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Composition sensitivity of the Auger observatory through inclined showers
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We report a calculation of the expected rate of inclined air showers induced by ultra high-energy cosmic rays
to be obtained by the Auger Southern Observatory assuming different mass compositions. We describe some
features that can be used to distinguish photons at energies as high as 1020 eV. The discrimination of photons
at such energies will help to test some models of the origin of ultrahigh-energy cosmic rays.
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I. INTRODUCTION

Uncovering the origin, composition and energy spectr
of the highest energy cosmic rays is one of the biggest c
lenges in astroparticle physics. The Pierre Auger projec
the next step in the search for answers to intriguing quest
about the origin of these particles@1#. The Auger Southern
Observatory will consist of 1600 water Cˇ erenkov detector
stations~each 10 m231.2 m deep! on a triangular grid of
1500 m spacing overlooked by four detectors capable of
tecting the fluorescent light emitted by the nitrogen m
ecules excited by the shower. The array covers a ground
of approximately 3000 km2 at a mean altitude of 875 g cm22

(;1400 m), near Malargu¨e in Mendoza State, Argentin
~latitude5235.2°, longitude5269.2°). The Auger South
ern Observatory will be able to measure the energy of
incoming cosmic ray using fluorescent detectors~FD! and
thus calibrate the estimates inferred from the surface de
tors.

The proposal to use the Auger observatories to search
very inclined showers induced by ultrahigh-energy neutrin
@2# has led to an investigation of the characteristics of hi
energy showers at large zenith angles~HAS!, i.e. cosmic ray
showers arriving at zenith angles larger than 60°@3#.

They constitute the background to neutrino detection
their observation also provides a significant increase in
aperture of the array and may improve mass composi
studies@4#. These showers would not be very different fro
vertical showers except for the fact that they develop in
upper part of the atmosphere. As a result the electromagn
part of the shower, produced mainly fromp0 decay, is
mostly absorbed well before the shower front reaches gro
level.

In these showers the muon front propagates through
atmosphere and gets gradually attenuated through pair
duction, bremsstrahlung, and hadronic interactions that
duce the muon energy and increase their probability to de
in flight. The muon energy spectrum at ground has alow
energycutoff arising from muon decay which increases
0556-2821/2003/67~4!/043005~10!/$20.00 67 0430
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the zenith angle rises and the average muon energy at gr
level also increases.1

These energetic muons travel making small angles to
incoming cosmic ray direction and their trajectories are
flected by the Earth’s magnetic field. As a result the mu
density patterns at ground are very different from typic
densities measured in vertical showers, the geomagnetic
acting as a kind of ‘‘natural magnetic spectrometer.’’ The ra
of inclined showers is governed by their muon content an
thus sensitive to primary composition. If the primary pa
ticles are photons, the showers that develop are muon p
and thus the inclined shower rate is much lower than
hadron primaries. Assuming that a mass independent en
spectrum can be measured otherwise, for example, using
fluorescence technique, inclined showers can provide s
gent limits on photon abundance@4#.

The Auger observatory will constrain photon compositi
above 1020 eV. This energy region is of particular intere
because a number of models attempting to explain their
gin predict large fractions of photons@5# and such measure
ments could be due to discrimination of these from oth
models.

This work outlines the sensitivity of the Auger Observ
tory to inclined air showers induced by ordinary cosmic ra
It predicts the expected shower rates for zenith angles ab
60° assuming different primary mass compositions: prot
iron and photons.

The paper is organized as follows: in Sec. II we descr
the procedure to calculate the expected rate for the Au
array above 60° for primary protons, giving the incline
shower rate as a function of shower energy for a refere
flux and the expected values for the energy resolution, c
error reconstruction, and multiplicity of stations as a functi
of the energy: a more detailed explanation of the proced
can also be found in@3#; in Sec. II we describe the effect o

1The bulk of the overall increase in the average muon energy
the zenith angle rises is due to the increasing cutoff, but there
small contribution due to the rise of the pion critical energy~the
energy at which the pions are more likely to decay than to intera!.
©2003 The American Physical Society05-1
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the geomagnetic interactions in inclined air showers initia
by photon primaries; in Sec. IV we present the expected
for three primary mass compositions~protons, iron and pho-
tons!. Finally in Sec. V we offer some conclusions.

II. SIMULATION OF INCLINED EVENTS
AND THEIR ANALYSIS

The density patterns of inclined showers at ground le
depend on energy, mass composition and interaction m
much as for vertical showers. In addition, they also dep
on zenith and azimuth angles because of the effect of
Earth’s magnetic field. The simulation and reconstruction
events which is presented here rely on the model of the m
density patterns produced by inclined showers under the
fluence of the geomagnetic field described in@6#. This model
approximates the magnetic distortions of circular symme
muon density patterns generated by simulation in the
sence of magnetic effects and provides a simple and con
ous description of the average muon density functions
different arrival directions. These functions simplify fittin
procedures and allow the simulation of the expected se
tivity of the Auger Surface Array for showers with a zeni
angle above 60°.

A. Muon densities

With the help ofAIRES @7# ~version 2.2.1! and the adopted
hadronic model, libraries with average muon density m
for inclined showers have been generated. These libra
contain showers with zenith angles between 60° and 88
steps of 2° and all azimuth angles in steps of 5°. All sho
ers have a reference energy of 1019 eV and muon density
profiles for different primary energies are obtained using
appropriate scaling factor which has been shown to dep
on the primary composition and the hadronic model cons
ered@8#. In this workQGSJET98@9# is used as the high-energ
hadronic interaction model. The magnetic field at Malarg¨e,
the site of the Southern Auger Observatory, has been take
have an intensityB526 mT and an inclination of I
5233.18° ~pointing in the upward direction!. A northern
site with a larger intensity and higher inclination would ha
a different distortion pattern and results can be expecte
be somewhat different particularly in relation to azimuth
angle distributions.

Assuming an isotropic cosmic ray distribution consisti
of protons and a given parametrization of its energy sp
trum, the arrival of cosmic rays is simulated. A sub-arr
containing 91 detectors arranged in five concentric hexag
is considered and showers are assumed to have random
pact points in the central region to save computing tim
Inclined showers in the water Cˇ erenkov tanks are dominate
by muons. Using the muon density libraries the avera
number of muons expected at each tank position for e
shower is calculated and the nearest integer numbe
muons is selected.
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B. Tank signals

The signals for very inclined muons in water Cˇ erenkov
tanks can be greatly enhanced by direct light and muon
teractions as has been shown in@8# for Haverah Park detec
tors. To account for the detector response to muons of dif
ent energies and angles of incidence, theWTANK @10#
program based on the CERNGEANT package@11# has been
used. For each artificial event, the expected numbers
muons at each detector are fluctuated according to the P
son fluctuations, and the tank signals are also sampled
cording to the distributions of light fluctuations in the tan
These zenith angle dependent distributions include the
sponse to the geometry of the muon tracks, the direct li
contribution, and the catastrophic muon energy loss
namely hard bremsstrahlung, pair production or hadronic
teractions, all of which become more important as the av
age muon energy rises, as obtained in the detailed nume
simulations usingWTANK.

Simulations of inclined showers have shown that there
an electromagnetic component which is mainly due to mu
decay in flight before the shower reaches the surface. T
contribution represents a small fraction of about 20% of
signal in the tank produced by the muons themselves. T
enhancement of the signal is considered as a fixed percen
of the muon signal. An electromagnetic component is a
expected fromp0 decay in the showering process that tak
place in a higher region of the atmosphere compared to
tical showers. This component is taken from simulations a
treated as an additional correction to the tank signals.
simulations made indicate that the correction is small
zenith angles above 60° and confined to a relatively sm
region enclosed by a circle of radius;500 m centered at the
shower axis. It is neglected for zenith angles above 70°.

C. Event reconstruction

Artificial events have been generated in the energy ra
1018.5–1021 eV and in the zenith angle range 60° –89°. W
have assumed a simple trigger condition demanding 5
tions with a density greater than 0.4 vertical equivale
muons~VEM! m22. Following the steps of@3,4# the shower
parameters of these artificial events (u, f, impact point po-
sition, and energy! are reconstructed as if they were real da
The procedure is based on a two-step fitting process usi
maximum likelihood method which is iterated. Stations w
densities below threshold are taken into account in the fitt
procedure. The arrival direction angles are first fitted to
signal times in the ‘‘triggered’’ detectors and then the ene
and impact point are varied to make the average muon d
sity map fit the actual ‘‘measured’’ densities in the tank. C
vature corrections to the arrival times are implemented o
there is an estimate of the core location: the process is
ated three times for convergence.

An example of a reconstructed event in the plane perp
dicular to the shower direction is shown in Fig. 1, togeth
with the contours of densities that best fit the data. In
figure the array is rotated in the shower plane such that
y-axis is aligned with the component of the magnetic fie
perpendicular to the shower axis. The asymmetry in the d
5-2
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COMPOSITION SENSITIVITY OF THE AUGER . . . PHYSICAL REVIEW D 67, 043005 ~2003!
FIG. 1. Density map of a proton simulated event of 1019.52 eV at a zenith angle of 77° in the plane perpendicular to the shower a
Recorded muon densities are shown as circles with radii proportional to the logarithm of the density. The positions of the bes
simulated impact points are indicated by a star and a cross, respectively. Densities in VEM m22 are marked and, in brackets, the actu
number of inclined muons that produced each signal. They-axis is aligned with the component of the magnetic field perpendicular to
shower axis. Contour levels for 2, 5, 10 and 20 muons per station are shown for the fit. Detectors not triggered are indicated by
circle. The reconstructed energy and zenith angle are log10(E/eV)519.660.06 andu576.5°60.3.
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sity pattern due to the geomagnetic field is apparent. As
ticipated@2#, in spite of a relatively moderate energy, com
mon events can be rather spectacular having over 20 t
triggered.

We have estimated the detection rate as a function of
mary energy integrating over all zenith and azimuth ang
assuming the parametrizations of the energy spectrum g
in Ref. @12#. This parametrization is used for reference a
lies between the energy spectra recently reported by
AGASA group @13# and the HiRes group@14#. For self-
consistency, the energy spectrum to be used in a prac
application of the ideas outlined here should be the one
rived from the Auger experiment using the fluorescence te
nique, as the spectrum derived by this technique has the
vantage of being independent of assumptions of prim
mass composition.
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D. Results

Results obtained in the simulated sub-array have b
scaled up to the total array surface of 3000 km2. This ap-
proximate approach has two important implications. T
sub-array ‘‘radii’’ range betweenr sub;6.5 and 7.5 km. This
implies that in the transverse plane the maximum distanc
shower axis isr subcosu which can be rather small for high
zenith angles~for example, for a zenith of 75° the sub-arra
stops sampling at about 1.8 km!. As a result the number o
tanks that have a signal in the real Auger array will be
verely underestimated for high zenith and high-energy sh
ers. More tanks will help the reconstruction and can proba
reduce the uncertainties so that our conclusions are con
vative in that respect. Another implication is that no ed
effects are taken into consideration but this is not expecte
affect either the shower rate, or most of our results v
5-3
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much, because a large fraction of the showers will fall w
within the array.

Results are shown in Fig. 2. The dashed line is the inte
rate that could be expected in a 3000 km2 array from the
cosmic ray spectrum from@12#. The continuous line repre
sents the reconstructed spectrum. Quality cuts to the re
structed events have been implemented, namely the do
ward error in the energy has been required to be less
60% and thex2 probability for the energy and time fits hav
been forced to be greater than 1% for the accepted eve
The difference in normalization, which amounts to; 20%,
is due to the combined effect of the quality cuts, system
effects, fluctuations and the effect of the finite energy re
lution of the detector. The number of events expected
year is;1000 above 1019 eV and;18 above 1020 eV after
making these quality cuts, assuming a pure proton comp
tion and the flux given in@12#.

The multiplicity of detectors with a signal above 0
VEM m22 as a function of energy for the range of angl
simulated is also shown in Fig. 2. For a given energy
multiplicity is much larger than for vertical showers. Tw
factors contribute to this effect: the reduction of the effect
spacing between stations in the shower plane, and the fl
density profile of horizontal air showers compared to ve
cal.

As a shower becomes inclined the earliest and latest ta
that are above threshold can be quite far apart correspon

FIG. 2. Integral spectrum of events per year that trigger
Auger surface array, before and after energy reconstruction, as
ing proton composition and adoptingQGSJET as the high-energy
interaction model. The Nagano and Watson flux has been assu
in this plot. The average multiplicity in the number of statio
above threshold and its spread is also shown for two ranges in
arrival zenith angle, indicating that the multiplicity is increasing
the zenith rises. Hardly any reduction is observed at high energ
This is an artificial effect because of the limited number of statio
simulated. Because we are using a reduced sub-array, the tank
tiplicity given here should be considered as a lower bound~see
text!.
04300
ll

al

n-
n-
an

ts.

ic
-

er

si-

e

ter
-

ks
ing

to different depths in shower development. Due to the ad
tional atmosphere traversed an attenuation can be expe
for the late arriving particles. This was studied for mu
distributions which are the dominant component in inclin
showers in@6,15# and for electron distributions in@16#. If the
number density of muons changes significantly over suc
distance it can represent a significant correction to the d
sities derived in our work. It should be remarked that
attenuation of the shower particles across the array has
taken into account. As shown in@6#, such attenuation effect
become important at extreme zenith angles.87°, but for
most of the zenith angle interval discussed in this paper
attenuation, which is less important than in the vertical ca
can be ignored in a first approximation. As an examp
simulations show that for a 30° shower, water Cˇ erenkov den-
sity at 1000 m from the shower core in the shower plane
attenuated by a'30% when reaching ground level. At 70
this factor is less than 15%. The main reason for this is t
in the vertical direction the signal is dominated by elect
magnetic particles fromp0 decay, while in the horizonta
direction the signal at ground level is dominated by hig
energy muons and secondary electromagnetic particles f
decaying muons. The scale of the attenuation is roughly
termined by the interaction length, which for photons a
electrons is orders of magnitude smaller than that for muo

We should also point out that in spite of using avera
density maps, statistical fluctuations of the shower densi
are considered in this work. These are complicated effe
that include fluctuations in the ratios of energy transpor
by charged and neutral pions in the hadronic interactions
well as fluctuations in depth of maximum. As obtained
simulations it typically represents a 20% effect on the ove
muon number density normalization for proton primaries a
it is rather independent of primary energy@3#. Much of the
fluctuation corresponds to the first interaction. In the l
panel of Fig. 3 we show the energy resolution for two ene
ranges. Two factors contribute to the energy resolution c
culated in this work: the variation of the number of muons
ground due to shower to shower fluctuations ('20% for all
energies! and the muon size reconstruction error~which
evolves from 20 % at 1019 eV to 10% at 1020 eV). Hence, at
1020 eV the energy resolution is dominated by shower
shower fluctuations. The errors in the reconstruction of
impact points of the analyzed events are also shown in
3. As an example it is;70 m at 60° and it has a sma
variation with zenith angle due to the different effectiv
spacing of the detectors when projected on to the transv
shower plane.

III. INCLINED SHOWERS INDUCED
BY PRIMARY PHOTONS

The recent analysis of inclined data obtained at Have
Park has opened a new window to establishing bounds
photon composition at ultrahigh energies@4#. As photon
showers have far fewer muons than hadron showers, the
pected rate of inclined showers created by photons dete
with a surface array is reduced relative to the rate from p
tons or nuclei primaries. This is because the detection
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FIG. 3. Left panel: energy resolution integrated for all zenith angles in two energy bins. Right panel: distribution of the diff
between the real and the reconstructed impact point positions in the energy range 1019.5–1020 eV for two zenith angle ranges.
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horizontal showers induced by photons and hadrons by
face detectors is practically only sensitive to the muon co
ponent. The determination of the spectrum of cosmic r
through vertical shower measurements using the fluo
cence technique, which is fairly independent of the prim
composition, together with the inclined shower rate thus
low measurements of composition@3,4#.

Following a similar procedure to that described in t
previous section we now obtain the predicted integral sp
trum for photon primaries for the Auger Observatories. Th
are a number of potential problems that could comprom
the capabilities of the Auger Observatories to estab
bounds or measure photon composition through inclin
event rates, namely the Landau-Pomerancˇuck-Migdal @17#
effect, the rise in the photoproduction cross section@18# and
the interactions of photons with the geomagnetic field of
Earth @19–21#. We discuss these effects in detail to show
what extent it can be expected that the Auger detector wil
sensitive to photon primaries.

A. General features of inclined photon showers

The dominant process for muon production in an elec
magnetic cascade is photoproduction:

g1nucleus→hadrons. ~1!

When photoproduction occurs the reaction products are
sentially like those of a pion-nucleus interaction. Muo
originate from the decay of the produced pions and ka
and their progeny in the resulting hadronic subshowers.
cross section for photoproduction has been measured u
;104 GeV @22,23# for the incident photons in the laborator
frame. Above the resonance region~see Fig. 4! the cross
section is about 100mb per nucleon, and rises slowly fo
photon energies above;10 GeV. The corresponding cros
section on an air nucleus is;1.1 mb, obtained by scaling
sgA;Aasgp wherea;0.9. The ratio of the pair productio
to the photohadronic cross section gives the probability o
hadronic interaction to occur. This ratio is at 10 GeV:
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R5
sg→hadrons

sg→e1e2
;2.831023. ~2!

The ratio grows with the incident photon energy because
the rise in the photoproduction cross section, and it is
pected to be;1022 at 1019 eV. Figure 4 shows the mea
sured photoproduction cross sections as a function of ene
together with the standard parametrization used by theAIRES

code@7# and a recent parametrization given by Blocket al.
@18# from a combined analysis ofpp, pg and gg interac-
tions.

As pointed out in Ref.@18#, the photoproduction cros
section is close to the saturation limit at DESYep collider
HERA energies and cannot grow with energy faster than
currently used parametrizations. Therefore, the Blocket al.
parametrization may be considered as an upper limit to
photoproduction cross section. Other potential sources

FIG. 4. Photon–proton photoproduction cross section as a fu
tion of the photon energy. The continuous line represents the
rameterization of theAIRES code. The dotted line is the Blocket al.
parametrization@18#. Both curves are normalized at low energ
Points show data from HERA@22,23#.
5-5
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muons are smaller than this. Muon pair production, in wh
a pair of electrons is replaced by a pair of muons, is s
pressed by a factorme

2/mm
2 ;231025 @24#. Hadron produc-

tion by electrons also contributes less than photoproduc
because the process has to occur through exchange of a
tual photon, and the energies of the produced hadrons
small.

The probability of photoproduction versus pair producti
is further enhanced at high energies when the Land
Pomeranchuk-Migdal~LPM! effect takes place@17#. The
LPM effect is a collective effect of the electric potential
several atoms and it tends to suppress the pair-produc
and bremsstrahlung cross sections for energies above a g
valueELPM , which is inversely proportional to the medium
density. It starts to become relevant for the developmen
photon induced air showers at primary energies ab
1019 eV for vertical showers@25#, a value somewhat abov
ELPM . This energy rises for large zenith angles correspo
ing to shower development higher up in the atmosph
where the air is thinner. We have found from simulatio
using theAIRES code that for the zenith angle range bei
discussed, the LPM effect has a mild impact on the to
number of muons produced by photon showers (,25% at a
zenith angle of 60°).

It has been pointed out before that the number of mu
produced by a proton and iron primary rises with ene
according to a simple scaling law@3# to a very good approxi-
mation:

Nm5N0 ~E/1019!b, ~3!

whereN0 ~the normalization, here taken at 1019 eV) andb ~a
constant parameter of order 0.9! are fixed numbers for a
given zenith angle, hadronic interaction model and m
composition. The approximation is also valid for photon p
maries although a number of differences are worth a b
discussion.

Batches of 100 photon-induced air showers using
AIRES code have been simulated at different zenith ang
and energies, in the absence of magnetic field, using the
different extrapolations of the photoproduction cross secti
which are shown in Fig. 4, namely the standard parametr
tion of AIRES and the parametrization of Ref.@18#. In Fig. 5
we plot the average number of muons generated by a ph
as a function of energy for different zenith angles as obtai
in the simulation. We note that the absolute number of mu
of a photon shower is less than that of a hadron showe
expected from the ratio of probabilities in Eq.~2!. However,
the number of muons in a photon-induced shower rises w
energy faster than in a proton shower so that differen
between the two become smaller as the energy rises. Th
also qualitatively expected from the behavior of the pho
production cross section with energy. We also show for co
parison an approximate scaling law usingb51.2 which we
have used before as a conservative estimate@3,4#.

In Fig. 5 a steepening kink of the curve at the high
energies can be noticed. This is due to the LPM effect wh
makes the showers develop deeper and further enhance
ratio R. The rise inR is a potential problem for the method
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If the average number of muons in a photon shower beco
sufficiently close to that of a proton shower, no conclusi
could be extracted regarding photon composition sinc
photon shower that photoproduces in the first interaction
practically indistinguishable from a proton shower of t
same energy.

On the other hand, the difference in the number of muo
produced for the two parametrizations used for the photop
duction cross section is small, which gives an idea of
uncertainty involved in this calculation~see Fig. 5!. This is
not surprising since it is clear that the number of muons i
photon shower is dominated by processes at lower ener
closer to the region where data constrain the cross secti

Fluctuations in the number of muons in photon-induc
showers are rather different from ordinary cosmic ray sho
ers. If the first interaction of the incident photon happens
be hadronic ~probability R;0.01 at 1019 eV) then the
shower is indistinguishable from a hadronic shower. The d
tribution for the total number of muons in a photon show
can thus be expected to have a long tail in the region
showers with a large number of muons, close to those o
proton shower. These non-Gaussian tails can affect the
tection rates and for that reason we have implemented fl
tuations in the number of muons in the photon shower us
the distributions obtained in the simulations.

B. Interactions with the geomagnetic field

It was pointed out in@19–21# that photons above 1019 eV
have a large probability to convert into an electron-positr
pair in the presence of the Earth’s magnetic field before
tering the atmosphere. The strength of this interaction
pends onEB' whereE is the photon energy andB' is the
transverse magnetic field. Therefore the probability of int
action will depend on the direction of the incoming phot
with respect to the Earth’s frame. For a given zenith angl
is a maximum when the photon trajectory intercepts

FIG. 5. Number of muons produced in inclined showers a
function of primary energy for proton showers~upper continuous
line! and photon showers for 60°, 70°, and 80°, from top to b
tom, using the standardAIRES parametrization~continuous! and the
Block et al.parametrization~dashed!. Also shown foru560° is the
b51.2 parametrization used in our previous work~dotted line!.
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Earth’s magnetic axis, which roughly corresponds to the g
magnetic south at the Malargu¨e site. This is because at
given distance to the center of the Earth the dipole field
strongest along the magnetic axis. For the same reason
clear that the field will be largest for higher zenith angle
This azimuthal asymmetry was also pointed out by Sta
and Vankov@20# and by Bertouet al. @21# to be an alterna-
tive way to establish the high photon contribution~around
1020 eV).

The novel point that we want to make is that this intera
tion reduces the potential problems that could arise beca
of the increase in the photoproduction cross section
therefore ‘‘safeguards’’ the method of using the inclin
shower rate for composition studies also for the highest
ergies. If such an interaction is deemed to happen
electron-positron pair is created that will radiate strongly
synchrotron radiation. A large number of photons is thus p
duced and some of them may give secondary pairs prov
they still have sufficient energy. Instead of a single parti
entering the upper atmosphere we end up with a spectru
gammas and one or a few electron positron pairs adding
to the primary photon energy.

To study this effect a Monte Carlo program has been
vised to simulate the cascading of photons in the geom
netic field. The photon is injected at 20 000 km from the t
of the atmosphere along the incoming direction and trac
in steps of 100 km. The values of the interaction length
pair production are taken from@26#. Figure 6 shows the
probability of conversion for photons at different energie
zenith and azimuth angles. When a photon is converted,
resulting electron and positron are tracked in steps of 2

FIG. 6. Probability of photon conversion in the geomagne
field as a function of azimuth angle for four different energies a
eight different zenith angles. In each graph the eight curves
displayed corresponding, from bottom to top, to zenith angles fr
10° to 80° in steps of 10°. An azimuth angle of 0° corresponds
a photon arriving from the geomagnetic north.
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and the number and energy of the photons emitted via s
chrotron radiation is calculated using the spectral distribut
in @26#. The photons produced by magnetic bremsstrahlu
are tracked and the probability of conversion calculated
each step. In this way, the spectrum of electrons, positr
and gammas at the top of the atmosphere can be obtain

The relevant parameter for the inclined shower rate is
total number of muons in the shower. When the photon c
verts in the magnetic field, the number of muons at grou
will be given by a sum over the contribution of the corr
sponding particle distribution:

Nm5(
i

N0 ~Ei /1019!b, ~4!

whereEi is the energy of particlei. Meanwhile for a photon
that does not convert it is given by Eq.~3!. Since the slope
parameter in this equation,b, is greater than one the numbe
of muons is reduced when the photon interacts with
Earth’s magnetic field relative to when it does not.

It is of some interest to comment on a few facts about t
conversion process. The strength of the Earth’s magn
field is such that efficient conversion starts at energies
order 1020 eV. Figure 6 illustrates how at energies of abo
331020 eV the conversion probability is close to one, a
this results in a relatively sharp cutoff. It is remarkable tha
large energy the shape of the resulting spectrum does
depend much on the primary photon energy as can be se
Fig. 7. The spectrum reflects mainly the spectrum of m
netic bremsstrahlung as the electrons and positrons prod
travel and loose energy. It has a peak at about 1019 eV given
by the strength of the magnetic field at the top of the atm
sphere. The two energy features of the resulting spectr
namely the cutoff and the peak, both scale with a nega
power of the magnetic field strength at the detector locati

When the photon energy is well above the cutoff energ
gives rise to a sort of universal photon spectrum, its shap
independent of the primary energy and only mildly depe

d
re

o

FIG. 7. Differential energy spectrum of electromagnetic p
ticles resulting from the cascading in the geomagnetic field of
mary photons at two different primary energies 1021 eV ~continu-
ous! and 1022 eV ~dashed!.
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dent on the arrival direction; only the total number of pa
ticles changes. The final spectrum can be parametrized

dNem

dlogE
5kF E

Ec
GgF11

E

Ec
Gd

, ~5!

where for the Malargu¨e site g50.24, d521.7, Ec
51019.76 eV, andk is a normalization constant which due
energy conservation scales linearly with the primary pho
energy. This linear relation implies that when the photo
convert, we can talk, equivalently, about an effective slo
parameter ofbeff51 @in Eq. ~3!#.

At this point the method described in the previous sect
can be used to generate artificial events on the Auger a
We use the conversion probability for the photon showers
predict their behavior. These events are then reconstructe
if they were protons, and an equivalent energy (Ep) is cal-
culated.

It is interesting to note that, coincidently, the energy
which photon conversion becomes efficient is also tha
which the LPM effects start to show up in shower develo
ment,'1019 eV @25# for a vertical air shower. When a pho
ton is converted, it is seen from the spectrum shown in F
7, most of the particles that will reach the top of the atm
sphere and initiate the shower will be below the LPM thre
old. The magnetic field of the Earth shields the atmosph
and the probability that showers develop in the atmosph
with strong LPM suppression becomes very small. The
fective shielding is strongest at high zenith angles beca
the energy at which the LPM effect starts to take up is high

This is fortunate because, as Fig. 5 shows, if a high
ergy photon reaches the top of the atmosphere, the numb
muons produced in the corresponding shower could bec
rather large and close to that of proton induced showers

IV. COMPOSITION ANALYSIS WITH HAS

In Fig. 8 the integral energy spectra obtained from
artificial events is shown under three different assumpti
for the primary composition~protons, iron, and photons! and
using the cosmic ray parametrization given in@12#. The rate
expected in the case of protons for a parametrization of
HiRes data@14# is also shown and can be considered a
lower bound if the primaries are protons. The hybrid char
ter of the Auger Observatory is of utmost importance in
resolution of the flux controversy, and that should come
the near future.

In all the cases the artificial events are generated w
muon density maps obtained for each specific primary,
then reconstructed as if they were protons, obtaining
equivalent energy (Ep). For primary photons, calculation
are done using the Blocket al.photoproduction cross sectio
and also using an approximate parametrization for the n
ber of muons in photon showers conservatively consis
with AIRES simulations, as discussed in@4#, which amounts
to using a value ofb51.2 in Eq.~3!. The spectra are calcu
lated switching on and off the interaction with the geoma
netic field for each of the two cases considered.

Three important features are clear in this picture:
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The expected rate for primary photons above 1020 eV is
reduced 30% when geomagnetic interactions are taken
account.

The two photoproduction cross sections used predic
rate for photon primaries;10 times smaller compared to th
predictions for other hadronic primaries.

Geomagnetic interactions modify the slope of the sp
trum for primary photons at energies above 1019.6 eV.

Because of the geomagnetic effect the uncertainty on
photoproduction cross sections at high energies has a s
effect on the muon number at ground level. The predic
distortion of the longitudinal shower development for phot
primaries because of the LPM effect is reduced becaus
the geomagnetic interactions. Assuming that the vertical fl
is well measured independently of mass composition, as
pected to be achieved with a fluorescence detector, the ra
inclined showers could be used to impose strong constra
on primary photon composition assuming a given hadro
model.

The hadronic model uncertainty can change the norm
ization of the spectra shown in Fig. 8. Therefore this meth
is not adequate to impose constraints on both mass com
sition and hadronic models at the same time. It should
used in combination with vertical measurements on m
composition using the same hadronic model. However,

FIG. 8. IntegralEp spectrum of events per year triggering th
Auger surface array (u.60°) for three assumptions of primar
composition using the Nagano and Watson parametrization.
photons two sets of spectra are calculated corresponding to the
different assumptions about the rise with energy of the numbe
muons produced in photon showers. In each set the upper spec
corresponds to photons neglecting interactions in the geomag
field of the earth and the lower spectrum gives the result taking
account this effect as described in the text. The curve marke
HiRes shows the prediction obtained for proton primaries takin
parametrization of the cosmic ray flux as measured by the Hi
collaboration.
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differences in muon densities between the different hadro
models available are'40% @27#, which is comparable to the
difference between densities produced by proton and
primaries@28#, and therefore, these primaries cannot be
solved by using the overall rate measurements. Neverthe
the difference between photon and hadronic primaries
much larger, a factor of 6 at 431020 eV, so that this method
can, on its own, impose severe constraints on the pho
content of the highest energy cosmic rays.

Currently the ultrahigh-energy data suggest a mostly h
ronic composition@4,29#, and the inclined showers rate
well described by proton primaries at energies abo
;1019 eV @4#. If there is a change of composition to a ph
ton dominance at higher energies, the rate of inclined sh
ers will be much lower than predicted here. After a few ye
of operation of the Auger Observatory these features
help to establish bounds on the flux of photons at energie
high as 1020 eV.

V. CONCLUSIONS

Inclined showers will be seen in the Auger Observatory
spectacular events with as many as 30 or 40 detectors hit
have calculated the approximate rate of inclined show
with zenith angle exceeding 60° expected to be observe
the Pierre Auger Observatory. This rate increases the ape
of the observatory by almost a factor of 2. Assuming a p
proton composition, there will be about 1000 well reco
structed events above 1019 eV per year, with a mean energ
error of;25%. The rate is sensitive to composition. If ph
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tons were dominant at high energy, the rate would be
order of magnitude smaller than if they were protons or n
clei allowing for a clear discrimination of the two case
Uncertainties in the physics at very high energies have
plications for our results on the detailed quantitative pred
tions but these uncertainties have little impact on the pre
ous conclusions.

There are other signatures of the presence of photons~see,
for instance, Ref.@21#!. Surely the combination of the in
clined shower rate measurements together with vertical
determinations and detailed analysis of the expected ph
signatures will be a great step in the establishment of
overall photon rate at very high energies with the forthco
ing data from the Auger experiment@30#.
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