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Abstract: The building block of the surface detector of the Pierre Au@dbservatory is a water
Cherenkov tank. The response to shower particles is sietilasing a dedicated program based on
GEANT4. To check the simulation chain, we compare the sitedlaignals produced by cosmic muons
at various zenith angles with experimental data from a spp&fierenkov detector equipped with a muon
hodoscope. The signals from muon-decay electrons and theten of the charge with water level are
also studied.

Introduction ferentincident angles and water levels, and to el

trons from muons stopping in the tank.
The surface array of the Pierre Auger Observatory

is a regular grid of cylindrical water Cherenkov ] )
tanks with a 1500 m spacing that samples the Tank simulation framework
shower particles at the ground level [1]. The parti-
cles reaching the ground are mainly photons, elec- The Auger tank simulation, which is a part of t
trons and muons, with mean energies around 10 Auger DPA Offline package [3], is based on tl
MeV for photons and electrons and about 1 GeV well established GEANT4 package. A dedicat
for muons. Cherenkov radiation is emitted in the module, called G4Fast, has been implementes
water by the electrons and the muons as well as reduce the computing time. This module produt
by electrons produced by photons converted via Cherenkov photons along the path of the injec
Compton scattering and pair production. In each particle and tracks them through the water ur
detector the water is highly purified and contained they are absorbed or they reach the active pht
in a Tyvek® bag with a diffusively reflective white  cathode area of a PMT. The output is the num
surface to maximize the path length of Cherenkov of photoelectrons as a function of time which
photons and thus their chance to be collected. Thethen processed by a different module simulati
light is detected by three 9 inch photomultiplier the PMTs and electronics response.
tubes (PMTs) viewing the tank from the top. The Properties of a typical Auger water detector, st
PMT signals are processed and digitised by 40 as the geometry of the tank and of PMTs, mate
MHz Flash Analog-to-Digital Converters [1]. als properties, etc.[1] are included in the simu
The full simulation chain of the tank response, tion, but it is impractical to establish with prec
from the produced light to the digitized signals, sion the details of the individual properties of ¢
is performed with a dedicated program based on the PMTs for each tank. Instead we use reali
GEANT4 [2]. Here we describe the implemen- average values given by their manufacturer: P
tation of the code and we will validate this tool tocathode Area = 426m?, Maximum Quantum
by comparing the simulated response of an Auger Efficiency (QE) = 0.24, Collection Efficiency (CE
tank to experimental data on muons crossing at dif- = 0.7. It must be noted that while these para
eters directly influence the number of photoele
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trons produced by each PMT, the values are not
crucial for understanding the responses of the de-
tectors. Instead, the detectors are continuously cal-
ibrated with atmospheric muons: the measured sig-
nals from showers are given in units of the charge
of a vertical muon crossing the center of the tank
[4] (Qv gax or VEM). The simulated signals con-
sequently also are given in VEM units.

We also use the maximum water absorption length
(L) = 100 m and the maximum Tyv&kreflectivity

(R) = 0.940; these choices are discussed below.

A L=30m,R=0.973
v L=100 m, R=0.940
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Response of the tank for different water “Water level (m)
levels Figure 1: VEM charge relative to the trackleng

) as a function of water level
The water and TyveR parameters], andR, influ-

ence the propagation of the light in tank and henc &I
how the signal decreases with time almost expo- 1 1€ expected effect of Tyvekis clearly demon-

nentially after the first reflections. The chosen val- Strated and the data are completely consistent\

ues of the parameters are such that the measuredN® chosen parameters.

decay time is reproduced well by simulations of

simulated vertical muons. In fact, different pairs of Response of the tank to vertical and
values forL and R could reproduce equally well omni-directional muons

the experimental decay time. We present in this ) I o

section a study meant not only to validate the sim- 1he basic calibration information is the char
ulation but also to disentangleand R. deposited by vertl_cal and central throu_ghgm
An experiment was performed at the Auger site in Muons. In this section, we compare the simulat
a tank instrumented with scintillators to select ver- With vertical muon data as a first test of the sim
tical muons, where the water level was decreased !ation- o . .

over a week from 120 cm to 75 cm. The charge The water tank, in its Qormal configuration, has
deposited by the vertical muons was measured for Way t0 select only vertical muons: howeverthe d
every 2 cm drop in water level. Simulations were tribution of charges deposited by omni-directior

performed using G4Fast with the water/Tyfgk ~ muons has a peak which is well correlated with 1
parameterd., R given in the previous section and VEM charge [4]. The peak is at 1.09 VEM, me
with another set, where the TyvEkquality was sured in an Auger tank instrumented with a mu
improved and the water made more attenuatig ( N0doscope [5]. This ratio is an essential pare
=30 m andR = 0.973). eter to be reproduced by the simulations. Usi

Working with different water levels changes the G4Fast, we simulate vertical muons (i.e. pass
relative influence of water and Tyv8k Less wa-  through the center of the tank and crossing the
ter means a reduced volume where photons im- {iré volume of water) as well as omni-direction
pact more often on the Tyv&k the importance ~ Muons. We use a realistic spectrum of mul
of the reflectivity is expected to increase as the wa- directional electrons, muons and photons with |
ter level decreases. The main effect of less water €N€rgy spectrum from reference [6]. We assur
is to decrease the track length of vertical muons, @ an approximation, the same zenith angle «
and so the deposited charge. However, at the samd!ibution, f(0) = cos?(6) sin(¢), for all particle
time, the charge per unit of length increases, and tyPes. We use a |0W-threSh0|d’;Erlgger requiring
we expect an enhanced effect for the largethe  3-fold coincidence over .15, in each PMT
VEM charge, normalized to the tracklength, versus as in real data (beinf{/y, the average of the pea

water level is shown in Fig 1 for data and for sim- in the pulse produced by vertical muons). Fig.
shows the comparison of the experimental and s

e Ulation with the two different sets of paramete
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ulated charge distribution for the omni-directional

0

muons in units of VEM: the simulation reproduces ®
the data well. The position of the peak is found to PM2
be 1.09 VEM, as in data. i _
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Figure 2. Charge distribution (VEM units) for

omni-directional particles. Full line corresponds to
data and dashed one to simulation.

Figure 3: Set-up of the Orsay tank.

3]

45

Response of the tank to inclined muons

35

To validate the simulations of inclined muons we
compared the simulated values of the recorded
charge with measurements from a test tank in Or-
say, similar to the Auger ones, where signals from

atmospheric muons could be recorded at differ- G4, PMT3 side

ent zenith angles. Two movable scintillators were 115 2 25 3 a5 4 45 5
placed at the side of the tank, triggering on muons Normalized Track length
arriving with different angles, disentangled from Figure 4: Mean charge of the 3 PMTs as a funct
correlated shower events by means of proper tim- of tracklength in tank (both quantities are norm
ing [5]. The scintillators were located for each ized to the VEM)

incident angle in two opposite positions as shown
in Fig. 3. As the average energy of the muons in-
creages with zenith anggle, Wegl)J/se the energy pa—ReSponse of the tank to electrons from
rameterisation given in [6]. The simulated and Muon decay

experimental charges are plotted versus the muony;,ons decaying in the tank produce electrc

tracklength in Fig. 4. A deviation from linear with a well known energy spectrum, the Mich
behaviour is observed in the data as the zenith spectrum, with an end point at 53 MeV and .

angle increases, due to the appearance of direCtaverage value of 37 MeV. The measurement

non-reflected light, in particul_ar\{vhen MUONS CroSS yhe Cherenkov light produced by Michel ele
close to the PMT. This behavior is reproduced well 4« provides a reference point for the tank |

(within 10%) by the simulation.
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[

sponse to low energy electrons. A dedicated ti
ger was implemented to select muon decay eve
and allowed measurement of the ratio between
Michel spectrum peak and that of vertical throuc
going muons: the average value for the 230 tal
in operation at that time was found to be 0.13 w
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a tank-to-tank spread of 0.01. A study with G4Fast surface detector) and the average charge dete
used the same algorithm as used in the data to sefor omnidirectional muons has been measured |
lect the decaying muons. Crossing muons were dedicated experiment to be 0.92. The same ve
generated with an appropriate angular distribution is found using G4Fast simulations of both ver
and energy spectrum [6]. The simulated ratio be- cal and multidirectional muons, and their spectrt
tween the electron and muon chargd,3 + 0.01, also is reproduced well.

agrees well with the measured one. - Inclined muons. Due to their increased pa
lengths in the tank, inclined muons yield a larc
charge. The behaviour of the signal versus tra

length has been measured in an ad hoc experinr
¢ G4 SIMULATION —f— the simulated charge response for different mt
directions is well represented by G4Fast, includi
v DATA the effects of direct light on the PMTs.

- Electrons from muon decay. We have measu
and simulated the ratio between the charge p
from Michel electrons and the VEM peak. The a
erage experimental ratio (0.13, with a tank-to-ta
dispersion of 0.01) is reproduced well by G4Fa
L Gooqagr_eementisfound_aswellfortheevoluti
55 6 6.5 7 75 8 of this ratio with changes in water level.

mule ratio

Figure 5. Evolution of muon to electron charge
with the water level References
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Michel electrons are absorbed in less than 25 cm
and therefore are almost insensitive to a change in
the water level, while vertical muons produce a sig-
nal mostly proportional to it. A linear dependence
of the ratio between electrons and muons versus
water level is expected. An experiment was per-
formed to test the influence of water loss: a tank
was slowly drained starting from its normal level
at1.2 m and finishing a0.895 m [7]. Four ratios
were obtained during this process, shown in Fig.
as triangles. Simulations were carried out for the
same water levels and tleg . ratios computed as
described previously. The compatibility between
the simulation points and the data is visible in the
same figure.
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Conclusions

The simulation of the Auger water Cherenkov tank
is accomplished by a module based on GEANT4,
designed to reduce the computing time (so called
G4Fast). We have described a variety of tests of
the simulation versus data:

- Vertical muons. The ratio between the VEM
charge (the basis of the calibration of the Auger
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