NH
s

b

ELSEVIER

The Pierre Auger Observatory

Nuclear Physics B (Proc. Suppl.) 122 (2003) 170-178

PROCEEDINGS
SUPPLEMENTS

e
www.clsevier.com/locate/npe”

Maria Teresa Dova 2*, for the Pierre Auger Observatory Collaboration?

aUniversidad Nacional de La Plata, C.C. 67, 1900 La Plata, Argentina

One of the foremost issues in astrophysics today is that of the origin of the ultra high energy cosmic rays.
The Pierre Auger Observatory (PAO), currently under construction in the Province of Mendoza, Argentina, is a
broadly based international effort to make a high statistic study of the upper-end of the cosmic ray spectrum.
The PAO is the first experiment designed to work in a hybrid detection mode. It consists of an array of 1600
particle detectors spread over 3000 km? and four fluorescence telescopes placed on the boundaries of the surface
array. The concept of the experiment as well as the current status and future prospects are presented.

1. Why bother with a new cosmic ray ex-
periment?

A key issue to be considered in the search for
the origin of extremely high energy cosmic rays is
the opacity of the microwave background radia-
tion to the propagation of ultra high energy cos-
mic rays (UHECR) which yields the well known
effect called the GZK cutoff. The first treat-
ments [1] indicated a sharp cutoff for cosmic rays
with energies above 5 x 1019V due to the process
~+p — A — p/nr. A similar phenomenon of en-
ergy degradation occurs for nuclei due to process
of photodisintegration which is very important in
the region of giant resonances, but here the dif-
fuse infrared background is of greater importance
than the 2.7K radiation. Many calculations have
been performed using various techniques to study
the modification of the cosmic ray spectrum [2]
and the general features are now well stablished.

The puzzle set by the observation of UHECR
with energies above 1020eV’ [3], which may be ev-

idence of new physics or exotic particles, is nowa-

days one of the central subjects in high energy
astroparticle physics.

The existence of UHECR has motivated many
detailed studies concerning the generation of such
particles as well as their propagation en route to
Earth. A complete discussion of most of the mod-
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els for the production of UHECRs can be found
in the reviews [4,5] and references therein. Pro-
duction mechanisms have been commonly classi-
fied into two groups: a) botton-up models, which
consider conventional acceleration of UHECR in
rapidly evolving processes in known astrophysi-
cal objects [6-8] and b) top-down models suggest-
ing that particles are not accelerated but are sta-
ble decay products of supermassive particles[4].
Sources of these exotic particles could be topolog-
ical defects (TD) relics from early universe phase
transitions associated with spontaneous symme-
try breaking underlying unified models of high
energy interactions. A general characteristic of
top-down models is that, alongside protons, many
photons and neutrinos are also produced giving
an extra signature to these processes. Detection
of neutrinos would be an important clue for iden-
tifying UHECR sources.

Above 10%¢V all the measurements are indi-
rect: the high energy particle enters in the atmo-
sphere and interacts with the air molecules initi-
ating a cascade of particles which can be detected
either by a surface array of detectors spread over a
large area or with large aperture telescopes. This
last technique can be used due to the fact that
during the development of the extensive air show-
ers (EAS), the charged secondaries excite the ni-
trogen molecules with a subsequent emission of
fluorescence light.

The upper end of the cosmic ray spectrum is
shown in Fig.l, with data collected by experi-
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Figure 1. Cosmic ray ray spectrum. The differ-
ential flux is multiplied by an energy dependent
power E3. The compilation is from ref.[14], with
data from four experiments: surface arrays (Hav-
erah Park, AGASA) and fluorescence detectors
(Fly’s Eye, HiRes).

ments using the two techniques mentioned above:
AGASA [9], monocular HiRes {10], HiRes-MIA
[11], Fly’s Eye stereo [12] and the recently re-
analysed data from Haverah Park [13]. The fig-
ure also includes parameterizations of the energy
spectrum. See [14] for details. The spectrum
above the so-called “ankle” (5 x 1018 eV) is a
confused region due to poor statistics, uncertain
energy resolution and uncertainties in energy con-
version arising from models, lack of knowledge of
the mass composition and the fluoresce yield ef-
ficiency. The discrepancy between the AGASA
and HiRes flux is also evident. It is worth men-
tioning that the energy calibration is performed
in ground array experiments using simulation re-
sults and then relies on the assumption of the
high energy hadronic interaction model. The re-

sults of the AGASA experiment were obtained us-
ing the hadronic interaction code QGSJET [15].
On the other hand HiRes relies on the knowledge
of fluorescence yield and atmospheric properties.
Dedicated laboratory measurements of the fluo-
rescence yield need to be performed to reduce ex-
isting errors.

To get information about the cosmic ray origin,
studies of anisotropy together with the analysis
of the spectrum and composition are mandatory.
The present experimental data seem to be con-
sistent with an isotropic distribution of sources,
in sharp contrast to the anisotropic distribution
of light in the local supercluster. However, there
may be clusters. The AGASA experiment has
presented an analysis of their extremely high en-
ergy events, suggesting indications of clustering
on an angular scale of 2.5° with a probability of
chance coincidence of less than 1%. It is remark-
able that none of those clusters is on the Galactic
plane suggesting that UHECR are most likely ex-
tragalactic in origin. A crucial point in the search
for the origin of UHECR is to locate their sources.
The question is to what extent it is possible to do
astronomy with the UHECR detected. Searches
for correlations of the observed multiplets with
the location of candidate sources or with distri-
bution of astrophysical objects in our neighbor-
hood have been made with negative results. It is
evident that the present statistics are not suffi-
cient to make a final conclusion about large scale
anisotropies and /or clusters from the analysis of
arrival direction distribution.

Another ingredient to consider in the search for
the origin of these very energetic particles is the
chemical composition of the UHECR detected. In
present experiments the interpretation of data, in
all cases, depends on the physics of the cascade in-
cluded in the event generators. There seem to be
only some hints about photon fluxes above 101%V
but not much is known about hadronic masses.
An analysis of the longitudinal profile of the high-
est energy event reported by Fly’s Eye showed in-
compatibility with a photon primary [16]. Studies
of the data of inclined showers collected by Hav-
erah Park excluded photons at 101%V at the 40%
level [17]. This result is consistent with the anal-
ysis from the muon content of showers reported
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by AGASA [18].

The questions raised by the results concerning
spectral shape, anisotropy and composition of ul-
tra high energy cosmic rays clearly indicate the
need of greater statistics at the upper-end of the
CR spectrum, with accurate measurements of pri-
mary energies. The need for new experiments,
with full sky coverage and uniform exposure for
anisotropy studies, as well as new techniques to
determine the composition in a Monte Carlo in-
dependent fashion is evident. The Pierre Auger
Observatory (PAQ), presently under construction
in Malargiie, Province of Mendoza in Argentina
is the next cosmic ray experiment aimed at giving
conclusive answers about the origin and nature of
the UHECR.

2. Concept of Pierre Auger Observatories

2.1. Hybrid detectors

The PAO is designed to measure the energy,
arrival direction and primary species with un-
precedented statistical precision. The hallmark
of the PAOQ is its unique capability of working in
a hybrid detection mode. Particle showers are si-
multaneously observed by a ground array and by
fluorescence detectors. Ground detectors sample
the particles of the extensive air shower hitting
the ground, while fluorescence detectors follow
the development of the shower in the atmosphere
by detecting the fluorescence light produce by the
interaction of charged secondaries {19].

To obtain full sky coverage two mainly identical
observatories will be built, one in the Southern
hemisphere and another in the Northern hemi-
sphere. Construction of the Southern Observa-
tory began in 2000 at the foot of the Andes in
the middle west of Argentina. This site is spe-
cially interesting since from it, the centre of the
Galaxy is visible.

The size of each Observatory is chosen to col-
lect high statistics above the expected GZK cut-
off, with 1600 particle detectors covering an area
of 3000 km?, overlooked by four fluorescence de-
tectors. The surface array stations are water
Cerenkov detectors. Figure 2 shows the layout of
the Argentinian site with the position of the sur-
face array detectors and the fluorescence eyes at

Figure 2. Layout of the southern Pierre Auger
Observatory. Surface detectors will be installed
in the dotted area and four fluorescence detectors
at the periphery of the array

the periphery (Cerro Los Leones, Coihueco, Los
Morados and the northern eye). The lines define
the azimuth acceptance of the first two fluores-
cence detectors that will become operational.

The water Cerenkov detection technique and
the fluorescence technique, both used in pre-
vious experiments, working together are the
most powerful instruments for observing exten-
sive air shower properties and hence the study of
UHECR. Approximately 10% of the showers de-
tected by PAO will be observed by both surface
and fluorescence detectors, allowing control of un-
wanted systematics in the primary energy deter-
mination. Thus, the hybrid data set will be used
to intercalibrate the detectors, providing confi-
dence in the surface array results alone. The hy-
brid data set will also provide a distribution func-
tion in multidimensional parameter space consist-
ing of the quantities sensitive to the mass compo-
sition making it possible to constrain the choice
of high energy hadronic interaction models.
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2.2. Ground Array

The secondary particles produced by a cosmic
ray particle can be detected with stations de-
ployed on a regular grid at the observation level.
The aperture of the surface array is well defined
and large. The density of particles falls off with
the distance to the shower core and this can be
parameterized by a lateral distribution function
(LDF), which, of course, depends on the charac-
teristics of the detectors used. Fig 3 (left) shows
a simulated LDF of «, electrons and muons at
ground level for a 1019V proton shower, as well
as the corresponding distributions convolved with
the response of a typical PAO water Cerenkov
detector (right). The particle density at a large
distance from the shower core is commonly used
as an energy estimator with the conversion factor
evaluated by simulations. See ref. [20] for general
details about the techniques.
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Figure 3. Left: Particle density distributions as
a function of the distance from the core. Right:
The particles have been convolved with the re-
sponse of a 1.2 m deep water Cerenkov detector.

An initial estimate of the shower direction is
obtained from the relative arrival times of signal
at a minimum of 3 non-collinear detectors, treat-
ing the shower front as if it were planar. Muons
in the EAS have higher energies than electro-
magnetic particles, which in addition suffer sig-
nificant scattering and energy loss. Thus, the
muonic component tends to arrive earlier and

over a shorter period of time than the electro-
magnetic one. The large area of the detectors en-
ables the early muons to be collected in sufficient
number to allow accurate timing of the arrival of
the shower front. These signatures may also help
to distinguish us from electrons and 4s providing
a useful tool to determine the primary composi-
tion. In summary, besides the lateral distribu-
tions of signals, there are additional observables
which correlate with the position of maximun de-
velopment of the shower and hence to primary
particle type, such as the arrival time profile of
shower particles, the steepness of the LDF and
the shower front curvature.

The ground array of the Pierre Auger Obser-
vatories consists of 1600 stations spaced by 1.5
km. Each detector is a cylindrical, opaque tank
of 10 m? and a water depth of 1.2 m, where par-
ticles produce light by gerenkov radiation. The
filtered water is contained in an internal coat-
ing which diffusely reflects the light collected by
three photomultipliers (PMTs) installed on the
top. The large diameter PMTs (=~ 20 c¢m )
hemispherical photomultiplier are mounted fac-
ing down and look at the water through sealed
polyethylene windows that are integral part of
the internal liner. The signals are processed lo-
cally and a second level trigger is identified be-
fore transmitting the data to the central acquisi-
tion system [21]. Water tanks allow the detection
of the very numerous photons present in show-
ers. In addition, the depth enables showers to
be detected efficiently over a wide angular range.
Due to the size of the array the stations have to
work in an autonomous way. Thus the stations
operate on battery-backed solar power and com-
municate with a central station by using wire-
less LAN radio links [22]. The time information
is obtained from the Global Positioning Satel-
lite (GPS) system [23]. Figure 4 shows a water
Cerenkov detector installed in the Southern Ob-
servatory. Mounted on top of the tank are the
solar panel, electronic enclosure, mast, radio an-
tenna and GPS antenna for absolute and relative
timing. A battery is contained in a box attached
to the tank.

The expected angular resolution for the water
Cerenkov detector array of the Southern Auger
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Figure 4. A typical surface detector is shown in
this figure. See the text for the description of the
components of the station.

Observatory is less than 1° for all energies im-
proving substantially with increasing zenith angle
up to 60° and improving for large events above
10%%V. The expected energy resolution is esti-
mated to be 12%, averaged over all energies (as-
suming a proton-iron primary mixture), falling to
10% at 10%%eV. The limiting aperture for the full
Southern Observatory array and for zenith angle
less than 60° is 7350 km?sr. The detection effi-
ciency at the trigger level should reach 100% for
energies above 101V [24]. Additionally, if events
above 60 degrees can be analyzed effectively, the
aperture will increase by about 50%.

2.3. Fluorescence detectors and the bene-
fits of the hybrid mode

The Auger fluorescence detectors (FD) are ex-
pected to be operated always in conjunction with
the SD. The fluorescence technique provides the
most effective way to measure the energy of the
primary particle. The amount of fluorescence
light emitted is proportional to the number of
charged particles in the showers allowing a direct
measurement of the longitudinal development of
the EAS in the atmosphere. For this, the sky
is viewed by many segmented eyes using photo-
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Figure 5. The Auger Fluorescence telescope

multipliers. From the measured shower profile
the position of the shower maximum X,,,, can
be obtained. The energy in the electromagnetic
component is calculated by integrating the mea-
sured shower profile. Corrections for atmospheric
attenuation of the fluorescence light and contam-
ination of the signal by Cerenkov light have to be
made, using monitoring details at the observatory
[25].

A good shower reconstruction by means of the
FD (Xnas resolution =~ 20 g cm~2) depends on
the ability to determine the position of the shower
axis inside the shower-detector plane (the plane
in space containing the shower axis and a point
representing the detector). This is done using
the light arrival times in each pixel [26]. How-
ever, a better determination of the shower axis
is achieved if the shower is observed in the hy-
brid mode, using timing information from the SD
[27]. Good determination of the shower axis is
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mandatory for good energy and mass composi-
tion assignments.

Four fluorescence detectors will be installed
at the periphery of the ground array. This ar-
rangement reduces the dependence on a precise
knowledge of light transmission through the at-
mosphere. For the design of the fluorescence tele-
scopes the principle of a wide Schmidt camera is
used. Figure 5 shows the main components of a
fluorescence eye: a large spherical mirror with a
radius of curvature of 3.4 m, a pixel camera with
440 PMTs in the focal surface and a diaphragm
with an entrance glass window. This filter allows
reduction of night background with respect to the
fluorescence signal and also serves to protect the
equipment from dust. Each fluorescence detector
will be housed in a single building. A picture of
the FD building at Los Leones taken from the 50
metre concentrator tower for data transmission is
shown in Figure 6 .

Figure 6. A photo of the building for the fluores-
cence detectors at Los Leones site (south of the
surface array)

The first cosmic ray event detected by one
of the two prototype telescopes installed at Los
Leones is displayed in Figure 7. A twenty pixel

track, produced by light from a CR shower, with
a length of 8 us can be seen. The angular veloc-
ity of the shower image across the sky allows the
distance of the shower core to be established as 5
km. The time duration of the signal in the field
of view of the telescope corresponds to a track
length of 2.4 km. The mirror inverts the picture.
Particles from the sky enter from the bottom of
the camera.

Figure 7. First high energy cosmic ray observed
by one of the prototype telescopes at Los Leones.
One time slot corresponds to 1us ’

In the hybrid mode, the Pierre Auger Obser-
vatory is expected to have 6% energy resolution
and an angular precision of 0.5° at 102%V. The
detector is optimized for energies above 10!%V,
but good reconstruction is expected at energies
down to 1 EeV. The hybrid data set will provide
the best evaluation of primary species, allowing
a simultaneous fit to all parameters sensitive to
mass composition.

3. Present status and future prospects

The construction of the Argentinian site
started in 2000. An “Engineering Array” (EA)
consisting of 40 surface stations and two proto-
types fluorescence telescopes was completed and
it is operating in steady state since January 2002.
The area covered by this small array is approxi-
mately 46 km?. In the middle of this array two
detectors are located only 11 m apart. These de-
tectors will allow the direct evaluation of the ac-
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curacy of timing and density measurements. The
goal of the EA was to evaluate the performance of
every component and system before full produc-
tion and deployment. The performance of the hy-
brid operation was successfully demonstrated by
simultaneously recording showers by both surface
and fluorescence detectors. It is worth mention-
ing that with this small array, the parameters of
the showers can be measured with a precision sim-
ilar to that expected with the full array, but at
reduced detection rate. Between November 2001
and March 2002 about 70 hybrid events were col-
lected. These data will be useful to check the re-
construction and analysis tools, though too small
to derive physics results.

2500

se [M]

2000

1500 .
1000 @ @

500 "
®

-500 :
-1000 J . ®

-1500 .

-2000
-2000 -1500 -1000 -500 0 500 1000 1500 2000 2500

Xgp [M]

Figure 8. Integrated detector signals in shower
plane coordinates. The size of the circles are pro-
portional to log(S/[VEM]). See text for more
details.

In what follows some preliminary analysis of
events detected with the EA are presented. In
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Figure 9. The water Cerenkov signals p(r) (dots)
along with fitted lateral distribution function
(solid line). The error bars correspond to the
spread of the signal of the three PMTs. See the
text for more details.

late April an event which triggered 11 stations
was recorded [28]. The zenith angle was in-
ferred from the relative arrival times of the shower
front at the surface stations and results in § =
57.3° £+ 0.5°. Figure 8 shows the position of the
stations in shower plane coordinates and the inte-
grated signal in units of VEM (vertical equivalent
muons). The origin of the angle ¢, which corre-
sponds to the direction of the positive x-axis in
the rotational plane, reflects the incoming direc-
tion of the shower. The size of the circles are
proportional to log(S/VEM). Detectors such as
58, 48, 45, 53, 44 correspond to late arrival time
particles.

The lateral distribution function was parame-
terized with a NKG-like distribution and is shown
in Figure 9. Light grey points indicate detectors
with early arrival time and black points stations
with late arrival time particles. The signal at
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1000 m from the core corresponds to a prelimi-
nary energy estimate of 25 & 4 EeV. A detailed
analysis of the signals from the triggered stations
was performed. As a result a vast amount of in-
formation about the characteristics of the show-
ers that is contained in the tracks recorded by the
surface detectors was obtained. The correspond-
ing analysis of the complete data collected by the
EA will be presented in the near future.

The geometric reconstruction of a shower with
the FD is performed using timing and light in-
formation from triggering pixels. The ADC trace
in each pixel allows accurate determination of the
time at which the shower front passed the centre
of the pixel. After calibration, the FADC traces
are converted to light fluxes seen by the pix-
els, in units of 379 nm-equivalent photons reach-
ing the mirror diaphragm per 100 ns time bin.
Once the shower axis is determined, the number
of charged particles as a function of atmospheric
depth can be obtained. The corresponding lon-
gitudinal profile is finally derived after correc-
tions, as described in section 2.3. Information on
the atmospheric transparency is extremely impor-
tant. A dedicated LIDAR system has been built
to perform on-line monitoring of the atmospheric
parameters. The laser backscattering method is
used to parametrize the attenuation length over
the detection volume [29)].

In Figure 10, preliminary results of a profile
reconstruction, using the FD is shown. The po-
sition of depth of maximum is derived by fitting
a Gaiser-Hillas function to the observed longitu-
dinal profile. The corresponding value of X,
is 670 g ecm™2. The preliminary primary energy
derived using only the FD, which depends on the
fluorescence yield measurements as well as light
scattering and absorption in the atmosphere, is
1.3 x 1019 eV.

Conclusions

The Pierre Auger Observatory will be a power-
ful tool for the study of the UHECR. Using a
small engineering array, all sub-systems of the
Observatory have been shown to work at, or
above, specification. The Observatory will be
completed during 2005.
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Figure 10. Reconstructed shower longitudinal
profile.
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