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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°< #<80°) recorded by the Haverah Park shower detector for energies abbveXt0Using 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 aba@ [E8s than 48%
of the primary cosmic rays can be photons at the 95% confidence level and akd@&®4eV 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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[. INTRODUCTION duce HAS much deeper in the atmosphere close to an air
shower array. By contrast, these showers at ground level re-
The question of the origin of cosmic ray€Rs of the  semble vertical air showers in their particle content and other
highest energies is currently a subject of much intense debafgatures.
and discussion. The highest energy cosmic ray (3 The main background to UHE neutrino induced HAS is
X 10° eV) was detected by Fly's Eye fluorescence detectofXPected to be due to the remaining muon component of the
[1] confirming the existence of cosmic rays with macro-COSMIC rays shOW(_ers, after practically aII_of the electromag-
scopic energies above the Greisen-Zatsepin-Kuz {GiBkK) netic component is absorbed. Thelsﬂuonlc showerghat
cutoff (4x10° eV) [2]. In addition the Akeno Giant Air penetrate the whole atmospheric depth to ground level are

Shotier ATay(AGASA) gou have fepoied & events i e e of s sy, Ahough oignal s prfect s
energies above 100 EeV (1 EeM0'® eV) and other very y 9

energetic events with energies beyond the GZK cutoff hav showers we have come to the conclusion that the interest in
- AS i i Il h -
been described by the Volcano Ranch, Haverah Park a S induced by cosmic rays goes well beyond that expec

. : tion. The measurement of high zenith angle showers will
Yakutsk groupg3-5]. These ultrahigh-energy cosmic rays gnpance the aperture of the existing air shower arrays, and

(UHECR) pose a serious challenge for conventional theoriegjj| jncrease the data on cosmic ray arrival directions to
of CRs based on stochastic acceleration. The nonobservatigfieyiously inaccessible directions in galactic coordinates
of the high-energy cutoff expected because of the interag11]. |n addition to these obvious advantages, high zenith
tions with the cosmic microwave backgrouf@MB) indi-  angle cosmic ray showers are unique because the shower
cates that their sources must be nearby, thus posing seriofgnt is dominated by relatively energetic muons that travel
restrictions as to their origin. There is currently a significantjong distances, opening up the possibility of probing interac-
experimental effort underway, focused around HiR&sthe  tions in a region of phase space quite inaccessible in vertical
Pierre Auger Observatory7] and EUSQ[8], aimed at dra- air showers.
matically improving the statistics at the highest energies. Cosmic ray induced HAS are different from vertical
The old idea of attempting to detect high-energy neutrinoshowers mainly because they consist largely of muons which
through studying very inclined air showe(slAS) [9] has  are produced far from ground level. The particle density pro-
been recently revived with the calculation of the acceptancéles for HAS induced by protons or heavy nuclei display
of the Auger Observatories for the detection of high-energycomplex muon patterns at the ground which result from the
neutrinos [10]. Ultrahigh-energy(UHE) neutrinos (above  long path lengths traveled by the muons in the presence of
EeV) are almost inevitable in models that seek to explain thehe Earth’s magnetic fieldl2,13. These patterns are difficult
UHE cosmic rays. At large zenith angles, cosmic raysto analyze[14] and invalidate the conventional approach
(whether they are protons, nuclei or photpdsvelop ordi- used for interpretation of low zenith angle showers60°),
nary showers in the top layers of the atmosphere in a verwhich is usually based on the approximate circular symmetry
similar fashion to the well-understood vertical showers.of the density profiles. The analysis of HAS produced by
Their electromagnetic component is, however, almost comeosmic rays requires a radically different approach such as
pletely absorbed by the greatly enhanced atmospheric slatiie one presented in this work. The emphasis of the analysis
depth (3000 gcm? at 70° from zenithand thus prevented will be to obtain a bound on the contribution of photons to
from reaching ground level. High-energy neutrinos may in-the highest energy cosmic rays.
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We apply our approach to data recorded by the Haverah A. The muon component
Park experiment. The Haverah Park array, being made of 1.2 114 distribution of the muon component at ground level

m deep water €renkov tankg15], is the detector array S0 ecomes complex at large zenith angles because of magnetic
far constructed which is best suited on geometrical considefig|g effects. The spatial distribution of muons can no longer
atlon§ for the analy_S|s of very large inclined showers. More o characterized by a simple function of one parametisr
over it can be considered as a prototype of the Auger Obsefynce 1o the shower axis) because of the asymmetry gen-
vatories, which will employ water @enkov tanks of grated mostly by the geomagnetic effects[16] an analytic
identical depth. The quantitative aspects of our results arg,qe| tg account for the average muon number densities at
very specific to the water &enkov technique as we have g.,,nq jevel in presence of a magnetic field for proton show-
previously taken into account in great detail the interactiongg 4t high zenith angles is presented and described in detail.
of the shower particles in the water detectfis]. We outline its main features because the work presented here
In this paper we give a much more detailed account of §4iag heavily upon it.
report already publishefd 7]. The present work is organized  rhe anproach consists of studying the muon distributions
as follows: In Sec. Il we d|§cu§s the main _features ofinclinedy, the absence of magnetic field effects so that they have
showers, the muon distributions, the different sources Ofyjingrical symmetry to an excellent approximation. The dis-
electroqs and photons qnq the shower front curvature. In ,Seﬁ"ibutions are described by functions of one variabl (he
Il we give a brief _descrlptlon of the Haverah Park_ array, it jateral distribution functions, in a plane perpendicular to the
d_etectors and their response to the passage of different pagpq,yer axis, the transverse plane. A very strong anticorrela-
tl_cles from the shower front. _In Se_c. IV_ we develop an _algo'tion between the average muon energy and distance of the
rlthm to rgconstruct the arrival .d|rect|ons and energies Ofmuon from the shower axis has been describeid.8).
inclined air showers detected with HaV(_er_a_h Park. In Sec. V Magnetic deviations of the muons are subsequently ap-
we describe a p.rocedure to generate artificial event_s based Bﬂed to the circularly symmetric distributions, making use of
shower generation and measurements of the cosmic ray sp&fe aforementioned anticorrelation and assuming the muons
trum. In Sec. VI we compare the high zenith angle data to theg,¢ produced in a fixed region of the atmosphere. The mag-
artificial event distributions obtained under different assumpnetic distortions induced in the muon distributions are de-
tions about the nature of the primary partiCles that ConStitUt%Cnbed by Considering the projection of the Earth’s magnetic
the cosmic ray energy spectrum aboveé®1@V. We extract field onto the transverse plane. As the zenith angle increases
bounds on photons above 0eV. Finally in Sec. VIl we  the patterns obtained in the transverse plane gradually
discuss our results and review their implications. In a subsechange from elliptical distributions to two lobed figures re-
guent paper we will describe the use of this technique tdlecting an increased distance traveled by the muons which
yield the proton-iron ratio as a function of energy above 1results in enhanced distortions. The double lobe patterns cor-
EeV. respond to positive and negative muons totally separated by
the magnetic field which acts as a spectrometer for the
muons in the shower. Moreover, as the azimuth changes,
II. INCLINED AIR SHOWERS both the magnitude of _the magnetic_field projec_tion onto the
transverse plane and its relative orientation with respect to
As the zenith angle varies from the verticék-0°, to the  the ground, change, further increasing the diversity of the
horizontal, #=90°, direction, the slant matter depth risesresulting patterns projected onto the ground.
from ~1000 to~36000 gcm? and for angles above 60° The description of the average muon density patterns thus
the cosmic ray showers at ground level are observed welequires three inputs:
past the shower maximum. In inclined showers of zenith The lateral distribution functiofLDF).
angles exceeding 70° the electromagnetic component arising The average muon energy as a function of rafli€(s) ].
from the hadron shower through® decay can be neglected ~ The mean distance to the muon production ppig6)].
at ground level. For zenith angles between 60° and 70° the All these values must first be evaluated in the absence of
relative signal of this component in a 1.2 m deep water-C magnetic effects. The model also requires knowledge of the
enkov detector is small except for distances within a fewmuon energy distribution at a fixed distance to the shower
hundred meters from shower axis. While the electromagnetiexis. A log-normal distribution of width 0.4 has been found
component of air showers is exponentially attenuated withio be sufficiently accurate for all practical purposes.
depth, the muons that are too energetic to decay, have few The validity of the analytical description has been evalu-
catastrophic interactions and only suffer ionization lossesated by comparing full shower simulations for different ar-
scattering and geomagnetic deflection. They constitute thaval directions with those obtained by this procedure. A
dominant component of the shower front for inclined show-comparison of muon densities in this model to those obtained
ers. The muon patterns at ground level have been studied loy simulation is shown in Fig. 1. The simulations of the
[18]. There is a residual electromagnetic component in thelensity distributions both with and without the magnetic
shower front which is produced by the muons themselvesfield have been made with theres [19] code. Tests for
mostly through muon decay. Other muon interactions conproton showers using theiByLL [20] hadronic interaction
tribute either little to the electromagnetic component or onlygenerator at a fixed energy of *0eV, and four different
within a narrow region about shower axis. zeniths are described [.8].
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obtained by monitoring the total muon number in the show-

02 ers (N,). The values olN, from simulations are plotted in
Fig. 2 for four different zenith angles. The energy depen-
dence of the normalization can be taken into account accu-

. . rately by a simple relation of the following form:
FIG. 1. Contour plots of the muon density patterns in the trans- y by P 9

verse plane for 1§ eV proton showers with an incident zenith
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lation (upper panel and with the analytic approach described N,=No m @
(lower panel. ¢ is measured anticlockwise starting from the mag- €

netic North.

where Ny (the number of muons at 10 eV) and B are

This approach is independent of model details and can beonstant parameters for a given hadronic interaction model
applied to other hadronic generators, mass compositions, arathd mass composition. For different zenith angles the energy
energies by changing the corresponding inputs. It allows thecaling index,3, is the same and only the normalizatibig
comparison of muon density patterns at ground level througlehanges.
these simple inputs. A significant advantage is that, provided Furthermore the muon distributions at ground level are
the lateral distribution function is parametrized by a continu-hardly different in shape for iron and proton. This is illus-
ous function, the muon density patterns obtained in the trangrated in Figs. 3 and 4 where muon densities patterns and
verse plane are smooth functions in contrast to distributionslensities along given lines parallel to tkeandy directions
obtained with any Monte Carlo simulation. This key point in the transverse plane axes are compared for iron and proton
allows us to reconstruct the energy of individual events, aprimaries. To a good approximation the differences can be
we describe below. accounted for by differences in the total number of muons.

We have also founfil6] that to a good approximation the For a given model and primary composition the energy de-
inputs to our model are energy independent for a given pripendence of very inclined showers can be parametrized with
mary, so the muon number density distributions for any pri-only two parameters. In Table | the results for these two
mary energy can be obtained simply by normalizing the totaparameters for proton and iron in two interaction models are
number of muons of a fixed energy shower. These resultshown.
apply to showers both with and without the magnetic field. It is well known that fluctuations in shower development
The energy dependence of the normalization factor can bean enhance the trigger rate for air showers produced by
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FIG. 3. Muon density patterns in the trans-
verse plane for a 8 eV proton shower incident
with 80° zenith angle, as well as for an iron
shower normalized to the same number of muons
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lower energy primaries because of the steep cosmic ray speshower we can therefore expect a long tail of showers with
trum. The fluctuations to larger numbers of particles allowlarge number of muons, as can be seen in Fig. 6.

some of the more numerous low energy showers to trigger
the detector. We have also studied muon number fluctuations
at ground level and how they relate to shower development
(mean muon production heighand average muon energy. As will be described in the next section a detector that
We have found that the mean muon energy correlatedses water €renkov tanks is more efficient for detecting
strongly with production height but that most of the numbermuons than electrons and photons because muons typically
density fluctuations can be accounted for by fluctuations irfg0 through the whole tank and thus give larger signals in the
muon number. Fluctuations in the total number of muons arg@nks than the typically lower energy electrons and photons.
mainly due to fluctuations in the depth of maximum, which The electromagnetic component of inclined showers induced

are related to fluctuations in the first interaction depth, aliytﬁ protlop olr a Inucl:li'us hasdbEAen tStUg'eld with tlhf[a' help of
well as to fluctuations in the neutral to charged pion ratios i oth analytical calcuiations and ionte L-ario simuiations us-

the first interactions. In Fig. 5 the distribution of the muon ing the A'RES.COde[lg].' W? _ce.m distinguish three compo-
nents according to their origin:

number for a set of 100 showers with the same primary en- The component fed by muon decaie longitudinal de-

ergy anq mass composit.ion 'is pIottgd. Although the diStribu'\/elopments of the electron and muon components are shown
tion is slightly asymmetric with a tail towards loW, num- i, 0 7 for 10° eV proton showers arriving with four dif-
ber, in this work we have assumed a Gaussian distributiogyrent zenith angles. In these simulations the effects of muon
with a width of aN#:O.2<N,L). In Fig. 5 we compare the
mean muon density as a functionofo that of the extreme TABLE I. Relationship between muon number and primary en-
cases of muon rich and muon poor showers obtained in thgrgy for different models and primary masgese Eq.(1)], for a
simulation. No significant changes in the shape of the muoenith angle of 60°.
LDF need to be considered for distances beyond about
100 m. Model A B N, (10" ev)
Fluctuations in the number of muons in photon-induced -
showers are rather different from those in hadron-induced"®" - ! 0.880 1.6<10

B. The electromagnetic component of very inclined showers

\/
showers. If the first interaction of the incident photon hap- 56 0873 2.210
pens to be hadronirobability R~0.01 at 16° eV) then  ogsser 1 0.926 2.%10°
the shower is indistinguishable from a hadronic shower. For 56 0.909 2. 10

the distribution of the total number of muons in a photon
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bremsstrahlung, pair production and nuclear interactions ari@ very inclined air showers have greater energies and
not included. The most striking feature of these figures is thatraverse more matter than in the vertical case so these pro-
after reaching shower maximum there is a residual composesses need to be considered. We have estimated the global
nent that follows closely the muon depth distribution. Thisbremsstrahlung contribution by considering the muon energy
effect is mostly due to electrons from muon decay. The relaspectrum of a single shower, folding it analytically with the
tive number of electromagnetic particléslectrons and pho- bremsstrahlung cross-section and the Greisen parametriza-
tons with respect to the muons is seen to be practicallytion, seg21]. For an 80° zenith and 19 eV proton shower
independent of depth and only mildly increasing with zeniththe total number of electrons and positrol&) obtained is
angle. about 2.5¢10%. These are mostly due to the muons in the

As electrons and photons develop from multiple electro-energy range between 30 GeV and 500 GeV. This component
magnetic subshowers their energy distribution is essentiallprises also from electromagnetic sub-showers and its energy
the same as that of a typical air shower. The ratio fluctuates
because of the discreteness of the energy deposition. The
lateral distribution follows that of the muons rather closely,
as shown in Fig. 8 unlike the LDF for electrons in near
vertical air showers.

The component fed by° decay Figure 7 clearly shows
an early electromagnetic part mostly induced by s
from the hadronic interactions which decay into photons that
cascade down the atmosphere. This component becomes ex- 0.05
ponentially suppressed after shower maximum and is quite
unimportant for inclined showers. Indeed even at 60° the
electromagnetic component of a !f0eV proton shower
which can be directly associated 4 decay is already low 0 05 1
and confined within a relatively small region of about 200 m
around shower axis. F@>70° we do not have a significant  F|G. 6. Distribution of number of muons for individual photon
contribution to the electromagnetic component from?  showers at 18 eV simulated withaRes code ancocsJeThadronic
decay. generator. This plot was obtained combining different zenith angles

The component fed by muon interactions (bremsstrahlungiormalizing the number of muons of each individual shower to the
pair production and muon nuclear interactionglhe muons mean value at a given zenith angle.

o Arb. units

1'l§l,‘/ < N“>2
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distribution should also reflect that of electromagnetic casdifferent type of particles at ground with the signal produced
cades. If we multiply, conservatively, the total number ofby them in a given experiment. In Sec. Il it will be shown
electrons by a factor three to account for the two other muonhat the quantitative effects of the electromagnetic compo-
interactions, it is still a factor of-50 below the total number nent for water @renkov tanks such as those used in the
of muons in the shower, and negligible compared to the elecyaverah Park array are unimportant except for distances very
tromagnetic contribution from muon decay. This component|ose to the shower axis.
has recently been incorporated into a new version of AIRES
and analyzed fully with simulation ih22]. These results
show that the electromagnetic component dominates over the
muons only for distance to shower axis belewi00 m in Very inclined air showers detected at ground level are
agreement with our calculations. mostly dominated by muons which travel long distances
To evaluate the relative importance of each of these conwithout large attenuations, as discussed in the previous sec-
tributions to the shower front relative to the signal inducedtion. We expect the curvature and the time spread of the
by the muons in inclined showers, we need to weight themuon front to be smaller than in vertical showers. We have

C. Shower front curvature

5000 5000

~ .. ] - [ ] ~
Eopo medgr fE|
> e "n s "l >
=
u
-5000 |- . ~5000
5000 0 5000 5000 5000
x (M) x (M)

FIG. 8. Right: Density pattern of the muons in the transverse plane for%a & proton induced shower with a zenith of 80°, and
including geomagnetic effects. Left: Electron density pattern for the same shower.
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The distance traveled by the muons characterizes the most
important properties of the shower front in inclined showers
— 60deg . . . . .
- 70 deg and is the basis of the analytical model discussed in Sec.
. 80 deg IIA. It also characterizes the curvature of the shower front.
Assuming the muons are produced at a fixed point one would
expect a spherical shower front which turns out to be a fairly
good approximation. The distributions of distances traveled
by the muons from the production site to the ground are
plotted in Fig. 9 for three different zeniths, as obtained from
simulations. The distributions are relatively narrow com-
pared to the mean valye), so that for a given zenith angle
it is a reasonable approximation to consider all the muons as
coming from a fixed point. As the production point is not
e U very sensitive to the nature of the primary particle the cur-
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tively independent of composition.

FIG. 9. Distribution of distances traveled by the muons from Typically the times recorded in a ground array experi-
their production site to the ground for three different zeniths. Thement, which are eventually used for the arrival direction fit,
ratio of o/d for the three histograms are 0.4, 0.27 and 0.20 respecgre the relative times of the onset of the signal at the different
tively. At 87° (not shown the ratio is 0.13. detectors. One can visualize the muon arrival time distribu-

tion as the delay associated with the different muon paths
studied the arrival time of the muons through simulationsfrom production to a particular position in the shower front.
performed withAIRES code. We have simulated 100 proton We take from the time distribution the arrival time of the first
induced showers at 19 eV for three different zeniths (60°, muon. This implies that there is another factor that can dis-
70°, and 80°). The output from the simulation gives thetort an experimental reconstruction of the shower front re-
arrival time of the muons at ground level, but we prefer tolated with the statistical sampling. For a given number of
study the shower fronfthickness and shapeén the trans- muonsn arriving at a particular detector, we are effectively
verse plane. We have projected the muons onto the transampling the corresponding time distributiontimes and
verse plane, correcting the arrival times at the ground witithen choosing the earliest time. For a large number of muons,
the different muon paths to reach this plane. After this corthis time will tend to the geometrical delay of the highest
rection we get the time distributions of the muons for differ- energy muon, but for a small number of muons the earliest

ent bins in distance to the shower axis. muon will be distributed about a mean value with a width
~400 ¢ 200
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which decreases with. As a result there is an additional become very important for such showers. The relative alti-
curvature that is entirely a statistical effect as was pointedudes and orientations of the four A-site detectors, the trig-
out many years agf23]. gering detectors, are shown in Fig.(BL A gradient across

In Fig. 10 we have plotted the arrival time of the first the array is apparent and this has a significant effect on the
muon in the sample for four different zeniths and assuming @bserved azimuthal distribution. Fig. (@ shows the posi-
different number of muons hit the detector. We have supertions of individual tanks within the thermostated huts that
imposed a spherical front with radius of curvature equal tchoused the detectors. The signals from 15 of the 16 tanks,
(d). The accuracy of this simple approximation seems googach of area 2.29 fwere summed to provide the signal
enough except for very high zeniths. As the muon numbeused in the trigger. One tank in each hut was used to provide
density drops with the distance from the shower axis, thea low gain signal. Segl5] for a more detailed description of
sampling will affect the measured arrival time of the firstthe array. .
muons. The curvature effectively grows with the distance to The signal released in a wateef@nkov detector is pro-
the shower axis. This can be accounted for as an extra comportional to the energy lost in the tank by ionization. As most
tribution to the error of the measured time. In an experimenof the energy of a vertical air shower at ground level is
tal situation the necessity of spherical corrections will becarried by the electrons and photons, this technique is very
determined by the experimental errors in relation to the areffective at measuring the energy flow in the shower disk.
rival time delays. We will apply curvature corrections in the Water-Grenkov densities were expressed and recorded in
event reconstruction of inclined showers in Sec. IV. A spheriterms of the mean signal from a vertical mufdh vertical
cal front assumption seems justified except for showers closequivalent muor{fVEM)]. It has been shown that this signal
to the horizontal when a flat front can be assumed becaude equivalent to approximately 14 photoelectrgpe for HP

the curvature is very small. tanks[24]. The formation of a trigger was conditional ¢in
a density of>0.3 VEMm 2 in the central detectotAl)
IIl. THE HAVERAH PARK ARRAY and(ii) at least 2 of the 3 remaining A-site detectors record-

) i ing a signal of>0.3 VEM m™ 2. The rates of the triggering
_ The Haverah ParkHP) extensive air shower array was getectors were monitored daily. Over the life of the experi-
situated at an altitude of 220 m above sea l¢wetan atmo-  ment, after correction for atmospheric pressure effects, the
spheric deptk 1016 gcm ) at 53° 58 N, 1° 38 W.  rate5 of the detectors were stable to better than 5%. Approxi-
The particle detectors of the shower array were watne@- mately 8000 events with zeniths exceeding 60° were re-

kov counters. The detectors consisted of a number of units qf,,qeq during an on time of 3:610° s between 1974 and
varying area built from water €&enkov tank modules. The 19g7

modules were of two types. The majority were galvanized
iron tanks 2.29 rin area, filled to a depth of 1.2 m with
water and viewed by one photomultiplier with 100 Zpho- N
tocathode. A minority of detectors were 12m1.2 m deep- The calculation of the water&enkov signal from in-
water Gerenkov detectors constructed from expanded plasticlined showers is complex. The simulation of the propaga-
foam. Detector areas larger than 2.2% were achieved by tion of vertical and inclined electrons, gammas, and muons
grouping together a number of the larger modules in hutsof different energies through Haverah Park tanks has been
Figure 11A) shows the layout of the Haverah Park array. performed using a specifically designed routimeank [25]

The trigger rate of an air-shower array at large zenithwhich usesseaNT [26]. The mean signal of electrons, gam-
angles is extremely sensitive to the geometry of the arraynas and muons have been convolved with the particle dis-
Factors such as the shape and relative altitude of detectotgbutions obtained in the shower simulations to calculate the

A. Detector response
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FIG. 12. The ratio of the electromagnetic to muon contributions 005 = 3

to water-@renkov signal as a function of distance from the shower C ]
axis. The nonuniformity of the curves is due to statistical fluctua- ° 5'0 E— sls A 7'0' — 7'5' —— slo - 8'5 '

tions. 8

measured signal at ground by the water tanks for different g 13, Ratio of the total signal from muons and electromag-
zenith angles. Details of this calculation can be found innetic particles arriving within 2 km from the shower core as a
[16]. function zenith angle. The dots corresponds to the case in which the
The signal produced by@enkov light from the muons in  muons are fictitiously assumed to enter in the tank parallel to the
the Haverah Park tanks is proportional to the track whichvertical direction and the squares corresponds to the real signal
typically goes through the whole tank. For a given muongiven by a muon at the corresponding zenith artgleluding direct
density the signal is also proportional the tank area and as laht, knock-on electrons, etcThe plot was done with 100 proton
result the mean signal is proportional to the tank volume anghowers at 18 eV simulated withaiRes andQasJeThadronic gen-
independent of the arrival direction of the shower relative toerator for each zenith angle. The curve shown corresponds to the fit
the tank. At large zeniths the smaller cross sectional are@iescribed in the text.
presented by the tank means that fewer muons than for ver-
tical showers make up the same average signal by havinge show the ratio of electromagnetic to muon signal as
longer tracks. Therefore Poisson fluctuations in the totakimulated in a @renkov tank of 1.2 m deptfas used in
number of muons going through a tank become more imporHaverah Park and being implemented for the Auger Obser-
tant for large zenith angles. vatory) as a function of distance to the shower axis for a
The signal produced by very inclined muons is enhancedertical shower compared to two showers at large zenith
by two processes. For very inclined showers it is possible foangle. The shower particles have been fed through the tank
Cerenkov photons to fall directly onto the photomultiplier simulation as if they were coming from the vertical direction
tube (PMT) without reflection from the tank walleve refer  to eliminate geometric tank effects. The results illustrate the
to such photons as “direct lighj” Also the mean muon en- behavior of the electromagnetic to muon signal ratio because
ergy rises with zenith so that the probability of interaction inof the ratio of electromagnetic particles to muons varying
the tank is increased because both the cross sections and thigh zenith angle and distance to shower axidt is well
average amount of water traversed increase. The productidmow that the muon lateral distribution is flatter than that for
of secondary electrons via pair production, bremsstrahlunghe electromagnetic component and thus the ratio decreases
nuclear interactiongcollectively referred to as PBN interac- below 1 forr greater tham-800 m for vertical showers. The
tions), and electron knock-ongrays is therefore enhanced. graph illustrates that already for zenith angles~680° this
For example the correction due #eray production increases ratio is around the 25% level far>200 m and that for
from 2 pe at typical vertical muon energies of 1 GeV tozeniths above this value this ratio at 1.5 km is still about a
around 3 pe for>10 GeV. These contributions have beenfactor 3 smaller than for vertical showers. The rise of the
parametrized as a function of zenith and azimuth for each ofatio in Fig. 12 at small distances to the core can be attrib-
the different geometries of detectors that were used in the HBted to the pion showering process combined withdecay.
array. We have averaged the wateei@nkov signal induced by
On the other hand the electromagnetic particles in inimuons and electromagnetic particlesifer2 km. In Fig. 13
clined showers usually get completely absorbed in the tankae plot the average electromagnetic signal induced per
and the output signal is just proportional to the input particlemuon, measured in VEM. The behavior of this curve has as
energy. Thus their contribution to the total signal at largemminimum até=67°. For zenith angles smaller than this there
zenith angles is suppressed compared to muons becauseisfstill a contribution from the electromagnetic component
the reduction of the projected area of the detectors. In Fig. 1&om #° decay so the ratio is increasing rapidly as we move
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towards lower zenith angles. For zenith angles above thiphoton primaries fitting the curves in Fig. 14 to a Haverah
minimum the electromagnetic signal is dominated by muorPark type[27] lateral distribution function.
decay which again increases at very large zenith angles. As
the electromagnetic signal tends to be completely absorbed
in the tank, the shape of the tanks is not important for this
figure_. We have parametrized the percentage contribution of The distortion of the circular symmetry in very inclined
the signal due to muon decay relative to the muons as gjr showers prevents the use of a single parameter to measure
linear function on seé independently for proton, iron and the shower energy. This is in contrast to near-vertical show-
gamma primaries; see Fig. 13. These relative values are Usgrs for which the measurement of the density at 600 m
ful for event simulation on the basis of the muon densityp(ﬁoo) has been shown to be fairly independent of compo-
maps. _ _ . _ sition for the Haverah Park arrgy28]. Because of energy
Also shown is the ratio of average signals induced byscaling of the muon number that controls the recorded signal
electromagnetic particles to that of the muons. This lasht |arge angles, the natural way to obtain the energy of single
curve shows how the relative contribution to the measure@yents is to fit the energy and core position simultaneously to
signals of electromagnetic particles decreases with zenitfhe expected density maps appropriate to the corresponding

angle, in spite of the increase of the absolute electromagnetigrjya) direction. We describe our approach below.
signal per muon. This is because the muons from very in-

clined showers give enhanced signals in the tanks because of
geometry.

After subtracting the flat component due to muon decay The Haverah Park arrival directions were determined
we have plotted in Fig. 14 the remaining electromagneticoriginally using only the 4 central triggering detectors. We
contribution to the signal in a specific HP tank configurationhave reanalyzed the arrival directions of showers having
(the triggering tanksfor 60°, 62°, 64° and 66° as a function original values of6>56°, taking into account all detectors
of the distance to the shower axis. This is the contributiorwhich have timing information. This reanalysis produces
from 7° decay with large errors because of the subtractiorsmaller arrival direction uncertainties due to the larger base-
procedure. We have also plotted the muonic contribution inlines involved.
cluding geometric effects and enhancements due to direct The curvature of the shower front has been investigated in
light and muon interactions. As the zenith angle increases thgec. Il using thenREs code for inclined showers. The mea-
electromagnetic contribution is suppressed. It can be seesurement error of the times recorded by HP array #0 ns,
that the electromagnetic contribution duertb decay is only ~ so from Fig. 10 it is apparent that the shower front is con-
relevant at small distances<200 m) to the shower axis. sistent with the approximation of a spherical front centered at
This contribution to the electromagnetic component has beetie mean muon distance to production sigeg. at 60° the
parametrized as a function of zenith for proton, iron andradius of curvature is 16 kmBeyond~80° curvature ef-

IV. EVENT RECONSTRUCTION

A. Direction reconstruction
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TABLE II. Characteristics of the different kind of detectors in implementation of this complex iterative procedure will be
the Haverah Park array. described in Sec. IV D. The uncertainty expression used in
the curvature fit is

Vert. area Thresh. Sat.
Type (m)  (VEMm™) (VEMm™) At(ng= VAL +ALZFAL, @3)
Trigger detectors 37. 0. 45,
2 km array 14. 0. 45, whereAt, is the error induced in the corrected times by the
150 m array 9. 0. 60. uncertainty in the core positiont,, is the measurement er-
Infill array 1. 7. . ror, andAtg is the sampling errotsee Sec. Il ©
J,K,L detectors 2.25 7. -

B. Parametrizations for the muon densities

We have obtained the inputs needed in our analytical de-
fects are rather small and it is quite sufficient to assume &cription of muon densitielsl 8] from specificaiRes simula-
plane front[29]. When the detected muon number is smalltions with the QesJET[31] hadronic interaction generator.
there is a systematic effect on the curvature correction angor three possible compositions of proton, iron and gamma
large fluctuations due to limited sampling of the showerprimaries, one hundred showers were generated for each ze-
front. Therefore, we used only the timing information from pjth angle in the range 60°—89fh 1° step$in the absence

detectors with>15 equivalent muons detected. of a magnetic field, at a fixed energy of*20eV. Using the
The direction fits of the data were Originally performed procedure described |['|]_8:|, we have prepared a compact
using the maximum likelihood algorithm described[BO],  |ibrary of muon density patterns at a fixed energy for differ-
which is only suitable to fit to a plane front. The uncertaintyent zenith angles and different compositions. Magnetic de-
used in making the plane fit was viations are accounted for in the muon distributions project-
ing the Earth’s magnetic field onto the transverse plane and
20 ns using the algorithm described [18] which rotates the pat-
At(ng)=At+——, (2)  tern depending on the azimuthal direction. Different energies
\/_,u were obtained through energy scaling as indicated in Sec.
ITA.

The electromagnetic component is separated into two

whereAt,, is the measurement err6r+40 ng, and the sec- parts:
ond term is added to account for sampling errors. The component fed by muon dechy the previous sec-

To fit the direction taking into account the curvature ef-tion we showed that the contribution to the signal in the
fects we first fitted the recorded times to a plane front. Thertanks due to electromagnetic particles produced by muon
each measured time was corrected for curvature effects ardbcay was present at all core distances and that it made a
the fit was repeated. If the resulting zenith angle differed bycontribution to the signal that depends slightly on zenith
more than 0.1° from the previous one, times were again corangle and is of~3 photoelectrons per arriving muon. The
rected and the fit repeated. The iteration was terminatedpatial distributions of this electromagnetic contribution fol-
when convergence had been achieved. §0<0.1°). Be- lows the muon density pattern, so it is relatively simple to
cause of the dependence of the curvature fit on the positioimclude it using the density maps described above.
of the shower core, the iterative process must also involve The component fed by° decay The tail of the electro-
fits to the particle density to obtain the core position. Themagnetic part of the shower contributes mildly to the particle

TABLE Ill. Zenith angle, arrival direction coordinates and shower endéapguming proton primajyof
selected showers with energy4x 10'° eV. MR is the event record number. The reporiédvalues and the
degrees of freedomu) refer to the density fits.

MR Zenith (deg RA (deg  Dec.(deg log;o(E,/€V) X3l
18731630 60 +2.3 318.3 3.0 20.04 —-0.03 +0.03 40.0/42
14050050 65 *+1.2 86.7 31.7 19.89 -0.08 +0.10 11.0/13
18565932 68 *+1.3 46.4 6.0 19.88 —-0.22 +0.34 15.5/15
25174538 65 +1.2 252.7 60.2 19.85 —-0.22 +0.20 5.0/5
14182627 70 +1.3 121.2 8.0 19.76 —0.05 +0.05 5.0/10
15301069 74 *+1.2 50.0 49.4 19.76 —0.06 +0.05 27.1/32
19167320 72 *+1.3 152.5 25.9 19.75 -0.06 +0.04 36.5/33
12753623 74 +2.1 304.9 17.1 19.67 —-0.07 +0.10 11.4/11
24503624 69 +2.1 16.9 53.0 19.63 -0.22 +0.33 11.0/9
12519070 70 +1.3 47.7 8.8 19.62 -—-0.08 +0.06 15.2/14
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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 circles with
radius proportional to the logarithm of the density. The detector areas are indicated by shading; the area increases from light gray to black
as 1,2.3,9,13,34 mThe position of the best-fit core is indicated by a cross. Selected densities are also markedxistis aligned with
the component of the magnetic field perpendicular to the shower axis.

density at ground level at zenith angles below 70° and coréghe number of muongredictedfrom a given density map
distances less than 500 m. This contribution has been mochFl, which is simply obtained multiplying the muon number
eled usingAiRES with QGSJET(see previous sectiorand is  density by the transverse area for each detector. The actual
radially symmetric in the transverse plane. The tail of theyajyes ofNP used are corrected to account for the electro-
electromagnetic part of the shower contributes 20% of thenagnetic contribution due to the tail of the showering pro-
total water-@renkov signal at 400 m from the core for @ 60° .oqses. We now describe the process of converting the actual
shower. As s clear from Fig. 1.4' the co_ntrlbut|on drop_s bOthrecorded signal t&N', which is not straightforward because
for larger distances and for higher zenith angles. This elec-f several correctioqus that need to be considered

tromagnetic component was calculated at an energy of ) : . .
9 P 9y The detector signals were recorded in units of vertical

10'° eV: The values for different energies were obtained by . | Using thee. based K
scaling with energy o Eo). equivalent muons. Using theEANT based packageyTANK

[25], we have found that this unit corresponds to an average
number of 14 photoelectrons, in agreement with experimen-
tal estimateqd24]. For inclined showers additional effects,
We will later on compare the signal at the detectors tosuch as direct light on the photomultiplier tubes, delta rays,
predictions based on simulation of showers. For each dete@air production and bremsstrahlung by muons inside the
tor we will compare theecordednumber of muonS\lL to  tank, increase this number. For a given zenith angle, we have

C. Detector signal conversion

—

FIG. 16. Same as Fig. 15.
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tracklength. This correction can be also expressed in terms of
the ratio of the cross sectional areas presented by the tanks
for vertical and inclined muonsA(, /A,) as explained in Sec.

I A.

The different sizes of detectors present in Haverah Park
array are described in Table Il with their corresponding ar-
eas, density thresholds and saturation densities. These differ-
ences have forced us to simulate withtAnk the different
detector geometries for different zenith angles to obtain the
corresponding values gfe,, .

The recorded signals at each detector are first converted
into the corresponding number of photoelectrons by multi-
plying the recorded density (nf) by the vertical area and
the number of photoelectrons per vertical myada pe. The
number of muons going through each tahlg‘,, is then ob-
tained dividing this number of photoelectrons by the number
expected per muon at the corresponding arrival direction
pe,, given in Eq.(4). For detectors that saturate or have
thresholds, the corresponding number of mulN %‘andNZ1
are calculated for a given arrival direction in an analogous

) (m2s™" st eV?)

3
0

FIG. 17. Parametrizations of the cosmic ray flux betweetf 10 fashion using the saturation and threshold signals of Table II.
and 1G° eV used in this work due to Nagano-Wat4@3] (dashed

line) and to Szabelski et al34] (full line) compared to AGASA

data[35].

D. The fitting algorithm
The observed densities were fitted against predictions us-

calculated the mean number of photoelectrons per muol'9 the maximum likelihood method. The quantity to maxi-
(pe,) taking into account all the processes mentioned befor&"12€ N this method is
except for pair production and bremsstrahlung. Pair produc-
tion and bremsstrahlung do not alter the expected rate as a
function of zenith angle by more than a 1%, so we have not
included this effect to save computing time.

To calculate the value gfe, we use

InP(X.,Ye,Eq)=IN(P1P,...P)=2, InP;, (5
i=1

wheren is the number of detectors used in the fit ddis
the probability that thé'" detector recordNL muons if the
predicted number of muons iNﬁ (as obtained from the
muon density maps The primary energye, and the core
coordinates X.,Yy.) are the free parameters in the fits. In

Wherepeq| IS the contribution from thg direct lighp e is order to calculate the probabilities needed in Ex).we as-
the contribution of the electromagnetic part from muon de-

cay which is~3 photoelectrons per arriving muon. The first sume a Poisson distribution with mehlﬂ given by
term is the contribution proportional to the muon track, in-
cluding the @renkov light from both the muon track
(pe,em and from theéd rays (pes), which have to be cor-

A,
pe,=(peemt P%)W +peen(0)+pey(6), (4

(NP)'e Mo

rected by the ratio of the vertical to the inclined average ! r! ©)
" LI L I L o
I Time fit €, > 10" ev N b Energy fit E, >10% ev ‘s
0.25 [ 10.25 |- S
i ] : o
0.2 F o 2 e
] 1 02} p=1 FIG. 18. < distributions from
[ ] L ‘g the energy and direction recon-
0.15 p 015 struction of datastarg and artifi-
1 r cial events(histogram, assuming
0.1 ¢ 1 041 F proton composition and the pa-
[ X rametrizations of the spectrum
0.05 [ 0.05 | given in[33].
0 0 0
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wherer is the closest integer IN;L. When large numbers of duc(:i)d F\l’)(;pg]aet ﬁ:gtpﬁi)tearrr]rtljirgg)tig:%? :ﬁfgﬁ&g%&giﬁn_
muons (\,>8) are involved we approximate the Poissonseq 4 direction fitted with a small number of times from
distribution with a Gaussian distribution with meNﬁ and  getectors that could be far away from the shower ore
width o obtained adding three different errors in quadrature, (6) Find # and ¢ taking into account the curvature in the
front. This yields the final reconstructed direction. We also

_ calculateA 6. The zenith angle does not usually change more
o= \/ozp-i- U?m-l- crg?, (7) . X ; i
than 1° compared with the value obtained in the previous
step.

where o= \/N_/”L is the Poisson error of the muon number, (7) With the reconstructed direction, find again the core
o is the measurement error (7% of the recorded sjgnal position and primary energyx{,y.,Ep). This will be the
and o is the error induced by geometrical considerationsfinal reconstructed parameters of the event.
dependence of the detector area with azimuth and azimuthal (8) Find core position and primary energy for changes to
variations of the direct light. The main contribution to  the value ofg by 6+ A ¢ and6— A 6. This step is particularly
comes fromo, . If the detector is saturated the correspond-important for controlling and understanding the systematic
ing probability is calculated integrating the Gaussian distri-uncertainty of the primary energy due to the zenith angle
bution from N3 to . If the detector density is under the uncertainty. o
threshold we evaluate the Poisson probability of gettitjy 'Errors in the energy and core determination were deter-
or fewer muons. mined from the likelihood function as described[B2]. In

A three-dimensional grid search was made to maximizedddition to this error, an error in energy arises due to the

Eq. (5) finding the most likely impact point and shower en- Uncertainty in the zenith angle. The error from the zenith
ergy. The energy was varied in the range ™CE? angle determination and the error from the fit are added in

quadrature to give the total error shown in Table Ill. The
typical error in the position of the core is 100 m and in
9910E, it is 0.1, corresponding to 26%.

<10?* eV in steps of 0.1 in log(E,/eV). The impact point
was varied over a grid of 12 km6 km in 40 m steps in the
perpendicular plane, the grid asymmetry being necessary ﬁ
accommodate the ellipticity of inclined showers.

[0] T T T T T T

Since angle reconstruction depends on the core position g Energy fit E, >10" eV
for curvature corrections a complex algorithm was required e
to avoid spurious dependences between core location and o v ot
direction determination. The steps of the algorithm to find °10 T sl vents ()
the final parameters of an event are the following: L

(1) Find 0, and ¢ by fitting a plane front to the times g
registered by the triggering detectors. =z

(2) With the reconstructed direction, find the core position
and primary energy through a three dimensional grid search,
maximizing the likelihood function.

(3) Find a new value fom®, and ¢ fitting a plane front to
the times registered by the detectors within 1 km of the core
(found in the previous stepn the shower plane. If there are

less than 7 detectors with time information we complete the 60 65 70 75 80 85
number with the next nearest detectors, which may lie
>1 km from the shower axis. FIG. 20. Zenith angle distribution for datatars and artificial

(4) With the reconstructed direction, find a new core po-events(histogram. No normalization has been made. Statistical er-
sition and primary energy. ror bars are also shown.
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E. Results of the data fit Table 1l details are given of the 10 events wik,>4
Over 8000 events were fitted with muon density mapsX 101? ev. _
generated for proton primaries and thesJethadronic gen- This work improves and extends the results presented in
erator, following the procedure explained in the previous[17] and is compatible with it. There are however slight dif-
subsection. ferences which are due to the improvements: nam@ly,

To guarantee the quality of events the following cuts wereémproved muon density parametrizations, now in 1° steps;
made to the reconstructed evens:the distance from the (2) inclusion of densities below threshold in the fitting algo-
central triggering detector to the core position in the showerithm; (3) better treatment of the electromagnetic part of the
plane is required to be belowy,,,=2 km, (i) the x* prob-  shower from muon decay4) inclusion of events with origi-
ability for the energy and direction fits must bel%, (i)  nal zenith angle 56 #<<60°.
the downward error in the energy determination is required The inclusion of three additional events in Table Ill com-
to be less than a factor of 2. The chosen valuef, guar-  pared with what was obtained 7], and the changes in the
antees that the core position is always surrounded by deteenergies of some events should be noted. It must be stressed
tors in the HP array. After making the cuts described abovehat the new energy always lies within the error quoted in
we found 52 events withE,> 10" eV, ten events with en- [17], and the three new events were not included in the origi-
ergies above %10 eV and one with energy above nal list because they failed to pass the cut on the downwards
10?° eV. For zenith angles greater than 80° no showers pasaror.
cut (iii). The photoelectron distributions in a water detector show

In Figs. 15 to 16 the density maps for four reconstructedong tails due to the processes mentioned in Sec. Il A. We
events are shown in detail. These maps are plotted in thinerefore expect an excess of upward fluctuations over down-
plane perpendicular to the shower direction together with thevard fluctuations from the average detector signal. For each
contours of densities that best fit the data. In each figure thevent we calculate the probability that each of the detectors
array is rotated in the shower plane such thatyfexis is  involved has a signal which deviates by more tha.5 o
aligned with the component of the magnetic field perpenfrom the average using the simulated photoelectron distribu-
dicular to the shower axis. In Fig. 15 and on the right panetions. We reject signals haviigpward or downwarddevia-
of Fig. 16 the asymmetry in the density pattern due to theions greater than 2.5, recalculating the best-fit core after
geomagnetic field is apparent. For all these events the core &y rejection. Of 226 densities in the events described below
surrounded by recorded densities and is well determined. Iand listed in Table Il we have rejected 12 upward deviations

O4 7 v 17 Q04 T T o
g 10"-10"* ev ] g 10"°-10% ev 1 ¢
0.35 | ¥ Jossk ¢ 15
[ ] N i
03 41 03 | -
5 EPU: 1 £
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5 ] : ] & FIG. 22. Energy resolution in-
02t j02¢ E tegrated for all zeniths in different
0.15 L Jo.15 E 3 energy bins. A flat energy distribu-
; 3 s 1 tion is assumed for each graph.
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NW spectrum

Nw spectrum

FIG. 23. Integral(left pane) and differential
(right pane] number of inclined events as a func-
tion of energy for the Haverah Park data set
(starg compared to the predictions for irqdot-
ted ling, protons(continuou$ and photon prima-
ries (dashedl The parametrization of the spec-
trum given in[33] is assumed.
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(the expected number was)land a single downward devia- (4) The density in the ground plane at the location of each
tion. We consider this to be a strong vindication of our un-of the detectors is read from the library of muon density
derstanding of the signal in the tanks and of our modelingnaps.
procedures. (5) The corresponding signal and arrival time in each of
the detectors is generatéskee next subsectipn

(6) The trigger condition of the Haverah Park array is

Besides the fitting of the individual events it is extremelyteSted'

important to compare the data obtained with expectations, (7). If an e.vent. IS deer_neq to trigger t.he array then the
We have simulated “artificial” events assuming a given en-density and time information is recorded in the same format

ergy spectrum for the cosmic rays, taken from other experi@S the real data.

ments and assuming different primary compositions. In order (8 Each artificial event is assigned a weightyj which

to compare the simulated results to those obtained from thi Nexp/N, whereN is the total number of events generated
data, we must also calculate the reconstruction efficiency & Particular energy bin, fulfilling, or not, the triggering
which is sensitive to the cuts made. Throughout we use thondition andN,, is the total number of CR expected from
QGSJETas the hadronic generator of the simulations. the assumed flux for the same energy bin integrated over the

We have generated showers in the range of energie&enith angle range considered (59°-89°).
10'® eV to 1¢* eV in bins of 0.05 in logsE,. For each of The artificial events, recorded in the_same formz_it as real
these energy bins we have adjusted the number of artificigl@{@ are analyzed with the same algorithm assuming a pro-
events generated to approximately obtain 300 showers thin composition for the maps and witssieTas the had-

trigger the array. The procedure for generating each artificigionic generator, and applying the same cuts. The resulting
event is the following: spectrum is obtained by adding the weights of the individual

(1) We randomly select an arrival direction assuming isot-artificial events at the corresponding reconstructed energies.

ropy according to a sifl distribution for zenith angle and a
uniform distribution for azimuth ).

(2) Each shower is directed on to the array with a random
impact point position in the transverse plane up to 2.5 km The signal in each detector is artificially generated as fol-
away from the center of the array. lows:

(3) Each time a shower is directed at the array, the total (1) The projected area of the detector in the shower plane
muon number ) is fluctuated to take into account shower is calculated.
fluctuations. For proton and iron primaries we used a Gauss- (2) Given the local muon density and the projected area,
ian distribution of spread ONg,, and for photon primaries the number of incident muons is sampled from a Poisson
we used the distribution in Fig. 6. distribution.

V. GENERATION OF ARTIFICIAL EVENTS

A. Implementation of the signal in the detectors

LogiE,
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010 - - . - - independent knowledge of the spectrum measured in the
£ | ] near-vertical direction. The flux above 0eV is assumed

E - gs:ir':lﬂ';gz\;v_ to be known to V\_/ithin ZQ% uncertainty. We will compare to

g Rubin M,=10" Gey 1 the re_sults obtained using an alternatlye energy spectrum
5 BSM,=10"Gev given in[34]. Both fluxes are compared in Fig. 17.

a

In Figs. 18, 19, 20, 21 we show different output param-
eters of the event reconstruction for the artificial events as-
suming a proton composition and the spectrum givei3 ),
compared to data. All the events used in these figures pass
the cuts described in the previous section, in particular for
energies above 19 eV, r,,,=2 km. The agreement ob-

v tained is encouraging and suggests that the simulation accu-
rately mimics the data.

kil . . . . In Fig. 22 we show the energy resolution for different
19 19.25 19.5 19.75 20

L0g.eE, energy ranges. A finite energy resolution has the effect of
increasing the measured rate by misinterpreting more abun-

FIG. 25. Photon to proton abundance ratio as a function of thedant lower energy events as having a higher energy. How-
energy for three different models for the origin of high energy cos-ever no corrections need be made in this approach because

mic rays by Berezinsky et a(BKV) [41], Birkel et al. (BS) [42],  the same effect is present both in data and simulations.
and Rubin[43], and the 95% C.L. bounds presented in this work.

VI. LIMITS ON COMPOSITION

(3) The track length of each muon through the detector is
sampled from a distribution obtained analytically from the
detector geometrjsee Fig. 11C)].%

(4) The contribution of indirect €renkov light from the
incident muons and frond-ray electrons is calculated from
the sampled track lengthd2 pe for each 1.2 m of track,
with an additional 3 pe/1.2 m to account for the signal from

o-rays. ergy spectra obtained from the artificial events under three

(5) The signal from direct light on the PMTs is related to different assumptions for the primary compositkiotons
the detector geometry in a more complex way and is imple: P P Y P '

mented USINGWTANK to simulate the passage of muons iron and photonscompared to the data using the cosmic ray

through the whole detector for a range of zenith and azimytldrameterization given '@33]‘ We also show the spectra
angles. optalned using the cosmic ray flux spectrum f_r(fm], see
(6) The electromagnetic component of the shower due t@g. 24. All curves are for th&@GSJEThadronic interaction

muon decay is approximated by the addition of a number OF;odel. The agreement between the curves generated for pro-

hotoelectrons per mudm) which depends smoothly on ze- ns with the two spectra is remarkable. The normalization of
gith angle P P y the curves has not been manually adjusted. The expected rate

(7) The electromagnetic component of the shower fromincreases if iron is assumed and decreases if photons are

0 . gnetic P o . %ssumed. This is just a matter of counting muons, heavier
7~ decay is calculated using the parametrizations discusse . .

in sec. Ill. nuclei have more muons while photons are'knqwn to have

(8) The signal generated in this way is fluctuated accord-mUCh fewer muons. For the same reason shnfts in the curves

ing to measurement errors can be expected if different hadronic interaction models are

. . o , . used according to the number of muons they predict.
The arrival time of the first muon is generated assuming a The remarkable point about this graph is that the expected

spherical shower front with radius equal to the mean d'StanCFate for photons is about an order of magnitude below the

to the production site of the muons at each particular zenith L : .
roton prediction. Assuming that cosmic rays have a proton-

angle. The time is then fluctuated according to measuremelﬁ)thoton mixture at ultra high energies it is easy to obtain a

i p
and sampling errors. bound from this graph. We can get bounds on photon abun-

dance at a given confidence level comparing the measured
number of events above a given threshold and its error to the
We assume a recent parametrization of the energy speexpected numbers in the case of proton and photon compo-
trum given in[33] noting that the agreement between thesitions, taking into account the uncertainty in the prediction
fluorescence estimates of the spectrum and those made bpm the normalization error in the parametrization of the
other methods implies that we have an approximately massosmic ray spectrum. Assuming the prediction obtained with
the flux in[33] we obtain that less than 48% of the observed
events above 18 eV can be photons with a 95% confi-
This distribution accounts for the possibility that at large zenithdence level. Above % 10'° eV less than 50% can be pho-
angles a single muon may traverse several tanks. tons at the same confidence level. If we assume the spectrum

After all the quality cuts are implemented as discussed in
Sec. IV we calculate the event rate as a function of the pri-
mary energy integrating over all zenith and azimuth angles.
We will concentrate here on the events with reconstructed
proton energy above 19 eV, which provide the most strin-
gent conclusions about UHECR composition.

In Fig. 23 we show both the integral and differential en-

B. Comparison of data and artificial event distributions
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of [34] instead the bound for photon increasdscreasesto  formly distributed in the universe, and predict a photon
25% (70%) at energies above'f0eV (4x 10'° eV). dominated composition only abovel10?® eV.

The results for the photon bound depend on the hadronic On general grounds dominance of photons over protons is
model we choose but in a way that is conservative. Ifexpected for these models due to the QCD fragmentation
we were to chose a model that produces fewer muons thditinctions of quarks and gluons from X-particle decays into
QGSsJETwe would predict a composition heavier than pro-mesons and baryons. The ratio of photons to protons for
tons. If we chose a model that produces more muons, W ISRP models is typically 1041] at 10° eV from QCD
would require a lighter composition and more photon fluxfragmentation. However some models predict a ratio closer
would be allowed. From the KASCADE proje£86] it is to 2[42]. The difference depends on distance to the sources
evident that all models tested except feBYLL produce because the photons attenuate in shorter distances than the
muon rates above that found in the data. So models thairotons in the cosmic microwave background and thus can
produce more muons are disfavored. become suppressed relative to the protons if the sources are

Our photon bound is also conservative because we hawdistant. Clearly, our bound on the photon flux puts severe
not taken into account the interactions of the high energyonstraints on some “top down” models. This is illustrated
photons in the magnetic field of the Eafti7]. This has the in Fig. 25 where this ratio is plotted for three such models
effect of converting a single energetic photon into a fewand compared to our bound.
lower energy photons. As the total number of muons in a Observations above 1D eV are otherwise consistent
shower initiated by a single photon scales approximatelwith both top down and bottom up interpretatiofig45|.
with EY2, the number of muons in a shower initiated by a There is however some partial evidence against the photon
single photon exceeds the total number of muons if the phohypothesis. Shower development of the highest energy event
ton energy is split into multiple photon showers of lower [1], is inconsistent with a photon initiated showéd6] while
energy. AGASA measurements of the muon lateral distribution of

The implementation of photohadronic interactions in thethe highest energy events are compatible with a proton origin
AIRES code[19] andcoRsIkA code[38] (using the parametri- [48]. Our result has been recently confirmed by comparing
zation of[39]) give predictions of the total number of muons muon and electron densities in vertical air showers detected
that are equal to within 10% at 30 eV. Unless the photo- by the AGASA array[47].
production cross section has a dramatic increase at high en- Here we have described a new method to analyze inclined
ergies, the photon bound is robust because the photoprodushowers. The method opens up a new way to measure cos-
tion cross section is small relative to hadronic interactions. mic ray showers. These showers are complementary to ver-

tical showers because they are mostly due to muons that are
VII. DISCUSSION produced far away from the detection point. The method can

) . . be applied to array detectors that use wateredkov tanks
Conventional acceleration mechanisms, so called “bottonych as the Auger observatories now in construction.

up” scenarios, predict an extragalactic origin with mainly  The power of analyzing inclined showers is illustrated
proton composition. Although nuclei of higher charge areyith the analysis of the Haverah Park data. This analysis has
more easily accelerated they are fragile to photonuclear progjowed us to set the first limit to the photon content of the
cesses in the strong photon fields to be expected in likelyjghest energy cosmic rays. We conclude that observations
source regionf40]. “Top down” models explain the highest o inclined showers provide a powerful tool to discriminate

energy cosmic rays arising from the decay of some suffipetween photon and proton dominated compositions.
ciently massive “X-particles.” These models predict par-

ticles su_ch as nucleons, _photons and even pqssmly neutrinos ACKNOWLEDGMENTS
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