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The combination of fluorescence and surface detectors at the Pierre Auger Observatory offers
unprecedented precision in testing models of hadronic interactions at center-of-mass energies
around 70 TeV and beyond. However, for some time, discrepancies between model predictions and
measured air-shower data have complicated efforts to accurately determine the mass composition
of ultra-high-energy cosmic rays. A key inconsistency is the deficit of simulated signals compared
to those measured with the surface detectors, typically interpreted as a deficit in the muon signal
generated by the hadronic component of simulated showers.

Recently, a new global method has been applied to the combined data from the surface and
fluorescence detectors at the Pierre Auger Observatory. This method simultaneously determines
the mass composition of cosmic rays and evaluates variations in the simulated depth of the shower
maximum and hadronic signals on the ground. The findings reveal not only the alleviated muon
problem but also show that all current models of hadronic interactions predict depths of the
shower maximum that are too shallow, offering new insights into deficiencies in these models
from a broader perspective.
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Overview of hadronic interaction studies at the Pierre Auger Observatory

1. Introduction

The origin of ultra-high-energy cosmic rays (UHECR, > 10'3eV), especially at the highest

energies (> 10%°

eV), is still a mystery. The key knowledge to reveal this puzzle is their mass
composition needed to account for propagation effects and identify the directions of sources in the
arrival directions after accounting for bending effects in the magnetic fields. So far, no obvious
clustering of events above 100 EeV has been observed [1] and no obvious source candidates are
associated with arrival directions of UHECR, even when the effect of the Galactic magnetic field
is accounted for the most energetic one [2]. The cosmic-ray mass is also crucial to assess the
acceleration capabilities of source candidates.

The mass of UHECR can be estimated from the comparison of measured properties of air
showers, like the depth of shower maximum (Xy.x) and the number of muons on ground, with
the predictions of models of hadronic interactions. The main problem of this interpretation is in
the extrapolation of hadronic interactions that are studied at man-made accelerators at much lower
energies and different kinematic regions.

The Pierre Auger Observatory [3] can measure the muonic content directly using the un-
derground muon detectors or using the water-Cherenkov stations for highly-inclined air showers
(zenith angle 6 > 62°) when the electromagnetic part of the air shower is heavily suppressed for the
time when it reaches the ground. The measurement of the longitudinal profile using fluorescence
telescopes provides a precise estimate of Xpax. This detection technique, however, provides smaller
event statistics due to the limited duty cycle (~ 15%).

In this proceedings, we focus on the main analyses showing a tension with predictions of models
of hadronic interactions. We start with the discrepancies observed in the muon size, followed by
inconsistencies seen in the interpretation of measured Xpn,x moments. We describe the recently
published method studying model predictions from the muon size and Xp,x simultaneously in the
last part.

2. Inconsistencies between Models and Measurements of Muons

Inconsistencies in the mass-interpretations of the size of the muon signal from underground
detectors [4] and from inclined showers [5] with respect to Xp,.x have been observed, being at a
level of < 30, see Fig. 1. These inconsistencies have been measured at various energies and zenith
angles, and also in surface-detector signals at lower zenith angles where the total signal is induced
by a combination of muonic and electromagnetic particles [6]. Given the Xp,x expectations, the
size of the muon component predicted by the models of hadronic interactions needs to be increased
by around 30-60%. Note that there is about 30 gecm? difference in the (Xpax) predicted by different
models of hadronic interactions, which indicates that the predicted X, scale might be also another
source of these observed inconsistencies.

On the other hand, the measured fluctuations of the number of muons at 10!° eV, see Ref. [5], are
consistent with expectations for the mass composition obtained from the X« fits, which indicates
that the muon problem in air-shower modelling is connected rather to cumulative effects in a series
of hadronic interactions than to properties of the first interaction only.
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Figure 1: Comparison of direct measurements of the muon size at the Pierre Auger Observatory with
predictions of models of hadronic interactions for combinations of four primary species at given (Xmax). The
measurements using buried scintillators at 10'8 eV within 45° of zenith angle (left) and using highly-inclined
showers above 62° at 1019 eV (right) are shown. Plots are coming from [4] and [5].

3. Inconsistencies between Models and Measurements of X,ax

Recently, an unprecedented improvement in the event statistics has been achieved by applying
Deep Neural Network (DNN) to estimate the first two Xp.x moments from the recorded surface-
detector traces [7]. The interpreted variance of InA was found negative (unphysical) in case of the
QGSIJET I1I-04 model, see Fig. 2. The InA fluctuations expected from a composition derived from
the (Xmax) measurement are therefore in tension for this model. In case of the models Epos-LHC
and S1BYLL2.3d, 62 (lnA) ~ () is compatible with a pure beam of nuclei above ~ 6 EeV, however
with some possible increase given the systematic uncertainty. In the same energy region, a gradual
increase of (InA) is manifested, approximately, from predictions for pure helium (InA ~ 1.39) to
pure nitrogen nuclei (InA ~ 2.64). The model predictions of these two models are at the edge of
the systematic uncertainty range of the data.

Too small values of ¢ (lnA), such as very prominently visible for the QGSJeT II-04 model,
can originate from an incorrect Xp,x scale in simulations. An increase of the interpreted o2 (lnA) s
which would correspond to a more realistic scenario, can be obtained if the Xj,x scale of model
predictions gets deeper (as a consequence of the transformations between the X,x and InA moments
in Ref. [8]).

4. Inconsistencies between Models and Combined Measurements of Ground Signal
and Xpax

In general, combining independent measurements of the longitudinal and lateral profiles provide
the best tool how to test the validity of air-shower modelling using measured data. The correlation
of the ground signal and X, is a quasi-model-independent estimator of how the primary beam is
mixed. It was shown in Ref. [10] that the QGSJeT II-04 model provides too light mix of primary
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Figure 2: The mean (top) and variance (bottom) of the logarithmic mass number interpreted from the
measurements of (Xpax) and G( max) using fluorescence (FD) and surface (SD) detectors is plotted as a
function of the reconstructed shower energy for three models of hadronic interactions (from left to right).
The plot is taken from [7].

species (protons and helium nuclei only) when the fractions of primary species are fitted to the
measured X,y distributions in the energy range 108> — 10'*0eV. The measured correlation factor
between the ground signal and Xp,.« is incompatible with such a mix of light primary particles. The
models Eros-LHC and SiByLL 2.3d predict deeper Xpyax scale and therefore the interpreted mass
composition is heavier and more mixed than in case of the QGSJeT II-04 model, being consistent
with the observed correlation factor.

Taken the previous indications that not only the hadronic part of the ground signal (Sp,q —
Shad X Rnaq), but also the predicted Xp,ax scale might be incorrectly estimated (Xiax — Xmax + AXmax)
by the current models of hadronic interactions, we developed the following test. We used mass-
composition fits of five two-dimensional distributions of the ground signal and Xy,,x with Monte-
Carlo templates corresponding to five zenith-angle bins in the energy range 10'83 —10'%0eV by
minimizing the log-likelihood function In.Z, for details see [9].

The results show that > 50 improvement in the description of measured data is obtained by
current models of hadronic interactions when additionally to the Ry, also AXpax is considered.
The best-fit modification parameters are shown in the top panels of Fig. 3 with statistical contours
and bands corresponding to the projected systematic uncertainties. For all three current versions of
models of hadronic interactions, the predicted hadronic part of the ground signal and also the Xp,ax
scale need to be increased to reliably describe the data of the Pierre Auger Observatory. The deeper
Xmax scale has a consequence of a heavier mass composition needed to describe the data, which
means less muons to be additionally generated than in the previous studies. This alleviation of the
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Figure 3: Top panels: The relations between the modification parameters of the hadronic part of ground
signal at the two extreme zenith angles Rp,q (Gmaxz55°), Rpad (Gminz28°) and the shift of Xp,x applied
to the predictions of the three models of hadronic interactions (AXyax). Middle panel: The modification
parameters for the three models fitted after applying all the combinations of experimental systematic shifts

to the measured energy (£14%), ground signal (+5%) and X« (i%ii':z). All these points lie approximately
in a plane (cuts of planes indicated by dashed lines). The color of the points corresponds to the change of
the log-likehood expression with respect to the fits with unmodified model predictions. Bottom panel: The
resulting change of the log-likehood expression for scans in the combinations of the experimental systematic
uncertainties, being the most favorable for the models (indicated by a line connecting non-modification point
with the plane in the middle panel). The figures come from [9].
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muon problem to approximately its half (15-25%) is also in line with the preliminary results of the
shower universality method that provides estimate of the muon scale in models with a suppressed
sensitivity to the Xpax scale due to additional information from the fluorescence telescopes [11].
For the first time, the ability of the current models of hadronic interactions to describe measured
data was disfavored by more than 50. Actually, for the most favorable combination of experimental
systematic uncertainties (even out of the range of the quoted systematic uncertainties), none of the
studied models is able to describe the measured data without a modification in the hadronic part of
the predicted ground signal or Xp,« at the level of 50, see the middle and bottom panels of Fig. 3.

5. Summary

The Pierre Auger Observatory is currently the best air-shower instrument to study hadronic
interactions above /s ~ 70 TeV given the combination of surface and fluorescence detectors,
recorded event statistics of UHECR and applied reconstruction methods. Inconsistencies in the
description of measured data by the current models of hadronic interactions have been observed
at a level of < 30 before, but only recently more than 50 claim has been achieved between 3
and 10EeV [9]. The so-called muon problem has been found more complex. The problem in
the amount of generated muons has been alleviated to its half approximately for the cost of a new
problem appearing in the predicted scale of Xpax.

The deeper X,.x scale predicted by the models, if proven at lower and higher energies than
studied so far, would suggest much heavier mass composition than has been usually considered so far,
as already indicated in Ref. [12]. The data of the upgraded Pierre Auger Observatory, AugerPrime
[13], will provide better discrimination of the electromagnetic and muon signal in the surface
detectors, which will validate the assumptions of the method and probe such mass-composition
scenarios at the higher energies.
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