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STUDIES OF HADRONIC INTERACTIONS AT ULTRA-HIGH ENERGIES WITH THE PIERRE AUGER OBSERVATORY

The hybrid design of the Pierre Auger Observatory allows one to measure the longitudinal profile of ultra-high energy air showers and the depth at which the shower reaches its maximum size, Xmax.I t a l s op r o v i d e sar e c o r do ft h es h o wer front by sampling the secondary particles at ground level. These measurements give a variety of independent experimental observables with information about the nature of the primary particle and its interactions. In this contribution we present a comparison of our mass sensitive observables with the prediction of different hadronic interaction models. Furthermore we show how the analysis of the tail of the distribution of Xmax allows one to estimate the proton-air cross-section for particle production at center-of-mass energies of 57 TeV.

1I n t r o d u c t i o n

The Pierre Auger Observatory is the largest cosmic ray observatory ever built. It was conceived to study the properties of ultra-high energy cosmic rays (UHECR). It is a hybrid detector that combines both surface and fluorescence detectors at the same site [START_REF] Abraham | P i e r r eA u g e rC o l l a b . )[END_REF] .T h eS u r f a c eD e t e c t o r( S D ) 2 consists of a triangular grid of over 1600 water Cherenkov detectors spaced 1.5 km and covering a surface of about 3000 km 2 .T h ep u r p o s eo ft h e s ed e t e c t o r si st om e a s u r et h ed e n s i t yo fp a r t i c l e s at the ground. The Fluorescence Detector (FD) [START_REF] Abraham | P i e r r eA u g e rC o l l a b . )[END_REF][START_REF] Mathes | P i e r r eA u g e rC o l l a b[END_REF] consists of 27 telescopes placed at four sites surrounding the SD and looking to the atmosphere. Their aim is to collect the UV light track emitted by the de-excitation of air molecules. The detection of this radiation is only possible during dark nights without moon. That results in a small duty cycle of about 13 %, which contrasts with the nearly 100 % of the SD. As the atmosphere is where extensive air showers (EAS) develop, a good knowledge of its state is of great importance for an experiment like the Pierre Auger Observatory. In any FD measurement, the atmosphere is the medium where emission and transmission of recorded light occur. The particle density at ground sampled by the SD, particularly the electromagnetic component, is also sensitive to the amount of matter traversed. Hence, fluctuations in the atmospheric conditions have an effect over both the longitudinal 5 and the lateral 6 developments of the showers. Different monitoring devices are placed at the observatory site to record atmospheric conditions. This is crucial to be able to understand the functioning of the detector and correct the different measurements. The goal of any UHECR detector is to measure the development of EAS. This development is extremely sensitive to the hadronic interaction properties at ultra-high energies. Although the results coming from LHC will be of great help, the range of energies that governs the features of these showers is not accessible by any current accelerator. Therefore the different models are built over different extrapolations and approximations 7,8,9 .D i ff e r e n c e si nm u l t i -p a r t i c l ep r o d u ction models are directly reflected in shower observables like X max and the number of muons at ground level. Other hadronic interaction features like the particle production cross-section, elasticity or charge-ratio (fraction of particles going into the electromagnetic (EM) cascade) have also their own impact on the different shower observables. They have been studied in detail in 10 .T h i si n t e r c o n n e c t i o na l l o w st h es t u d yo fh a d r o n i ci n t e r a c t i o n sa tu l t r a -h i g he n e r g i e su s i n g cosmic ray data. The main problem for this kind of analysis is that the cosmic ray composition is unknown at these energies. Furthermore, the mass of the primary particles can only be determined by comparing air shower observables with simulations. All this, along with their origin and mechanisms of acceleration, is the complex cosmic ray puzzle that experiments like the Pierre Auger Observatory try to solve. In Sec. 2 we describe the main observables and analysis carried out by the Auger collaboration to infer the mass of the primary particles measured with both the FD and the SD. The measurement of the proton-air cross-section from the tail of the X max distribution is discussed in Sec. 3. We finish this document (in Sec. 4) with different studies that highlight the muon deficit found in simulations when compared with real data.

2M e a s u r e m e n t s o f t h e L o n g i t u d i n a l S h o w e r D e v e l o p m e n t

Fluorescence Detector Measurements

With the fluorescence detector of the Pierre Auger Observatory it is possible to measure the longitudinal development of cosmic rays in the atmosphere. The preferred observable used for composition studies is the depth of the maximum in the shower development, X max .As i m p l e way to understand the sensitivity of this variable to the mass of the primary particle is the superposition model. It states that the interaction of a nucleus with mass A and energy E can be seen as the superposition of A nucleons interacting with an energy E/A.A l lt h i s ,i nt h e framework of the extended Heitler model 11,12 ,l e a d st ot h ef o l l o w i n ge x p r e s i o nw h e r et h em a s s dependence is shown:

X A max = c + D p ln(E/A). (1) 
The elongation rate D p = dX max /dlnE and the parameter c contain the dependency on the hadronic interaction properties. Also the fluctuations in X max carry information about the pri- mary particles. They are supposed to be smaller for heavy than for light nuclei. When we analyse real data we have to compare them with simulations. Given that accelerator data do not cover the energy range of the first interactions produced in the cascade development, models must rely in theoretical extrapolations. Differences between them are often used as an estimation of the systematic uncertainties due to the lack of knowledge in the hadronic interactions at ultra-high energies. The measurement of the longitudinal profile of the energy deposited in the atmosphere with the Pierre Auger Observatory is described in [START_REF] Abraham | P i e r r eA u g e rC o l l a b[END_REF] .O n l yh y b r i de v e n t s( s h o w e r sm e a s u r e dw i t ht h eF D and at least one SD station in coincidence) are considered in this analysis, to provide an accurate reconstruction of the geometry. To ensure a good X max resolution and an unbiased mean measurement (not undersampling the tails of the X max distributions) different set of cuts are applied over the data sample [START_REF] Unger | P i e r r eA u g e rC o l l a b[END_REF] .F i g u r e1s h o w st h er e s u l t sf o rt h e X max analysis. Along with the predictions for different hadronic interaction models and primaries, the mean values (left panel) and the RMS (right panel) of the X max distributions are shown as a function of the primary energy. The elongation rate is well described with a linear fit broken at log(E/eV)=18.38 +0.07 -0.17 [START_REF]P i e r r eA u g e rC o l l a b[END_REF] . This change in the elongation rate can be interpreted as a transition from lighter to heavier primaries as the energy increases. The values for the X max fluctuations shown in Figure 1 have been corrected by the detector resolution [START_REF]P i e r r eA u g e rC o l l a b[END_REF] .A g a i n ,a s s u m i n g t h a t t h e h a d r o n i c i n t e r a c t i o n properties do not change much within the observed energy range, this result is an independent signature of an increasing average mass of the primary particles with energy. The compatibility of the Auger results for X max and RMS(X max )w i t hd i ff e r e n th a d r o n i ci n t e r a c t i o nm od e l sh a s been studied in [START_REF] Kampert | [END_REF] .Ad i r e c tc o m p a r i s o nb e t w e e nt h es h a p eo ft h em e a s u r e dX max distributions with different hadronic models and primaries is discussed in [START_REF]P i e r r eA u g e rC o l l a b[END_REF] .

Surface Detector Measurements

In the development of EAS, the atmosphere acts as a huge calorimeter absorbing part of the EM component in its path to ground. This means that the number of these particles at ground relates with the depth of the shower maximum. Furthermore, the arrival time for the muon component is earlier than for EM particles, since they travel in almost straight lines with smaller multiple scattering. Based on this, it is possible to find observables relating to primary particle composition in the time structure of particles at ground, recorded by the water Cherenkov detectors of the Pierre Auger Observatory. The so called rise-time of the signal (the time to go from the 10% to the 50% of the total integrated signal), t 1/2 ,i sam e a s u r e m e n to ft h em u o nt oe l e c t r o nr a t i oi naS Dd e t e c t o r . I t depends on the primary mass, the zenith angle θ and the distance to the shower axis r.T h e azimuthal asymmetry of t 1/2 for non vertical events carries information about the longitudinal development of the shower 18 .T h em a x i m u mo ft h i sa s y m m e t r y ,Θ max ,h a sbe e nu s e dt os t u d y the composition of cosmic rays.

Using signals dominated by muons (in inclined events and far from the shower core) it is possible to reconstruct the muon production depth distribution (MPD) [START_REF] Garcia-Gamez | P i e r r eA u g e rC o l l a b[END_REF] .I nt h i st e c h n i q u et h e arrival times of the muons are converted into their production distances along the shower axis assuming they travel undeflected from birth until reaching the ground. These distributions carry information about the hadronic longitudinal development of the shower. The maximum X µ max of these profiles is strongly correlated with the depth of the first interaction X 1 ,a n dX max ,s o it is also sensitive to the nature of primary particles.

Figure 2 shows the values of Θ max and X µ max as a function of the energy. Both results are compatible with showers that develop earlier than pure proton showers in the highest energy region.

3P r o t o n -a i r c r o s s -s e c t i o n

The Pierre Auger Collaboration has measured the proton-air cross-section, σ p-air ,f o rp a r t i c l e production at ultra-high energies using hybrid data. This cross-section is directly related with the exponential distribution of X 1 .T h es t r o n gc o r r e l a t i o nb e t w e e nX 1 and X max makes the tail of the X max distribution still sensitive to the proton-air cross-section. This quality was first exploited for this purpose by the Fly's Eye Collaboration [START_REF] Ellsworth | [END_REF] .T h ei d e ai st ofi tt h ed e e pt a i lo ft h e X max distribution with an exponential function and use the slope as an estimator of σ p-air .T h e translation to a cross-section is done using Monte Carlo simulations with a consistent rescaling of the original cross-section to reproduce the value of the measurement [START_REF] Ulrich | P i e r r eA u g e rC o l l a b[END_REF] . One of the main difficulties in this analysis is the poor knowledge of mass composition at these energies. The tail of X max distribution is supposed to be proton-rich as protons are the most penetrating nuclei. However we cannot exclude the presence of other primaries, mainly helium and photons. The possible photon impact is almost under control thanks to the strong limits reported on the photon fraction in Auger data [START_REF] Settimo | P i e r r eA u g e rC o l l a b[END_REF] .B u tn ol i m i te x i s t so nt h eh e l i u mf r a c t i o no f cosmic rays at these energies. This lack of knowledge translates into the main contribution to the systematic uncertainty of this measurement. Figure 3 left panel shows the selected X max distribution and the fit of its exponential tail. Only events with E∈ [10 18 eV, 10 18.5 eV ]a r eu s e d in this analysis, resulting in an averaged center-of-mass energy of √ s =5 7T e V .I fw en e g l e c t the possible presence of helium in our data sample, then the measured proton-air cross-section is

σ p-air =(505± 22 stat ± ( +20 -15 ) sys )mb. (2) 
Using simulations we find that a 50 % fraction of helium would reduce the actual value of the measured cross-section by 80 mb [START_REF] Ulrich | P i e r r eA u g e rC o l l a b[END_REF] .I nF i g u r e3 ,r i g h tp a n e l ,w es h o wt h em e a s u r e dσ p-air together with different model predictions and other measurements derived from cosmic ray data.

Our result favors a moderately slow rise of the cross-section towards higher energies.

4M u o n s h o w e r c o n t e n t

Ag o o dd e s c r i p t i o no fs h o w e rd a t ai se s s e n t i a lt od r a wt h er i g h tc o n c l u s i o n sw h e nc o m p a r i n g the measurements with simulations. As mentioned in the text, the number of muons at ground depends on several properties of hadronic interactions 10 ,becomingapowerfultoolinthedifficult task of validate the various existing models. Different methods have been developed to derive the fraction of the signals, collected by the surface detectors, coming from the muonic or the electromagnetic component of the shower using the Auger data. Some of these methods are based on the different time structure showed by both components [START_REF] Allen | P i e r r eA u g e rC o l l a b[END_REF] .M u o n st y p i c a l l yd e p o s i tm o r e energy in the water Cherenkov detectors than electrons and photons, producing spikes over the smoother EM contribution in the signals. The multivariate method exploits this feature in the time traces to build an estimator correlated with the number of muons. The universality method uses a recently found shower universality property which relates the muon to electromagnetic signal ratio with the maximum in the shower development [START_REF] Yushkov | [END_REF] .T h i sp r o p e r t yc a nb ed e s c r i b e db y as i m p l ep a r a m e t e r i z a t i o nf o rs h o w e r sw i t hz e n i t ha n g l ebe t w e e n4 5 • and 65 • .T h e n ,f o rh y b r i d events, this method derives the muonic signal in a SD detector from the shower maximum depth and the total signal. The most direct way to investigate the muon content of cosmic ray showers is by studying very inclined events, where the dominant particles at ground are muons because most of the electrons and photons have been absorbed in the atmosphere [START_REF] Rodriguez | P i e r r eA u g e rC o l l a b[END_REF] .U s i n gh y b r i d inclined events, the measured shower size N 19 ,whichisamuonestimatoritself,canbecalibrated with the calorimetric energy reconstructed by the FD. This calibration procedure can be used to obtain the number of muons as a function of energy. A summary of the results obtained when we apply these methods to real data is presented in Figure 4. It shows the estimated number of muons at 1000 m in data relative to the predictions of simulations using the hadronic model QGSJETII 7 with proton primaries. In view of this figure, the considered simulations are found to present underestimations of the muon fraction at ground level for the events measured with the Pierre Auger Observatory. The observed relative excess is angle dependent, growing from about 1.6 [START_REF] Allen | P i e r r eA u g e rC o l l a b[END_REF] ,a tt h el o w e rz e n i t ha n g l e s ,t om o r et h a n2 [START_REF] Rodriguez | P i e r r eA u g e rC o l l a b[END_REF] ,f o rt h em o r ei n c l i n e de v e n t s . Understanding this discrepancy is critical to an appropriate interpretation of cosmic ray data. Different efforts are focused on that. For example, it has been recently demonstrated that a larger baryon anti-baryon pair production yields to a higher number of low energy muons 8 .
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 1 Figure 1: Xmax (left) and RMS(Xmax)( r i g h t )a saf u n c t i o no ft h ee n e r g y . T h en u m b e ro fr e a ld a t ae v e n t si n each energy bin is indicated. The predictions for proton and iron, following different hadronic models, are shown as well. The shaded region represents the systematic uncertainties.

Figure 2 :

 2 Figure 2: The azimuthal rise-time asymmetry Θmax (left panel) and X µ max (right panel) as a function of the energy. The number of events in each bin is indicated.
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 3 Figure 3: Left: Unbinned likelihood fit of the tail of Xmax distribution in the energy interval 10 18 -10 18.5 eV. Right: Proton-air cross-section measured by Auger and other cosmic ray experiments along with different model predictions.

Figure 4 :

 4 Figure 4: Data from the Pierre Auger Observatory showing the measured number of muons at 1000 m from the shower axis and 10 19 eV relative to the predictions of the hadronic model QGSJETII for proton initiated showers (N rel µ )a saf u n c t i o no ft h ez e n i t ha n g l e . T h efi g u r es h o w st h er e s u l t sd e r i v e df r o mt h em u l t i v a r i a t e ,s h o w e r universality and inclined events (N19)m e t h o d s . T h er e s u l tf o rp u r ei r o ns i m u l a t i o n si sa l s os h o w n .
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