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Abstract: A key step towards the understanding of the origin of ultighfenergy cosmic rays is their
mass composition. Primary photons and neutrinos produceeatiy different showers from nuclei, while
showers of different nuclear species are not easy to digshg To maximise the discrimination with the
Pierre Auger Observatory ideally all mass-sensitive olagdes should be combined, but the 10% duty
cycle of the fluorescence detector limits the use of dire@suaeements of shower maximum at the highest
energies. Therefore, we investigate mass-sensitive wdides accessible with the surface detectors alone.
These are the signal risetime in the Cherenkov stationg;uheature of the shower front, the muon-to-
electromagnetic ratio, and the azimuthal signal asymmeigetime and curvature depend mainly on the
depth of the shower development in the atmosphere, and thpsimary energy and mass. The muon
content of a shower depends on the primary energy and theetushbucleons, while asymmetry about
the shower core is due to geometric effects and attenuatibith are dependent on the primary mass.
The mass sensitivity of these variables is demonstratedhaidapplication for composition studies is
discussed.

Introduction more secondary particles, and have a higher mt
to-electron ratio at observation level. These diffi
The Pierre Auger Observatory [1, 2] records air ences are small and easily concealed by the v
showers induced by cosmic rays with energies  ations due to the primary energy or by uncerta
10'® eV with unprecedented precision and statis- ties in hadronic interaction models, and are ct
tics. Key to this are the shape of the energy spec- ered by shower fluctuations and the limited pre
trum, the arrival direction distribution and the com- sion of the measurement with a realistic detec
position of the primaries. Specifically, a transi- The Pierre Auger Observatory is a hybrid detect
tion of galactic to extragalactic cosmic rays could combining a large array of water-Cherenkov det
be indicated by a marked change of composition tors (surface detector, SD, with 100% duty cyc
(see e.g. [3, 4, 5]). While the determination of and 24 fluorescence telescopes (FD, with 10% c
the direction and energy of cosmic rays are rela- cycle). Hybrid events have a good energy estim
tively easy , the determination of the identity of pri- and provide a direct measurement®f,... But
mary particles from the details of the atmospheric 90% of the events have information only from tl
extensive air showers (EAS) is difficult. Differ- surface array and, therefore, observables from
ences between neutrino and photon induced show-array are needed for composition analysis at
ers and those initiated by nuclei are relatively easy highest energies. In the following we discuss fc
to detect [6, 7, 8]. The differences between nu- observables which all rely on the time structure
clear species (e.g. proton and iron) are more dif- the shower front as measured with a 25 ns fl:
ficult to measure: on average heavier nuclei (of ADC system (FADC) of the water-Cherenkov d
the same total energy) develop higher in the at- tectors. They are all sensitive to the primary ma
mosphere (loweiX,,..), due to their larger cross-  Via their dependence on the height of shower
sections and the lower energy per nucleon, producevelopment and the muon content in the showgr:
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The signal risetime in water tanks at some distance tion of o+, ,, is used to define the error bars sho
from the shower core depends mainly on the height in fig. 1 (top). Measurements df,,, for sig-
of the shower development: the higher the shower nals < 20 VEM are severely influenced by Poit
development in the atmosphere, the smaller the son fluctuations due to low numbers of particl
time spread between the particles and the smallerand are not used. A correction of the risetime
the risetime. if) The curvature of the shower front the azimuthal asymmetry in the shower, partic
reflects the height of the shower development: the larly important between 35 and %0is applied.
further the main shower development from the de- For each station the deviatiah of the measurec
tector, the flatter the shower frontiif The muon risetime, in units of the accuracy of measureme
content of a shower can be assessed by looking forfrom the average values found foandf at a fixed
tell tale signs of sudden, large energy deposits in reference energ¥ ~ 10'° eV is formed, thus:
the time traces, as they are expected from muons: A — ‘20— {t/2(n0.Ewet)) Al stations in one
the frequency of large jumps in the signal from one r‘}”lﬂ (S’r’et)). di
FADC bin to the next relates to the abundance of eyept are then com Dinedin an average event
. . : : viation (A) as seen in fig. 1 (top), which shoul
muons. {v) The azimuthal asymmetry in the signal
risetimes within the shower plane is an effect of a
varying muon-to-electromagnetic component, and
as such it depends on the shower development anc
the muon content.

While all of these variables could in principle be
used for composition studies with a perfect detec-
tor, there are limitations due to the finite accuracy .,
with which they can be measured. Therefore, it
needs to be shown that measurement uncertain- 100
ties are small enough that the mass differences can

be detected reliably. Once the mass sensitivity of >
the individual variables is established, a multivari- ‘ ‘ ‘ ‘ ‘
ate analysis method will be needed to combine all 0 0 400 600 800 1000 1200 143
mass-sensitive observables to maximise the mass
separation power. A combination of risetime and |, 3
curvature has already been used successfully to
pose an upper limit on primary photons [7].
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The signals in the 10 fnwater-Cherenkov detec-
tors are characterised by, the time to rise from
10 to 50% of the integrated signal. The signals, up T T D R
to 3 s long, are recorded with a 25 ns FADC sys- R T
tem. The risetime in an individual station depends

on core distance, zenith angle and energy and has

been parameterised from experimental data to cor- Figure 1: Top: (A) derived from a single even
rect events from different zenith angles. The mea- The black line is the predicted risetime while tl
surement uncertainty,, , as function of signal ~ data points represent measurements with the €
S in the tank, the core distaneeand zenith an-  bars from twin station studies. Combining ea
gle 0 has been determined from a small number Stations’A from the expectation an average for tl
of twin tanks and from pairs of detectors at simi- event can be definedottom: (A) as a function
lar core distances (within 100 m). A parameterisa- Of Xmax, for nearly-vertical hybrid events.
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be larger for showers developing deeper than the
reference and smaller for those developing higher.
Using hybrid events [9] it can be tested whether the
so-constructed variablg\) indeed correlates with
Xmax. The data have been binnedq,... , and

for all events in oneX,,,x bin the average ofA)

(i.e. (A)) has been formed. This is shown in fig. 1
(bottom). A linear dependence is observed which
allows estimation ofX,,,x from events observed

with the SD alone.

Shower Front Curvature

The trigger times of the array detectors away from
the core lag behind what one would expect from a
plane of particles traveling at the speed of light,
indicating the shower front is curved. With the
assumption of a hemispherical shower fromaa
dius of curvature R., can be derived. The ra-
dius of curvature is an SD observable that Monte
Carlo simulations show is mass sensitive (see Fig.
2). Larger distances oX,,,,« from the array yield
larger radii of curvature, while deeply penetrating
showers produce shower fronts with smaller radii
of curvature. Also muons tend to travel in straight
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Figure 2: Top: Comparative radii of curvatur

lines and electrons are more scattered, so muonsfrom simulations of three primaries (solid-blu

arrive at the detectors first, and with a narrower

time spread, as compared to the electro-magneticBgttom: R. is shown as a function af — X

component. Therefore, a shower with a larger
number of muons will produce station triggers that
are compact in time, resulting in a flatter shower
front than for a similar shower that is muon-poor.
The radius of curvature is strongly dependent on
zenith angle because the distance from the arra
to shower maximum increases with zenith angle
(x (XopsecH — Xmax)). Fig. 2 demonstrates the
typical resolution between the radius of curvature
and changes iX — X ..

Muon Content

As a typical muon deposits much more energy
(=~ 240 MeV) in a water tank than an electron
or photon & 10 MeV), spikes are produced over
the smoother electromagnetic background in the
FADC time traces. Thus, muons manifest them-
selves as sudden variations in the sigh3 from
one FADC bin to the next. The expected dis-
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proton, solid-red: iron, dashed-magenta: photc
max
for nearly vertical hybrid showerg (I < sec(f) <
1.2). Theline is a linear fit to the data points corr
lating R with the distance from the detector to tt
shower maximum.

ytributions of AV for purely electromagnetic an

muonic traces look very different. A mix of elec
tromagnetic and muonic signals is needed to
the measured distribution (see Fig. 3). The nu
ber of muons in the shower is then estimated
the number ofAV's above 0.5 VEM withV,, =

aN(AV > 0.5VEM); with o ~ 1.4 being only
weakly dependent on core distance and zenith
gle. TheN, resolution is about 25%, systemat
errors are below 10%.
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Figure 3: Distribution of jumps for Auger events
with energy between 8-12 EeV and 4025@ver-
aged over 251 stations - 100 showers - within the
same core distance interval.

Azimuthal Asymmetry

The observed azimuthal asymmetry in the rise-
times offers another handle on primary composi-
tion determination. Its magnitude is a measure of
the degree of shower development and hence it is
sensitive to primary composition [10]. The depen-
dence of the risetimes with azimuthal anglis fit-

ted usingt, />(r, ¢) = a + b cos ¢, for all stations
with 500 m< r < 2000 m and with signals greater
than 10 VEM. The asymmetry factdris sensitive
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Figure 4: Development of the asymmetry factor

the risetime with zenith angle. The primary ener

is ~ 10185V,
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to the distance between the detector and the shower

maximum (shown in fig. 4 as&c 6 oc X — Xpax).
Maximal asymmetry occurs at a unique value of
X — Xnax found most frequently at a correspond-
ing zenith angle. Monte Carlo simulations show
that this zenith anglé{ sy is different for pro-
ton and iron showers (Fig. 4) reflecting the system-
atic difference in the averag€,, ..

References

[1] J. Abrahamet al. [P. Auger Collaboration],
Nucl. Instr. Meth. A 523 (2004) 50-95.

380



