compared to events observed in the air-shower experiments, which is known as
the muon-deficit problem. In this work, we present a new method to calculate the factor by which
the muon signal obtained via Monte-Carlo simulations must be rescaled to match the data, as well
as the 8 exponent from the Heitler-Matthews model which governs the number of muons found in
an extensive air shower as a function of the mass and the energy of the primary cosmic ray. This
method uses the so-called z variable (difference between the total reconstructed and the simulated
signals), which is connected to the muon signal and is roughly independent of the zenith angle, but
depends on the mass of the primary cosmic ray. Using a mock dataset built from QGSJetII-04, we
show that such a method allows us to reproduce the average muon signal from this dataset using
Monte-Carlo events generated with the EPOS-LHC hadronic model, with accuracy better than
6%. As a consequence of the good recovery of the muon signal for each primary included in the
analysis, also the 5 exponent can be obtained with accuracy of less than 1% for the studied system.
Detailed simulations show a dependence of the 8 exponent on hadronic interaction properties,
thus the determination of this parameter is important for understanding the muon deficit problem.
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The muon deficit problem: a new method...

1. Introduction

In this work we examine the deficit of muons in simulations of extensive air showers — the muon
number observed in data at energies around 10'° eV is 30% to 60% higher than in corresponding
simulations [1]. The analyses of the observational data depend on simulations, therefore this deficit
will systematically influence the results, e.g. studies of the composition of the primary cosmic rays
based on observed muon numbers produce results shifted towards heavier elements as compared
with analyses based on measurements of Xp,ax (i.e. the atmospheric depth at which the air shower
reaches its maximum size) [2].

To study the muon deficit we use a top-down (TD) method — its chain of simulations and
reconstructions enable us to calculate signals in the fluorescence (FD) and surface detectors (SD)
of the Pierre Auger Observatory [3] (Auger). For each observed 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.
Since the results of the simulations depend on the properties of the hadronic interaction models
that are included in the simulation software, by comparing the simulations with corresponding
observational results we should be able to verify these models at energies exceeding those available
in any man-made accelerators. We expect that we will gain new information, which will enable
improvment of the interaction models, and in this way we are also able to reduce the discrepancy
between the observations and simulations.
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Figure 1: A scheme of top-down simulation-reconstruction chain.
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Figure 2: Left: the total MOCK-DATA signal Siggo as a function of zenith angle 6, at a reference distance
of 1000m from the shower core; air showers of 10'° eV energy with iron primaries and simulated with
EPOS-LHC model. Right: the total MC signal, for proton air showers of 10'° eV simulated with QGSJetII-04.

2. Top-Down method

In this work we use a set of simulated air showers (MOCK-DATA) as a reference — by starting
with showers with exactly known properties, and reconstructing them independently we are able to
demonstrate the capabilities of the TD method. The TD method we use is an improved version of
the simulation-reconstruction chain described in Ref. [1]. We have replaced the SENECA software
[4], that was used in simulations, with CORSIKA [5], which was extensively developed and is
currently more reliable and accurate. The details of our TD method are described in Refs. [6, 7].
Fig. 1 presents the scheme of the TD chain, that for each of the reference shower generates a
set of simulated showers, from which the best one is selected (based on y? calculated between
reference and simulated profile). As a final result of this method we get 10 reconstructions of this
shower (performed with the Offline software [8]) which are used in the following analysis. The
TD calculations were done using two of the most up-to-date nuclear interaction models: we use
78 events for EPOS-LHC [9] and 89 for QGSJetII-04 [10]. Simulations with EPOS-LHC and iron
primaries were chosen as the MOCK-DATA showers (Fig. 2) as they produce muon signals most
similar to the observed ones at the energy of 10'° eV [11]. The QGSJetII-04 simulations that are
used to reconstruct the muon signals of the MOCK-DATA set were repeated for four different types
of primary cosmic rays: proton, helium, nitrogen and iron.

Almost the whole of the total signal at the ground comes from the electromagnetic and muonic
components [ 1] —we will denote these contributions Sgyv and Sy, respectively. Other components of
the shower [12] do not contribute significantly. Any discrepancy between corresponding observed
and simulated values can be described by linear scaling factors: Rg for the electromagnetic part
of an air shower, and R,, for the muonic part. With these assumptions the ground signal at 1000 m
from the axis (S1000) for MOCK-DATA and simulated air shower j can be respectively written as:

MC _ ocMC MC
S1000,; = SEm,; + Sy M
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Figure 3: Left: the variable z. Right: S, for proton air showers of 10" eV, simulated with QGSJetII-04.

SMOCK—DATA ( RE, Rp)j = SMOCK—DATA + SﬂA?CK_DATA

1000, j EM,j ’
MOCK-DATA _ MC
SEMJ = Rg SEM’J., )
MOCK-DATA _ MC
S W.J - RP S H.J -

The comparison of simulations and measurements performed in Ref. [1] has shown that the
value of Rg is very close to one. In our TD method, when we select the simulated shower through
comparison with the longitudinal profile of the MOCK-DATA shower, we increase our confidence
in the accuracy of the simulation even more. Therefore in our analysis we assume Rg = 1.

Rather than using the ground signal directly, we use the difference between MOCK-DATA and
the MC signal as the main observable:

MOCK-DATA __ SMC

j = SlOOO,j 1000,

This difference explicitly shows the discrepancy between observations and simulations. The variable
z is roughly independent of the zenith angle — as is shown for example in Fig. 3 (left), the distribution
of z only slightly depends on the zenith angle, as opposed to the Spoo signal shown in fig. 2. The
largest advantage of using the variable z becomes apparent after comparing Eqs. (1) and (2). By
simple subtraction, and assuming Rg = 1, we get

MC i, j

Suij = Ros =1 3)
We see that the simulated muon signal is proportional to the difference between observed and
MC signal z, and the ratio depends on the muon scaling factor. The average signal difference,
(z;), depends on the primary type, and we have to account for this effect (additional index i € {p,
He, N, Fe}). Air showers initiated by heavier primary cosmic rays of the same energy contain
larger number of muons, and correspondingly larger muon signals at the ground are expected [13],

therefore muon scaling factors Ry, ; should be studied separately at different primary masses.
The average muon signal as a fraction g, ;(#) of the total signal at the ground has been
calculated in previous analyses. This fraction depends on the shower zenith angle and the type of
the primary cosmic ray, and only slightly on different hadronic interaction models [11]. For our
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primary type i model (S\E) st. dev. model (S\E) st. dev.
[VEM] [VEM] [VEM] [VEM]

P EPOS-LHC 16.89 + 0.31 5.1 QGSlJetll-04 15.05+0.3 4.3

He 18.74 £ 0.42 5.7 16.82 + 0.4 4.7

N 20.67 = 0.37 59 18.96 + 0.4 5.1

Fe 23.09 + 0.42 6.4 21.08 £+ 0.4 5.7

Table 1: Results obtained using the TD method: the mean muon signal S100o,,.,; and its standard deviation
for EPOS-LHC and QGSJetII-04.

analysis the g,, ; (0) was obtained from the analysis of simulations of muon signal in stations located
at a distance of 1000 m from the shower core for showers with energies of 10183 to 10!° eV.

We know the values of z; ; and the Sjgo0, and using the parameterization g, ;(#), we can get
the muon scaling factor even for an individual air shower j,

<i,j

— > 4
MC
8n.i(0) SlOOO,i,j

Rp,i,j =1+

MC _ , . MC
where Su,i,.i = g,.i(6) SlOOO,i,j‘

3. Muon rescaling factors

The average reconstructed muon signals <SE/,[§:> are listed in Table 1. For all primaries the
QGSJetll-04 model predicts smaller muon signals than simulations with the EPOS-LHC model —
that was expected based on the results from Ref. [14]. The difference between both models is in the
number of muons, but also in the energy spectrum of the muons (e.g. EPOS-LHC predicts more
muons with lower energies) — this leads to a difference of the muon signal at the ground between

simulations done with both models. From Table 1, we can calculate the average ratio of the muon

MC-EPOS | GMC-QGSlet.
1000,p,i 1 ©1000,p,i

almost independent of the zenith angle and decreases with growing primary mass.

Table 2 presents values of the total muon signal Sh/IOCK‘DATA = (Ryi) (S%SO’W). SE/IC'Tr“e is
known from the initial MOCK-DATA simulations, and Sﬁ/IOCK'DATA is the corresponding estimate
obtained in the TD procedure. The reconstructed signal is by only 2 to 4% different from the muon
signal from the MOCK-DATA set (S a’lcmue: 23.09 VEM) — this demonstrates the accuracy of the

presented method.

signalsasr = § ~ 1.11 + 0.04. The average value of individual factors Ry, ; is

4. Calculating the 5 exponent

Observations of air showers, and also simulations, demonstrated that the number of muons
N, grows almost linearly with the shower energy E, and it also increases with a small power of
the primary mass A. These relations can be reproduced in the framework of the Heitler-Matthews
model of hadronic air showers [13]. This model predicts

)7,

Nu=A(Eef’?
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primary ype i (Rut)  0imyy  SVC)  (Rur) (SVC) &
[VEM] [VEM] [%]

p 1.57+0.01 0.27 15.05 23.63 2.3
He 142 £0.01 0.26 16.82 23.88 34
N 1.26 £+ 0.01 0.21 18.96 23.89 3.5
Fe 1.14 £ 0.01  0.18 21.08 24.00 39

Table 2: The mean values of the muon rescaling parameters Ru ; calculated from Eq. (4), and their standard
deviations o(g, ;), mean values of the muon ground signal sM¢ 1000,1 ; from simulations with QGSJetIl-04 model,

reconstructed muon ground signal predicted for the MOCK- DATA set, and the ratio k = ((R,;) (S]]Végo p)

SI"\I/IC—True) / SaAC—True.

where 8 ~ 0.9. For any fixed energy it describes how the muon number depends on the primary
mass Ny, = N, p AP (the N, is the number of muons of a proton shower; € is the critical energy
at which pions decay into muons).

Simulations have shown that S depends on various properties of hadronic interaction (e.g.
multiplicity, charge ratio, baryon anti-baryon pair production [15]). Therefore, estimating the 8
exponent would be helpful in constraining the parameters of hadronic interactions and improving
the accuracy of models.

We can assume that the average muon signal S, is proportional to muon number N,,. With this

we can calculate the logarithm of the muon number N, ; for primary i and iron (A = 56; we choose
In(S, In(SMC

it as a reference), and we get: 8; = 1 — % The S exponent calculated using the muon

signals listed in the Table 1 is ~0.92 — this is close to the values reported in Ref [16]: 8 = 0.927

for EPOS-LHC and g8 = 0.925 for QGSJetll-04, which is another validation of our method. We

can also use the reconstructed muon signals for any primary i, Sﬁ”[iOCK'DATA = (Ryi) (SME 3 to

1000, p,i
calculate the 8 exponent. In this case the §; exponent is given by

In(SHOCKDPATA) —In (S VIPCKDATA ) In{(Ryre) (SYE )~ ln(<Rpl><SM,C>)
lBi =1- . ln56—lnA,—pj =1- illn§6 InA; =

To calculate the §5; exponent for a set of air showers with a predefined composition we perform
the following operations. First we generate a new MOCK-DATA set, shown in Fig. 4 (left).
This MOCK-DATA set is constructed so that it contains a sample of events with fractions of
primary types (f;) that reflect the composition observed by Auger at 10'° eV ( fo = 15%, fue =
38%, fn =~ 46%, fre =~ 1% [17]). Also the distribution of the zenith angles of the events was
selected so that it follows the distribution of the TD simulations. The average muon signal for
all primaries is also similar (within 0.5 VEM) to our previous results with the EPOS-LHC

model. Using this new MOCK-DATA set we calculate for each of the events the z™* variable,

gmix = gMOCK-DATA
j 1000, j

(right). To this z™X histogram we fit the Gaussian function given by

mix

— 2ie{p,He,N,Fe} fi sM 1000 i The distribution of the z™* is shown in Fig. 4

P(A, o, R&‘) = Bexp(—(z™* — (zM*})2/20%), )
@y= Y fSMENRE, - 1). (6)
ie{p,He,N,Fe}
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Figure 4: Left: the S, ; as a function of zenith angle. The distribution of events (68 in total) follows the
composition reported by Auger for EPOS-LHC [17]. Right: the z™* distribution for MOCK-DATA set. The
green line shows an example of a Gaussian fit given by Eq. (5).

The fitting parameters are: the amplitude B, the standard deviation o~ and the rescaling parameters
Rﬁt = {Rﬂtp, RStHe, RStN, Rﬁ‘F }. According to Eq. (3) the average of the muon signal is proportional
to the z™X, and Rflt (SMC) are the contributions from the corresponding primaries i to the total
muon signal.

To find the most likely solutions we have fitted the Gaussian function to z™* histogram using
the TMinuit routine from the ROOT package. We have done many minimizations with different
initial values of the muon scaling parameters — we performed a scan for 1 < R,; < 2 with
a step of 0.005. Some cuts were applied to select the correct solutions. One condition was
Ry p (SN €Y <R, He(SILI C) <Ry, N(SM ) < Rp,Fe(Sﬁ’fge) — from the physics of air showers we know
that muon numbers should increase Wlth the mass of the primary. Based on the Heitler-Matthews
model it is also expected, that logarithm of the muon signal should increase linearly with logarithm
of the primary mass, therefore corresponding linearity conditions were introduced:

In(Ryp (SN ) =In(Ryu 1e (S)'5,)) ln(Rp,He<SMC N-In(Run(S)Q))

In(Ap)-In(Ape) In(Ape) -In(AnN) ’
ln(Rp,He <SMC e 1“(Ru N <SMC>) ln(Ru,N <Sm§>)_ln(Ru Fe S:I/Ilge»
ln(AHe) In(An) - In(An)-In(Ape) |

The results are shown in Fig. 5. We see that this method can reproduce the ratio of the muon
signals of simulations using EPOS-LHC and QGSJetll-04 within ~5%: the ratio for MC-true is r
=1.11 £ 0.04 and the average reconstructed ratio (left part of Fig. 5) is 1.16 + 0.02. The difference
is caused by the fact that the signal for the MOCK-DATA set is not exactly equal to the one for
EPOS-LHC (Table 1). We also recover the 8 parameter (average ~ 0.92) for the studied set.

5. Summary

This work presents a new method that can be used to determine the muon scaling factors, and
also to estimate the 8 exponent. This method has been tested with results from TD reconstructions
of a set of air showers with the energy about 10! eV. The method allows us to calculate the average
muon signal for any set of air showers. Knowing this component is crucial for all analyses of air
shower observations, and indirectly can also be used to improve hadronic interaction models.
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Figure 5: The average muon rescaling factor (left) and the average 3; exponent distribution (right) for events
passing the selection cuts are shown.
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