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Abstract

In this paper the longitudinal profile of muon productionrajdhe shower axis is studied. The
characteristics of this distribution is investigated fofferent primary masses, zenith angles, pri-
mary energies, and flierent high energy hadronic interaction models. It is fourat the shape of
this distribution displays universal features similadythat is known for the electromagnetic pro-
file. The relation between the muon production distributmal the longitudinal electromagnetic
evolution is also discussed.
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1. Introduction

The origin and mass composition of the most energetic pestin the Universe, the Ultra
High Energy Cosmic Rays (UHECRS), remains a mystery. Thasic|es reach the Earth with
a very scarce flux. Fortunately, their interaction with themasphere molecules produces huge
cascades of particles, known in the literature as Extersiv&howers (EAS). The detection of
these showers is usually done by measuring the chargedlparthat arrive at the ground, or, in
moonless nights, the development of the shower can be fetlahrough the fluorescence light
produced by the EAS.

While the arrival direction of the UHECRSs can be easily oigi using any of the techniques
mentioned, the mass composition of the primary particle igmmore dificult. The shower
observables connected to the type of primary particle a@ stnsitive to the physical interactions
that occur during shower development. The hadronic intemas at high energies are described
through phenomenological models that are fitted to the aviglaccelerator data and extrapolated
several orders of magnitude to the UHECRS energies. Morgthe accelerators havefticulty
to reach the most important region for the characterizavibthe EAS development, the forward
region, increasing the uncertainties on the extrapolation

Contrary to the fluorescence light, which is dominantly proed by low energy electrons in
secondary electromagnetic cascades, ground signalsrasiiweto muons produced atftBrent
depths, thus imaging the hadronic cascade.
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Many of the muons decay before reaching the ground. CurrA&tEonte Carlo simulations
(for instance CORSIKAL|1] or AIRES [2]) properly account ftre propagationféects starting
from the moment of production. Thetaltrue Muon Production Depth distribution (MPD) is de-
fined as the total number of muons produced in each slant deyitiregardless of the probability
to reach ground and be detected. On the other handagharentMPD distribution is #ected
by the geometrical and propagatiofiexts and it has been extensively studieo [3, 4, 5, 6, 7, 8].
In [9] the apparentis related to thérue MPD distribution through the energy, transverse momen-
tum at production and propagatiofferts. This knowlegde would allow the reconstruction or at
least constrain theotaltrue MPD, which is closer to the development of the hadronic cdescee.
without being masked by propagatioffiexts.

The absolute density of muons at ground has been used psévitu study high energy
hadronic interaction models and primary composition ofnei@srays. The number of muons
at a given distance from the core is analised. in [10], showinag at very high energy the data
can not be explained by the available models. The simulismanalysis of the electromagnetic
calorimetric energy and ground signals has been used intflddrrect for thenvisible energy
carried by neutrinos (and muons), showing that the enertgrigénation can be improved on an
event-by-event basis.

In this paper we identify the main characteristics of tb&altrue MPD distribution charac-
teristics at UHECRs energies. The shape of the depth prafeth of maximumXh,., and its
corresponding value\ha, Will be studied. The comparison with the features observetié en-
ergy deposit profile, referred to in this paper as electrametig profile, will be made whenever
relevant.

Since in this study we are only interested on the longitudomefile, and not the transverse
distributions, we used the hybrid shower simulation CONEZX,[L3] (version v2r3). This program
combines Monte Carlo simulation with one-dimensional adseequations making it very fast and
allowing the production of large samples of showers. CONBX¢gas output the energy deposit
profile as a function of depthX(), the number of muons produced as a functioiXpénd the more
extensively used number of muons along the shower axis. thatehis last one, the number of
muons as a function of the shower depth, is in first approxonahe cumulative of the number
of muons produced, minus muons that decay. Instead we witteatrate our study in the muon
production profile.

In this work we study the dependence of the muon shower ptamuprofile on: the primary
mass composition (proton and iron) at several energiegehith angle aE = 10'° eV, different
hadronic interaction models, in particular QGSJet-11108,[15] and EPOS1.90 [16] at fixed energy
E = 10 the primary energy (from lodg{/eV) = 17.5 — 20.0 in steps of ). For each dferent
set of parameters samples of 50 000 showers were generdtethigh energy hadronic interaction
model used as default was QGSJet-11.03. The ground was 4608tg cm? to avoid an abrupt
termination allowing us to see the full tail of the showerfpeoas if it had a very inclined zenith
angle,.

The paper is organized as follows: in SEE. 2 the main featfrdge muon production shower
profile are studied and related to the electromagnetic prdfie shape of the profile is character-
ized in Sec.[3 and here it is shown that, similarly to what lesgpin the electromagnetic case,
this profile exhibits an universal behavior when expressetié coordinatesX’ = X — Xyax and
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N’ = N/Nmay in sectiori 4 the impact of the muon energy threshold on thegitadinal profile is in-
vestigated; the extraction of more information on basicaldes like the total number of muons or
the point of first interaction are discussed in Séc. 5; thepapds with conclusions and prospects.

2. Longitudinal shower profiles
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Figure 1. Muon production shower profiles as a function oftd€)), for proton (red) and iron (blue) primaries at
E = 10% eV. In this picture is shown 100 showers for each primaryhlggnerated with QGSJet-11.03 and with
0 =40,

The muon production longitudinal profile for proton inducglibwers (in red) and iron pri-
maries (blue) aE = 10'° eV is shown in figuré]l. These profiles were obtained with CONEX
where the minimum energy threshold for muons is 1 GeV (tifiece of this cut is discussed in
Secl[4).

The shower profiles reflect the properties of the first stagethe hadronic interaction, in
particular the first one, which can not be observed diredthey are thus very dierent for proton
and iron initiated showers, as shown in Fig. 1. Compared dtoprshowers, iron showers have
a higher number of muons, which is readily seen just by logkihthe maximum of the profﬂe
NiaxIn iron showers more charged pions are produced and as aqu&sce it has more muons.
Low energy pions will give rise to muons as they decay, whikegions above the critical ene?gy

Lin this paper the index ande.m. will be used to address to variables related with the muordyxtion profile
and the electromagnetic profile, respectively.
2the critical energy is defined as the energy where the decajteequals the interaction length.
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Figure 2: X4, distributions of muon production longitudinal profiles f¢a) different primaries - the proton distribu-
tionis in regfull while ironis in blugdashed (showers generated with QGSJet-11); (b) high erfeadyonic interaction
models - QGSJet-ll is the rddll line and EPOS1.99 is shown as bldashed (for proton induced showers).

are more likely to interact producing more pions. Protoniileix much more fluctuations: this
is due to the smaller pion multiplicity in the first interamtis, thus less muons are produced and
these are more spread along the shower axis.

Neutral pions of all energies decay immediately and arowdtb @f the primary energy will
feed electromagnetic cascades; the energy deposit infiesphere is dominated by low energy
electrons after a few radiation lengths. All of the sub-eass add up to give a well defined maxi-
mum height of the profile. Not only the integral of the profea good calorimetric measurement
of the energy of the primary particle (which must be corrddt@ the muons and accompanying
neutrinos which reach the ground), but also the maximumeptiofile is directly proportional to
the energy, within 5% [17] for both primaries. Because itresponds to a much higher number
of particles than those in the muon production profile thimbar has much less fluctuations. In
the electromagnetic case, it is the depth of the maxinXff, that gives more information about
the other shower properties.

The depth of the maximum of a show&,.y, is determined by the depth of first interaction,
X1, but also the subsequent developmeX, The variation of the first is common to both the
electromagnetic and muon profiles, while the later tgedent. Iron primaries have a larger cross-
section and higher multiplicity and botltects contribute to make the average maximum depth,
(Xmax» andRMS(Xa,) smaller than the corresponding proton values. In Fiy. 2stvew the
Xhax distributions for the muon production profiles, comparin§etent primaries and fierent
hadronic interaction models. The features are similar éoathes of the electromagnedgy:, and
the correlations between muonic and electromagnetic meaxen be seen in Figl 3, together with
the diferences.

The electromagnetic maximum is reached around 2007 tater, after the energy is degraded
to a large number of electrons (which will then stop multiply), while the muonic profile has a
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Figure 3: Relation between muon productiffi.,and electromagnetis™, for E = 10*° eV showers. The dlierence

between the twd{max are shown in the inset plots. In (a) the dependence on primass is shown (proton is the
red (full) line and iron the blue (dashed) line, both geredarith QGSJet-Il), while in (b) the dependence on high
energy hadronic interaction models for proton induced sfrewWQGSJet-Il is the red (full) line and EPOS1.99 the
blue (dashed) line).

maximum when the hadronic shower is still important. Thara icorrelation between the elec-
tromagnetic and the muonk, ., shown in fig.[B. It depends slightly on the primary mass and is
almost independent of the hadronic interaction models.

The diference between electromagnetic and muofig, shown as an inset plot of fig.] 3,
also changes between primaries — by around 30 ¢ émthe average separation — which means
that although related, the electromagnetic and muoniclpsadive some independent information.
Notice that this dierence X&™ — X..,, is only sensitive ta\ X, thus it is giving information about

max
the history of pion production.

3. Universality of the longitudinal profile shape

In Fig. [4, the profiles are expressedXh= X — XnaxandN’ = N/Nnax The obtained shape
is rather universal, similarly to what happens to the enelgpyosit profile. It can be useful to use
the average shape in order to determine the two main paresrfeden a fit with a reduced set of
data. On the other hand, there can be extra information oshihpe, and we can now construct
average profiles to look in detail forftierences between primaries and hadronic interaction mod-
els. From that comparison, in figl 5 (left), it is clear thairshowers develop faster, with almost
no difference between models.

The dependence on zenith angle is also studied. Muon priodud®pends on the competition
between the pion interaction and decay lengths. The lahgeemergy the most probable it is for
a pion to interact instead of decaying into a muon, but thaeddence can not be expressed in
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Figure 4: Muon production shower profiles from proton (red{i éron (blue) primaries, inX’, N’) coordinates. The
same showers used to build Hig. 1 are used here.

X alone, as the decay length is independent of the atmosplegity. Nevertheless, the average
muon profile, in figuré 5 (right), is still rather universal.hé@re are, as expected, some minor
violations to this universality that are more importanthe early phase of the shower.

This quasi-universal shape is compared to the electrontiegstepe in figl 6. The dierences
are clear: the muonic profile has a steeper growth and is neymmetric, with respect to the
shower maximum. Both profiles are fitted with a Gaisser-Hillanction, written in terms of
a Gaussian widtl. and a parameteR, which is related with the asymmetry of the shower in
respect to the shower maximum [17],

, RX\" X’
N = (1 + 3 ) exp(— LR)' (1)
We conclude that the muon production profile can be well diesdrwith the same function as
used for the electromagnetic profile, as seen in figure 6.dtkhbe noted that the region around
the maximum is better described by a Gaisser-Hillas fundbothe electromagnetic profile. How-
ever, the full profile description is better achieved thriodlge Gaisser-Hillas parametrization for
the muon production profile. This is because the end tail @fthergy deposit profile has impor-
tant indirect contributions from muon decays. For showaisated by protons of 18 eV, the
width of the average muon production profile is larger by 4@ngcand the asymmetry almost the
doubled with respect to the electromagnetic profile. Theage values and dispersion of these
parameters evolve slowly with 108§, as shown in figl17, for both primaries (proton and iron).
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Figure 5: Average muon production longitudinal profile X(,(N’) coordinates: (left) dependence on primary mass
- proton (red) and iron (blue), showers generated with Q@30E&t § = 40°; (middle) dependence on the hadronic

interaction model - QGSJet-ll (red) and EPOS1.99 (blue)pfoton induced showers ét= 40°; (right) dependence
on the zenith angle) - Black for @ < § < 10°, red for 30 < 8 < 40°, and blue for 45 < § < 55°, for proton showers

using QGSJet-Il.
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The diferences found for proton and iron profile shapes can now betifjed in these param-
eters, with the corresponding distributions shown in[figTBe asymmetry is almost the same for
both primaries, the diierence in means being well below the 5% dispersion in eacplsai@ince
R only afects the tails it can easily be fixed in the following analySike Gaussian width, on
the other hand, has ftierent means for each primary, well above the single primapetsion,
and consistently for the two hadronic interaction modalsligtd. So, it is a new variable for mass
composition studies, and fairly model independent.
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Figure 7: Shape parameters dependence on the shower eimgiajyis shown thé. parameter while in (b) is the results
for R. The shape parameters for the electromagnetic profile angrsim red (full) line while the muon production is
shown in blue (dashed). The circles correspond to protondad showers and the squares have as primary particle
iron. The error bars represent the RMS of the correspondsstglalition. The points were atrtificially displaced for
better visualization (proton log{/eV) = —0.05 and iron logE/eV) = +0.05. The showers were generated using
QGSJet-ll as high energy hadronic interaction model ant &vit 40°.

Clearly L is giving information aboutAX*, as it has been obtained starting frotn- X5
with no memory ofX;. It can be measured with ground detectors ohlycan be combined with
Xhax 0 obtainX; similarly to what is made for the electromagnetic case [17].

The relation between the shapes of the electromagnetictenchtion production profile of
each individual event can be seen in figj. 9. Hek&"(, R*) are fixed to its corresponding average
values, and most of the information is kept in a single, messgive variable. The correlation is
rather strong in the most populated region ¥ T, L#). Moreover, it is almost independent of the
primary mass composition, making it very useful for hybnbysis. Indeed, whenever one of the
profiles is measured accurately a prediction of the otheiilprshape can be established.
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(blugdashed), at E= 10'° eV, and with QGSJet-II. In (a) is showld' parameter distribution whil& is shown
in (b).

4. Dependence on the energy cufb

The previous studies were done with CONEX generated profitetuding a muon energy
threshold of 1 GeV. The final threshold for observation depends not onlthe detector used, but
also on the zenith angle of the shower, and within the sameeshwill be different for diferent
depths. It is worth verifying how do the previous conclus@epend on the threshold used.

Fig.[10 is done for proton showers generated with CORSIKAV&tsion 6.980), which allows
the setting of lower energy thresholds (but is much sloweethsre is less statistics). This version
was modified in order to obtain the muons at production. Wedhiecked that the results obtained
with CORSIKA and CONEX are compatible at 1 GeV. From Fig. Ji¢alear thalNq,, changes
drastically with the cut considered, and al§f,, has some variation, since low energy muons can
be produced until much later. However all the profiles ari discribed by a Universal Shower
Profile, i.e. using ed.]1, which can still be described-byandR‘. From Figuré 10(B) we can infer
thatL* gets smaller as the energy increases, andRthgets slightly larger.

To extract the full information about the muon productioofpe, there will be need to invert
the propagationféects, taking into account the muon energy spectra and teassmomentum [9].

It will also be useful to have a detector which can select nsweith a minimum energy threshold.
The systematic uncertainties coming from the translatetwben the modeled distribution and the
detected one will thus be minimized. These systematic taio¢ies can be estimated directly with
the data by comparing fierent detection conditions, selected by zenith angle bibg smdividual

3minimum value permitted in CONEX simulations.
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detectors seeing the same event. In any case, the ideasvefsality and the new composition
variables are still valid, even if the method has to be catidxl for diferent detection conditions
using data.
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Figure 10: Average muon production profile as a function efrtiuon energy threshold, for proton induced showers at
E = 10" eV, with QGSJet-1l. The CORSIKA showers are the average 6feM@nts while CONEX has 50000 events.
In (a) the profiles are displaced to the maximum depth of tieilprwith Ej, > 0.1 GeV. In (b) average profiles are
shown in X’, N’) coordinates.

5. Total Number of Muons and Muons from the First Interaction Point

The integral of a Gaisser-Hillas profile is readily obtairfesin fo‘dX = V21 - Niax- L* -
f(R), in which f(R) is a small correction of around@2 for R* ~ 0.5. This gives the energy in
electromagnetic profiles, and the total number of producedma (above a given energy threshold)
for the muon production profiles. So, by using the above fdismg the total number of muons
can be obtained with a small uncertainty, just by detectggregion of shower maximum, in an
event-by-event way. Moreover, as seen before, at first pkddés constant, and consequeniy,.,
can be used itself as a measurement of the total number of srroduced during the shower
development.

This is reasonably éierent from the usual muon counting methods, which deal \Wwighmtuons
observed at ground, more dependent on detection condaimhbarder to relate to the underlying
physics. Of course, for this the muon transport model haake into account the produced muon
spectrum, keep track of the muon decays through the atmosphe detectionféciencies have
to be considered.

On the other hand, when working in X’, the shape variahlendR become a measurement of
AX; together withX;,ax they can be used to calculate the point of first interactians Xyax— AX.
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For the muon production profildy' can be fixed, and* can be measured close to the shower
maximum, so that at least a part of the variatiomofican be accounted for most of the measured
events. In addition, the MPD distribution starts much eatihan the energy deposit profile with
muons being produced directly from the first few interacsiamd with a much steeper rise.

The fraction of produced muons that will decay before reagthe ground level increases
with the zenith angl®. Hence, the energy threshold for the muon to reach the grdepeénds
also on this quantityg. Studies of the distribution of the first muons as a functib® oan thus
give some insight about the parent pion energy distribgtiarthe high energy interactions.
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Figure 11: Electromagnetic (ré¢fdll) and muon production (blydashed) longitudinal profiles of a singtgpical
proton induced EAS at E 10 eV. The shower was produced using QGSJet-1l as high enedyphi@ interaction
model. Both profiles were normalized to the area. The firgradtion point is shown as a red star.

6. Conclusions and Prospects

The muon production longitudinal profile of air showers igwetcharacteristic of the shower
(independent of detection conditions), described by timeesparametrization as the electromag-
netic profile. It gives new primary mass composition vamgghivhich are fairly independent of the
high energy hadronic interaction model: thf,, and the shape variable¢’. These variables can
be combined to obtain the point of first interaction. The naliration of the profile gives also
access to the total number of produced muons, which is knove tan important variable, both
for primary composition and high energy hadronic inter@etnodel studies.

13



Thus the muon production profile enclosures important métion about the primary com-
position provided that the experimental systematics aeucontrol, as well as muon energy
spectrum, transverse momentum and other elements thaa ptdg on the muon transport.

Joining all the information with the electromagnetic pr@fill give rise to extra variables,
mostly sensitive to the shower development charactesisind to a more precise understanding
in terms of energy distribution along the shower developm\fith the higher number of available
observables, using profiles which are independent of thectleh conditions and more directly
related to the hadronic cascade, cosmic rays become imugbasseful for the study of particle
physics at the highest energies.
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