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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 higf @/ 1The discrimination of photons
at such energies will help to test some models of the origin of ultrahigh-energy cosmic rays.
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[. INTRODUCTION the zenith angle rises and the average muon energy at ground
level also increases.
These energetic muons travel making small angles to the
Uncovering the origin, composition and energy spectrumncoming cosmic ray direction and their trajectories are de-
of the highest energy cosmic rays is one of the biggest chalected by the Earth’s magnetic field. As a result the muon
lenges in astroparticle physics. The Pierre Auger project islensity patterns at ground are very different from typical
the next step in the search for answers to intriguing questiondensities measured in vertical showers, the geomagnetic field
about the origin of these particl¢s]. The Auger Southern acting as a kind of “natural magnetic spectrometer.” The rate
Observatory will consist of 1600 watere@znkov detector of inclined showers is governed by their muon content and is
stations(each 10 rix 1.2 m deep on a triangular grid of thus sensitive to primary composition. If the primary par-
1500 m spacing overlooked by four detectors capable of deticles are photons, the showers that develop are muon poor
tecting the fluorescent light emitted by the nitrogen mol-and thus the inclined shower rate is much lower than for
ecules excited by the shower. The array covers a ground ardgdron primaries. Assuming that a mass independent energy
of approximately 3000 kfat a mean altitude of 875 gcm  spectrum can be measured otherwise, for example, using the
(~1400 m), near Malargu in Mendoza State, Argentina fluorescence technique, inclined showers can provide strin-
(latitude = —35.2°, longitude= —69.2°). The Auger South- gent limits on photon abundan¢4].
ern Observatory will be able to measure the energy of the The Auger observatory will constrain photon composition
incoming cosmic ray using fluorescent detect®®) and above 18° eV. This energy region is of particular interest
thus calibrate the estimates inferred from the surface detedecause a number of models attempting to explain their ori-
tors. gin predict large fractions of photofiS] and such measure-
The proposa| to use the Auger observatories to search fdpents could be due to discrimination of these from other
very inclined showers induced by ultrahigh-energy neutrinognodels.

[2] has led to an investigation of the characteristics of high- 1his work outlines the sensitivity of the Auger Observa-
energy showers at large zenith anglB\S), i.e. cosmic ray tory to inclined air showers induced by ordinary cosmic rays.
showers arriving at zenith angles larger than B8F It predicts the expected shower rates for zenith angles above

They constitute the background to neutrino detection pupQ° assuming different primary mass compositions: proton,
ron and photons.

their observation also provides a significant increase in the The paper is organized as follows: in Sec. Il we describe

aper_ture of the array and may improve mass comp03|t|ort1he procedure to calculate the expected rate for the Auger
studies[4]. These showers would not be very different from array above 60° for primary protons, giving the inclined
vertical showers except for the fact that they develop in theshower rate as a function of shower énergy for a reference
upper part of the atmosphere. As a result theoelectroma_gnetmjx and the expected values for the energy resolution, core
part of the shower, produced mainly from™ decay, is  grror reconstruction, and multiplicity of stations as a function
mostly absorbed well before the shower front reaches groungs the energy: a more detailed explanation of the procedure

level. can also be found ifd]; in Sec. Il we describe the effect of
In these showers the muon front propagates through the

atmosphere and gets gradually attenuated through pair pro=———

duction, bremsstrahlung, and hadronic interactions that re-1The pulk of the overall increase in the average muon energy as
duce the muon energy and increase their probability to decage zenith angle rises is due to the increasing cutoff, but there is a
in flight. The muon energy spectrum at ground hal®w  small contribution due to the rise of the pion critical eneftye
energycutoff arising from muon decay which increases asenergy at which the pions are more likely to decay than to interact
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the geomagnetic interactions in inclined air showers initiated B. Tank signals

by photon primaries; in Sec. IV we present the expected rate pe signals for very inclined muons in watee@nkov
for three primary mass compositiofigrotons, iron and pho-  50ks can be greatly enhanced by direct light and muon in-

tons. Finally in Sec. V we offer some conclusions. teractions as has been shown{ &} for Haverah Park detec-
tors. To account for the detector response to muons of differ-
ent energies and angles of incidence, tiveank [10]
IIl. SIMULATION OF INCLINED EVENTS program based on the CERBEANT packagd 11] has been
AND THEIR ANALYSIS used. For each artificial event, the expected numbers of
uons at each detector are fluctuated according to the Pois-
pn fluctuations, and the tank signals are also sampled ac-
ording to the distributions of light fluctuations in the tank.
hese zenith angle dependent distributions include the re-
ponse to the geometry of the muon tracks, the direct light

The density patterns of inclined showers at ground leve
depend on energy, mass composition and interaction mod&
much as for vertical showers. In addition, they also depen
on zenith and azimuth angles because of the effect of thfg
Earth’s magnetic field. The simulation and reconstruction Ocontribution, and the catastrophic muon energy losses,

events which is presented here rely on the model of the MUOR, a1y hard bremsstrahlung, pair production or hadronic in-
density patterns produced by inclined showers under the ingactions, all of which become more important as the aver-
fluence of the geomagnetic field described@h This model 546 muon energy rises, as obtained in the detailed numerical
approximates the magnetic distortions of circular symmetricjmylations USINQVTANK .
muon density patterns generated by simulation in the ab- simulations of inclined showers have shown that there is
sence of magnetic effects and provides a simple and continn electromagnetic component which is mainly due to muon
ous description of the average muon density functions fotecay in flight before the shower reaches the surface. This
different arrival directions. These functions simplify fitting contribution represents a small fraction of about 20% of the
procedures and allow the simulation of the expected sensgignal in the tank produced by the muons themselves. This
tivity of the Auger Surface Array for showers with a zenith enhancement of the signal is considered as a fixed percentage
angle above 60°. of the muon signal. An electromagnetic component is also
expected fromr® decay in the showering process that takes
place in a higher region of the atmosphere compared to ver-
A. Muon densities tical showers. This component is taken from simulations and
With the help ofalRes [7] (version 2.2.1and the adopted tr_eated_as an addl'qon_al correction to the tgnk _5|gnals. The
. . ; : . simulations made indicate that the correction is small for
hadronic model, libraries with average muon density maps ith | b > and fined lativel I
for inclined showers have been generated. These Iibrariezsen.It angies above 6.0 and coniined to a relatively sma
tain sh ith ith les betw i 60° and 88° jLedion enclosed by a circle of radits500 m centered at the
contain s ?wers with zenith angies between . an "Yhower axis. It is neglected for zenith angles above 70°.
steps of 2° and all azimuth angles in steps of 5°. All show-
ers have a reference energy of*18V and muon density
profiles for different primary energies are obtained using an - _
appropriate scaling factor which has been shown to depend Attificial events have been generated in the energy range
i iti i ig10'8°-10"* eV and in the zenith angle range 60°—-89°. We
on the primary composition and the hadronic model consid ! § gle rang ©J".
ered[8]. In this workQGsJETed 9] is used as the high-energy Nave assumed a simple trigger condition demanding 5 sta-
hadronic interaction model. The magnetic field at Malargu tions with a density greater than 0.4 vertical equivalent

the site of the Southern Auger Observatory, has been taken fUONS(VEM) m~. Following the steps df3,4] the shower
have an intensityB=26 4T and an inclination ofl parameters of these artificial even® (¢, impact point po-
— —33.18° (pointing in the upward direction A northern sition, and energyare reconstructed as if they were real data.

. . . . . LT The procedure is based on a two-step fitting process using a
site with a larger intensity and higher inclination would have . I SO . .
. : : maximum likelihood method which is iterated. Stations with
a different distortion pattern and results can be expected t

. . . : . Hensities below threshold are taken into account in the fitting
be som_ew_hat_d|fferent particularly in relation to azimuthal procedure. The arrival direction angles are first fitted to the
angle distributions. _ o . signal times in the “triggered” detectors and then the energy
Assuming an isotropic cosmic ray distribution consisting,nq impact point are varied to make the average muon den-
of protons and a given parametrization of its energy Specsjty map fit the actual “measured” densities in the tank. Cur-
trum, the arrival of cosmic rays is simulated. A sub-arrayyature corrections to the arrival times are implemented once
containing 91 detectors arranged in five concentric hexagongere is an estimate of the core location: the process is iter-
is considered and showers are assumed to have random ilted three times for convergence.
pact points in the central region to save computing time. An example of a reconstructed event in the plane perpen-
Inclined showers in the waterefenkov tanks are dominated dicular to the shower direction is shown in Fig. 1, together
by muons. Using the muon density libraries the averagavith the contours of densities that best fit the data. In the
number of muons expected at each tank position for eacfigure the array is rotated in the shower plane such that the
shower is calculated and the nearest integer number ofaxis is aligned with the component of the magnetic field
muons is selected. perpendicular to the shower axis. The asymmetry in the den-

C. Event reconstruction
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FIG. 1. Density map of a proton simulated event of*f§eV at a zenith angle of 77° in the plane perpendicular to the shower axis.
Recorded muon densities are shown as circles with radii proportional to the logarithm of the density. The positions of the best-fit and
simulated impact points are indicated by a star and a cross, respectively. Densities in VEBrenmarked and, in brackets, the actual
number of inclined muons that produced each signal. yFhgis is aligned with the component of the magnetic field perpendicular to the
shower axis. Contour levels for 2, 5, 10 and 20 muons per station are shown for the fit. Detectors not triggered are indicated by an empty
circle. The reconstructed energy and zenith angle arg(leV)=19.6+0.06 andd=76.5°+0.3.

sity pattern due to the geomagnetic field is apparent. As an- D. Results
ticipated[2], in spite of a relatively moderate energy, com-

mon events can be rather spectacular having over 20 tanks;ieq up to the total array surface of 3000%krfhis ap-

triggered. ) ) ) proximate approach has two important implications. The
We have estimated the detection rate as a function of Prisub-array “radii” range between,,,~6.5 and 7.5 km. This
sub™ 6. . .

mary energy integrating over all zenith and azimuth angles,,jjies that in the transverse plane the maximum distance to
assuming the parametrizations of the energy spectrum givefyqwwer axis isr.,,cOS# which can be rather small for high

in Ref. [12]. This parametrization is used for reference and,qnith anglegfor example, for a zenith of 75° the sub-array
lies between the energy spectra recently reported by th§tops sampling at about 1.8 kmAs a result the number of
AGASA group [13] and the HiRes groufl14]. For self-  tanks that have a signal in the real Auger array will be se-
consistency, the energy spectrum to be used in a practicgerely underestimated for high zenith and high-energy show-
application of the ideas outlined here should be the one deers. More tanks will help the reconstruction and can probably
rived from the Auger experiment using the fluorescence techreduce the uncertainties so that our conclusions are conser-
nique, as the spectrum derived by this technique has the adative in that respect. Another implication is that no edge
vantage of being independent of assumptions of primareffects are taken into consideration but this is not expected to
mass composition. affect either the shower rate, or most of our results very

Results obtained in the simulated sub-array have been
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4 to different depths in shower development. Due to the addi-

tional atmosphere traversed an attenuation can be expected
for the late arriving particles. This was studied for muon
distributions which are the dominant component in inclined
showers i 6,15] and for electron distributions ifL6]. If the
number density of muons changes significantly over such a
distance it can represent a significant correction to the den-
— 30 sities derived in our work. It should be remarked that no
attenuation of the shower particles across the array has been
taken into account. As shown 6], such attenuation effects
become important at extreme zenith angte87°, but for
most of the zenith angle interval discussed in this paper the

103 _ ——  After energy reconstruction

N stations

----- Before energy reconstruction —{ 40

NUMBER OF SHOWERS

i % attenuation, which is less important than in the vertical case,
® &0°-70° can be ignored in a first approximation. As an example,
10 | * 7080 ‘ I simulations show that for a 30° shower, waterénkov den-
sity at 1000 m from the shower core in the shower plane is
P T T N T B T N attenuated by a=30% when reaching ground level. At 70°
19 19.2 19.4 19.6 19.8 20 20.2 20.4

LogwE, this factor is less than 15%. The main reason for this is that
in the vertical direction the signal is dominated by electro-
FIG. 2. Integral spectrum of events per year that trigger themagnetic particles fromr® decay, while in the horizontal

Auger surface array, before and after energy reconstruction, assurdirection the signal at ground level is dominated by high-
ing proton composition and adoptingGsJET as the high-energy energy muons and secondary electromagnetic particles from
interaction model. The Nagano and Watson flux has been assum%caying muons. The scale of the attenuation is roughly de-
in this plot. The average multiplicity in the number of stations termined by the interaction length, which for photons and
above threshold and its spread is also shown for two ranges in thglectrons is orders of magnitude smaller than that for muons.
arrival zenith angle, indicating that the multiplicity is increasing as  \yie should also point out that in spite of using average
the zenith rises. Hardly any reduction is observed at high energie%ensity maps, statistical fluctuations of the shower densities
T_his is an artificial effect becaL_Jse of the limited number of stations, re considered in this work. These are complicated effects
Zgﬂ;‘;tego:'vffcr?;ze;iﬁf E:Ir::%:sirggfecdeisu:_%\:vae}? tkl)wc;e(;zgk M¥at include fluctuations i_n the_ ratios of energy trans_ported
texd. by charged and_ neut_ral pions in the hadronlc interactions as

well as fluctuations in depth of maximum. As obtained in

, ) simulations it typically represents a 20% effect on the overall

m_uc_h, because a large fraction of the showers will fall welly,0n number density normalization for proton primaries and

within the array. o o _ it is rather independent of primary enerf8]. Much of the
Results are shown in Fig. 2. The dashed line is the integraj cryation corresponds to the first interaction. In the left
rate that could be expected in a 3000?karray from the  panel of Fig. 3 we show the energy resolution for two energy
cosmic ray spectrum frorfil2]. The continuous line repre- 3nges. Two factors contribute to the energy resolution cal-
sents the reconstructed spectrum. Quality cuts to the recoyated in this work: the variation of the number of muons at
structed events have been implemented, namely the dOW@—round due to shower to shower fluctuations20% for all

ward error in the energy has been required to be less thgllergies and the muon size reconstruction erravhich
60% and they? probability for the energy and time fits have evolves from 20 % at 78 eV to 10% at 18 eV). Hence, at

been forced to be greater than 1% for the accepted eventgeo v/ the energy resolution is dominated by shower to
The difference in normalization, which amountst020%,  ghower fluctuations. The errors in the reconstruction of the
is due to the combined effect of the quality cuts, systematiGmpact points of the analyzed events are also shown in Fig.
effects, fluctuations and the effect of the finite energy resoz '‘ag an example it is~70 m at 60° and it has a small
lution of the detector. The number of events expected pPeriation with zenith angle due to the different effective

year is~1000 above 15 ev and~18 above 18 eV after spacing of the detectors when projected on to the transverse
making these quality cuts, assuming a pure proton composkhower plane.

tion and the flux given if12].

The multiplicity of detectors with a signal above 0.4
VEMm~™? as a function of energy for the range of angles
simulated is also shown in Fig. 2. For a given energy the
multiplicity is much larger than for vertical showers. Two  The recent analysis of inclined data obtained at Haverah
factors contribute to this effect: the reduction of the effectivePark has opened a new window to establishing bounds on
spacing between stations in the shower plane, and the flattehoton composition at ultrahigh energig4]. As photon
density profile of horizontal air showers compared to verti-showers have far fewer muons than hadron showers, the ex-
cal. pected rate of inclined showers created by photons detected

As a shower becomes inclined the earliest and latest tanksith a surface array is reduced relative to the rate from pro-
that are above threshold can be quite far apart correspondirtigns or nuclei primaries. This is because the detection of

[ll. INCLINED SHOWERS INDUCED
BY PRIMARY PHOTONS

043005-4



COMPOSITION SENSITIVITY OF THE AUGR . . . PHYSICAL REVIEW D 67, 043005 (2003

805 ¢ 0 05 ¢
£ F ‘c F
50.45 | —  E,=10" eV, RMS=27 % 50.45 |
by E - E= =209 > E
gosf E=107 eV, RUS=22 7% 50.4 E —  ©=60°-70°, 6r=68 m
= E ‘a E - =70 =
s Lo | 0=70°-80", 8r=100 m
03 F -
» ]
o [
025 | ! ! ,
C ' 1
02 F 107 eV
0.15 |
01 |
0.05 F
_ 1
E Lo [T R S SR N TR R |_|_ R o B O s s O it 8
-1 —05 0 0.5 1 300 400
(E-E,)/E ér (m)

FIG. 3. Left panel: energy resolution integrated for all zenith angles in two energy bins. Right panel: distribution of the difference
between the real and the reconstructed impact point positions in the energy rdhgelf eV for two zenith angle ranges.

horizontal showers induced by photons and hadrons by sur-
face detectors is practically only sensitive to the muon com- R
ponent. The determination of the spectrum of cosmic rays

through vertical shower measurements using the fluores: : . L
cence technigue, which is fairly independent of the primar;rhe ratio grows with the |nC|_dent photon energy bec_aL_Jse Of
the rise in the photoproduction cross section, and it is ex

mposition, together with the inclin hower rate th - .
I(i)?/v rl?woesasare’moegris gf compo:iticﬁ% 4]ed shower rate s alected to be~1072 at 10 eV. Figure 4 shows the mea-

Following a similar procedure to that described in thesured photoproduction cross sections as a function of energy,

previous section we now obtain the predicted integral spect—:oo%eetF%r;\;:;h;h;i?]?dfg?ar‘:fgt?maett.gaat'pgﬁssd Syggf
trum for photon primaries for the Auger Observatories. Ther} P zation giv y '

o,
= R 2 8¢ 1072, 2

Uy—»e* e

18] from a combined analysis gip, py and yy interac-

are a number of potential problems that could compromis
the capabilities of the Auger Observatories to establis 'OT‘ inted out in Ref[18], the phot ducti
bounds or measure photon composition through inclined S ponted out In ReT{15], the photoproduction Cross

event rates, namely the Landau-PométakeMigdal [17] section is close to the saturation limit at DE®Y collider
effect, the ri,se in the photoproduction cross secfit8] and HERA energies and cannot grow with energy faster than the

the interactions of photons with the geomagnetic field of thecurrently used parametrizations. Therefore, the Blethl.

Earth[19-21. We discuss these effects in detail to show toparametrizatipn may be con_sidered as an upper limit to the
what extent it can be expected that the Auger detector will bghotoproductlon cross section. Other potential sources of
sensitive to photon primaries.

1.0 T T T T T T T T T T

A. General features of inclined photon showers

The dominant process for muon production in an electro- 08
magnetic cascade is photoproduction:

v+ nucleus-hadrons. (1)

o (mb)

When photoproduction occurs the reaction products are es
sentially like those of a pion-nucleus interaction. Muons 04
originate from the decay of the produced pions and kaons
and their progeny in the resulting hadronic subshowers. The

cross section for photoproduction has been measured up t 02— -
~10* GeV[22,23 for the incident photons in the laboratory N IR S R R R N
frame. Above the resonance regi¢see Fig. 4 the cross 0% 100 108 10t 108 108 1010

section is about 10@b per nucleon, and rises slowly for Eypp (GeY)

photon energies above 10 GeV. The corresponding cross k|G, 4. Photon—proton photoproduction cross section as a func-
section on an air nucleus is1.1 mb, obtained by scaling tion of the photon energy. The continuous line represents the pa-
g,a~A%0,, wherea~0.9. The ratio of the pair production rameterization of theires code. The dotted line is the Blogk al.

to the photohadronic cross section gives the probability of garametrization18]. Both curves are normalized at low energy.
hadronic interaction to occur. This ratio is at 10 GeV: Points show data from HER[22,23.
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muons are smaller than this. Muon pair production, in which I I
a pair of electrons is replaced by a pair of muons, is sup-
pressed by a factan/m’,~2x 10" ° [24]. Hadron produc-
tion by electrons also contributes less than photoproductior
because the process has to occur through exchange of a vi
tual photon, and the energies of the produced hadrons ar
small. 2
The probability of photoproduction versus pair production
is further enhanced at high energies when the Landau
Pomeranchuk-MigdalLPM) effect takes placd17]. The
LPM effect is a collective effect of the electric potential of
several atoms and it tends to suppress the pair-productiol
and bremsstrahlung cross sections for energies above a give
value E py, Which is inversely proportional to the medium
density. It starts to become relevant for the development of logo(E (eV))
photon induced air showers at primary energies above
1019 eV for Vert|ca| Showerizs], a Value somewhat above FIG. 5. Number of muons produced in inclined showers as a
E,pw. This energy rises for large zenith angles correspondfunction of primary energy for proton showefspper continuous
ing to shower development higher up in the atmospherdn€) and photon showers for 60°, 70°, and 80°, from top to bot-
where the air is thinner. We have found from simulationsto™ Using the standamlres parametrizatioicontinuous and the
using theARes code that for the zenith angle range being B/ock €t al- parametrizatioridashedi Also shown for¢=60" is the
discussed, the LPM effect has a mild impact on the totaf’ = 1-2 Parametrization used in our previous wedotted ing.

number of muons produced by photon shower26% at a .
zenith angle of 60°). If the average number of muons in a photon shower beco.mes
It has been pointed out before that the number of muongufﬂmently close to that of a proton shower, no conclusion

produced by a proton and iron primary rises with energycould be extracted regarding photon composition since a

according to a simple scaling 1ai8] to a very good approxi- photon shower that photoproduces in the first interaction is
mation: practically indistinguishable from a proton shower of the

same energy.
On the other hand, the difference in the number of muons
produced for the two parametrizations used for the photopro-
o 1 duction cross section is small, which gives an idea of the
whereN, (the normalization, here taken at'#@V) andg (a uncertainty involved in this calculatiofsee Fig. 5. This is
constant parameter of order 0.8re fixed numbers for @ ot syrprising since it is clear that the number of muons in a

given zenith angle, hadronic interaction model and massoton shower is dominated by processes at lower energies
composition. The approximation is also valid for photon pri- cjoser tg the region where data constrain the cross section.
maries although a number of differences are worth a bne? Fluctuations in the number of muons in photon-induced

discussion. _ _ _ showers are rather different from ordinary cosmic ray show-
Batches of 100 photon-induced air showers using theq f the first interaction of the incident photon happens to
AIRES code have been simulated at different zenith angleg, hadronic (probability R~0.01 at 16°eV) then the
and energies, in the absence of magnetic field, using the g, yer s indistinguishable from a hadronic shower. The dis-
different extrapolations of the photoproduction cross sectiongip,tion for the total number of muons in a photon shower
which are shown in Fig. 4, namely the standard parametrizazon thus be expected to have a long tail in the region of

tion of AIRES and the parametrization of R4fl8]. In Fig. 5 shqwers with a large number of muons, close to those of a
we plot the average number of muons generated by a phOto&Poton shower. These non-Gaussian tails can affect the de-
as a function of energy for different zenith angles as obtaine¢ution rates and for that reason we have implemented fluc-

in the simulation. We note that the absolute number of MUONg ,~tions in the number of muons in the photon shower using
of a photon shower is less than that of a hadron shower a8,4 distributions obtained in the simulations

expected from the ratio of probabilities in E®). However,
the number of muons in a photon-induced shower rises with
energy faster than in a proton shower so that differences
between the two become smaller as the energy rises. This is It was pointed out if19—21] that photons above 1deVv
also qualitatively expected from the behavior of the photo-have a large probability to convert into an electron-positron
production cross section with energy. We also show for compair in the presence of the Earth’s magnetic field before en-
parison an approximate scaling law usifg 1.2 which we  tering the atmosphere. The strength of this interaction de-
have used before as a conservative estif@. pends onEB, whereE is the photon energy an, is the

In Fig. 5 a steepening kink of the curve at the highesttransverse magnetic field. Therefore the probability of inter-
energies can be noticed. This is due to the LPM effect whictaction will depend on the direction of the incoming photon
makes the showers develop deeper and further enhances théh respect to the Earth’s frame. For a given zenith angle it
ratio R. The rise inR is a potential problem for the method. is a maximum when the photon trajectory intercepts the

N,=No (E/10")%, ©)

B. Interactions with the geomagnetic field
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FIG. 6. Probability of photon conversion in the geomagneticand the ”“”?b?r a_nd energy of th_e photons emltte_d via syn-
field as a function of azimuth angle for four different energies and,ChrOtron radiation is calculated using the SPeC”a' distribution
eight different zenith angles. In each graph the eight curves arf) [26]. The photons produced by magnetic bremsstrahlung
displayed corresponding, from bottom to top, to zenith angles fronfi® tracked and the probability of conversion calculated in
10° to 80° in steps of 10°. An azimuth angle of 0° corresponds te®ach step. In this way, the spectrum of electrons, positrons
a photon arriving from the geomagnetic north. and gammas at the top of the atmosphere can be obtained.

The relevant parameter for the inclined shower rate is the
Earth’s magnetic axis, which roughly corresponds to the geototal number of muons in the shower. When the photon con-
magnetic south at the Malargusite. This is because at a Verts in the magnetic field, the number of muons at ground
given distance to the center of the Earth the dipole field igVill be given by a sum over the contribution of the corre-
strongest along the magnetic axis. For the same reason it #onding particle distribution:
clear that the field will be largest for higher zenith angles.
This azimuthal asymmetry was also pointed out by Stanev N#ZE No (E;/10%9)8, (4)
and Vankov{20] and by Bertouwet al. [21] to be an alterna- [
tive way to establish the high photon contributiaround
107 eV). whereE; is the energy of particle Meanwhile for a photon

The novel point that we want to make is that this interac-that does not convert it is given by E). Since the slope
tion reduces the potential problems that could arise becauggrameter in this equatio, is greater than one the number
of the increase in the photoproduction cross section andf muons is reduced when the photon interacts with the
therefore “safeguards” the method of using the inclined Earth’s magnetic field relative to when it does not.
shower rate for composition studies also for the highest en- It is of some interest to comment on a few facts about this
ergies. If such an interaction is deemed to happen amonversion process. The strength of the Earth’s magnetic
electron-positron pair is created that will radiate strongly byfield is such that efficient conversion starts at energies of
synchrotron radiation. A large number of photons is thus proorder 13° eV. Figure 6 illustrates how at energies of about
duced and some of them may give secondary pairs provide8ix 10?°° eV the conversion probability is close to one, and
they still have sufficient energy. Instead of a single particlethis results in a relatively sharp cutoff. It is remarkable that at
entering the upper atmosphere we end up with a spectrum ¢drge energy the shape of the resulting spectrum does not
gammas and one or a few electron positron pairs adding ugepend much on the primary photon energy as can be seen in
to the primary photon energy. Fig. 7. The spectrum reflects mainly the spectrum of mag-

To study this effect a Monte Carlo program has been denetic bremsstrahlung as the electrons and positrons produced
vised to simulate the cascading of photons in the geomagravel and loose energy. It has a peak at abodf &0 given
netic field. The photon is injected at 20 000 km from the topby the strength of the magnetic field at the top of the atmo-
of the atmosphere along the incoming direction and trackedphere. The two energy features of the resulting spectrum,
in steps of 100 km. The values of the interaction length fomamely the cutoff and the peak, both scale with a negative
pair production are taken frorf26]. Figure 6 shows the power of the magnetic field strength at the detector location.
probability of conversion for photons at different energies, When the photon energy is well above the cutoff energy it
zenith and azimuth angles. When a photon is converted, thgives rise to a sort of universal photon spectrum, its shape is
resulting electron and positron are tracked in steps of 2 kmindependent of the primary energy and only mildly depen-
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dent on the arrival direction; only the total number of par-
ticles changes. The final spectrum can be parametrized by

bd E1¢
+_
1+ g ®)

dNem
dloge

E
E.

k 10°p

NUMBER OF SHOWERS

where for the Malarge site y=0.24, 6=—1.7, E.
=10'"8eV, andk is a normalization constant which due to
energy conservation scales linearly with the primary photon
energy. This linear relation implies that when the photons
convert, we can talk, equivalently, about an effective slope
parameter of3.=1 [in Eq. (3)].

At this point the method described in the previous section
can be used to generate artificial events on the Auger array 3
We use the conversion probability for the photon showers to - H
predict their behavior. These events are then reconstructed & I

2 Block et al
10°E

10
[ Photon

if they were protons, and an equivalent energy,)(is cal- N3 Proton HiRes
culated. E N
It is interesting to note that, coincidently, the energy at PR PP RSV U RPURPU PRI WIS S
19 19.2 19.4 19.6 19.8 20 20.2 20.4

which photon conversion becomes efficient is also that at LoguE,
which the LPM effects start to show up in shower develop-
ment,~ 10 eV [25] for a vertical air shower. When a pho- FIG. 8. IntegralE, spectrum of events per year triggering the
ton is converted, it is seen from the spectrum shown in FigAuger surface array >60°) for three assumptions of primary
7, most of the particles that will reach the top of the atmo-composition using the Nagano and Watson parametrization. For
sphere and initiate the shower will be below the LPM thresh{hotons two sets of spectra are calculated corresponding to the two
old. The magnetic field of the Earth shields the atmospherélifferent assumptions about the rise with energy of the number of
and the probability that showers develop in the atmospherBuons produced in photon showers. In each set the upper spectrum
with strong LPM suppression becomes very small. The eféorresponds to photons neglecting interactions in the geomagnetic
fective shielding is strongest at high zenith angles becaysheld of the _earth and the Iowgr sp(_actrum gives the result taking into
the energy at which the LPM effect starts to take up is higher‘?“?coum this effect as _dgscrlbed_ln the text. The curve mark_ed as
This is fortunate because, as Fig. 5 shows, if a high en_H|Res shows the prediction obtained for proton primaries taking a

ergy photon reaches the top of the atmosphere, the number B?rametri;ation of the cosmic ray flux as measured by the HiRes
: . collaboration.

muons produced in the corresponding shower could becomé

rather large and close to that of proton induced showers.

The expected rate for primary photons abové®HY is
reduced 30% when geomagnetic interactions are taken into
account.

In Fig. 8 the integral energy spectra obtained from the The two photoproduction cross sections used predict a
artificial events is shown under three different assumptionsate for photon primaries- 10 times smaller compared to the
for the primary compositiofiprotons, iron, and photohand  predictions for other hadronic primaries.
using the cosmic ray parametrization giver 12]. The rate Geomagnetic interactions modify the slope of the spec-
expected in the case of protons for a parametrization of therum for primary photons at energies above®eV.

HiRes data[14] is also shown and can be considered as a Because of the geomagnetic effect the uncertainty on the
lower bound if the primaries are protons. The hybrid characphotoproduction cross sections at high energies has a small
ter of the Auger Observatory is of utmost importance in theeffect on the muon number at ground level. The predicted
resolution of the flux controversy, and that should come indistortion of the longitudinal shower development for photon
the near future. primaries because of the LPM effect is reduced because of

In all the cases the artificial events are generated witlthe geomagnetic interactions. Assuming that the vertical flux
muon density maps obtained for each specific primary, anis well measured independently of mass composition, as ex-
then reconstructed as if they were protons, obtaining apected to be achieved with a fluorescence detector, the rate of
equivalent energy K,). For primary photons, calculations inclined showers could be used to impose strong constraints
are done using the Bloakt al. photoproduction cross section on primary photon composition assuming a given hadronic
and also using an approximate parametrization for the nummodel.
ber of muons in photon showers conservatively consistent The hadronic model uncertainty can change the normal-
with AIRES simulations, as discussed [i#], which amounts ization of the spectra shown in Fig. 8. Therefore this method
to using a value ofs=1.2 in Eq.(3). The spectra are calcu- is not adequate to impose constraints on both mass compo-
lated switching on and off the interaction with the geomag-sition and hadronic models at the same time. It should be
netic field for each of the two cases considered. used in combination with vertical measurements on mass

Three important features are clear in this picture: composition using the same hadronic model. However, the

IV. COMPOSITION ANALYSIS WITH HAS
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differences in muon densities between the different hadronitons were dominant at high energy, the rate would be an

models available are-40% [27], which is comparable to the order of magnitude smaller than if they were protons or nu-

difference between densities produced by proton and iroglei allowing for a clear discrimination of the two cases.

primaries[28], and therefore, these primaries cannot be relUncertainties in the physics at very high energies have im-

solved by using the overall rate measurements. Neverthelegdications for our results on the detailed quantitative predic-

the difference between photon and hadronic primaries ardons but these uncertainties have little impact on the previ-

much larger, a factor of 6 atx410?° eV, so that this method ous conclusions.

can, on its own, impose severe constraints on the photon There are other signatures of the presence of phasaes

content of the highest energy cosmic rays. for instance, Ref[21]). Surely the combination of the in-
Currently the ultrahigh-energy data suggest a mostly hadelined shower rate measurements together with vertical flux

ronic composition[4,29], and the inclined showers rate is determinations and detailed analysis of the expected photon

well described by proton primaries at energies abovesignatures will be a great step in the establishment of the

~10' eV [4]. If there is a change of composition to a pho- overall photon rate at very high energies with the forthcom-

ton dominance at higher energies, the rate of inclined showing data from the Auger experimef&0].

ers will be much lower than predicted here. After a few years

of operation of the Auger Observatory these features will

help to establish bounds on the flux of photons at energies as ACKNOWLEDGMENTS
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