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Measurement of the average depth of shower maximum and its
fluctuations with the Pierre Auger Observatory

J. A. Bellido for the Pierre Auger Collaboration’

Physics Department, The University of Adelaide, SA. - 5005, Australia
T Observatorio Pierre Auger, Av. San Martin Norte 304, 5613 Malargiie, Argentina

Abstract. The atmospheric depth X,,,ax Where an The mass composition interpretation of the measured
air shower reaches its maximum size is measured mean and width of theXax distribution depend on
shower-by-shower with a resolution of 20gcm? on the assumed hadronic model. The problem is that at
average using the air fluorescence telescopes of thehese high energies, the uncertainties on the predictions
Pierre Auger Observatory. The mean value(Xyax) from the models are unknown because they are an
and the RMS width of the Xmax distribution will be  extrapolation of the physics from lower energies.
reported for 13 different logarithmic energy intervals

above 1 EeV. II. DATA ANALYSIS
Keywords: mass composition, elongation rate, flu- We have used hybrid events to measure the longitu-
orescence detector. dinal profiles of air showers. These are events observed
simultaneously by the FD and by at least one surface
|. INTRODUCTION detector. The information from the surface detector

The Pierre Auger Observatory has recently takeallows us to constrain the geometry of the air shower.
steps towards unveiling the mysterious origin of th&his hybrid constraint on the geometry is not efficient
most energetic cosmic rays. In a recent publication wehen the time duration of the event as seen by the FD
reported the measured energy spectrum [1], which hisssmall (less than 0)3s), because the time synchro-
confirmed, with improved statistics, a suppression inization between the surface detectors and the FD is
the spectrum beyond about®@ eV. This is consistent of the order of 0.Jus. To exclude such short-duration
with the predicted GZK pion photoproduction or nucleagvents we have rejected showers with directions pointing
photodisintegration [2], but it could also be the result dbwards the FD by requiring that the minimum viewing
the intrinsic source spectrum. Another important featuangle be greater than 2@this cut also removes events
observed in the energy spectrum at energies betwegith a large fraction of direct Cherenkov light). The
10'8 and 16°eV is the so-called ankle or dip. It ishybrid reconstruction has an average angular resolution
suggested that a source transition from galactic to et 0.6° [10]. Good resolution in the reconstructed ge-
tragalactic is the cause of this feature [3], but it has alsumetry is the first step towards good resolutiorXmax
been suggested that the galactic-extragalactic transitimeasurements.
happens at a lower energy and that at aroundiev Profile quality cuts: Our aim is to measurémax
cosmic rays are mainly extragalactic protons that interasith an average resolution of 20gch To achieve
with the CMB radiation producing the dip bs/t pair this goal we have used Monte Carlo simulated data to
production [4] (see [5] for a discussion of both modelsyesign a set of quality cuts for the observed profiles.
Another Auger publication has shown evidence for afhe reconstructed [7Xmax should lie within the
anisotropy in the arrival directions of the most energetigbserved shower profile, the length, in gt of the
cosmic rays [6]. observed profile should be at least 320 gémand the

A great deal of information on the nature of theeducedy? of a fit with a Gaisser-Hillas function [11]
cosmic ray sources and the characteristics of the partisleould not exceed 2.5. Moreover, shower profiles with
propagation is contained in the energy spectrum and iimsignificant curvature around the reconstrucbéghax
the observed anisotropy. Additional information on thare rejected by requiring that the of a linear fit to the
cosmic ray mass composition can help to complete thangitudinal profile exceeds the Gaisser-Hillasyfft by
overall picture. at least four. Finally, the estimated uncertainties of the

The fluorescence detector (FD) of the Pierre Augshower maximum and total energy must be smaller than
Observatory can be used to measure with good rest®gcnt? and 206, respectively.
lution the shower longitudinal profile and the depth at To check theXmax resolution we have used stereo
which the shower reaches its maximum siXa6x). At events. Stereo events have an average enerty'deV.

a given energy, the averagénax and the width of the Figure 1 shows a comparison between ¥ig.x values
Xmax distribution are both correlated with the cosmici:nc{%)endently reconstructed with each FD. The factor
ray mass composition [8]. Proton showers penetrai¢ 2 (in the x axis) is to take into account that the RMS
deeper into the atmosphere (larger value¥af.x) and of the AXmax would correspond to the convolution of
have widerXmax distributions than heavy nuclei. the two resolutions,
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Fig. 1. Difference ofXmax reconstructions for showers that have

been observed by at least two FD sites (in real data and in MC).

RMS(AXmax)? = 02 + 03. (1)

The twoXmax resolutionsg; ando,, are not necessarily

the same, however we can approximate them to an

averageXmax resolution ¢, = o0, = 0) and rewrite
equation 1,

V_
0 = RMS(AXmax/  2). )

The average resolutiow) for the reconstructeX nax
in stereo events is 2k 1.5gcnT? (obtained from

figure 1). This resolution is consistent with the resdi2]
lution obtained with stereo events generated with MC

simulations (also shown in figure 1).
Cuts for an unbiased measurement of theX ,ax

J. A. BELLIDO et al. MEASUREMENT OF THE AVERAGEXmax

In addition to the cuts described above, we have
applied preselection criteria. We excluded data taken
during bad calibration periods, or when no information
on the atmospheric aerosol content was available, or
when the fraction of clouds above the array, as estimated
from the LIDARSs, was above 25.

The systematic uncertainty oi)Xwax becomes larger
below 13%8eV, so we will only present results for
energies above 1®eV. Measurements 0K nax and its
fluctuations below 1% eV will soon be obtained using
HEAT [12], the new set of fluorescence telescopes ins-
talled at the Auger Observatory which view an elevation
range from 30 to 60°.

I1l. RESULTS

The results of this analysis will be reported at the
conference. We will present our measurements of the
mean and RMS of thé&X\ax distribution as a function
of energy with data collected until March 2009.
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distribution: To ensure a trigger probability close to

unity for protons and iron at energies aboveé®1&v, we

apply energy-dependent cuts on the zenith angle and the
maximum distance from the shower core to the nearest
surface detector. The Auger FD has a field of view

ranging from 1.8 to 3Q° in elevation, and care must

be taken that this limited field of view does not impose

a bias onXmax Measurements.

To avoid such a bias, an event is included only if its
geometry is such thaXax could be seen and measured

at any slant depth between 500 and 1000 g€nThis

is a “conservative” cut removing more events than

necessary. The optimum slant depths for this cut are
energy dependent and they are selected according to
the observedXax distribution at the corresponding
energy . We have experimented with the conservative
and the optimum choices and obtained consistent results.
To maximize the statistics, we have used the optimum
choice for the slant depth limits.
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Study of the nuclear mass composition of UHECR with the
surface detectors of the Pierre Auger Observatory

Hernan Wahlberg , for the Pierre Auger Collaboration®

Physics Department, Universidad Nacional de La Plata C.1600 La Plata, Argentina
' Pierre Auger Observatory, Av. San Martin Norte 304, (5613)laiie, Prov. De Mendoza, Argentina

Abstract. We investigate observables that can be
measured with the water-Cherenkov detectors of the
Pierre Auger Observatory. In particular we explore
the use of the risetime of the signals in the detectors
and the azimuthal features of the time distributions.
A correlation of these observables with the position
of shower maximum (Xmnax), as measured with the
fluorescence telescopes, is obtained.

Keywords: mass composition auger

I. INTRODUCTION

The Surface Detector Array (SD) of the southern site
of the Pierre Auger Observatory [1] consists of 1660
detectors equally spaced on a triangular grid (1.5 km)
over an area of approximately 3000 kmEach SD F_ig. _1. Risetime vs distgnce to the core. The curve is the_tm_adh

. . .risetime and the data points represent the measurements tohesaf

detector is a water-Cherenkov detector, with electroniggch detector with uncertainties for this particular event
that digitises the signals at 40 MHz sampling rate. The
Fluorescence Detector (FD) consists of 4 sites with 6
telescopes each located at the border of the SD arrayA method to obtain theXmax value based on SD =
overlooking it. The SD records the shower front by sanpbservables has been developed. This method consists
pling the secondary particles at ground level with a dugf obtaining the average value of the risetime as a
close to 100%. The FD measures the fluorescence lighnction of the core distancer and the zenith angle «
emitted as the shower develops through the atmosphef®. for a given reference energyld®® eV), the so- «
As it can only operate on clear, moonless nights, igalled benchmark. Then, for each selected detector in
duty cycle is about 13%. FD events provide a dire@ given event, the deviation of the measured risetime
measurement o)Xmax ([2] and [3]) that, at present, from the benchmark function is calculated in units of.
is the main parameter used to infer mass compositiomeasurement uncertainty and averaged for all detectoes
The bulk of events collected at the Observatory hav@ the event as shown in equation 1 and Figure L
information only from the surface array and thereforg@nabling a new observable; A;j > to be introduced.  «

observables from SD, as the ones presented in this paper, N i 0 E

. oy . . 1 t]_/z tl/z(ri ) ref)
are important for composition analysis of Ultra High <\ >= — i , (1)
Energy Cosmic Rays (UHECR). N = 01,,(8,1,5)

where oilz(e,r,S) stands for the uncertainty param-ass
eterised as function of zenith angle, distance to the
The time profile of particles reaching ground is senseore and signal §) of each detector. Thex A; > =
tive to cascade development as the higher the productiare expected to be larger for showers developing deeper
height the narrower is the time pulse [4]. The first portioin the atmosphere than the reference risetime. Figures2
of the signal is dominated by the muop)(component reflects this fact as thec A; > is found to increase s
which arrives earlier and over a period of time shortexith energy which is expected as the showers become
than the electromagnetic particles(). more penetrating. This parameter has the advantage that
The risetime {;/») defined as the time to go from 10%can be calculated without any functional adjustment og
to 50% of the total integrated signal in each station, was event-by-event basis and also it can be determined
shown to be effective for mass discrimination. This ig events with only one detector satisfying the selectios
because it is sensitive to theto em ratio, a parameter criteria. It is clear from Figure 2 that the rate of change,
that varies with the primary mass composition, and isf < A; > with energy is greater between 380 «
highly correlated with the shower development and trend 8.148 eV than it is above. Using hybrid eventse:
depth of its maximum [5]. it can be shown thak A; > is linearly proportional e

Il. THE RISETIME OF THE SIGNAL
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to Xmax (Figure 3), confirming the conclusion reacher
in [5] from simulations. To improve the accuracy of
the correlation, signals for each individual detector ai
deconvolved using single particle response of the ele
tronics. At present the uncertainties are quite large al
calibration of the depth parameter based on risetime
on-going. The results shown at the end in Figure 7 a
thus to be regarded as preliminary.

A0.15
< L
\ - [
0.1— [ R S—
C —e— J In(XAsymMax)
0.05 } H%ﬂ In(XAsymMax)
5 BUS(BES S
0 ; B L Fig. 4. Asymmetry development for the different samples with whixe
. composition, going from pure proton to pure iron in steps ¢fl0he
—0.05— positions of the maxima for the different primaries are marked.
-0.1- e
i*-( FIH é 165 [ = Proton
B L }.{T E : w— QGSJETII-0.3 ® Data
0-150 lw £ [ - SIBYLL21 aaaeenntt
-l 7 16— E RO
—0.2— IR Lot % L et /
10%° 10%° oz
E/eV Lo { ! { { {

Fig. 2.  The average< A; > as a function of energy for SD 15— /

events. The dashed lines enclose the region defined for tiehberk C
function. [ — T e

145~

Energy [eV]

Fig. 5. Position of maximum asymmetry vs. primary energy for
different models and primaries. Lines correspond to fittettiligions
of MC samples for proton (blue) and iron (red) primaries.

the average risetimeof those detectors passing qualityzs
cuts is determined. After that, for eack,(sec8) bin,
a fit of < ty/»/r > to a linear cosine function of s
( (azimuthal angle in the shower plane) provides the
asymmetry factob/a from: 82

<ty p/r>=a+bcos (2)

Fig. 3. The averagex A; > as a function ofXmax for selected . . . . Lo
hybrid events. A correlation is found which is parameterigéth The evolution ofh/a with zenith angle is an indicator s

a linear fit. The shaded areas show the estimated uncertainty (of the shower development and is different for different.
and two o), obtained by fluctua_tmg eac_h_pomt randomly within theprimaries as shown in Figure 4. It is worth remarkings
measured error bar and repeating the fitting procedure. . .
here, that this method is not based on event-by-event
values but is determined by the zenith angle evolution

I1l. ASYMMETRY IN THE SHOWER DEVELOPMENT  Of events grouped in certain energy bins, where a unique

The azimuthal asymmetry of time distributions frorri/ﬁ(l;ﬁ of the asymmetry parameter is obtained for all o
. 90

SD detector signals of non-vertical showers carries valu—In Figure 5 the values of the positiose¢ 8) at which
able information related to the chemical composition % 9 N, P o
: e asymmetry longitudinal development reaches its
cosmic rays ([6] and [7]).
The r_'set_'me asymmetry can be measured by S(':'k:"(:t'mJAs the t;/» increases with the core-distanch,/,/r is more
events in bins of energy arsdc 6. Then, for these events suitable for asymmetry studies.
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maximum (XAsymMax) are plotted vs. primary energy In addition to the parameters presented above, there
for data collected by the Pierre Auger Observatorare additional approaches to mass composition froma
Predictions for SIBYLL2.1 and QGSJETIIO3 hadronicSD signals currently under study by the Pierre Augen
models are included. Collaboration. One of them consists in defining the:
XAsymMax, is a robust parameter, only slightly defisetime at 1000 m from the core for each event. The
pendent on the number of muons at ground. Henaather one use the first portion of the signal, meaning the
a possible change in the muon number predictioftisne to reach from 10% to 30%iip_30) of the total 1a
from models [9] is not expected to introduce significarihtegrated signal in each station. The approach based
changes in the mass composition analysis. on the risetime at 1000 m defines(1000) but with 13
The corresponding linear fits of both primary types ardifferent benchmarks for different energies. The_3o 1
clearly separated, thus allowing discrimination of heavig more muon dominated and then may show smalleg
and light primaries. fluctuations and less sensitivity to asymmetry corrections
As for the parametexx A; >, a calibration with are expected. Both parameters reach a compatible pre-
< Xmax > can be obtained as shown in Figure 6cision but without the need of any deconvolution of the:
In addition, the consistency between MC and data asénal allowing less stringent selection of the surface
the universality of these correlations were studied. Atletector units. 143
the calibration curves are in good agreement within the In summary, we have shown the sensitivity of the.
current statistical uncertainties [8]. SD array for determining mass composition with twas
different approaches. One from pure SD measurememts
as shown in Figure 5. For the other one the SD array
is used to determinXmax, as shown in Figure 7, from s

3
2 L7 a calibration based on events reconstructed by both SB
2165 and FD detectors. Both results are compatible with coms
* 16 position trends indicated from the direct measurements
of Xmax from the FD detectors. 152
1.55
—— Proton QGSJETII03
1.5 Fe QGSJETIIO3
- 900 ------ Proton SIBYLL2.1
1.45 c | =me- Fe SIBYLL2.1
o r ® Auger - ICRC2007 .
1.4f [} 850; ® XAsymMax | e
1.35— .
1_:“Hmumuumumuux
600 650 700 750 800 850

Xmax [g/CNT]

Fig. 6. Calibration curve for data (solid line). Maximum \&tions
(one and twoo) of the calibration curve when the uncertainties or
both fitted parameters are propagated are shown as dashed lii
XAsymMax = a + b Xmax with a = (0.84+ 0.18) and b =
9+2)10 “cnP/g. . L
(9+2) g9 600 o o
Energy [eV]

IV. RESULTS AND DISCUSSION ) .
Fig. 7. Xmax vs. Energy for both parameters. Predictions for a pure

With present statistics, the systematic uncertainty lrorlll and purle rerotond composition accordlrflg to dlfferer?t msdﬁ
ell as results from direct measurement>§fax using the FD [2
XKmax obtained due to the parameterisation of the caf; re shown for comparison. Uncertainties are only statistica
ibration curves are found to be approximately 10 and

16 g cnT? for the risetime and asymmetry methods

respectively. The systematic uncertainties are estimated REFERENCES 153
evaluating the half of the variation ®max within the (17 3. Abrahamet al. [Pierre Auger Collaboration], Nucl. Instrum. 1ss
region defined by one limit curves as shown in Figures Meth. A 523 50 (2004). 155
3 and 6. [2] M. Unger et al, Prpc. 30th ICRC, Meridg, Mexico (2007). 156
] J. Bellido for the Pierre Auger Collaboration, Theseqeedings. 157

Figure 7 shows the elongation rate results obtalneE A.A. Watson. & J.G.Wilson, J. Phys. &, 1199 (1974). 158
with both the < A; > and XAsymMax parameters [5] R. Walker & A.A. Watson, J. Phys. G, 1279 (1981). 159

; [ ] M. T. Dova, M. E. Mancenido, A. G. Mariazzi, H. Wahlberg, 160
compared with MC predlctlons and FD measurement@ F. Arqueros and D. Garcia-Pinto, Astropart. P85312 (2009). 161

1
[2]. The results are shown above 3'i@V, the energy at [7] M. T. Dova for the Pierre Auger Collaboration, Proc. 28%#RC, 12

ey

which the surface detector trigger becomes full efficient  Tsukuba, Japan (2003). 163
[8] D. Garcia Pintoet al, These proceedings. 164
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Comparison of data from the Pierre Auger Observatory with
predictions from air shower simulations: testing models of
hadronic interactions

Antonella Castellina , for the Pierre Auger Collaboration'

Istituto di Fisica dello Spazio Interplanetario (INAF), iersita and Sezione INFN, Torino, Italy
TObservatorio Pierre Auger, Av.San MartNorte 304, (5613) Malaige, Mendoza, Argentina

Abstract. The Pierre Auger Observatory isa hybrid independent analysis methods.
instrument that records the longitudinal, lateral and
temporal particle distributions of very high-energy
air showers and is sensitive to their electromagnetic
and muonic components. Such observables depend
on energy and on the type of primary partide that The UniVersa”ty Of high-energy ShOWerS a.”OWS us to
initiates the shower and are sensitive to the hadronic  describe the surface detector signal at a lateral distance
interaction properties. Independent analyses of the of 1000 m from the core as function of the primary
combined distributions and direct tests of the predic- €nergyE, stage of shower evolutioBX = X — Xmax,
tions of hadronic interaction models are performaj a.nd OVera” norma"zation Of the muon content [3]
at ~ 1019 eV' which Corresponds to \/g ~ 140 TeV This UniVersaIity holds to 10% for QGS\]ET Il [5]

I1. Ny MEASUREMENT USING AIR SHOWER
UNIVERSALITY

for proton p”ma”es and SIBYLL 2.1 [6] as high-energy interaction models.
Keywords: Ultra High Energy Extensive Air Show- Denoting the electromagnetic signal I8£v and the
ers, Hadronic Interactions, Muons muon signal bys,,, whose evolution with shower age is

universal, one can write

Smc(E, 8, < Xmax =) = Sem(E, 8, DX)
+N['SQCS!P (101 eV, 6, DX) (1)

I. INTRODUCTION

The Pierre Auger Observatory is uniguely configured
for the investigation of extensive air showers (EAS):
with the Fluorescence Detector (FD), we record the lovhereN "' is defined as the number of muons relative
gitudinal shower development and measure the showerthat of QGSJET |l proton showers 40°eV and
maximum and the primary energy, while the muonisSGS“vP is the muon signal predicted by QGSJET Il
and electromagnetic components can be measuredi@tproton primaries. SinceXmax is known from FD
ground by the Surface Detector (SD). This informatiomeasurements, the only unknown in Eq.(1) Nt}je',
can be used to directly test the predictions of air showgmich can be measured at a reference endegy=
simulations, which due to the indirect nature of EAS0 EeV using the isotropy of the cosmic ray flux and
measurements are often needed for the interpretationtisé angular dependence S&hc(Eo,8) through Nﬂe'

EAS data. In general, good overall agreement betweg], [4]. Analyzing the full data set, the muon number
simulations and measurements is obtained with mode#lative to proton-QGSJET Il is

interaction models, but the limits in the modeling of they[e!(10 EeV) = 1.5370:07 (stat.) 037 (syst.)

very high energy hadronic interactions have long beérhe systematic error includes the remaining primary
recognized as the largest source of uncertainty [1]. Qyarticle-dependence of the electromagnetic signal as
the other hand, cosmic rays can offer unique informatiagell as the effect of shower-to-shower fluctuations and
on these interactions in an energy and phase space regiguncertainty onXmax . Knowing N&e'(lo EeV) and

not accessible to man-made accelerators. the measured mean depth of shower maximum, the

In this work, we will test the predictions of hadronicsignal size a® = 38° can be calculated
interaction models by (a) measuring the muon conteggs(10 EeV) = 38.9™ 15 (stat.) 5 (syst.) VEM,
of the showers, both by a global method exploiting/hich corresponds to assigning showers a 26% higher
the shower universality features and by analyses ehergy than that of the current FD calibration [7].
the temporal particle distributions in the SD and (b)
performing direct tests on the simulation of individual
hybrid events detected by the Pierre Auger Observatory.The separation of the muonic and electromagnetic
The results presented here are based on the de@mponents of the SD signal relies on the FADC traces
collected with the Pierre Auger Observatory fromiecorded by each of the 3 PMTs of the SD detectors.
January 2004 to December 2008. They extend tfeach trace is sampled at a frequency of 40 MHz [8].
analysis of [2] to a larger data set and additionafs a typical muon from a UHECR shower deposits

much more energy=f 240 MeV) in a water tank than

1. N, FROM THE FADC TRACES
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3 Total signal E 0.12

E E o proton - Mean = 0.056 RMS(Sum) = 0.22
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Fig. 1: Example of a simulated FADC trace in ond-ig. 2: Dependence of the relative difference between the
station of the surface detector. From top to bottonsimulated and the estimated number of muons on the
total trace, muonic and EM components. Shown is th@imary particle. The results are presented for 10 EeV
tank signal from a proton shower &f = 45° and energy showers simulated with QGSJET Il and zenith
E = 10%°(eV) at 1000 m from the core. angles up to 50

an electron or photon (10 MeV), spikes are produced method. The total trace recorded by the FADCs of the 3
over the smoother electromagnetic background in tfeMTs in each station is averaged over a preset number
FADC time traces, see Fig. 1. Thus, muons manifest consecutive time bin®pin. Any positive difference
themselves as sudden variations in the signal. Highetween the original trace and the smoothed signal is
energy photons in a shower can produce a suddassigned to the muon component and subtracted from
increase of the electromagnetic signal similar to that dfie signal; then the whole procedure is applied again for
a muon: their contribution is estimated to bel0%. a number of iteration®Njir. Using Monte Carlo simu-
lations, the best parameteidin, Niter] are determined
as those minimizing the bias in the evaluation of the EM
To extract muon spikes, we define the FADC jumgomponent for both proton and iron primaries, and for
v as the difference of FADC values of two consecutivg,e largest possible angular range.
time bins [9]. The main idea is that of evaluating the suiased on simulations, a correction fac&(E, 0, r) is
of the jumps larger than a thresholgl; which is deter- getermined that depends on the energy of the primary
mined by finding the best compromise between muqrticle, its zenith angle and the distance to the shower
selection efficiency and electromagnetic contaminatiofyre. ForE > 3 EeV (full efficiency of the SD) and dis-

A. The jump method

The raw jump integral tances around 1000 m from the core, the EM contribution
< /dN 0 to the signals is evaluated with a resolution of 23% and

J (Vinr) = / (W) vav= > v(t)  (2) a systematic uncertainty below 8%, irrespectively of the
o t; ,\fo\éhbin primary energy and composition. The relative difference

) i ) ) between the estimated and expected EM signals is shown
is then corrected to calibrate our estimator in terms m Fig. 3

number of muons by a factoy(E, 8, r) which depends e relative differenceA(Sem/E) between the EM

on the primary energy, the zenith angld, and the gjgna| reconstructed from data and the QGSJET I

distancer of the detector from the shower core. prediction assuming all primaries are protons (red empty
Monte Carlo simulations based on CORSIKA [10] wergy mols) or iron (blue filled circles) is shown in Fig. 4.

used to derive the dependences of the correction faci9fie 1o an aimost linear energy scaling of the EM shower
on the shower parameters and to estimate the possiig, | this discrepancy could be removed by assigning
bias for ultra-high energies and for dlst_ances clqse to t_@ﬁowers a 29% higher energy than from FD calibration.
core. The number of muons at 1000 m is determined Willlenatively, the discrepancy could also be related to
a resolution close to 20% and systematic biases belQy incorrect description of the lateral distribution of EM
7%. The relative difference between the simulated al rticles in the simulation.

the estimated number of muons is shown in Fig. 2 féfhe muon component in each detector is derived by
different primary particles. difference, after having evaluated the EM one, with
B. The smoothing method systematic uncertainties below 8% and a resolution close

0,
The electromagnetic (EM) contribution to the signaliO 20%.
in the surface detectors can be estimated by a smoothing
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the simulated and the estimated EM signals on the [ u
primary particle. The results are presented for 10EeV 100 ¢
energy showers and zenith angles up t8.50 i

=)
L
=
s10 ¢
c o
w & [[Eventzesszsa | gl TH---___
~ [ [ |Proton Tl ]
ol op 1 [|Energy: 15.8 + 0.9 EeV —:
408 ® Fe E [Xyax: 753 * 9.0 glom? ]
N Zenith: 56 * 0.2 Deg
0.65 0.1 1 1 1
- 1000 1500 2000
0.4 : Radius [m]
0.2i # % %¢ Fig. 5: The observed longitudinal (top panel) and lateral
C I ] I (bottom panel) profiles for one of the hybrid events.
ol 1 The best-matching simulation is shown by the full (top)
i } { and dashed (bottom) line (without rescaling of the muon
N G N L
o2l number relative to the model prediction).
_0.67 I ‘ I ‘ I ‘ I ‘ I ‘ |
9 081 1o 1l e [krr%]'z given by the hybrid reconstruction of the event. The

primary is taken as proton or iron as is most probable

Fig. 4: The relative difference between the EM signalsased on the measurédmax of the event. The three

in data and in the simulation (open and filled symbolsimulated showers with the lowexf with respect to

indicate the use of proton or iron primaries in theéhe FD data are then re-simulated using a lower thinning

simulation, respectively). The systematic uncertainty fdevel to have a high quality simulation of the particles

Sem (10 EeV and 38 showers) is shown by the shadedeaching ground. Finally, the actual detector response to

band. each of the simulated events is obtained using [14]. The
longitudinal profiles and the lateral distribution funetio
variation among the three simulations=s5 and 15%,

V. INDIVIDUAL HYBRID SIMULATION respectively . The measured longitudinal profile together

The FD and SD signals can be compared to the modiith that of the best-matching simulated event is shown
predictions on an event-by-event basis with a techniqile Fig- 5 (top panel) for one representative event; in the
based on the simulation of individual high quality hybridPottom panel, the measured tank signals are compared
events. The shower simulations are done using SENE¢@those of the simulated event.

[11] and QGSJET Il as high energy hadronic interactiofin overall rescaling of the surface detector signals
model. The surface detector response has been sirfgsults in a residual discrepancy which increases ap-
lated with GEANT4 and extensively tested [12]. WeProximately linearly with sef of the events; a possible
use hybrid events witli8.8 < log,o(E/eV) < 19.2 interpretation of this deficit of signal is a lack of muons
that satisfy the quality cuts used in the FD-SD enerd) the simulations. The preferred energy and muon
calibration an@(max ana'yses [7]' [13] Each event is atSh|ft within the Golden Hybl’ld method can be found
first simulated 400 times using the geometry and ener@termining for each event the reconstrucggd000),
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w

N
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QGSJET II-3firon

[LQGSET Igproon R [ R
0.7 0.8 0.9 1 11 12 1.3 1.4

Energy scale rel. to FD

of QGSJET-II for primary iron r@lge':l.sz) within the
systematic uncertainties of the different methods used to
derive the muon contribution. The observed mean and
distribution of the depth of maximum of the showers,
however, is clearly at variance with the predictions of
QGSJET or SIBYLL for a pure iron composition [16].
The results presented here are obtained at a lateral
distance of1000 m. The rescaling factor found for the
muon density does not necessarily apply to the total
number of muons in a shower as it is not known how
well the models reproduce the lateral distribution of
muons. Moreover, the energy scale found in this work
is based on the assumption of a correct reproduction of
the lateral distribution of EM particles by simulations

Fig. 6: Number of muons at 1000 m relative to QGSJE'fnade with EGS4 [17] in combination with the hadronic

II/proton vs. the energy scale from [a] the universalitf’©dels QGSJET and SIBYLL. _

method (triangle); [b] the jump method (filled area); [c Recer_1t work on hadronic |_nteract|ons [18] has shown
the smoothing method (circle); [d] the golden hybriihat an increase of the predicted muon number of EAS

analysis (dashed area). The events have been selected®} P€ obtained if the description of baryon-pair pro-

log,o(E/€V) = 19.0 +0.02 and® < 50°. According to duction in hadronic interactions is modified.

the tested model, Iron primaries give a number of muons
1.32 times bigger than that from protons (horizontal Iines[l]
in the figure). ]
(3]
as a function of the EM and muonic renormalizations,
by performing the detector simulations and event re-
construction with individual particle weights adjusted
according to the rescaled values. The best rescaling
is taken to be that which minimizes the’ between
simulated and observe8i(1000)'s for the ensemble of [4]
events. The “one” contour is found by propagating the {6
statistical uncertainties from the best fit as well as the
systematic uncertainties. As can be seen in Fig. 6, thefé
is a strong correlation between the two parameters aqg]
the x? minimum is quite broad. [9]

V. RESULTS [10]
The derived number of muons relative to that pr(ﬁ;}

dicted by QGSJET-II for proton primaries and the en-

ergy scale with respect to the fluorescence detector &d

shown in Fig. 6 for 10 EeV primaries with zenith anglem]

REFERENCES

J. Knapp et al., Astropart. Phys. 19 (2003) 77-99.

R. Engel [Pierre Auger Collaboration] , Proc."80nt. Cosmic
Ray Conf., Merida (2007) vol. 4, p. 385.

P. Billoir, Lecture at CORSIKA School, http://www-
ik.fzk.de/corsika/corsika-school, 2005; M. Gilleet al, J.
Phys. G31 (2005) 947-958; F. Nerlireg al., Astropart. Phys.
24 (2006) 421-437; D. Gorat al,Astropart. Phys. 24 (2006)
484-494; A. S. Chou [Pierre Auger Collaboration], Proc.h29t
ICRC (Pune, India), 319, 2005; M. Giller et al., Int. J. Mod.
Phys. A20 (2005) 6821-6824; S. Lafebre et al. AstropartsPhy
31 (2009) 243-254

F. Schmidt et al., Astropart. Phys. 29 (2008) 355.

5] S. Ostapchenko, Phys. Rev. D74 (2006) 014026.
] R. Engel et al., Proc. 28Int. Cosmic Ray Conf., Salt Lake City

(1999) vol. 1, p. 415.

J. Abraham [Pierre Auger Collaboration] Phys. Rev. L&l
(208) 061101.

J. Abraham et al., Nucl.Instr. and Meth. A523 (2004) 50.
M. Healy [Pierre Auger Collaboration] , Proc. 8ant. Cosmic
Ray Conf., Merida (2007) vol. 4, p. 377.

D. Heck et al., FZKA 6019, Forschungzentrum Karlsruh®98).
H.J. Drescher and G.R. Farrar, Phys. Rev. D 67 (200300Q1.
P.L. Ghia [Pierre Auger Collaboration], Proc.0nt. Cosmic
Ray Conf., Merida (2007) vol. 4, p. 315.

M. Unger [Pierre Auger Collaboration], Proc. Bant. Cosmic
Ray Conf., Merida (2007) Vol. 4, p. 373.

S. Argiro et al., Nucl. Instr. Meth. A580 (2007) 1485.

below 50°. The results of all four analysis methodsi5] c. Di Giulio (Pierre Auger Collaboration), these predings.
are compatible with each other. The analysis based Bf! J- Bellido [Pierre Auger Collaboration], these prodiegs.
shower universality yields a measure of the energy sc 14 \évéﬁt'er'\' ellggg et al., SLAC-265, Stanford Linear Accefera
which is almost independent of the fluorescence detec{os] T. Pierog and K. Werner, Phys. Rev. Lett. 101 (2008) Ta11
calibration, fixing it toE’ = 1.26™3-03 (syst. )< Er p; the

smoothing technique constrains the relative energy scale

to a valueE’ = (1.29 + 0.07 (syst.) x Egp from the

analysis of the electromagnetic signals alone. The two

energy scales agree with each other and are compatible

with the currently used FD energy assignment that has a

systematic uncertainty of 22% [15]. Adopting the energy

scaleE’, the analyses agree with the conclusion of a

muon signal 1.3-1.7 times higher than that predicted

by QGSJET-II for protons. With this energy scale, the

results indicate a muon deficit in simulated showers,

being only marginally compatible with the prediction

Page 14



PROCEEDINGS OF THE 3t ICRC, tODZ 2009 1

A Monte Carlo exploration of methods to determine the UHECR
composition with the Pierre Auger Observatory

Domenico D’Urso for the Pierre Auger Collaboration

Dipartimento di Fisica del’Universa di Napoli and Sezione INFN, Via Cintia 2, 80123 Napoli, ytal
TPierre Auger Observatory, Av. San Martin Norte 304, (5613)laiie, Prov. De Mendoza, Argentina

Abstract. Measuring the mass composition of ultra SD and FD: the slant depth position% at which
high energy comsic rays is crucial for understanding the maximum of the shower profile is reached and its
their origin. In this paper, we present three statistical fluctuations from the FD [2][3], the signal risetime in
methods for determining the mass composition. The the Cherenkov stations, the curvature of the shower
methods compare observables measured with thefront, the muon-to-electromagnetic ratio and the az-
Pierre Auger Observatory with corresponding Monte imuthal signal asymmetry from the SD [4]. In this paper,
Carlo predictions for different mass groups obtained we present three statistical techniques for determining
using different hadronic interaction models. The the mass of primary particles. These methods compare
techniques make use of the mean and fluctuations of shower observables measured by the FD at the Pierre
Xmax, the log-likelihood fit of the Xyax distributions ~ Auger Observatory with corresponding Monte Carlo
and the multi-topological analysis of a selection predictions, including a full detector simulation.
of parameters describing the shower profile. We
show their sensitivity to the input composition of Il. COMPOSITION ANALYSIS WITH THE MOMENTS OF
simulated samples of known mixing and their ability Xmax DISTRIBUTION
to reproduce mass sensitive observables, like the The first two moments cKmax distribution, the mean
average shower maximum as a function of the energy, and its variance, have been used as mass discriminators.
measured at the Pierre Auger Observatory. We derive the mass composition from the best choice of

Keywords: Cosmic Ray Mass, Monte Carlo studies primary fractions that reproduce experimental data using

their expectation values (method of moments, MM).
With this two observables, the cosmic ray flux can be
|. INTRODUCTION modeled as a mixture of three primary masses (a, b and

The understanding of the nature of the ultra high) and define the two parameters describing the mixture
energy cosmic rays (UHECR) is a crucial point toP1 and B. The relative abundances in terms qf &d
wards the determination of their origin, acceleration arfeb are
propagation mechanisms. The evolution of the energy

. . Pa = P;
spectrum and any explanation of its features strongly
depend on the cosmic chemical composition since the Pob = P2(1—Py) 1)
galactic confinement, the attenuation length of various P. = (1—-P)A—-Py)

energy loss mechanisms and the energy achievable Bt q h . f the mi .
the sources depend on the primary particle type. AboJd'® expected mean shower maximum of the mixture is

10 eV all obse_rved.c_osmic particles are presumed to Xexp =Pa Xa +Pp Xp +P¢ Xc (2)
have extragalactic origin, because there are no galactic
sources able to produce particles up to such energiégere Xa , Xp and Xc are the mean Xax for simu-
and they cannot be confined in our galaxy long enoudited data sets of species a,b and c. The expectgd X
to be accelerated. The energy at which the transitidyctuations (i.e., the root mean square of thgaX
from galactic to extragalactic cosmic rays occurs idistribution) AXey, for a mixture of three masses can
still unknown and only a detailed knowledge of thde written in an easier way defining first its value for
composition spectrum will allow to discriminate amondWo masses, b and c, and then considering its mixture
different astrophysical models [1]. with the species a:

The hybrid design of the Auger Observatory, the _ _ .
integration of a surface detector array (SD) and a fluo- Xoc =Pz X +(1=P2) Xe 3

2 — 2 2
rescence detector (FD), exploits stability of experimenta (AXp—c)” = P2AXj, + (1 — P2)AXE

operation, a 100% duty cycle, and a simple determina- +Po(1=Po)( Xp — X¢ )% (4)
tion of the effective aperture for the SD, calorimetric (AXexp)2 = P1AX2 + (1 - P)AXE .
shower detection, direct observation of shower longitu- +P1(1—=P1)( Xa — Xp—c ) 5)

dinal profile and shower maximum for the FD. This
hybrid design allows to simultaneously use the mosthereAX;, Xi_j andAX;_;j are the Xax fluctuations
sensitive parameters to the primary mass from both tfa& the primary i and the mean and its fluctuations for
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the mixture i-j. Assuming that the data set is so large V. MULTIPARAMETRIC ANALYSIS FOR THE
that Xmax and AXmax are statistically independent, PRIMARY COMPOSITION

in each energy bin we can fit the data could be fitted We apply the multiparametric topological analysis
solving equations 5 and 2 with two unknowns, &d . ) ;
P, geq S (MTA) described in [5] to classify observed showers

using the correlations of their characteristics. Starting
from a set of observables, it is possible to define a
parameter space, which is divided in cells whose di-
mensions are related to the experimental accuracy. A

The method assumes that the observed eviepis. wide set of simulated cascades produced by different
are a mixture of , pure mass samples with unknowrprimary nuclei is used to populate the parameter space.
fractions . The expected number of showerswith In each cell, that in the most general n-dimensional case

I1l. M ASSCOMPOSITION FROM A LOGARITHMIC
LIKELIHOOD FIT TO Xmax DISTRIBUTION (LLF)

Xmax into i-th bin is therefore: is defined bylf; ... hy,), one can define the total number
N of showersN,EQtl"'h“) and the total number of showers
— aij P — induced by the primary N™~"») populating the cell
vi(p) =N i—3_ i=1,...,N 6 y p Y N; pop g )
i(P) = Netata ; P NME ©) and then derive the associated frequency:

where aj; are the number of Monte Carlo events from pi(hl"'h“) = Ni(hl"'h")/Ngtl“'h") (8)
primary j in bin i, N is the total number of bins in the

Xmax distribution anoNJ!V'C = E:\l:o ajj. The probability which can be interpreted as the probability for a shower
P(n;) to observen; events in the i-th bin is given by thefalling into the cell f...h,) to be initiated by a
product of the Poisson distributions of mean nucleus of mass i. Considering a sample of M showers,

its fraction of primary j is given by
N n;

V:
P(ni) = eV "
il;[l n;! p; = Z pj(h1...hn)m/M ©)

m=1

The logarithm ofP(n;) gives the log-likelihood function:
with (h1 ...hy)m indicating the cell interested in by the

N m-th event.
logL = Z[ ni log vi —vi — log nil] (T) A second set of showers is used to compute the
=0 mixing probabilitiesP;_,; that an event of mass i is
Maximizing eq. 7 with respect to;pone finds the identified as primary j. The meaR;_; is obtained by
primary fractions in the measured data sample. computingp; for samples of pure primary composition
In Fig. 1, we show the Xax distribution for a i. Assuming the measured sample as composed Qy N
sample of 70% proton-30% iron (black dots) betweegpecies, the mixing probabilitie3;_; can be used for
1082 and 1383 eV fitted by the weighted sum of thethe reconstruction of the primary mass composition as
expected ¥ax distribution for proton (dotted line) and the coefficients in the system of linear equations:
iron (dashed line). The techniques searches for the best

: : . o . Nin
choice of primary fractions that optimize the fit. N, = Z Ni-Pi_1
i=1
2 140 = (10)
E 120 / S
Ny, = Z Ni - Pion,,

i=1

% where N; are the true values, which are aIteredNIp

due to misclassification. The solution of eq. 10 gives

the mass composition of the measured sample in terms

of N, primary masses and, dividing by the total number

o of showers Nata, their fractions p

O e R o0 MTA performances on CONEX [6] showers, fully
Xmax [0 €M) simulated through the Auger apparatus, has been already

presented [5]. Its performances has been also recently

Fig. 1. ~ Xmax distribution for a sample of 70% proton-30% irontested on a set of observables from the longitudinal

(black dots) between #8-2 and 138-3 eV fitted by the weighted fil d the lateral distributi f CORSIKA [7

sum of the expected w{ax distribution for proton (dotted line) and iron p.I’O e an e lateral distribution 0 [7]

(dashed line) with the best best choice of proton and irontiras.  Simulated showers [8].

Distributions are normalized to the number of events in és¢ sample. In this paper the MTA application to 0n|y FD data

using 2 parameters is described and the space is defined

60

40

20
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by Xmax and X of the Gaisser-Hillas function events should be weighted byi = N3*°/N". The
dE dE X Xo 3 ZmXe o corrected fractiong{°™ are (p;/ }Ot)/(z}\';‘l pi/ 1°9).
= — - - - X
dx (deax)(Xmax—Xo) VI. METHOD PERFORMANCES

wheredE/dX and (dE/dX)max are the energy deposit The described techniques have been tested on sim-
at the depth X and at the shower maximum. In Fig. 2 thdated samples of known composition. For different
parameter space built for (%, Xo) between 18- and proton-iron mixing, N events have been randomly se-
10'%-1 eV. The space is divided in cells with dimensiongected from proton and iron Monte Carlo data and the
20 and 50 g cm? respectively and is populated withresulting samples have been analyzed. The whole proce-
Conex simulated showers induced by proton (dots) amgire have been repeated many times. In Fig. 3, the mean
iron (triangles). Clearly the effective parameter isz2%. value and the root mean square of the distribution of the
Despite that, a 2-parameter case is reported to show hdifference between the reconstructed input fractions and
the technique can include N parameters in a natural walye expected ones are shown for different mixtures of
The on-going extention to quantities measured by thgotons and iron CONEX showers, using QGSJETII-03
SD allows to a larger set of effective parameters and [9], fully simulated through the Auger detector with the
better discriminate among different primaries. Auger analysis framework [10]. The input abundances
are well reproduced by the methods in all cases.

T F
£ 1000~ 100~
] = E
2 900 § MM ﬂ*
é E S —©— LLF ﬁ*
800 £ FE = MTA
>< C
: 5 " i
700— a & E E
C 5 o H*
E el E
600— o s
= 9 = i #
B . 2 o
S0 Proton a E
E " o 30— kﬁ
400{— 4 Iron 3 E
C @ 20; g*
300~ fry=. ﬁ*
Bl b b b b b Lo e SN AR ISR AAVITATN VRSO AAFRTAT IFAATATS AT AT WA
-500 -400 -300 -200 -100 0 100 200 - ° 10 20 30 40 50 60 70 80 90 100
XZero [g cm 4] Input proton fraction

Fig. 2. Parameter space built for (%x, Xo) between 18- and Fig. 3. Reconstructed primary fractions with the MM (fuimgles),
1091 eV. The space is divided in cells with dimensions 20 and 50LF (empty circles) and MTA (full squares) for different ntixes of
g cm~2 respectively and is populated with Conex simulated showegyotons and iron CONEX showers, with QGSJETII-03, fully slated
induced by proton (dots) and iron (triangles). through the Auger detector.

V. INFLUENCE OF RECONSTRUCTION EFFICIENCY VII. M EAN Xmax ESTIMATION FROM THE MASS

The reconstruction of event fractions in terms of COMPOSITION ANALYSIS

N masses could be altered by different efficiencies The aim of the described techinques is to derive
with respect to each primary particle (possible triggedirectly the primary composition of the observed cosmic
reconstruction and selection effects). The field of view oy flux. Of course, the obtained primary fractions
the Auger FD, located at 1400 m over the sea level (8d&@pend on the hadronic interaction model adopted. Since
g cm~? of vertical depth), covers an elevation angle frorthe study of all the systematics introduced by the models
1.5 to 30. If we require to detect the shower maximum tand shower simulation and reconstruction are still under
ensure a good Xax resolution, we favour light primaries way, we don’t report any composition results at this
at lowest energies and heavy nuclei at highest energistage. We limit ourselves at checking the consistency
To have an unbiased measurement due to the FD figfithe composition obtained by the different approaches
of view limits one should select at each energy onlgnd their ability to reproduce mass sensitive observables.
geometry ranges (zenith angle, etc..) at which this effectThe change of the meakiax with energy (elongation
is negligible (see [2] and [3] for further details). rate) depends on the primary composition and it is
Such cuts can be avoided, retaining a larger statistieagasured directly from fluorescence detectors as at the
if the obtained primary fractions are corrected taking intAuger Observatory. From the primary fractions obtained
account the reconstructed efficiencies for each primay the mass composition methods, one can easily derive
mass. The reconstruction efficiency can be determindte meanXmax corresponding to the reconstructed mix-
as the ratio between the total number of accepted evetire. The comparison allows to test if the mass analyses
over the total number of generated events for the masproduce all the measured elongation rate structures and
j, tot= NJ?‘CC/N?S”, and for a specific observable in ao have an independent cross-check of the effectiveness

i
particular bin i of its distribution the number of expectedf the anti-bias cuts discussed in [2] and [3].
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All the hybrid data collected by the Auger Obser
vatory between 1st of December 2004 and the 30&
of April 2007 (reported in [2]) have been analyze( g s
with the described mass composition techniques. Tl=
studies have been done with a large sample of CONE "éSOO
simulated showers of protons and iron nuclei, produce >
with QGSJETII-03. The set has been processed wi v ™°
the Auger analysis framework taking into account th
detector evolution with time and the exact working cor ™
ditions, as done by the Auger Collaboration to compu
the hybrid exposure of the Auger Observatory [11]. Th
analysis has been done above'®l@V as the hybrid
detector trigger (an Fd event in coincidence with at lea
one SD station) becomes full efficient both for proton E— B B
and irons primaries [11]. EleVv]

In each energy bin, the meatiax is given by

_ _ Fig. 4. MeanXmax as a function of the energy estimated from
Xmax = Pp XD + (1 ) Xre (11) LLF (empty circles) and MTA (empty triangles) compositicesults,

. . obtained using QGJETII-03, compared with that one meashbyettie
where P, is the reconstructed proton fraction, whileyyger Co||abgr§,on 2]. P oy

Xp and Xg are the expected meaXmax values
for proton and iron nuclei. In Fig. 4 the meafimax
as a function of energy obtained from the compositic —
results of LLF and MTA, in terms of proton and iron'c
fraction, is shown along with the measured curve [2
The elongation rates estimated with the two techniqu a g
are in agreement with the measured one. All the ol &
served features are well reproduced. % =0
The reconstructed primary fractions obtained by
Monte Carlo based composition analysis are model d 70
pendent. To test if the methods could describe the me
sured elongation rate independently from the hadror eso
model used, the hybrid data set has been analyzed w
a second set of CONEX simulated showers of protc o
and iron nuclei produced with Sibyll2.1 [12]. The meai sl sl el
Xmax as a function of energy derived from MTA, in 1 10 E [evl]°
terms of proton and iron fraction with Sibyll2.1 (empty

Squares) is shown in Fig. 5 along with that one Obtam%dg 5. MeanXmax as a function of the energy estimated from MTA

with QGSJETII-03 (_empty triangles). The Change IBrimary fractions two different hadronic models: QGSJET3I (empty
the reconstructed primary fractions, due to a differemtangles) and Sibyll2.1 (empty squares).

hadronic model, is completely compensated by a change
in the expected meaKmax, giving a compatible curve.

®  Auger - ICRC2007
O LLF - QGSJETII-03 p/Fe

A MTA - QGSJETII-03 p/Fe

$$4
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Abstract. Using a sub-sample of high quality events
at zenith angles above 60 degrees the delays in
the start-time of the signals detected with water-
Cherenkov detectorsof the Pierre Auger Observatory
with respect to a plane front are compared to those
from a mode for the arrival time distribution of
muons. Good agreement is found and the model cor-
rectly accounts for the start-time dependence on the

extensive air showers. Applications of this model span
from fast Monte-Carlo simulations used on the Hybrid
reconstruction [5] to the reconstruction of longitudinal
development of muons based on the surface-detector
data only [6]. In this article we use this model to estimate
a shower front and compare it to the measured shower
front for showers with zenith angles above 60 degrees,
which are dominated by muons.

number of particles on each water-Cherenkov detec-
tor and on the asymmetries of the shower front. The
arrival direction of inclined showersreconstructed by 2 oo
using this model are in good agreement with those 5
obtained with the standard Auger reconstruction.
Keywords. shower front, muons, inclined showers

I. INTRODUCTION

The southern site of the Pierre Auger Observatory
[1] uses 1600 water-Cherenkov detectors, each with an
area of 10 m, and spread over 3000 Knto collect
the secondary particles of extensive air showers. The
Cherenkov light is detected by three photomultipliers S .
(PMTS) and the signal is cigitalized and recorded asig, 1, S o e ponavity detiboin of e
function of time in 25 ns bins by means of Flash Analog ’ '
Digital Converters (FADC) whereas conventional GPS
receivers are used to synchronize the detectors across
the array. The total signal in each detector is mea-
sured in Vertical Equivalent Muons (VEM). The time
distributions of the signal contain valuable information
concerning the arrival direction of the cosmic ray, the
longitudinal evolution of the shower and the composition
of the primary. 0.6

The shower front, defined as the surface containing
the first particles to arrive at ground, is estimated by 04
using the onset of the signal in the surface-detector
stations, the so called start-time. By fitting a model
of the shower front to the experimental start-time, the 0

A R BN Rt I -
50 100 150 200 250 300
t(ns)

o

505 1

=

dN
- (a.u.)
dr,

0.2

arrival direction of the air shower can be obtained. The -

|
150

I e Ly
200 250 300
ty (ns)

precision achieved in the arrival direction depends on

the precision of the detectors clock, the uncertainty iflg. 2.  Example of probability distribution of the stamst for

the GPS synchronization, and on the fluctuations in thBowers of 70 degrees and observed at 1000 m from the core and

arrival time of the first detected particles. The standafef N=1. n=5, n=50 muons as labeled.

angular reconstruction uses a model [2] to obtain the

start-time variance which is parametrized as a function The model assumes that muons are produced in a

of the width of the FADC trace and total signal at eacharrow cylinder of a few tens of meters around the

triggered station. shower axis. Muons travel practically in straight lines
A model published elsewhere [3] and updated ifrom the production site to the observation point. The

[4] describes the arrival time distribution of muons ireffect of multiple scattering and bremstrahlung on their
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Fig. 3. (a) Average start-times for showers at 70 degreeddta (open circles) and model (solid circles). Also showaalpola. (b) Schematic

view of the geometry of the shower pancake. The shower feojist the surface containing the first particles arrivingytound. Also labeled
the early and late regions.

signal < 3 VEM signal > 10 VEM
7 120 ® model 7 120F ® model
= I O data = I O data
= 100} " 100
80:— : e + i 80-—
80 _¢_ sof-
L r -©-=®=:¢:¢
401~ 40;@=—o—=®=¢¢$
E [ O
20_— 20-—
L ] ] ] C 1 ] ]
100 1050 1100 1150 1200 1000 1050 1100 1150 1200

r(m) r(m)

Fig. 4. Comparison of average start-times for showers ateffegs at a given range of distances to the shower core in éwodifferent
conditions of signal at the station, namely less than 3 VEj (panel), and more than 10 VEM (right panel).

time delay is negligible compared to other effects. Fromomposition, zenith angle, energy of the primary and it
pure geometry, the time delay with respect to a plang affected by shower-to-shower fluctuations. The model
front can be easily calculated. Thggometrical delay for this article uses a parametrization of the aver%!ge
establishes a one-to-one correspondence between ah@0* eV proton showers simulated with AIRES 2.6.0
production distance, measured along the shower axi§7] QGSJETO1 [8].

from the ground up to the production site, and the arrival The description provided by this model has been
time delayt, which is the time elapsed from the arrivalerified with detailed Monte Carlo simulations [3][4].
time of the shower front plane and the arrival time of thEigure 1 displays an example of the muon arrival time
particle. This one-to-one correspondence is different fdistribution predicted by this modeqdﬂ, for showers of
each relative position with respect to the shower axig0 degrees at 1000 m from the core.

If the muons are produced at distanezewvith a distri-
bution ‘fj—';‘, the corresponding arrival time distribution is

simplyt 9N = dN.dz The distributiondy depends on

dt — dz dt-

Il. THE START-TIME

The expected start-time is calculated from the model
at each station in the following way:

« First, the signal produced solely by muons is esti-
mated by taking the VEM content at the detector
and subtracting a parametrized EM component [9].
Muons arrive earlier than the electromagnetic com-
ponent, which is affected by multiple scattering,
and is of the order of 15%-20% of the total signal
in inclined showers.

1There is an additional source of delay coming from the faat th
muons have finite energies and they do not travel at the spked o
light. This is the so calledinematic delayand it is accounted for by
modeling the energy spectrum of muons at the observationt.pét
large distances from the core tlyeometrical delaydominates, and
the kinematic delayis just a small correction. Besides, the effects the
geomagnetic field are negligible, and only for showers Witk 85
deg the arrival time distributions start to show some visigifect due
to the extra path of the bent muon trajectories.
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« The number of muona is calculated dividing the tion chain [11], and events satisfying the T5 quality
remaining signal by the average signal producddgger were selected [12]. The described time model
by muons, which is proportiongl to the average needs the incoming direction of the shower and also
tracklength of the muon in the detector: S:"-, the core position, which are obtained from an iterative
whereS is the VEM content of the statiom is the angular-core reconstruction [12].
height of water in the the detector, ahdg, is the Figure 3a displays the average of the predicted and
average tracklength at a given incident angle to threbserved start-times for a subset of showers of 70
stationa, which can be approximated by the zenitldegrees as a function of the perpendicular distance to
angle of the shower, becomireg= 6. the shower core. The overall curvature features are well

« Once the‘fj—';‘ distribution is calculated for a given described by the model, although data tend to show
zenith angle and the relative position of the statioslightly more curvature than the model. A parabola is
respect to the core, (see Figure 1 for an exampédown, to illustrate the asymmetries on the arrival times
of 8 = 70 deg andr = 1000 m), it is sampled between the early and late region, which are depicted
n times simulating the physical realisation af in Figure 3b. This asymmetry is naturally accounted
muons arriving at ground. The first or earliestor by the model through the different distances to the
muon out ofn is kept, and its timesy becomes a production site along the shower axis.
possible start-time realisation. Figure 2 displays the Figure 4 displays a comparison of the average start-
distribution of the start—timese‘f,%, for n=1, n=5, times at a given range of distances to the shower core
and n=50 muons. ‘ in two very different conditions of signal at the station,

Note that we cannot predits; in each single realisa- namely less than 3 VEM (left panel), and more than

tion of real data, but only its distribution. The averagd0 VEM (right panel). One can see that the effect on
< tst > becomes the expected start-time predicted Be start-time produced by the different sampling of the
the model, and the RMS of this distributions;, corre- number of muons is to bring the start-time to earlier
sponds to the expected typical fluctuation or uncertaintynes whenn is larger.

of any tst. The value ofos; can be extremely small
because the arrival time distribution of particles can be
very narrow when the station is near the core, or when
the number of muona is large. To account for the finite
resolution of the detection device in the final start-time
uncertainty, a constant tertnhas been introduced. The
total uncertainty therefore becomes

Odet = |/ 0% + b2 (1)

Pairs of adjacent stations separated by 11 m were used
to adjust the value ob and makeoge: equal to the
average start-time fluctuations of data. The value that
best meets .thIS rEqu!rement for a broad. range of Slgq—%. 5. Average value of the difference betwewst (data) and
at each station and distance to the cotg#s20 ns. The <., > (model) as a function of the shower size paramélgs.
GPS time resolution [10] ( 10 ns) and the procedure
of signal digitization in the 25 ns bins accounts for
12 ns, which is not enough to explain the valuebof
A possible explanation is that absorbs a mismatch
of the model with respect to data. The model for the
start-times uncertainties described in [2] which is used
in the standard reconstruction, finds a value fiom
better agreement to the expectations by not attempting to
describe the details of the shower front itself and using
an estimation of the overall length of the arrival time
distribution of the particles from the data recorded in @
each station.
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0 (degrees)
Data collected from January 2004 through December

2008 were reconstructed using the horizontal reconstriéd: 6.~ Average value of the difference betwetst (data) and
< tst > (model) as a function of the zenith andle

2A more sophisticated approach that takes into account tigi-di

bution of signalS for each number of muonm is currently under Ei 5 d 6 displ th | N
study. Note thasS is affected by the muon energy spectrum and the igure an !Sp ay e a\{erage value o
distribution of tracklengthd_q. tst— < tst > as a function of the zenith angle and of
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UHE neutrino signatures in the surface detector of the Pierre
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Abstract. The Pierre Auger Observatory has the emerging tau lepton which decays in flight may initiate
capability of detecting ultra-high energy neutrinos. detectable air showers above the ground [5], [6].
The method adopted is to search for very inclined  One of the experimental challenges is to discriminate
young showers. The properties of such showers that neutrino-induced showers from the background of show-
start deep in the atmosphere are very different at ers initiated by UHECRs. The underlying concept of
ground level from those of showers initiated in the neutrino identification is rather straightforward. Wherea
upper atmosphere by protons or nuclei. The neutrino proton or nuclei and photons interact shortly after having
events would have a significant electromagnetic com- entered the atmosphere, neutrinos may penetrate a large
ponent leading to a broad time structure of detected amount of matter undisturbed and generate showers
signals in contrast to nucleonic-induced showers. In close to the surface array. The differences between
this paper we present several observables that are showers developing close to the detector — so-called
being used to identify neutrino candidates and show young showers — and showers interacting early in the
that the configuration of the surface detectors of the atmosphere — old showers — becomes more and more
Auger Observatory has a satisfactory discrimination pronounced as we consider larger angles of incidence.
power against the larger background of nucleonic In case of showers initiated by protons and nuclei, which

showers over a broad angular range. interact soon after entering the atmosphere, only high-
Keywords: UHE neutrino signatures, the Pierre energy muons can survive at high zenith angles. As a
Auger Observatory result, the detected showers show a thin and flat front

which leads to short detected signals 100 ns). In case
of young neutrino-induced showers a significant electro-
magnetic component (EM) is present at the ground as
The detection of ultra high energy (UHE) cosmiavell. The shower front is curved and thick and leads to
neutrinos, abovea0'® eV, is important as it may allow broad signals, lasting up to a few microseconds.
us to identify the most powerful sources of cosmic With the surface detector array (SD) of the Auger
rays (CR) in the Universe. Essentially all models obbservatory, which consists of 1600 water Cherenkov
UHECRs production predict neutrinos as a result afetectors with 1.5 km spacing, we can identify young
the decay of charged pions produced in interactioshiowers because the signal in each tank is digitized
of cosmic rays within the sources themselves or whilgith 25 ns time resolution, allowing us to distinguish
propagating through background radiation fields [1]. Fahe narrow signals in time expected from old showers,
example, UHECR protons interacting with the cosmifrom the broad signals expected from a young shower.
microwave background (CMB) give rise to the so called In this contribution, we present the criteria used to
“cosmogenic” or GZK neutrinos [2]. The cosmogenig¢dentify neutrino-induced showers, the important observ-
neutrino flux is somewhat uncertain since it dependsles, the neutrino identification efficiencies, and the
on the primary UHECR composition and on the naturngrocedure to simulate neutrino induced showers.
and cosmological evolution of the sources as well as
on their spatial distribution [3]. In general, about 1% of Il. "E ARTH-SKIMMING” TAU NEUTRINOS
cosmogenic neutrinos from the ultra-high energy cosmic The SD detector of the Auger Observatory is sensitive
ray flux is expected. to Earth-skimming tau neutrinos [7], [8], [9]. These are
Due to their low interaction probability, neutrinosexpected to be observed by detecting showers induced by
need to interact with a large amount of matter to béne decay of emerging leptons, after the propagation of
detected. One of the detection techniques is based ainv.s through the Earth, see Fig. 1 (upper panel). The
the observation of extensive air showers (EAS) in thigst step towards identification of; induced showers
atmosphere. In the atmosphere so-called down-goingnsists of selecting very inclined showers that have
neutrinos of all flavours interacting through charge anost of the stations with signals sufficiently spread in
neutral currents can produce EAS potentially detectaliiene. Young showers are expected to trigger detector
by a large ground detector such as the Pierre Augsiations with broad signals releasing a so-called 'Time
Observatory [4]. When propagating through the Eart®ver Threshold’ (ToT) trigger [7]. Counting ToTs sta-
only tau neutrinos skimming the Earth and producing aons can help identifying young showers. At this stage

I. INTRODUCTION

Page 23



2 D. GORA et al. NEUTRINO SIGNATURES IN THE AUGER OBSERVATORY

horizontal shower <V> RC
70 —

T T
down-going electron induced showers

i
N
o

—87° E =
100 m  0=87°, E =10 EeV

80
St puErmaieane proton induced showers ( 6>60°)
3% ° _° _vertical shower

A e
U/ CETIERISEIRI P RN B | S — -
35 B = Lo © 1ol e el e o e e k L 3 S

40 a5 50 55 60 o ] 10000 ] ] 200_00 ] 300(
x [km] Distance from the earliest triggering station [m]

60

40

9 0 0
% o o

.

TTPT[@ TR [ETRI[ BT Ta T BT T T TR I TR

Average signal duration of station [ns]

Fig. 1. (Upper panel) The sketch of a shower induced by theydecF9- 2. (Upper panel) Sketch of a down-going shower inidabe

of at lepton emerging from the Earth after originating from antkar Ehe interaction of a in the atmosphere close to the ground; In the
skimming v. The earliest stations are mostly triggered by electron§2ry” (‘late”) region of the shower before (after) the sver axis
and ys; (bottom panel) sketch of length_) over width (V) of a hits the ground we expect broad (narrow) signals in time due t
footprint and determination of the apparent velocity (). The v €lectromagnetic (muonic) component of the shower; (botfmmel)

is given by averaging the apparent velocity; = dij /Ati; whered;; the average ;lgnal_dura_tlon of t_he station as a function efliktance

is the distance between couples of stations, projectedtbatdirection from the earliest triggering station.

defined by the length of the footprink,, and At;j the difference in

their signal start times. i .
the resulting electrons are expected to induce EM show-

. . ers at the same point where hadronic products induce
also a cut of the area of the signal over its peak (AOPE hadronic shower. In this case the CC reaction are

value is qpplied to reject ToT local triggers produced béfimulated in detail using HERWIG Monte Carlo event

. . _ - %rénerator [13]. HERWIG is an event generator for high-
of footprint, defined by the ratio of length (L) OVe“’\"dthenergy processes, including the simulation of hadronic

(W) of the shower pattern on ground, and the megy) . ‘Giates and the internal jet structure. The hadronic
apparent velocity, are basic ingredients to identify Veldhowers induced by outgoing hadrons are practically in-
inclined showers [7], see Fig. 1 (bottom panel) for th

| ) £ th b bl 8istinguishab|e in case of NC interactions, so they are

explanation of these o servables. simulated in the same way for three neutrino flavours.

The mean apparent velocityy is expected 10 be |, 556 ofy, CC interactions the produced muon is ex-
compatible with the speed of light for quasi-horizontghe teq to induce shower which are generally weaker i.e.
showers within its statistical uncertaintyy) [8]. Fi- \ith 4 smaller energy transfer to the EAS, and thus with
nally compact configurations of selected ToTs complelg,,,ressed longitudinal profile and much fewer particles
the expected picture of young-induced shower f00t- o4 ground. As a consequence, the detection probability
prmts. These .crlterla were used to cglculate an UpP&f such shower is low and therefore the produced
limit on the diffuse flux UHEV: [8] with the Auger ,on js neglected and only the hadronic component is
Observatory and an update of this limit [9], [10]. simulated with the same procedure adopted\foNC
interactions. In case of down-going the produced
lepton can travel some distance in the atmosphere, and

The SD array is also sensitive to neutrinos interactiff€n decay into particle which can induce a detectable
in the atmosphere and inducing showers close to tRBOWer. Thus, the outcoming hadronic showers initiated
ground [11], [12]. Down-going neutrinos of any flavourdy Vr interactions are usually separated by a certain
may interact through both charged (CC) and neutrdiStance from the shower initiated by the tau decay.
current (NC) interactions producing hadronic and/dp this particular caset decays were simulated using
electromagnetic showers. In casevefCC interactions, TAUOLA [16]. The secondary particles produced by
HERWIG or TAUOLA are injected into the extensive air

1The peak corresponds to the maximum measured current %hower generator AIRES [17] to produce lateral profiles
recorded trace at a single water-Cherenkov detector. of the shower development. Shower simulations were

IIl. "D OWN-GOING” NEUTRINOS
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