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Abstract. We present a method for testing the predictions of hadronic interaction models and improving their
consistency with observed two-dimensional distributions of the depth of shower maxiXpmand signal at

the ground level as a function of zenith angle. The method relies on the assumption that the mass composition is
the same at all zenith angles, while the atmospheric shower development and attenuation depend on composition
in a correlated way. In the present work, for each of the three leading LHC-tuned hadronic interaction models,
we allow a global shifi\X s« Of the predicted shower maximum, which is the same for every mass and energy,
and a rescalin®,q of the hadronic component at the ground level which is constant with the zenith angle.

We apply the analysis to 2297 events reconstructed with both the uorescence and surface detectors of the Pierre
Auger Observatory with energies 0 19° eV and zenith angles below 60Given the modeling assumptions

made in this analysis, the best t reaches its optimum value when shifting thepredictions of hadronic
interaction models to deeper values and increasing the hadronic signal. This change in the prediceale
alleviates the previously identi ed model de cit in the hadronic signal (commonly called the muon puzzle) but
does not fully remove it. Because of the size of the adjustmeXi{sx andRp,q and the large number of events

in the sample, the statistical signi cance of need for these adjustments is large, greater Jhaeven for the
combination of the systematic experimental shifts within,l that are the most favorable for the models.

1 Introduction

The cosmic rays of ultra-high energy (above®éV) are
still of unknown origin and uncertain mass composition
despite the hugefiort of the community for more than
50 years since their discovery. The main complications
are their very low ux and uncertainties coming from the
extrapolation of hadronic interactions that take place in
the development of air-showers initiated by the primary
cosmic rays. The Pierre Auger Observatory [1] provides
an unprecedented large amount of high-quality air show-
ers reconstructed using two detection techniques - Surface
Detector (SD) and Fluorescence Detector (FD), providing
an excellent opportunity to test predictions of hadronic in-
teraction models.
The SD measurement of the ground signal estimates
the shower size using the signal expected at 1000 m from
the shower core$(1000) [2]. In this work, the signal Figure 1: Average fraction of the hadronic signal at
S(1000) is assumed to be composed of the hadrénig 1000 m, fyag = S Had=S (1000), as a function of the zenith
and electromagneti§ ¢y, components. The signadlyag angle reconstructed by the FD. Signals from four primaries
is induced by muons, and electromagnetic (EM) particles(colors) of energies #6° 109 eV and three models of
from muon decays and low-energy neutral pions accord-hadronic interactions (markers) are shown.
ing to the 4-component shower universality description
[3],[4]. The signalSem is induced by EM particles orig-
inating from high-energy neutral pions. The muon com-

e-mail: vicha@fzu.cz ponent attenuates less with the zenith ang)etifan the
e-mail: spokespersons@auger.org EM component and its size is a measure of the primary
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Figure 2: Left: Energy evolution of the mean Xf,,« distribution predicted for three hadronic interaction models and

four primary species. The modelsSLL 2.3d predicts on average by? gicn? and 22 gcn? deepehXpyax i than the

models kos-Luc and Qsiet 11-04, respectively. Right: Decomposition of the total ground signal (black) into the hadronic
(braun) and EM (turquoise) parts as predicted to depend on the distakiggdb the ground DX). The ground signal at

1000 m from the shower core is simulated for responses at the Pierre Auger Observatory to showers generated using three
hadronic interaction models in case of protons of energié%°1010'%° eV.

mass. As a consequence, the fraction of the hadronic sigwhereB = 1.031 is the SD energy calibration parameteér [2]
nal toS (1000) is increasing with and mass of the primary  and the elongation rate of a single prima@ry= 58 gcn? is
(protons p, and He, O, Fe nuclei), see Fig. 1. taken as the average value over the four primary particles

The FD measurement of the deposited energy on theand the three hadronic interaction models. The reference
shower depth provides a precise estimation of the showeenergy is set to 167 eV.
energy Erp) and depth of the shower maximuri ()

[5]_. The Iattgr qggn_tity is another measure of the mass ofg Adjustments to Monte Carlo Predictions
primary particle initiating the shower.

In this work, we use the showers reconstructed in bothThere are persistent inconsistencies in the mass interpre-
SD and FD to analyse simultaneously the mass compositation of Xma measurements and ground-signal measure-
tion of primary particles and de ciencies of Monte Carlo ments [10], [11]. All these interpretations are based on
(MC) predictions onS (1000) andXmax. We test in this ~ the assumption oKmax scale,h Xmax i at given energy,
way predictions of three models of hadronic interactionsPredicted by a given model of hadronic interactions and
Epos-Luc [6], Qasser 11-04 [7], Seyie 2.3d [€] in the en- driving this way an assumption on the mass composition.
ergy range around the ankle region [2]. Another assumption in these analyses is a tension between
the data and simulations coming only from the lack of
hadronic (muon) signal in the MC predictions.

Recently, a novel method considering iffsziencies
We select 2297 events detected with FD energi€8°10 ot only in the predictions of ground signal, but also in the
10'%° eV and within 60 during the period 1. 1. 2004 -  predictedXma Scale was applied to the data of the Pierre
31. 12. 2018. These events SUrViVe h|gh'qual|ty Selectionger Observatory []2] The motivation for such a gen_
criteria used to derive the SD energy spectrlm [2] and FDeralized approach is indicated on the left panel of Fjg. 2
analysis ofXmax [5) [9]. These events are divided into 5 where the dierences in model predictions bfmai are
zenith-angle ranges containing nearly the same afitt su approximately energy and primary-mass independent. On
ciently large number of events. the right panel of Fig[]2, the fierence in the ground sig-

The observablexR¢), ands *(1000) contain correc-  naj predicted by dferent models of hadronic interactions
tions for the energy evolution ofmax ands (1000) using s stemming from the dierent scales of hadronic signal.
the FD energy as The EM part of signal is very universal within the applied
ERef)lzB shower-universality approach to the ground signal.

Ero @)

1.1 Data Selection and Observables

SRe(1000)= 5 (1000) (
2.1 Fitting Method in Nutshell

Ref _ | EReT\ 5 In this work, we show the application of this novel method
Xmax = Xmax+ D 10040 Eep )’ @ to the data of the Pierre Auger Observatory considering

and
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Figure 3: The two-dimensional distributions £1000) andX .« for data measured by the Pierre Auger Observatory in
the energy range 1 10'®° eV and divided into ve zenith-angle J bins.

Table 1: Minimal values of the Likelihood-ratio expression from Eq.(3) for the best ts of three hadronic interaction
models allowing dierent adjustments to the MC templates.

Din Epos-Luc | Qgsier 11-04 | SyLL 2.3d
none 2097.410| 4650.070 | 2581.530
AXmax 764.090 | 1746.945 | 1060.795
Riad 518.146 720.086 550.954
Ruad & AXmax || 479.456 515.055 480.611

simultaneously freedom in the mass composition and theat the reconstruction level are obtained from parameteri-
predicted hadronic ankl,.« Scale. The freedom in the pre- zation of MC templates for each of the three models of
dicted hadronic signal is assumed to be a constant functiomadronic interactions.
of the zenith angle on the contrary to the more general as-
sumptions made in [12], where more details can be found3 Results

In short, we perform a composition t simultaneously
to ve two-dimensional (2D) distributions okR¢\ and
SRe(1000) corresponding to ve zenith-angle ranges be-

tween 0 and 60, see Fig[J3, with a combination of MC The resulting minimal likelihood-ratio value for fierent
templates for four primary species (p, He, O, Fe). A Con_adjustments on the MC predictions is listed in Tgb. 1 for
stant freedom in the predictelhay Scale Kmax =Xmax all three hadronic interaction models. This value is a mea-

+AXmay) and hadronic scaléS(iag = Shag Ruad) in these ~ SUre how well the observed data are described by the ad-

templates is considered. Théeet of the change O¥ax justed MC templates. A large improvement in the data

on the ground signal is incorporated through the Sepa_description is obtained considering freedom in the pre-

rate dfects on the hadronic and EM signals estimateddiCted hadronic scale and further signi cant improvement
from the parameterized evolution of the mean ground sig-iS achieved combining_ V‘{ith the freedom in the predic;ed
nal parts with the distance Gfnay to the ground DX = Xmax Scale as well. This improvement of data description

880 gen?=cos() Xmao). In this way, the total ground is further demonstrated in Figs| [4, 5 grjd 6 for no adjust-
signal in a given -range is estimated to be modi ed by ments to MC predictions, adjusted hadronic scale and ad-

about 7% at most in case of a changelgf, by 50 gen?. justeq hadronic gndmax spal_es, _respectively. These g
The likelihood-ratio expression that is minimized in ures include projected distributions of the ground signal

the method for a given model of hadronic interactions is andXmax together with their zenith-dependent correlation
of the form re [13]. The improvement, especially in case of compari-

son Figs, b and]6, is also quanti ed by p-values ofdest.
For all three models, the overall p-value of 2D data de-
scription using freedom in both hadronic akiglax scales
is at a level of several percent based on MC-MC tests.

3.1 Data Description

81’ljz>0: XIZZ(CJ'Z nj, +nj; In%),
z ] 2

8an:O: $=ZZCjZ;
2
with the sums running over the 2D-binisand ve -bins
z. The number of showers measured in a 2D-pand a
-bin z is denoted by: ;. and the predicted number of MC
showers for the same bin y,,. These MC predictions

3.2 Fitted Parameters

The most likely values of adjustments to the MC templates
that describe the Pierre Auger Observatory data are shown
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Figure 4: Description of data (black) by the composition ts without any modi cation of the MC templates. The pro-
jectedXnax distribution (top left), projected (1000) distributions for all ve zenith-angle ] ranges and the zenith-angle
dependence of the correlation betwégn,, andsS (1000) are shown for the three models of hadronic interactions (lines).

on the left panel of Fid.|7. The measured data are best dethe MC adjustments are shown in Hig. 8 together with their
scribed when the MC predictions Ofy,ax are on average quadratic sums.
deeper by 20, 50 and 30 fgn? for Eros-Luc, QasieT II- The systematicféects on the energy correction param-
04 and SsyLL 2.3d, respectively. In case of the predicted eters @, D, ) and the long-term féects have negligible
hadronic signal, an increase by 15-25% is simultaneouslycontribution compared to the above-mentioned systematic
needed for all three hadronic interaction models. The ad-uncertainties as well as th&ect of idealization of Auger
justed Xmax Scales have a consequence of heavier masgletectors in the simulations.
compositions preferred by the ts to describe the measured
data, see the right panel of Fig. 7, than in case of the mass-
composition ts to the measurelina, distributions with 3.4 Tests of Models
the unmodi ed predictions oXax by the hadronic inter-
action models as ir_[14, 15] in the corresponding energyTo quantify the signi cance of the assumed adjustments
range. As our method removes the maifietences in the to the model predictions, we scan all possible linear com-
predictions of models of hadronic interactions by introduc- binations of the three experimental systematic uncertain-
ing freedom in hadronic ankl,.« scales, the tted primary  ties (energy scalé{max ands (1000) measurements). The
fractions show smaller model dependence of the primarychange of attenuation of total ground signal is correlated
fractions than in case of thé,.« distribution ts with the  with the systematic change of energy scale due fi@di
unmodi ed predictions. ent energy dependence of EMlgy « Erp) and hadronic
(SHad = Ep) parts of the signal. The parametee 0:92,
expressing the growth of hadronic component with energy,
3.3 Systematic Uncertainties is chosen in accordance wifh [16]. Therefore there is a de-
generation between the systematic change of energy scale
There are 4 dominant sources of systematic uncertainand change of attenuation of the hadronic signal (EM sig-
ties: energy scale (L4%), Xmax measurement*g g/cn?), nal is assumed universal in this method, see the right panel
$(1000) measurement §%) and biases of the method. of Fig.[2). The correct way to estimate the signi cance of a
The individual contributions of these systematffeetsto  need for the assumed MC adjustments is through the more
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Figure 5: Composition ts with a freedom iRy5q, S€€ caption of Figﬂ4.

general approach as in_[12] considering the zenith depenheavier than using the unmodi ed predictions of the three
dence ofRyag. Even for the most favorable combination hadronic interaction models. For such heavier mass com-
of experimental systematic uncertainties for each model ofpositions, the "muon problem" of the hadronic interaction
hadronic interaction, the statistical signi cance of a need models is alleviated with respect to the previous studies,
for these MC adjustments is higher than.5 observing 15-25% de cit of the hadronic component of
simulated ground signal for all three studied models.

4 Conclusions
Acknowledgements
The combined measurements of cosmic rays with energies,, . -
between 18° eV and 18°° eV using the Surface Detec- z—gstio\:]vork\(ovl\:?hs ;rl:gposr:)eodrtsbyofthfhem'glzsggh oll;elf)ﬂ-b-
e e Sraoele — Grant No. - LTT16004, LM018102  an
method allowing a complex testing of the air-shower ob- =~~~ 10.00.016_013 '
servables predicted by the hadronic interaction models and
simultaneously t the fractions of primary particles. The
results of the method are in tension with the predictions
(i.e. Xmax andS yag scales) of hadronic interaction mod-
els Eros-Luc, SeyiL 2.3d and @sser 11-04 by more than
5 with much higher signi cance in case of thesQer II-
04. The best description of the data is obtained when the
Xmax Scale of the MC predictions is deeper by about 20
g/c?, 30 gen? and 50 gen? for Epos-Luc, SiByLL 2.3d
and Qsser 11-04, respectively. The adjustex|,ax scales
are shown on the left panel of Fig, 9 together with mea-
sured data. At the same time, théfdiences between the
hadronic interaction models in the tted mass composition
fractions are decreased and the mass composition is found
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Figure 7: Best- t values of the tted parameteRs;;g andAXmax (I€ft) and primary fractions (right) for all three models

of hadronic interactions. The systematic uncertainties are depicted by gray bands.
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Figure 9: The energy evolution of the me&p.x (left) and the standard deviation &f,a« (right) measured by the Pierre

Auger Observatory (in black) using FD/[9] and SD][17]. The adjustggl scales of MC predictions (left panel) obtained

using the tresults in the energy range'#® 10'%° eV are shown in blue and red for protons and iron nuclei, respectively,

with the bands corresponding to the systematic uncertainties. The original predictions by hadronic interaction models are
depicted by lines without bands.



