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Abstract

Presently large systematic uncertainties remain in the description of hadronic interac-
tions at ultra-high energies and a fully consistent description of air-shower experimental
data is yet to be reached. The amount of data collected by the Pierre Auger Observa-
tory using simultaneously the fluorescence and surface detectors in the energy range
10185 — 10190 eV has provided opportunity to perform a multi-parameter test of model
predictions. We apply a global method to simultaneously fit the mass composition of
cosmic rays and adjustments to the simulated depth of shower maximum, and hadronic
signal at ground level. The best description of the hybrid data is obtained for a deeper
scale of simulated depth of shower maximum than predicted by hadronic interaction
models tuned to the LHC data. Consequently, the deficit of the simulated hadronic sig-
nal at ground level, dominated by muons, is alleviated with respect to the unmodified
hadronic interaction models. Because of the size of the adjustments to simulated depth
of shower maximum and hadronic signal and the large number of events in the sample,
the statistical significance of these assumed adjustments is large, greater than 50,
even for the combination of the systematic experimental shifts within 10 that are the
most favorable for the models.
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1 Problems of models of hadronic interaction

The current models of hadronic interactions (HI models) are known to have problems consis-
tently describing both the ground signals and the longitudinal shower development [1-3] us-
ing the hybrid data of the surface detectors (SD) and fluorescence detectors (FD) at the Pierre
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Figure 1: Left: the energy evolution of the mean of the X, distribution pre-
dicted for three models of hadronic interactions and four primary species. Right:
the dependence of average signal at the Pierre Auger Observatory induced in SD
at 1000m from the shower core (black) on the distance of X,,, to the ground
(DX = 880 g/cm?/cos(0) — X ,,.x) for proton showers of energy 108> — 10190 ev.,
The hadronic (Sﬁfifj) and electromagnetic (nglf) parts of the signal are shown in red
and blue, respectively. The signals are corrected to the reference energy 1087 eV.

From [10].

Auger Observatory [4]. The ground signal predicted by Monte Carlo (MC) simulation is found
lower than measured, with an indication of increasing with energy when the results of more
experiments are combined [5]. All these tests of HI models are based on the assumption that
the scale of depth of shower maximum (X,.,) predicted by a given HI model is correct. How-
ever, at the energy 10'®7 eV} the uncertainties on the predicted X, scale, (X,..), are larger
than about one third of the difference between the two extremes - protons and iron nuclei, see
the differences between the three HI models, EPOS-LHC [6], QGSJET I1-04 [ 7], SIBYLL 2.3d [8]
on the left panel of Fig. 1, see also [9].

2 Extended testing of hadronic interaction models

In this work, we consider a more complex test of the HI models in the energy range
101857190 eV, This test is motivated by the differences observed in the predictions obtained
with HI models for (X,,,,) and hadronic part Sy,4 of the total ground signal S(1000) at 1000 m
from the shower core at the Pierre Auger Observatory, see Fig. 1. These differences are ap-
proximately primary and energy independent. The differences in the hadronic signals are DX
(zenith-angle) dependent. These features suggest to leave both X .. and Si,4(60) free in the
fitting procedure.

We fit simultaneously five two-dimensional distributions of measured S(1000) and Xy,
see Fig. 2, that are corrected for their energy evolution to a reference energy 1087 eV, see [10]
for more details. The influence of changing X ., scale on S(1000) is incorporated in the
method. Implicitly, the nearly model-independent information on mass composition from the
correlation between S(1000) and X ., see [11], is naturally incorporated in the method.
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Figure 2: Two-dimensional distributions of S(1000)%¢f and Xri’;fx measured by the
Pierre Auger Observatory in the energy range 108> — 10! eV in five zenith-angle

(0) intervals. From [10].

3 Results of the test

The best description of the hybrid data of the Pierre Auger Observatory is obtained modifying
the MC templates by shifting X ., by a parameter AX_ ., and rescaling the hadronic compo-
nent at two extreme zenith angles by factors Ry,q(6min) and Ryaq(Omax) @s shown in Fig. 3
with statistical and systematic errors. The overall description of the five two-dimensional dis-
tributions by the fits is achieved with p-value ~ 2.6% for EPOS-LHC, ~ 3.6% for QGSJET II-04,
and =~ 18.0% for SIBYLL 2.3d based on detailed MC-MC tests.

The optimum description of the data is achieved for a deeper X, scale than predicted by
HI models, see also left panel of Fig. 4. Consequently, heavier mass composition and smaller
rescaling of the hadronic component is obtained than using previous tests [1] and mass com-
position fits [12].

Systematic Uncertainties We have identified four dominant sources of systematic uncer-
tainties influencing our results. Three are related to the experimental uncertainties on the
measurement of energy (£14%), of X, .« (tg g/cmz) and of S(1000) (£5%). We consider
also the uncertainty stemming from the MC-MC tests of the method. The total uncertainty is
summed in quadrature and is plotted in Fig. 3 with shaded boxes. The individual systematic
contributions to AX ., and differences in the two fitted Ry,q are shown in the right panel of
Fig. 4. The size of systematic uncertainty on the energy scale does not allow us to draw any
conclusion about the muon spectrum from the Ryy,4 differences.

Significance of Data/MC Inconsistency We perform a scan in all possible combinations of
the 1o experimental systematic uncertainties and calculate the statistical significance as

0 star(Ruad(Omin)) 0 star(Ruad(Omax) O star(AX ax)

Riad(Omin) —1 )2 Rigad(Omax) —1 |2 AX 2
Osar = \J( Had( mln) ) +( Had( max) ) +( max ) ) (1)

where 0 grar(Rigad (Omin))> O star (Riad (Bmax)) and o gtar(AX . ) are the statistical uncertainties
of the fit for Ryj,q(0min)> Ruad(Bmax) and AX ..., respectively.

Even for the most favourable combination of the systematic uncertainties that minimizes
o gtar the significance value is still above 50. This example is shown in Fig. 5.

026.3


https://scipost.org
https://scipost.org/SciPostPhysProc.13.026

Scil SciPost Phys. Proc. 13, 026 (2023)

15 1.5
L 10 dat. r 10 stat. v EPOSLHC
L ‘ L 3o A QGSlkt1-04
r — — 3osa. F g ® Sibyll 2.3d
14 ‘ —  Soda. 14r _ 5o
L v EPOS-LHC L
< 13 = \ s Qosktios | 2 13r o
= [ —~ e Sibyll 2.3d g r NN
e ¢ \ C%/{ 9{3 : i~ )
B 12 = s 12 ~
T E >R T = ~ =
o g?\;@ )/ o &\Qk\\bg\
L \ /// L NSO
11 =g 11
1.0F 1.0
L TR N T R R R R R L L ol b b b b b v b i
1.0 1.1 1.2 13 14 1.5 -20 -10 O 10 20 30 40 50 60
Ritag (Bmad A X o [9/Cm?]
(@ (b)
15 10
C losa. v EPOSLHC al v EPOSLHC
Rt S
S i .O| ° .
i . eosm e Sibyll 2.3d i y!
i 5§ o7
~ 13 = [
3 g o6 1
= o I~ -~ S, 05
TS @) | 8l I—!
r NG N\ - — + i
11 i ik /\{\ =/ o 3 . .
r 0.2 L] o
1.0F ot {
O L L L L L L I J
0 10 20 30 40 50 60 0.0
A X e [0/CM?] P He @) Fe
(0 (d)

Figure 3: Results of the fits to [XF¢ | SRef(1000)] distributions with MC templates
for EPOS-LHC, QGSJET II-04 and SiBYLL 2.3d. The relations between the fit param-
eters Ryad(Omin)> Ruad(Bmax) and AX,,., are shown in (a), (b), (c) panels and the
fitted primary fractions in panel (d). The contours denote regions with 1o, 30 and
50 statistical uncertainties. The gray bands indicate the size of the total systematic

uncertainties. From [10].

4 Conclusions

The combined measurements of cosmic-rays with energies between 10'8° eV and 10%° ev
using the SD and FD of the Pierre Auger Observatory provide event statistics large enough
to apply a novel method to test HI models. This method introduces three adjustments to the
air-shower observables predicted by the HI models and simultaneously fits the fractions of
four primary particles. The results of the method are in tension with the HI models EPOS-LHC,
S1BYLL 2.3d and QGSJET II-04 by more than 50 with much higher significance in case of the
QGSJET II-04. The best description of the data is obtained when the X, scale of the MC
predictions is deeper by about 20 g/cm?, 30 g/cm? and 50 g/cm? for EPos-LHC, SIBYLL 2.3d
and QGSJET II-04, respectively. Consequently, the differences between the HI models in the
fitted mass composition fractions are decreased and the mass composition is heavier than
obtained using the unmodified predictions of the three HI models. For such heavier mass
composition, the “muon problem” of the HI models is alleviated with respect to the previous
studies, observing 15-25% deficit of the hadronic component of simulated ground signal for
all the three studied HI models.
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Figure 4: Left: the energy evolution of the mean X,,, measured at the Pierre Auger
Observatory (black) using FD [13] and SD [14]. The adjusted MC predictions on
(X max) Obtained in this work to improve the description of hybrid data (SD and FD)
are shown in red and blue for protons and iron nuclei, respectively. The bands cor-
respond to the systematic uncertainties of AX, ... The lighter color lines indicate
the unmodified MC predictions. Right: the best fit results on the AX_ .. and the
adjustment to the Sy,4 attenuation for the individual systematic effects. The bands
illustrate the total systematic uncertainty summed in quadrature. From [10].
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Figure 5: The MC adjustments obtained by fits to the measured data that are system-
atically corrected for energy +14% and X,,,- 9 g/cm? to minimize the total statistical
significance from Eq. (1). The contours denote regions with 10, 30 and 50 statisti-
cal uncertainties.
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