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Constraints on the ultrahigh-energy photon flux using inclined showers
from the Haverah Park array
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We describe a method to analyze inclined air showers produced by ultrahigh-energy cosmic rays using an
analytical description of the muon densities. We report the results obtained using data from inclined events
(60°,u,80°) recorded by the Haverah Park shower detector for energies above 1019 eV. Using mass inde-
pendent knowledge of the UHECR spectrum obtained from vertical air shower measurements and comparing
the expected horizontal shower rate to the reported measurements we show that above 1019 eV less than 48%
of the primary cosmic rays can be photons at the 95% confidence level and above 431019 eV less than 50%
of the cosmic rays can be photonic at the same confidence level. These limits place important constraints on
some models of the origin of ultrahigh-energy cosmic rays.
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I. INTRODUCTION

The question of the origin of cosmic rays~CRs! of the
highest energies is currently a subject of much intense de
and discussion. The highest energy cosmic ray
31020 eV) was detected by Fly’s Eye fluorescence detec
@1# confirming the existence of cosmic rays with macr
scopic energies above the Greisen-Zatsepin-Kuz’min~GZK!
cutoff (431019 eV) @2#. In addition the Akeno Giant Air
Shower Array~AGASA! group have reported 8 events wi
energies above 100 EeV (1 EeV51018 eV) and other very
energetic events with energies beyond the GZK cutoff h
been described by the Volcano Ranch, Haverah Park
Yakutsk groups@3–5#. These ultrahigh-energy cosmic ray
~UHECR! pose a serious challenge for conventional theo
of CRs based on stochastic acceleration. The nonobserv
of the high-energy cutoff expected because of the inte
tions with the cosmic microwave background~CMB! indi-
cates that their sources must be nearby, thus posing se
restrictions as to their origin. There is currently a significa
experimental effort underway, focused around HiRes@6#, the
Pierre Auger Observatory@7# and EUSO@8#, aimed at dra-
matically improving the statistics at the highest energies.

The old idea of attempting to detect high-energy neutrin
through studying very inclined air showers~HAS! @9# has
been recently revived with the calculation of the accepta
of the Auger Observatories for the detection of high-ene
neutrinos @10#. Ultrahigh-energy~UHE! neutrinos ~above
EeV! are almost inevitable in models that seek to explain
UHE cosmic rays. At large zenith angles, cosmic ra
~whether they are protons, nuclei or photons! develop ordi-
nary showers in the top layers of the atmosphere in a v
similar fashion to the well-understood vertical showe
Their electromagnetic component is, however, almost co
pletely absorbed by the greatly enhanced atmospheric s
depth (3000 g cm22 at 70° from zenith! and thus prevented
from reaching ground level. High-energy neutrinos may
0556-2821/2002/65~6!/063007~19!/$20.00 65 0630
te
3
r

-

e
nd

s
ion
c-

us
t

s

e
y

e
s

ry
.
-
nt

-

duce HAS much deeper in the atmosphere close to an
shower array. By contrast, these showers at ground leve
semble vertical air showers in their particle content and ot
features.

The main background to UHE neutrino induced HAS
expected to be due to the remaining muon component of
cosmic rays showers, after practically all of the electrom
netic component is absorbed. Thesemuonic showersthat
penetrate the whole atmospheric depth to ground level
the object of this study. Although originally this project wa
conceived as a study of the background to neutrino-indu
showers we have come to the conclusion that the interes
HAS induced by cosmic rays goes well beyond that exp
tation. The measurement of high zenith angle showers
enhance the aperture of the existing air shower arrays,
will increase the data on cosmic ray arrival directions
previously inaccessible directions in galactic coordina
@11#. In addition to these obvious advantages, high zen
angle cosmic ray showers are unique because the sh
front is dominated by relatively energetic muons that tra
long distances, opening up the possibility of probing inter
tions in a region of phase space quite inaccessible in ver
air showers.

Cosmic ray induced HAS are different from vertic
showers mainly because they consist largely of muons wh
are produced far from ground level. The particle density p
files for HAS induced by protons or heavy nuclei displ
complex muon patterns at the ground which result from
long path lengths traveled by the muons in the presenc
the Earth’s magnetic field@12,13#. These patterns are difficul
to analyze@14# and invalidate the conventional approa
used for interpretation of low zenith angle showers (,60°),
which is usually based on the approximate circular symme
of the density profiles. The analysis of HAS produced
cosmic rays requires a radically different approach such
the one presented in this work. The emphasis of the anal
will be to obtain a bound on the contribution of photons
the highest energy cosmic rays.
©2002 The American Physical Society07-1
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We apply our approach to data recorded by the Have
Park experiment. The Haverah Park array, being made of
m deep water Cˇ erenkov tanks@15#, is the detector array so
far constructed which is best suited on geometrical consi
ations for the analysis of very large inclined showers. Mo
over it can be considered as a prototype of the Auger Ob
vatories, which will employ water Cˇ erenkov tanks of
identical depth. The quantitative aspects of our results
very specific to the water Cˇ erenkov technique as we hav
previously taken into account in great detail the interact
of the shower particles in the water detectors@16#.

In this paper we give a much more detailed account o
report already published@17#. The present work is organize
as follows: In Sec. II we discuss the main features of inclin
showers, the muon distributions, the different sources
electrons and photons and the shower front curvature. In
III we give a brief description of the Haverah Park array,
detectors and their response to the passage of different
ticles from the shower front. In Sec. IV we develop an alg
rithm to reconstruct the arrival directions and energies
inclined air showers detected with Haverah Park. In Sec
we describe a procedure to generate artificial events base
shower generation and measurements of the cosmic ray s
trum. In Sec. VI we compare the high zenith angle data to
artificial event distributions obtained under different assum
tions about the nature of the primary particles that consti
the cosmic ray energy spectrum above 1019 eV. We extract
bounds on photons above 1019 eV. Finally in Sec. VII we
discuss our results and review their implications. In a sub
quent paper we will describe the use of this technique
yield the proton-iron ratio as a function of energy above
EeV.

II. INCLINED AIR SHOWERS

As the zenith angle varies from the vertical,u50°, to the
horizontal, u590°, direction, the slant matter depth ris
from ;1000 to;36000 g cm22 and for angles above 60
the cosmic ray showers at ground level are observed
past the shower maximum. In inclined showers of zen
angles exceeding 70° the electromagnetic component ar
from the hadron shower throughp0 decay can be neglecte
at ground level. For zenith angles between 60° and 70°
relative signal of this component in a 1.2 m deep water Cˇ er-
enkov detector is small except for distances within a f
hundred meters from shower axis. While the electromagn
component of air showers is exponentially attenuated w
depth, the muons that are too energetic to decay, have
catastrophic interactions and only suffer ionization loss
scattering and geomagnetic deflection. They constitute
dominant component of the shower front for inclined sho
ers. The muon patterns at ground level have been studie
@18#. There is a residual electromagnetic component in
shower front which is produced by the muons themselv
mostly through muon decay. Other muon interactions c
tribute either little to the electromagnetic component or o
within a narrow region about shower axis.
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A. The muon component

The distribution of the muon component at ground lev
becomes complex at large zenith angles because of mag
field effects. The spatial distribution of muons can no long
be characterized by a simple function of one parameter~dis-
tance to the shower axis,r ) because of the asymmetry ge
erated mostly by the geomagnetic effects. In@18# an analytic
model to account for the average muon number densitie
ground level in presence of a magnetic field for proton sho
ers at high zenith angles is presented and described in de
We outline its main features because the work presented
relies heavily upon it.

The approach consists of studying the muon distributio
in the absence of magnetic field effects so that they h
cylindrical symmetry to an excellent approximation. The d
tributions are described by functions of one variable (r ), the
lateral distribution functions, in a plane perpendicular to t
shower axis, the transverse plane. A very strong anticorr
tion between the average muon energy and distance of
muon from the shower axis has been described in@18#.

Magnetic deviations of the muons are subsequently
plied to the circularly symmetric distributions, making use
the aforementioned anticorrelation and assuming the mu
are produced in a fixed region of the atmosphere. The m
netic distortions induced in the muon distributions are d
scribed by considering the projection of the Earth’s magne
field onto the transverse plane. As the zenith angle increa
the patterns obtained in the transverse plane gradu
change from elliptical distributions to two lobed figures r
flecting an increased distance traveled by the muons wh
results in enhanced distortions. The double lobe patterns
respond to positive and negative muons totally separated
the magnetic field which acts as a spectrometer for
muons in the shower. Moreover, as the azimuth chang
both the magnitude of the magnetic field projection onto
transverse plane and its relative orientation with respec
the ground, change, further increasing the diversity of
resulting patterns projected onto the ground.

The description of the average muon density patterns t
requires three inputs:

The lateral distribution function~LDF!.
The average muon energy as a function of radius@E(r )#.
The mean distance to the muon production point@ l 0(u)#.
All these values must first be evaluated in the absenc

magnetic effects. The model also requires knowledge of
muon energy distribution at a fixed distance to the show
axis. A log-normal distribution of width 0.4 has been foun
to be sufficiently accurate for all practical purposes.

The validity of the analytical description has been eva
ated by comparing full shower simulations for different a
rival directions with those obtained by this procedure.
comparison of muon densities in this model to those obtai
by simulation is shown in Fig. 1. The simulations of th
density distributions both with and without the magne
field have been made with theAIRES @19# code. Tests for
proton showers using theSIBYLL @20# hadronic interaction
generator at a fixed energy of 1019 eV, and four different
zeniths are described in@18#.
7-2
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CONSTRAINTS ON THE ULTRAHIGH-ENERGY PHOTON . . . PHYSICAL REVIEW D65 063007
This approach is independent of model details and can
applied to other hadronic generators, mass compositions,
energies by changing the corresponding inputs. It allows
comparison of muon density patterns at ground level thro
these simple inputs. A significant advantage is that, provi
the lateral distribution function is parametrized by a contin
ous function, the muon density patterns obtained in the tra
verse plane are smooth functions in contrast to distributi
obtained with any Monte Carlo simulation. This key poi
allows us to reconstruct the energy of individual events,
we describe below.

We have also found@16# that to a good approximation th
inputs to our model are energy independent for a given
mary, so the muon number density distributions for any p
mary energy can be obtained simply by normalizing the to
number of muons of a fixed energy shower. These res
apply to showers both with and without the magnetic fie
The energy dependence of the normalization factor can

FIG. 1. Contour plots of the muon density patterns in the tra
verse plane for 1019 eV proton showers with an incident zenit
angle ofu580° and azimuth anglef50° as obtained in the simu
lation ~upper panel! and with the analytic approach describe
~lower panel!. f is measured anticlockwise starting from the ma
netic North.
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obtained by monitoring the total muon number in the sho
ers (Nm). The values ofNm from simulations are plotted in
Fig. 2 for four different zenith angles. The energy depe
dence of the normalization can be taken into account ac
rately by a simple relation of the following form:

Nm5N0F E

1019 eV
Gb

, ~1!

where N0 ~the number of muons at 1019 eV) and b are
constant parameters for a given hadronic interaction mo
and mass composition. For different zenith angles the ene
scaling index,b, is the same and only the normalizationN0
changes.

Furthermore the muon distributions at ground level a
hardly different in shape for iron and proton. This is illu
trated in Figs. 3 and 4 where muon densities patterns
densities along given lines parallel to thex andy directions
in the transverse plane axes are compared for iron and pr
primaries. To a good approximation the differences can
accounted for by differences in the total number of muo
For a given model and primary composition the energy
pendence of very inclined showers can be parametrized
only two parameters. In Table I the results for these t
parameters for proton and iron in two interaction models
shown.

It is well known that fluctuations in shower developme
can enhance the trigger rate for air showers produced

-

-

FIG. 2. The relationship of total muon number to primary e
ergy for protons of three zenith angles using theQGSJETmodel@31#.
s-

n
ns
FIG. 3. Muon density patterns in the tran
verse plane for a 1019 eV proton shower incident
with 80° zenith angle, as well as for an iro
shower normalized to the same number of muo
for comparison.
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FIG. 4. Top left panel: Muon
number density in the transvers
plane as a function of thex coor-
dinate for a fixed value ofy as ob-
tained with the model for a proton
~full line! and iron ~dashed line!
shower of 1019 eV arriving with
80° zenith angle. They-axis is
chosen parallel to the magneti
North. Densities are calculated i
40 m340 m bins and thex axis
bins shown are centered aty50.
Bottom left panel: Ratio of for
proton and iron densities along th
x axis. Top right panel: Muon
number density takingy bins for a
fixed value of x51000 m. Bot-
tom right panel: Density ratio
along they coordinate.
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lower energy primaries because of the steep cosmic ray s
trum. The fluctuations to larger numbers of particles all
some of the more numerous low energy showers to trig
the detector. We have also studied muon number fluctuat
at ground level and how they relate to shower developm
~mean muon production height! and average muon energ
We have found that the mean muon energy correla
strongly with production height but that most of the numb
density fluctuations can be accounted for by fluctuations
muon number. Fluctuations in the total number of muons
mainly due to fluctuations in the depth of maximum, whi
are related to fluctuations in the first interaction depth,
well as to fluctuations in the neutral to charged pion ratios
the first interactions. In Fig. 5 the distribution of the mu
number for a set of 100 showers with the same primary
ergy and mass composition is plotted. Although the distri
tion is slightly asymmetric with a tail towards lowNm num-
ber, in this work we have assumed a Gaussian distribu
with a width of sNm

50.2̂ Nm&. In Fig. 5 we compare the

mean muon density as a function ofr to that of the extreme
cases of muon rich and muon poor showers obtained in
simulation. No significant changes in the shape of the m
LDF need to be considered for distances beyond ab
100 m.

Fluctuations in the number of muons in photon-induc
showers are rather different from those in hadron-indu
showers. If the first interaction of the incident photon ha
pens to be hadronic~probability R;0.01 at 1019 eV) then
the shower is indistinguishable from a hadronic shower.
the distribution of the total number of muons in a phot
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shower we can therefore expect a long tail of showers w
large number of muons, as can be seen in Fig. 6.

B. The electromagnetic component of very inclined showers

As will be described in the next section a detector th
uses water Cˇ erenkov tanks is more efficient for detectin
muons than electrons and photons because muons typi
go through the whole tank and thus give larger signals in
tanks than the typically lower energy electrons and photo
The electromagnetic component of inclined showers indu
by a proton or a nucleus has been studied with the help
both analytical calculations and Monte Carlo simulations
ing the AIRES code @19#. We can distinguish three compo
nents according to their origin:

The component fed by muon decay. The longitudinal de-
velopments of the electron and muon components are sh
in Fig. 7 for 1019 eV proton showers arriving with four dif-
ferent zenith angles. In these simulations the effects of m

TABLE I. Relationship between muon number and primary e
ergy for different models and primary masses@see Eq.~1!#, for a
zenith angle of 60°.

Model A b Nm (1019 eV)

SIBYLL 1 0.880 1.63107

56 0.873 2.23107

QGSJET 1 0.926 2.13107

56 0.909 2.83107
7-4
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FIG. 5. Left panels: Distribu-
tion of the total number of muons
for 100 individual proton showers
of energy 1019 eV and zenith
angle 60°~top graphs!, 75° ~bot-
tom graphs!, simulated withAIRES

code andQGSJEThadronic genera-
tor. Right panels: Muon latera
distribution for the extreme show
ers with largest and lowest num
ber of muons compared to th
mean.
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bremsstrahlung, pair production and nuclear interactions
not included. The most striking feature of these figures is t
after reaching shower maximum there is a residual com
nent that follows closely the muon depth distribution. Th
effect is mostly due to electrons from muon decay. The re
tive number of electromagnetic particles~electrons and pho
tons! with respect to the muons is seen to be practica
independent of depth and only mildly increasing with zen
angle.

As electrons and photons develop from multiple elect
magnetic subshowers their energy distribution is essent
the same as that of a typical air shower. The ratio fluctua
because of the discreteness of the energy deposition.
lateral distribution follows that of the muons rather close
as shown in Fig. 8 unlike the LDF for electrons in ne
vertical air showers.

The component fed byp0 decay. Figure 7 clearly shows
an early electromagnetic part mostly induced by thep0’s
from the hadronic interactions which decay into photons t
cascade down the atmosphere. This component become
ponentially suppressed after shower maximum and is q
unimportant for inclined showers. Indeed even at 60°
electromagnetic component of a 1019 eV proton shower
which can be directly associated top0 decay is already low
and confined within a relatively small region of about 200
around shower axis. Foru.70° we do not have a significan
contribution to the electromagnetic component fromp0

decay.
The component fed by muon interactions (bremsstrahlu

pair production and muon nuclear interactions). The muons
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in very inclined air showers have greater energies a
traverse more matter than in the vertical case so these
cesses need to be considered. We have estimated the g
bremsstrahlung contribution by considering the muon ene
spectrum of a single shower, folding it analytically with th
bremsstrahlung cross-section and the Greisen paramet
tion, see@21#. For an 80° zenith and 1019 eV proton shower
the total number of electrons and positrons (Ne) obtained is
about 2.53104. These are mostly due to the muons in t
energy range between 30 GeV and 500 GeV. This compon
arises also from electromagnetic sub-showers and its en

FIG. 6. Distribution of number of muons for individual photo
showers at 1019 eV simulated withAIRES code andQGSJEThadronic
generator. This plot was obtained combining different zenith ang
normalizing the number of muons of each individual shower to
mean value at a given zenith angle.
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AVE, HINTON, VÁZQUEZ, WATSON, AND ZAS PHYSICAL REVIEW D65 063007
FIG. 7. The average longitudinal developme
of the muon ~continuous line! and electron
~dashed lines! components for 100 proton show
ers of energy 1019 eV and different zenith
angles. At depths exceeding 3000 g cm22, or
equivalently for zenith angles greater than 70
the electromagnetic component is mainly due
muon decay. The point with the highest sla
depth in each of these graphs corresponds to a
tude of 220 m~Haverah Park!.
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distribution should also reflect that of electromagnetic c
cades. If we multiply, conservatively, the total number
electrons by a factor three to account for the two other m
interactions, it is still a factor of;50 below the total numbe
of muons in the shower, and negligible compared to the e
tromagnetic contribution from muon decay. This compon
has recently been incorporated into a new version of AIR
and analyzed fully with simulation in@22#. These results
show that the electromagnetic component dominates ove
muons only for distance to shower axis below;100 m in
agreement with our calculations.

To evaluate the relative importance of each of these c
tributions to the shower front relative to the signal induc
by the muons in inclined showers, we need to weight
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different type of particles at ground with the signal produc
by them in a given experiment. In Sec. III it will be show
that the quantitative effects of the electromagnetic com
nent for water Cˇ erenkov tanks such as those used in
Haverah Park array are unimportant except for distances
close to the shower axis.

C. Shower front curvature

Very inclined air showers detected at ground level a
mostly dominated by muons which travel long distanc
without large attenuations, as discussed in the previous
tion. We expect the curvature and the time spread of
muon front to be smaller than in vertical showers. We ha
d
FIG. 8. Right: Density pattern of the muons in the transverse plane for a 1019 eV proton induced shower with a zenith of 80°, an
including geomagnetic effects. Left: Electron density pattern for the same shower.
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CONSTRAINTS ON THE ULTRAHIGH-ENERGY PHOTON . . . PHYSICAL REVIEW D65 063007
studied the arrival time of the muons through simulatio
performed withAIRES code. We have simulated 100 proto
induced showers at 1019 eV for three different zeniths (60°
70°, and 80°). The output from the simulation gives t
arrival time of the muons at ground level, but we prefer
study the shower front~thickness and shape! in the trans-
verse plane. We have projected the muons onto the tr
verse plane, correcting the arrival times at the ground w
the different muon paths to reach this plane. After this c
rection we get the time distributions of the muons for diffe
ent bins in distance to the shower axis.

FIG. 9. Distribution of distances traveled by the muons fro
their production site to the ground for three different zeniths. T
ratio of s/d for the three histograms are 0.4, 0.27 and 0.20 resp
tively. At 87° ~not shown! the ratio is 0.13.
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The distance traveled by the muons characterizes the m
important properties of the shower front in inclined showe
and is the basis of the analytical model discussed in S
II A. It also characterizes the curvature of the shower fro
Assuming the muons are produced at a fixed point one wo
expect a spherical shower front which turns out to be a fa
good approximation. The distributions of distances trave
by the muons from the production site to the ground
plotted in Fig. 9 for three different zeniths, as obtained fro
simulations. The distributions are relatively narrow com
pared to the mean value^d&, so that for a given zenith angl
it is a reasonable approximation to consider all the muons
coming from a fixed point. As the production point is n
very sensitive to the nature of the primary particle the c
vature of the shower front can be also expected to be r
tively independent of composition.

Typically the times recorded in a ground array expe
ment, which are eventually used for the arrival direction
are the relative times of the onset of the signal at the differ
detectors. One can visualize the muon arrival time distri
tion as the delay associated with the different muon pa
from production to a particular position in the shower fron
We take from the time distribution the arrival time of the fir
muon. This implies that there is another factor that can d
tort an experimental reconstruction of the shower front
lated with the statistical sampling. For a given number
muonsn arriving at a particular detector, we are effective
sampling the corresponding time distributionn times and
then choosing the earliest time. For a large number of muo
this time will tend to the geometrical delay of the highe
energy muon, but for a small number of muons the earl
muon will be distributed about a mean value with a wid

e
c-
t
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r,
t
ng
ars
e-
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by
FIG. 10. Arrival times of the first muon a
different distances from the shower axis for
60°, 70°, 80°, and 87° proton induced showe
after sampling the time distributions for differen
number of muons. Dots correspond to a sampli
with 1 muon, open squares to 10 muons, and st
to 100 muons. The continuous line plotted corr
sponds to a spherical shape with the radius
curvature equal to the mean distance traveled
the muons to ground (^d&).
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AVE, HINTON, VÁZQUEZ, WATSON, AND ZAS PHYSICAL REVIEW D65 063007
FIG. 11. The Haverah Park Array.~A! The 2
km array. ~B! The relative heights and orienta
tions of the A-site detector huts.~C! The arrange-
ment of water tanks within an A-site detector hu
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which decreases withn. As a result there is an additiona
curvature that is entirely a statistical effect as was poin
out many years ago@23#.

In Fig. 10 we have plotted the arrival time of the fir
muon in the sample for four different zeniths and assumin
different number of muons hit the detector. We have sup
imposed a spherical front with radius of curvature equa
^d&. The accuracy of this simple approximation seems go
enough except for very high zeniths. As the muon num
density drops with the distance from the shower axis,
sampling will affect the measured arrival time of the fir
muons. The curvature effectively grows with the distance
the shower axis. This can be accounted for as an extra
tribution to the error of the measured time. In an experim
tal situation the necessity of spherical corrections will
determined by the experimental errors in relation to the
rival time delays. We will apply curvature corrections in th
event reconstruction of inclined showers in Sec. IV. A sphe
cal front assumption seems justified except for showers c
to the horizontal when a flat front can be assumed beca
the curvature is very small.

III. THE HAVERAH PARK ARRAY

The Haverah Park~HP! extensive air shower array wa
situated at an altitude of 220 m above sea level~mean atmo-
spheric depth51016 g cm22) at 53° 588 N, 1° 388 W.
The particle detectors of the shower array were water Cˇ eren-
kov counters. The detectors consisted of a number of unit
varying area built from water Cˇ erenkov tank modules. Th
modules were of two types. The majority were galvaniz
iron tanks 2.29 m2 in area, filled to a depth of 1.2 m with
water and viewed by one photomultiplier with 100 cm2 pho-
tocathode. A minority of detectors were 1 m231.2 m deep-
water Čerenkov detectors constructed from expanded pla
foam. Detector areas larger than 2.29 m2 were achieved by
grouping together a number of the larger modules in h
Figure 11~A! shows the layout of the Haverah Park array

The trigger rate of an air-shower array at large zen
angles is extremely sensitive to the geometry of the ar
Factors such as the shape and relative altitude of dete
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become very important for such showers. The relative a
tudes and orientations of the four A-site detectors, the t
gering detectors, are shown in Fig. 11~B!. A gradient across
the array is apparent and this has a significant effect on
observed azimuthal distribution. Fig. 11~C! shows the posi-
tions of individual tanks within the thermostated huts th
housed the detectors. The signals from 15 of the 16 ta
each of area 2.29 m2, were summed to provide the sign
used in the trigger. One tank in each hut was used to prov
a low gain signal. See@15# for a more detailed description o
the array.

The signal released in a water Cˇ erenkov detector is pro
portional to the energy lost in the tank by ionization. As mo
of the energy of a vertical air shower at ground level
carried by the electrons and photons, this technique is v
effective at measuring the energy flow in the shower di
Water-Čerenkov densities were expressed and recorded
terms of the mean signal from a vertical muon@1 vertical
equivalent muon~VEM!#. It has been shown that this sign
is equivalent to approximately 14 photoelectrons~pe! for HP
tanks@24#. The formation of a trigger was conditional on~i!
a density of.0.3 VEM m22 in the central detector~A1!
and~ii ! at least 2 of the 3 remaining A-site detectors reco
ing a signal of.0.3 VEM m22. The rates of the triggering
detectors were monitored daily. Over the life of the expe
ment, after correction for atmospheric pressure effects,
rates of the detectors were stable to better than 5%. Appr
mately 8000 events with zeniths exceeding 60° were
corded during an on time of 3.63108 s between 1974 and
1987.

A. Detector response

The calculation of the water-Cˇ erenkov signal from in-
clined showers is complex. The simulation of the propa
tion of vertical and inclined electrons, gammas, and mu
of different energies through Haverah Park tanks has b
performed using a specifically designed routineWTANK @25#
which usesGEANT @26#. The mean signal of electrons, gam
mas and muons have been convolved with the particle
tributions obtained in the shower simulations to calculate
7-8
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measured signal at ground by the water tanks for differ
zenith angles. Details of this calculation can be found
@16#.

The signal produced by Cˇ erenkov light from the muons in
the Haverah Park tanks is proportional to the track wh
typically goes through the whole tank. For a given mu
density the signal is also proportional the tank area and
result the mean signal is proportional to the tank volume
independent of the arrival direction of the shower relative
the tank. At large zeniths the smaller cross sectional a
presented by the tank means that fewer muons than for
tical showers make up the same average signal by ha
longer tracks. Therefore Poisson fluctuations in the to
number of muons going through a tank become more imp
tant for large zenith angles.

The signal produced by very inclined muons is enhan
by two processes. For very inclined showers it is possible
Čerenkov photons to fall directly onto the photomultipli
tube ~PMT! without reflection from the tank walls~we refer
to such photons as ‘‘direct light’’!. Also the mean muon en
ergy rises with zenith so that the probability of interaction
the tank is increased because both the cross sections an
average amount of water traversed increase. The produc
of secondary electrons via pair production, bremsstrahlu
nuclear interactions~collectively referred to as PBN interac
tions!, and electron knock-on (d-rays! is therefore enhanced
For example the correction due tod-ray production increase
from 2 pe at typical vertical muon energies of 1 GeV
around 3 pe for.10 GeV. These contributions have be
parametrized as a function of zenith and azimuth for eac
the different geometries of detectors that were used in the
array.

On the other hand the electromagnetic particles in
clined showers usually get completely absorbed in the ta
and the output signal is just proportional to the input parti
energy. Thus their contribution to the total signal at larg
zenith angles is suppressed compared to muons becau
the reduction of the projected area of the detectors. In Fig

FIG. 12. The ratio of the electromagnetic to muon contributio
to water-Čerenkov signal as a function of distance from the show
axis. The nonuniformity of the curves is due to statistical fluctu
tions.
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we show the ratio of electromagnetic to muon signal
simulated in a Cˇ erenkov tank of 1.2 m depth~as used in
Haverah Park and being implemented for the Auger Obs
vatory! as a function of distance to the shower axis for
vertical shower compared to two showers at large zen
angle. The shower particles have been fed through the
simulation as if they were coming from the vertical directio
to eliminate geometric tank effects. The results illustrate
behavior of the electromagnetic to muon signal ratio beca
of the ratio of electromagnetic particles to muons varyi
with zenith angle and distance to shower axisr. It is well
know that the muon lateral distribution is flatter than that
the electromagnetic component and thus the ratio decre
below 1 forr greater than;800 m for vertical showers. The
graph illustrates that already for zenith angles of;60° this
ratio is around the 25% level forr .200 m and that for
zeniths above this value this ratio at 1.5 km is still abou
factor 3 smaller than for vertical showers. The rise of t
ratio in Fig. 12 at small distances to the core can be att
uted to the pion showering process combined withp0 decay.

We have averaged the water-Cˇ erenkov signal induced by
muons and electromagnetic particles forr ,2 km. In Fig. 13
we plot the average electromagnetic signal induced
muon, measured in VEM. The behavior of this curve has
minimum atu.67°. For zenith angles smaller than this the
is still a contribution from the electromagnetic compone
from p0 decay so the ratio is increasing rapidly as we mo

s
r
-

FIG. 13. Ratio of the total signal from muons and electroma
netic particles arriving within 2 km from the shower core as
function zenith angle. The dots corresponds to the case in which
muons are fictitiously assumed to enter in the tank parallel to
vertical direction and the squares corresponds to the real si
given by a muon at the corresponding zenith angle~including direct
light, knock-on electrons, etc!. The plot was done with 100 proton
showers at 1019 eV simulated withAIRES andQGSJEThadronic gen-
erator for each zenith angle. The curve shown corresponds to th
described in the text.
7-9
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FIG. 14. The mean electromagnetic signal d
to the showering process andp0 decay in a HP
tank ~circles! compared to the muon signal~stars!
as a function of distance to the shower axis f
four different zenith angles. The plot was don
with 100 proton showers at 1019 eV simulated
with AIRES and QGSJET hadronic generator. The
large errors in the mean electromagnetic sign
are statistical.
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towards lower zenith angles. For zenith angles above
minimum the electromagnetic signal is dominated by mu
decay which again increases at very large zenith angles
the electromagnetic signal tends to be completely abso
in the tank, the shape of the tanks is not important for t
figure. We have parametrized the percentage contributio
the signal due to muon decay relative to the muons a
linear function on secu independently for proton, iron an
gamma primaries; see Fig. 13. These relative values are
ful for event simulation on the basis of the muon dens
maps.

Also shown is the ratio of average signals induced
electromagnetic particles to that of the muons. This l
curve shows how the relative contribution to the measu
signals of electromagnetic particles decreases with ze
angle, in spite of the increase of the absolute electromagn
signal per muon. This is because the muons from very
clined showers give enhanced signals in the tanks becau
geometry.

After subtracting the flat component due to muon dec
we have plotted in Fig. 14 the remaining electromagne
contribution to the signal in a specific HP tank configurati
~the triggering tanks! for 60°, 62°, 64° and 66° as a functio
of the distance to the shower axis. This is the contribut
from p0 decay with large errors because of the subtract
procedure. We have also plotted the muonic contribution
cluding geometric effects and enhancements due to d
light and muon interactions. As the zenith angle increases
electromagnetic contribution is suppressed. It can be s
that the electromagnetic contribution due top0 decay is only
relevant at small distances (,200 m) to the shower axis
This contribution to the electromagnetic component has b
parametrized as a function of zenith for proton, iron a
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photon primaries fitting the curves in Fig. 14 to a Haver
Park type@27# lateral distribution function.

IV. EVENT RECONSTRUCTION

The distortion of the circular symmetry in very incline
air showers prevents the use of a single parameter to mea
the shower energy. This is in contrast to near-vertical sho
ers for which the measurement of the density at 600
r(600) has been shown to be fairly independent of com
sition for the Haverah Park array@28#. Because of energy
scaling of the muon number that controls the recorded sig
at large angles, the natural way to obtain the energy of sin
events is to fit the energy and core position simultaneousl
the expected density maps appropriate to the correspon
arrival direction. We describe our approach below.

A. Direction reconstruction

The Haverah Park arrival directions were determin
originally using only the 4 central triggering detectors. W
have reanalyzed the arrival directions of showers hav
original values ofu.56°, taking into account all detector
which have timing information. This reanalysis produc
smaller arrival direction uncertainties due to the larger ba
lines involved.

The curvature of the shower front has been investigate
Sec. II using theAIRES code for inclined showers. The mea
surement error of the times recorded by HP array is;40 ns,
so from Fig. 10 it is apparent that the shower front is co
sistent with the approximation of a spherical front centered
the mean muon distance to production site~e.g. at 60° the
radius of curvature is 16 km!. Beyond;80° curvature ef-
7-10
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fects are rather small and it is quite sufficient to assum
plane front@29#. When the detected muon number is sm
there is a systematic effect on the curvature correction
large fluctuations due to limited sampling of the show
front. Therefore, we used only the timing information fro
detectors with.15 equivalent muons detected.

The direction fits of the data were originally performe
using the maximum likelihood algorithm described in@30#,
which is only suitable to fit to a plane front. The uncertain
used in making the plane fit was

Dt~ns!5Dtm1
20 ns

ANm

, ~2!

whereDtm is the measurement error~;40 ns!, and the sec-
ond term is added to account for sampling errors.

To fit the direction taking into account the curvature e
fects we first fitted the recorded times to a plane front. Th
each measured time was corrected for curvature effects
the fit was repeated. If the resulting zenith angle differed
more than 0.1° from the previous one, times were again
rected and the fit repeated. The iteration was termina
when convergence had been achieved~i.e. du,0.1°). Be-
cause of the dependence of the curvature fit on the pos
of the shower core, the iterative process must also invo
fits to the particle density to obtain the core position. T

TABLE II. Characteristics of the different kind of detectors
the Haverah Park array.

Type
Vert. area

(m2)
Thresh.

(VEM m22)
Sat.

(VEM m22)

Trigger detectors 37. 0. 45.

2 km array 14. 0. 45.

150 m array 9. 0. 60.

Infill array 1. 7. -

J,K,L detectors 2.25 7. -
06300
a
l
d

r

n
nd
y
r-
d

n
e

e

implementation of this complex iterative procedure will b
described in Sec. IV D. The uncertainty expression used
the curvature fit is

Dt~ns!5ADtm
2 1Dtc

21Dts
2, ~3!

whereDtc is the error induced in the corrected times by t
uncertainty in the core position,Dtm is the measurement er
ror, andDts is the sampling error~see Sec. II C!.

B. Parametrizations for the muon densities

We have obtained the inputs needed in our analytical
scription of muon densities@18# from specificAIRES simula-
tions with the QGSJET @31# hadronic interaction generato
For three possible compositions of proton, iron and gam
primaries, one hundred showers were generated for each
nith angle in the range 60° –89°~in 1° steps! in the absence
of a magnetic field, at a fixed energy of 1019 eV. Using the
procedure described in@18#, we have prepared a compa
library of muon density patterns at a fixed energy for diffe
ent zenith angles and different compositions. Magnetic
viations are accounted for in the muon distributions proje
ing the Earth’s magnetic field onto the transverse plane
using the algorithm described in@18# which rotates the pat-
tern depending on the azimuthal direction. Different energ
were obtained through energy scaling as indicated in S
II A.

The electromagnetic component is separated into
parts:

The component fed by muon decay. In the previous sec-
tion we showed that the contribution to the signal in t
tanks due to electromagnetic particles produced by m
decay was present at all core distances and that it ma
contribution to the signal that depends slightly on zen
angle and is of;3 photoelectrons per arriving muon. Th
spatial distributions of this electromagnetic contribution fo
lows the muon density pattern, so it is relatively simple
include it using the density maps described above.

The component fed byp0 decay. The tail of the electro-
magnetic part of the shower contributes mildly to the parti
TABLE III. Zenith angle, arrival direction coordinates and shower energy~assuming proton primary! of
selected showers with energy.431019 eV. MR is the event record number. The reportedx2 values and the
degrees of freedom (n) refer to the density fits.

MR Zenith ~deg! RA ~deg! Dec. ~deg! log10(Ep /eV) x2/n

18731630 60 62.3 318.3 3.0 20.04 20.03 10.03 40.0/42
14050050 65 61.2 86.7 31.7 19.89 20.08 10.10 11.0/13
18565932 68 61.3 46.4 6.0 19.88 20.22 10.34 15.5/15
25174538 65 61.2 252.7 60.2 19.85 20.22 10.20 5.0/5
14182627 70 61.3 121.2 8.0 19.76 20.05 10.05 5.0/10
15301069 74 61.2 50.0 49.4 19.76 20.06 10.05 27.1/32
19167320 72 61.3 152.5 25.9 19.75 20.06 10.04 36.5/33
12753623 74 62.1 304.9 17.1 19.67 20.07 10.10 11.4/11
24503624 69 62.1 16.9 53.0 19.63 20.22 10.33 11.0/9
12519070 70 61.3 47.7 8.8 19.62 20.08 10.06 15.2/14
7-11
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FIG. 15. Density maps of two events in the plane perpendicular to the shower axis. Recorded muon densities are shown as c
radius proportional to the logarithm of the density. The detector areas are indicated by shading; the area increases from light gra
as 1, 2.3, 9, 13, 34 m2. The position of the best-fit core is indicated by a cross. Selected densities are also marked. They-axis is aligned with
the component of the magnetic field perpendicular to the shower axis.
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density at ground level at zenith angles below 70° and c
distances less than 500 m. This contribution has been m
eled usingAIRES with QGSJET~see previous section! and is
radially symmetric in the transverse plane. The tail of t
electromagnetic part of the shower contributes 20% of
total water-Čerenkov signal at 400 m from the core for a 6
shower. As is clear from Fig. 14, the contribution drops bo
for larger distances and for higher zenith angles. This e
tromagnetic component was calculated at an energy
1019 eV: The values for different energies were obtained
scaling with energy (rem}E0).

C. Detector signal conversion

We will later on compare the signal at the detectors
predictions based on simulation of showers. For each de
tor we will compare therecordednumber of muonsNm

r to
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the number of muonspredicted from a given density map
Nm

p , which is simply obtained multiplying the muon numb
density by the transverse area for each detector. The ac
values ofNm

p used are corrected to account for the elect
magnetic contribution due to the tail of the showering p
cesses. We now describe the process of converting the a
recorded signal toNm

r which is not straightforward becaus
of several corrections that need to be considered.

The detector signals were recorded in units of verti
equivalent muons. Using theGEANT based package,WTANK

@25#, we have found that this unit corresponds to an aver
number of 14 photoelectrons, in agreement with experim
tal estimates@24#. For inclined showers additional effect
such as direct light on the photomultiplier tubes, delta ra
pair production and bremsstrahlung by muons inside
tank, increase this number. For a given zenith angle, we h
FIG. 16. Same as Fig. 15.
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calculated the mean number of photoelectrons per m
(pem) taking into account all the processes mentioned be
except for pair production and bremsstrahlung. Pair prod
tion and bremsstrahlung do not alter the expected rate
function of zenith angle by more than a 1%, so we have
included this effect to save computing time.

To calculate the value ofpem we use

pem5~pevem1ped!
Av

Ah~u,f!
1peem~u!1pedl~u!, ~4!

wherepedl is the contribution from the direct light,peem is
the contribution of the electromagnetic part from muon d
cay which is;3 photoelectrons per arriving muon. The fir
term is the contribution proportional to the muon track,
cluding the Čerenkov light from both the muon trac
(pevem) and from thed rays (ped), which have to be cor-
rected by the ratio of the vertical to the inclined avera

FIG. 17. Parametrizations of the cosmic ray flux between 118

and 1020 eV used in this work due to Nagano-Watson@33# ~dashed
line! and to Szabelski et al.@34# ~full line! compared to AGASA
data@35#.
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tracklength. This correction can be also expressed in term
the ratio of the cross sectional areas presented by the t
for vertical and inclined muons (Av /Ah) as explained in Sec
III A.

The different sizes of detectors present in Haverah P
array are described in Table II with their corresponding
eas, density thresholds and saturation densities. These d
ences have forced us to simulate withWTANK the different
detector geometries for different zenith angles to obtain
corresponding values ofpem .

The recorded signals at each detector are first conve
into the corresponding number of photoelectrons by mu
plying the recorded density (m22) by the vertical area and
the number of photoelectrons per vertical muon~14 pe!. The
number of muons going through each tank,Nm

r , is then ob-
tained dividing this number of photoelectrons by the num
expected per muon at the corresponding arrival direct
pem , given in Eq.~4!. For detectors that saturate or ha
thresholds, the corresponding number of muonsNm

sat andNm
th

are calculated for a given arrival direction in an analogo
fashion using the saturation and threshold signals of Table

D. The fitting algorithm

The observed densities were fitted against predictions
ing the maximum likelihood method. The quantity to max
mize in this method is

ln P~xc ,yc ,E0!5 ln~P1P2 . . . Pn!5(
i 51

n

ln Pi , ~5!

wheren is the number of detectors used in the fit andPi is
the probability that thei th detector recordsNm

r muons if the
predicted number of muons isNm

p ~as obtained from the
muon density maps!. The primary energyE0 and the core
coordinates (xc ,yc) are the free parameters in the fits.
order to calculate the probabilities needed in Eq.~5! we as-
sume a Poisson distribution with meanNm

p given by

Pi5
~Nm

p !re2Nm
p

r !
, ~6!
-

-

FIG. 18. x2 distributions from
the energy and direction recon
struction of data~stars! and artifi-
cial events~histogram!, assuming
proton composition and the pa
rametrizations of the spectrum
given in @33#.
7-13



-
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FIG. 19. Downward and up-
ward error distribution in the re-
constructed energy from the den
sity fits to the data~stars! and to
the artificial events~histogram!.
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wherer is the closest integer toNm
r . When large numbers o

muons (Nm
r .8) are involved we approximate the Poiss

distribution with a Gaussian distribution with meanNm
p and

width s obtained adding three different errors in quadratu

s5Asp
21sm

2 1sg
2, ~7!

wheresp5ANm
p is the Poisson error of the muon numbe

sm is the measurement error (7% of the recorded sign!,
and sg is the error induced by geometrical consideratio
dependence of the detector area with azimuth and azimu
variations of the direct light. The main contribution tos
comes fromsp . If the detector is saturated the correspon
ing probability is calculated integrating the Gaussian dis
bution from Nm

sat to `. If the detector density is under th
threshold we evaluate the Poisson probability of gettingNm

th

or fewer muons.
A three-dimensional grid search was made to maxim

Eq. ~5! finding the most likely impact point and shower e
ergy. The energy was varied in the range 1017,E0

p

,1021 eV in steps of 0.1 in log10(Ep /eV). The impact point
was varied over a grid of 12 km36 km in 40 m steps in the
perpendicular plane, the grid asymmetry being necessar
accommodate the ellipticity of inclined showers.

Since angle reconstruction depends on the core pos
for curvature corrections a complex algorithm was requi
to avoid spurious dependences between core location
direction determination. The steps of the algorithm to fi
the final parameters of an event are the following:

~1! Find u, and f by fitting a plane front to the times
registered by the triggering detectors.

~2! With the reconstructed direction, find the core positi
and primary energy through a three dimensional grid sea
maximizing the likelihood function.

~3! Find a new value foru, andf fitting a plane front to
the times registered by the detectors within 1 km of the c
~found in the previous step! in the shower plane. If there ar
less than 7 detectors with time information we complete
number with the next nearest detectors, which may
.1 km from the shower axis.

~4! With the reconstructed direction, find a new core p
sition and primary energy.
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~5! Repeat steps~3! and ~4! once to avoid any bias in
duced by the first determination of the shower core~which
used a direction fitted with a small number of times fro
detectors that could be far away from the shower core!.

~6! Find u andf taking into account the curvature in th
front. This yields the final reconstructed direction. We a
calculateDu. The zenith angle does not usually change m
than 1° compared with the value obtained in the previo
step.

~7! With the reconstructed direction, find again the co
position and primary energy (xc ,yc ,E0). This will be the
final reconstructed parameters of the event.

~8! Find core position and primary energy for changes
the value ofu by u1Du andu2Du. This step is particularly
important for controlling and understanding the systema
uncertainty of the primary energy due to the zenith an
uncertainty.

Errors in the energy and core determination were de
mined from the likelihood function as described in@32#. In
addition to this error, an error in energy arises due to
uncertainty in the zenith angle. The error from the zen
angle determination and the error from the fit are added
quadrature to give the total error shown in Table III. T
typical error in the position of the core is 100 m and
log10E0 it is 0.1, corresponding to 26%.

FIG. 20. Zenith angle distribution for data~stars! and artificial
events~histogram!. No normalization has been made. Statistical
ror bars are also shown.
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FIG. 21. Left panel: Distribu-
tion of errors in zenith angle from
the fit for the data~stars! and arti-
ficial events ~histogram!. Right
panel: Distribution of the differ-
ence between the real and the r
constructed zenith angle.
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E. Results of the data fit

Over 8000 events were fitted with muon density ma
generated for proton primaries and theQGSJEThadronic gen-
erator, following the procedure explained in the previo
subsection.

To guarantee the quality of events the following cuts w
made to the reconstructed events:~i! the distance from the
central triggering detector to the core position in the show
plane is required to be belowr max52 km, ~ii ! the x2 prob-
ability for the energy and direction fits must be.1%, ~iii !
the downward error in the energy determination is requi
to be less than a factor of 2. The chosen value ofr max guar-
antees that the core position is always surrounded by de
tors in the HP array. After making the cuts described ab
we found 52 events withE0.1019 eV, ten events with en-
ergies above 431019 eV and one with energy abov
1020 eV. For zenith angles greater than 80° no showers p
cut ~iii !.

In Figs. 15 to 16 the density maps for four reconstruc
events are shown in detail. These maps are plotted in
plane perpendicular to the shower direction together with
contours of densities that best fit the data. In each figure
array is rotated in the shower plane such that they-axis is
aligned with the component of the magnetic field perp
dicular to the shower axis. In Fig. 15 and on the right pa
of Fig. 16 the asymmetry in the density pattern due to
geomagnetic field is apparent. For all these events the co
surrounded by recorded densities and is well determined
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Table III details are given of the 10 events withEp.4
31019 eV.

This work improves and extends the results presente
@17# and is compatible with it. There are however slight d
ferences which are due to the improvements: namely,~1!
improved muon density parametrizations, now in 1° ste
~2! inclusion of densities below threshold in the fitting alg
rithm; ~3! better treatment of the electromagnetic part of t
shower from muon decay;~4! inclusion of events with origi-
nal zenith angle 56°,u,60°.

The inclusion of three additional events in Table III com
pared with what was obtained in@17#, and the changes in th
energies of some events should be noted. It must be stre
that the new energy always lies within the error quoted
@17#, and the three new events were not included in the or
nal list because they failed to pass the cut on the downwa
error.

The photoelectron distributions in a water detector sh
long tails due to the processes mentioned in Sec. III A.
therefore expect an excess of upward fluctuations over do
ward fluctuations from the average detector signal. For e
event we calculate the probability that each of the detec
involved has a signal which deviates by more than.2.5 s
from the average using the simulated photoelectron distr
tions. We reject signals having~upward or downward! devia-
tions greater than 2.5s, recalculating the best-fit core afte
any rejection. Of 226 densities in the events described be
and listed in Table III we have rejected 12 upward deviatio
t
-

FIG. 22. Energy resolution in-
tegrated for all zeniths in differen
energy bins. A flat energy distribu
tion is assumed for each graph.
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FIG. 23. Integral~left panel! and differential
~right panel! number of inclined events as a func
tion of energy for the Haverah Park data s
~stars! compared to the predictions for iron~dot-
ted line!, protons~continuous! and photon prima-
ries ~dashed!. The parametrization of the spec
trum given in@33# is assumed.
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~the expected number was 17! and a single downward devia
tion. We consider this to be a strong vindication of our u
derstanding of the signal in the tanks and of our model
procedures.

V. GENERATION OF ARTIFICIAL EVENTS

Besides the fitting of the individual events it is extreme
important to compare the data obtained with expectatio
We have simulated ‘‘artificial’’ events assuming a given e
ergy spectrum for the cosmic rays, taken from other exp
ments and assuming different primary compositions. In or
to compare the simulated results to those obtained from
data, we must also calculate the reconstruction efficie
which is sensitive to the cuts made. Throughout we use
QGSJETas the hadronic generator of the simulations.

We have generated showers in the range of ener
1018 eV to 1021 eV in bins of 0.05 in log10E0. For each of
these energy bins we have adjusted the number of artifi
events generated to approximately obtain 300 showers
trigger the array. The procedure for generating each artifi
event is the following:

~1! We randomly select an arrival direction assuming is
ropy according to a sinu distribution for zenith angle and
uniform distribution for azimuth (f).

~2! Each shower is directed on to the array with a rand
impact point position in the transverse plane up to 2.5
away from the center of the array.

~3! Each time a shower is directed at the array, the to
muon number (Nm) is fluctuated to take into account show
fluctuations. For proton and iron primaries we used a Gau
ian distribution of spread 0.2Nm , and for photon primaries
we used the distribution in Fig. 6.
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~4! The density in the ground plane at the location of ea
of the detectors is read from the library of muon dens
maps.

~5! The corresponding signal and arrival time in each
the detectors is generated~see next subsection!.

~6! The trigger condition of the Haverah Park array
tested.

~7! If an event is deemed to trigger the array then t
density and time information is recorded in the same form
as the real data.

~8! Each artificial event is assigned a weight (wo) which
is Nexp/N, whereN is the total number of events generat
in a particular energy bin, fulfilling, or not, the triggerin
condition andNexp is the total number of CR expected from
the assumed flux for the same energy bin integrated over
zenith angle range considered (59° –89°).

The artificial events, recorded in the same format as r
data, are analyzed with the same algorithm assuming a
ton composition for the maps and withQGSJETas the had-
ronic generator, and applying the same cuts. The resul
spectrum is obtained by adding the weights of the individ
artificial events at the corresponding reconstructed energ

A. Implementation of the signal in the detectors

The signal in each detector is artificially generated as
lows:

~1! The projected area of the detector in the shower pl
is calculated.

~2! Given the local muon density and the projected ar
the number of incident muons is sampled from a Pois
distribution.
gy
the
-
in
FIG. 24. Integral~left! and differential~right!
number of inclined events as a function of ener
for the Haverah Park data set compared to
predictions for iron, protons and photon prima
ries. The parametrization of the spectrum given
@34# is assumed.
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~3! The track length of each muon through the detecto
sampled from a distribution obtained analytically from t
detector geometry@see Fig. 11~C!#.1

~4! The contribution of indirect Cˇ erenkov light from the
incident muons and fromd-ray electrons is calculated from
the sampled track lengths~12 pe for each 1.2 m of track
with an additional 3 pe/1.2 m to account for the signal fro
d-rays!.

~5! The signal from direct light on the PMTs is related
the detector geometry in a more complex way and is imp
mented usingWTANK to simulate the passage of muo
through the whole detector for a range of zenith and azim
angles.

~6! The electromagnetic component of the shower due
muon decay is approximated by the addition of a numbe
photoelectrons per muon~n! which depends smoothly on ze
nith angle.

~7! The electromagnetic component of the shower fr
p0 decay is calculated using the parametrizations discus
in Sec. III.

~8! The signal generated in this way is fluctuated acco
ing to measurement errors.

The arrival time of the first muon is generated assumin
spherical shower front with radius equal to the mean dista
to the production site of the muons at each particular ze
angle. The time is then fluctuated according to measurem
and sampling errors.

B. Comparison of data and artificial event distributions

We assume a recent parametrization of the energy s
trum given in @33# noting that the agreement between t
fluorescence estimates of the spectrum and those mad
other methods implies that we have an approximately m

1This distribution accounts for the possibility that at large zen
angles a single muon may traverse several tanks.

FIG. 25. Photon to proton abundance ratio as a function of
energy for three different models for the origin of high energy c
mic rays by Berezinsky et al.~BKV ! @41#, Birkel et al. ~BS! @42#,
and Rubin@43#, and the 95% C.L. bounds presented in this wor
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independent knowledge of the spectrum measured in
near-vertical direction. The flux above 1019 eV is assumed
to be known to within 20% uncertainty. We will compare
the results obtained using an alternative energy spect
given in @34#. Both fluxes are compared in Fig. 17.

In Figs. 18, 19, 20, 21 we show different output para
eters of the event reconstruction for the artificial events
suming a proton composition and the spectrum given in@33#,
compared to data. All the events used in these figures p
the cuts described in the previous section, in particular
energies above 1019 eV, r max52 km. The agreement ob
tained is encouraging and suggests that the simulation a
rately mimics the data.

In Fig. 22 we show the energy resolution for differe
energy ranges. A finite energy resolution has the effect
increasing the measured rate by misinterpreting more ab
dant lower energy events as having a higher energy. H
ever no corrections need be made in this approach bec
the same effect is present both in data and simulations.

VI. LIMITS ON COMPOSITION

After all the quality cuts are implemented as discussed
Sec. IV we calculate the event rate as a function of the
mary energy integrating over all zenith and azimuth ang
We will concentrate here on the events with reconstruc
proton energy above 1019 eV, which provide the most strin
gent conclusions about UHECR composition.

In Fig. 23 we show both the integral and differential e
ergy spectra obtained from the artificial events under th
different assumptions for the primary composition~protons,
iron and photons! compared to the data using the cosmic r
parameterization given in@33#. We also show the spectr
obtained using the cosmic ray flux spectrum from@34#, see
Fig. 24. All curves are for theQGSJEThadronic interaction
model. The agreement between the curves generated for
tons with the two spectra is remarkable. The normalization
the curves has not been manually adjusted. The expected
increases if iron is assumed and decreases if photons
assumed. This is just a matter of counting muons, hea
nuclei have more muons while photons are known to h
much fewer muons. For the same reason shifts in the cu
can be expected if different hadronic interaction models
used according to the number of muons they predict.

The remarkable point about this graph is that the expec
rate for photons is about an order of magnitude below
proton prediction. Assuming that cosmic rays have a prot
photon mixture at ultra high energies it is easy to obtain
bound from this graph. We can get bounds on photon ab
dance at a given confidence level comparing the meas
number of events above a given threshold and its error to
expected numbers in the case of proton and photon com
sitions, taking into account the uncertainty in the predicti
from the normalization error in the parametrization of t
cosmic ray spectrum. Assuming the prediction obtained w
the flux in @33# we obtain that less than 48% of the observ
events above 1019 eV can be photons with a 95% confi
dence level. Above 431019 eV less than 50% can be pho
tons at the same confidence level. If we assume the spec

e
-
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of @34# instead the bound for photon increases~decreases! to
25% (70%) at energies above 1019 eV (431019 eV).

The results for the photon bound depend on the hadro
model we choose but in a way that is conservative.
we were to chose a model that produces fewer muons
QGSJET we would predict a composition heavier than pr
tons. If we chose a model that produces more muons,
would require a lighter composition and more photon fl
would be allowed. From the KASCADE project@36# it is
evident that all models tested except forSIBYLL produce
muon rates above that found in the data. So models
produce more muons are disfavored.

Our photon bound is also conservative because we h
not taken into account the interactions of the high ene
photons in the magnetic field of the Earth@37#. This has the
effect of converting a single energetic photon into a f
lower energy photons. As the total number of muons in
shower initiated by a single photon scales approxima
with E1.2, the number of muons in a shower initiated by
single photon exceeds the total number of muons if the p
ton energy is split into multiple photon showers of low
energy.

The implementation of photohadronic interactions in t
AIRES code@19# andCORSIKA code@38# ~using the parametri-
zation of@39#! give predictions of the total number of muon
that are equal to within 10% at 1019 eV. Unless the photo-
production cross section has a dramatic increase at high
ergies, the photon bound is robust because the photopro
tion cross section is small relative to hadronic interaction

VII. DISCUSSION

Conventional acceleration mechanisms, so called ‘‘bott
up’’ scenarios, predict an extragalactic origin with main
proton composition. Although nuclei of higher charge a
more easily accelerated they are fragile to photonuclear
cesses in the strong photon fields to be expected in lik
source regions@40#. ‘‘Top down’’ models explain the highes
energy cosmic rays arising from the decay of some su
ciently massive ‘‘X-particles.’’ These models predict pa
ticles such as nucleons, photons and even possibly neut
as the high energy cosmic rays, but not nuclei. In some m
els @41–43# these X-particles are postulated as long-livi
metastable super-heavy relic particles~MSRP! clustering in
our galactic halo. For these MSRP models a photon do
nated primary composition at 1019 eV is expected. Other top
down models@44# associate X-particles with processes
volving systems of cosmic topological defects which are u
6

06300
ic
f
at

e

at

ve
y

a
ly

o-

n-
uc-

o-
ly

-

os
d-

i-

i-

formly distributed in the universe, and predict a phot
dominated composition only above;1020 eV.

On general grounds dominance of photons over proton
expected for these models due to the QCD fragmenta
functions of quarks and gluons from X-particle decays in
mesons and baryons. The ratio of photons to protons
MSRP models is typically 10@41# at 1019 eV from QCD
fragmentation. However some models predict a ratio clo
to 2 @42#. The difference depends on distance to the sour
because the photons attenuate in shorter distances tha
protons in the cosmic microwave background and thus
become suppressed relative to the protons if the sources
distant. Clearly, our bound on the photon flux puts sev
constraints on some ‘‘top down’’ models. This is illustrate
in Fig. 25 where this ratio is plotted for three such mod
and compared to our bound.

Observations above 1019 eV are otherwise consisten
with both top down and bottom up interpretations@1,45#.
There is however some partial evidence against the pho
hypothesis. Shower development of the highest energy e
@1#, is inconsistent with a photon initiated shower@46# while
AGASA measurements of the muon lateral distribution
the highest energy events are compatible with a proton or
@48#. Our result has been recently confirmed by compar
muon and electron densities in vertical air showers detec
by the AGASA array@47#.

Here we have described a new method to analyze incli
showers. The method opens up a new way to measure
mic ray showers. These showers are complementary to
tical showers because they are mostly due to muons tha
produced far away from the detection point. The method
be applied to array detectors that use water Cˇ erenkov tanks
such as the Auger observatories now in construction.

The power of analyzing inclined showers is illustrat
with the analysis of the Haverah Park data. This analysis
allowed us to set the first limit to the photon content of t
highest energy cosmic rays. We conclude that observat
of inclined showers provide a powerful tool to discrimina
between photon and proton dominated compositions.
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