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Abstract

We present a comprehensive study of the influence of the ggoestia field on the energy
estimation of extensive air showers with a zenith angle En#tan 60, detected at the
Pierre Auger Observatory. The geomagnetic field inducezenuthal modulation of the
estimated energy of cosmic rays up to th€% level at large zenith angles. We present a
method to account for this modulation of the reconstructeetgy. We analyse theffect

of the modulation on large scale anisotropy searches inrth@kdirection distributions of
cosmic rays. At a given energy, the geomagnédtieat is shown to induce a pseudo-dipolar
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pattern at the percent level in the declination distributivat needs to be accounted for.

1. Introduction

High energy cosmic rays generate extensive air showergiatthosphere. The trajec-
tories of the charged particles of the showers are curveldriEarth’s magnetic field, re-
sulting in a broadening of the spatial distribution of paés in the direction of the Lorentz
force. While such fects are known to distort the particle densities in a dramatly
at zenith angles larger thar6(® [1-4], they are commonly ignored at smaller zenith an-
gles where the lateral distribution function is well debed by empirical models of the
NKG-type [5, 6] based on a radial symmetry of the distribatad particles in the plane
perpendicular to the shower axis.

In this article, we aim to quantify the small changes of theiple densities at ground
induced by the geomagnetic field for showers with zenith @sglaller than-60°, focus-
ing on the impacts on the energy estimator used at the Pierger"Observatory. As long
as the magnitude of thes@ects lies well below the statistical uncertainty of the gger
reconstruction, it is reasonable to neglect them in the éwmank of the energy spectrum
reconstruction. As the strength of the geomagnetic fieldpmment perpendicular to the
arrival direction of the cosmic ra®r, depends on both the zenith and the azimuthal angles
(8, ¢) of any incoming shower, thesé&ects are expected to break the symmetry of the en-
ergy estimator in terms of the azimuthal angléSuch an azimuthal dependence translates
into azimuthal modulations of the estimated cosmic ray evee at a given energy. For
any observatory located far from the Earth’s poles, any menlarge scale pattern which
depends on the declination translates also into azimutloalutations of the cosmic ray
event rate. Thus to perform a large scale anisotropy measuntgt is critical to account
for azimuthal modulations of experimental origin and foogh induced by the geomag-
netic field, as already pointed out in the analysis of the Yelkdata [7]. Hence, this work
constitutes an accompanying paper of a search for large an&otropies, both in right as-
cension and declination of cosmic rays detected at theePAarger Observatory, the results
of which will be reported in a forthcoming publication.

To study the influence of the geomagnetic field on the cosnyicereergy estimator,
we make use of shower simulations and of the measuremeritsrped with the surface
detector array of the Pierre Auger Observatory, located alakglie, Argentina (353,
69.5W) at 1400 m a.s.l. [8]. The Pierre Auger Observatory is desigto study cosmic
rays (CRs) with energies abovel 0'8 eV. The surface detector array consists of 1660 water
Cherenkov detectors sensitive to the photons and the dharaeicles of the showers.

It is laid out over an area of 3000 Knon a triangular grid and is overlooked by four
fluorescence detectors. The energy at which the detedtioreacy of the surface detector
array saturates is 3EeV [9]. For each event, the signals recorded in the staaoa fitted

to find the signal at 1000 m from the shower cé@@€1000), used as a measure of the shower
size. The shower siz8(1000) is converted to the vali®g that would have been expected
had the shower arrived at a zenith angle of.3Bsg is then converted into energy using a
calibration curve based on the fluorescence telescope nesasnts [10].

The influence of the geomagnetic field on the spatial disfiobwof particles for show-
ers with zenith angle less than°6@ presented in Section 2, through a toy model aimed
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at explaining the directional dependence of the shower${2800) induced by the geo-
magnetic field. The observation of thiffect in the data of the Pierre Auger Observatory
is reported in Section 3. In Section 4, we quantify the sizehefS(1000) distortions
with zenith and azimuthal angles by means of end-to-end shewnulations, and then
present the procedure to convert the shower size correotedd geomagnetidiects into
energy using the Constant Intensity Cut method. In Sectjahéconsequences on large
scale anisotropies are discussed, while systematic @antees associated with the primary
mass, the primary energy and the number of muons in showem@sented in Section 6.

2. Influence of the geomagnetic field on extensive air showers

The interaction of a primary cosmic ray in the atmospherapces mostly charged
and neutral pions, initiating a hadronic cascade. The detasgutral pions generates the
electromagnetic component of the shower, while the decalgeotharged pions generates
the muonic one. Electrons undergo stronger scatterindhatdhe electron distribution is
only weakly dfected by the geomagnetic deflections. Muons are producédanitpical
energyE, of a few GeV (increasing with the altitude of production). eTtlecay angle
between pions and muons is causing only a small additiomalom deflection, as they
almost inherit the transverse momentpmof their parents (a few hundred M@y so that
the distance of the muons from the shower core scales asvitrséof their energy. While
the radial dfset of the pions from the shower axis is of the order of a few 10t mioes
not contribute significantly to the lateral distributiontbE muons observed on the ground
at distances > 100 m. Hence, at ground level, the angular spread of the mai@sd
the shower axis can be considered as mainly caused by tls¥érae momentum inherited
from the parental pions.

After their production, muons ardfacted by ionisation and radiative energy losses,
decay, multiple scattering and geomagnetic deflectionkovB&00 GeV, the muon energy
loss is mainly due to ionisation and is relatively small (amiing to about 2 MeV g cn¥),
allowing a large fraction of muons to reach the ground bedfle®aying. Multiple scattering
in the electric field of air nuclei randomises the directiofignuons to some degree, but
the contribution to the total angular divergence of the nsuoom the shower axis remains
small up to zenith angles of the shower-axis of about 80

Based on these general considerations, we now introducemestoy model aimed at
understanding the main features of the muon density distainduced by the geomag-
netic field. We adopt the shower front plane coordinate systepicted in Fig. 1 [2]. In
the absence of the magnetic field, and neglecting multiptesing, a relativistic muon
of energyE, ~ cp, and transverse momentupg will reach the shower front plane after
traveling a distancd at a positiorr from the shower axis given by

pr . _cpr
reTga g, 1
"y E, (1)

On the other hand, in the presence of the magnetic field, maies additional geomag-
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Figure 1:The shower front plane coordinate system [2,el]is anti-parallel to the shower direction
u, while g, is parallel toBt, the projection of the magnetic fieBlonto the shower plane x-yy(r)
are the polar coordinates in the shower plane.

netic deflections. We treat the geomagnetic felich Malargiie as a constant fié|d
B =24.6uT, Dg = 2.6°, lg = —35.2°, 2

Dg andlg being the geomagnetic declination and inclination. Theed&tn of a rela-
tivistic muon in the presence of a magnetic field with tramsgecomponenBr can be
approximated with

eCBTd2
, 3
il @

wheree is the elementary electric charge and the sign correspan@sditivgnegative
charged muons. The dependence of the geomagnetic defleéXignsx, = —6x_ on the
distance to the shower axis= /x2 + y? is illustrated in Fig. 2 obtained by comparing the
position of the same muons in the presence or in the abserthe géomagnetic field in a
simulated vertical shower of a proton at 5 EeV. The deviatexpected from the expression
for 6x. are also shown in the same graph (solid line). It was obtayeichserting muon
energy and distance at the production point of the simulatedns into Eq. (3). It turns
out that Eq. (3) estimates rather well the actual deviatithnaigh the distance between the
actual and the predicted deviations increases at larg&is is mainly because on the one
handd underestimates the actual travel length to a larger extdargerr, while on the
other hand the magnetic deviation actually increases whiens gradually lose energy
during travel. Hence, from the muon dengify(x, y) in the transverse plane in the absence
of the geomagnetic field, the corresponding dengj(x, y) in the presence of such a field
can be obtained by making the following Jacobian transftionain the same way as in
the framework of very inclined showers [2],

A(x.y)
(X, y)

0Xy ~ =+

pu(%.Y) = Pu(X(X.Y), Y(X.))- (4)

lIn Malargiie the geomagnetic field has varied by abdunidirection and 2% in magnitude over 10
years [11].
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region and the error bars give the corresponding dispersion

Here, the term “muon density” refers to the time-integratedn flux through the trans-
verse shower front plane associated to the air shower, aolattied coordinates represent
the positions of the muons in the transverse plane in thepoesof the geomagnetic field:

X = X+ 0X(XY),
y =Y. (5)

Since Eq. (4) induces changes of the shower S{A€00), it is of particular interest to get
an approximate relationship betweemndp around 1000 m. From Fig. 2, it is apparent
that around 1000 m the mean magnetic deviation is approgignedbnstant over a distance
range larger than the size of the deviation. When focusintherchanges of density at
1000 m from the shower core, itis thus reasonable to nediestandy dependence of the
deviationsx., which allows an approximation of the density(X, y) around 1000 m as

P (RY) = pu,(X=06X.Y) +pu (X—6X.,Y)
N — o (692 azpll < =
- pﬂ(x’ y) + 2 a)_(z (X’ y)’ (6)

where we assumed, = p,, = p,/2. The two opposite muon charges cancel out the
linear term inox and we see that magnetiffects change the muon density around 1000 m
by a factor proportional tos&)? o« B2 o sir’(u,b), whereu andb = B/|B| denote the
unit vectors in the shower direction and the magnetic fietdadion, respectively. This is
particularly important with regard to the azimuthal beloaviof the d€fect, as the azimuthal
dependence is containedly in the B2(6, ¢) term. This dependency is therefore a generic
expectation outlined by this toy model. The model will beified in Section 4 by making
use of complete simulation of showers. On the other handze¢héh angle dependence
relies on other ingredients that we will probe in an accuvedg in Section 4, such as the
altitude distribution of the muon production and the muoergg distribution.

9
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vectorB defines the magnetic Nortinag

3. Observation of geomagneticfects in the Pierre Auger Observatory data

To illustrate the diferences betwees), andp, described in Eqg. (4), the relative changes
Ap,/p, are shown in Fig. 3 in the transverse shower front plane bglymimg muon maps
from simulations at zenith angke = 60° and azimuthal angle aligned alomy + 180
in the presence and in the absence of the geomagnetic fieldedominant quadrupolar
asymmetry at the few percent level is visible, correspogdiinthe separation of positive
and negative charges in the direction of the Lorentz force.

This quadrupolar asymmetry is expected to induce to soneneatquadrupolar modu-
lation of the surface detector signals as a function optitar angle on the ground, defined
here as the angle between the axis given by the shower cortharsdrface detector, and
the magnetic Easts = —Dg = —-2.6° (Fig. 4). The use of this particular angle, instead
of the polar angles which is defined in thehower front plane (see Fig. 1), allows us to
remove dipolar asymmetries in the surface detector sigttedsorigin of which is related

10
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to the radial divergence of particles from the shower axisshSasymmetries cancel out in
this analysis, due to the isotropic distribution of the casrays. To demonstrate the geo-
magnetic &ect, we produced a realistic Monte-Carlo simulation usin@@0 isotropically
distributed showers (with zenith angles less thaf) 8dth random core positions within
the array. The injected primary energies were chosen to éaterthan 4 EeV (safely
excluding angle dependent trigger probability) and disiied according to a power law
energy spectrundN/dE o« E~ with power indexy = 2.7, so that this shower library is
as close as possible to the real data set. To each shower \etlagpeconstruction pro-
cedure of the surface detector, leading to a fit of the latisttibution function [10]. The
lateral distribution function parametrizes the signadsgth in the shower plane, assuming
circular shower symmetry. By evaluating the lateral dittion function at the position of
the surface detector, we obtain the expected si§agl This signal can be compared to
the true signal in the surface detec®4p. The ratio between the observed and expected
signals as a function of the polar angle on the ground in stedl showers is shown in
the left panel of Fig. 5, with (thick points) and without {hpoints) the geomagnetic field.
While a significant quadrupolar modulation with a fixed phakeg Dg and amplitude
~ (1.1 + 0.2)% is observed when the field is on, no such modulation isrebdevhen the
field is of (=~ (0.1 + 0.2)%), as expected. In the right panel, the same analysisfierped
on the real data above 4 EeV, including again about 30 000 efsowA significant mod-
ulation of ~ (1.2 + 0.2)% is observed, agreeing both in amplitude and phase wikt@n
uncertainties with the simulations performedhe presence of the geomagnetic field. This
provides clear hints of the influence of the geomagnetic fretde Auger data.

Note that this analysis is restricted to surface detectatsare more than 1000 m away
from the shower core. This cut is motivated by Fig. 3, showhsg the quadrupolar am-
plitude is larger at large distances from the shower core.fdhtber require the surface
detectors to have signals larger than 4 VENhis cut is a compromise between keeping

2VEM - Vertical Equivalent Muon - is the average charge cquoesling to the Cherenkov light produced
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good statistics and keeping triggdfexts small. Above 4 VEM the measured amplitude
does not depend systematically on the signal strength catveler a cut in the surface
detector signals induces a statistical trigger bias becalswers with upward signal fluc-
tuations will trigger more readily. This explains the smdicrepancy between real and
Monte-Carlo data in terms of the global normalisation in.FAgvhich difers from 1 by
~3%. Cutting at larger signals reduces this discrepancy.

Most importantly, depending on the incoming direction, th@drupolar asymmetry
is also expected tofiect the shower siz8(1000) and thus the energy estimator as qual-
itatively described in Eq. (6). Consequently, theffieas are expected to modulate the
estimated cosmic ray event rate at a given energy as a fanetithe incoming direction,
and in particular to generate a Ngi®outh asymmetry in the azimuthal distributioSuch
an asymmetry is also expected in the case gdraiine large scale modulation of the flux
of cosmic rays. However related analyses of the azimutlsadildution are out of the scope
of this paper, and we restrict ourselves in the rest of thislarto present a comprehensive
study of the geomagnetic distortions of the energy estimatas will allow us to apply the
corresponding corrections in a forthcoming publicatiomed at searching for large scale
anisotropies.

4. Geomagnetic distortions of the energy estimator

4.1. Geomagnetic distortions of the shower size S(1000)

The toy model presented in Section 2 allows us to understamdnain features of
the influence of the geomagnetic field on the muonic compowoieetensive air showers.
To get an accurate estimation of the distortions inducedhbyfield on the shower size
S(1000) as a function of both the zenith and the azimuthalemghe present here the
results obtained by means of end-to-end simulations obprotitiated showers generated
with the AIRES program [13] and with the hadronic interaotrnodel QGSJET [14]. We
have checked that the results obtained with the CORSIKAnarag15] are compatible. We
consider a fixed energy = 5 EeV and seven fixed zenith angles betwéen0° andé =
60°. The dependency of théfect in terms of the primary mass and of the number of muons
in showers as well as its evolution with energy are sourcagstematic uncertainties. The
influence of such systematics will be quantified in Sectiow&hin our convention for the
azimuthal angle, the azimuthal direction of the magnetictiNis ¢} = 90° — Dg = 87.4°.

The zenith direction of the field & = 90° — |Ig| = 54.8°.

To verify the predicted behaviour of the shower size shifeims ofB2, we first show
the results of the simulations of 1000 showers at a zenitlea@hg 6z and for two distinct
azimuthal angle = ¢ andy = ¢ + 90°. Each shower is then thrown 10 times at the
surface detector array with random core positions and stnacted using exactly the same
reconstruction procedure as the one applied to real datathiSospecific zenith anglés,
no shift is expected in the North directigly as the transverse component of the magnetic

by a vertical and central through-going muon in the surfaateator. It is the unit used in the evaluation of
the signal recorded by the detectors [12].

3The convention we use for the azimuthal anglis to define it relative to the East direction, counter-
clockwise.
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histogram: real magnetic field in Malargiie. Dashed histogrtwice the real magnetic field in
Malargue.

field is zero. This is indeed the case as illustrated in thepahel of Fig. 6, showing
the distribution of reconstructes{1000) for three dierent configurations of the magnetic
field: no field, real field in Malargiie, and twice the real fieldVialargiie. It can be seen
that on average all histograms are — within the statistiogkettainties on the average —
centered on the same value. In the right panel of Fig. 6 weatdpe same analysis with
the showers generated in the directigh+ 90°. Since the transverse component of the field
is now diferent from zero, a clear relative shift in termsA®(1000) S(1000) is observed
between the three distributions: the shift~isl.6% between the configurations with and
without the field, leading to a discrimination with a signgice of~ 5.5 o, while the shift

is ~ 6% between the configurations with twice the real field andhauit the field leading
to a discrimination with a significance ef 200 It can be noticed that the strength of the
shift is thus in overall agreement with the expected scaifig

For the zenith angl® = 6g, in Fig. 7 we show the shift of the me&(1000) ob-
tained by simulating 1000 showers in the same way as prdyitarseight different values
of the azimuth angle. Again, the results are displayed farfigarations with the real
field (bottom) and with twice the real field (top). The expectehaviours in terms of
AS(1000yS(1000)= G(6g) sirf(u, b) are shown by the continuous curves, where the nor-
malisation factoiG is tuned by hand. Clearly, the shape of the curves agreeskabin
well with the Monte Carlo data within the uncertainties. enthis study supports the
claim that the azimuthal dependence of the shi{t000) induced by the magnetic field
is proportional tdB2(6, ¢), in agreement with the expectations provided by generasice
erations expressed in the previous section on the muonipaoent of the showers.

The B2 term encompassing the overall azimuthal dependence atzeadh angle, the
remaining shifiG(#) = AS(1000)y S(1000Yy sinz(fb) depends on the zenith angle through
the altitude distribution of the muon production, the muaergy distribution, and the
weight of the muonic contribution to the shower s&@000). Repeating the simulations
at different zenith angles, we pl@ as a function of the zenith angle in Fig. 8. Due to
the increased travel lengths of the muons and due to thgerdaelative contribution to
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angles, the value®@frises rapidly for angles above 40°. The
ampirical fit, allowing us to get the following parametrisation of

the shower size distortions induced by the geomagnetic field

AS(1000)
S(1000)

(6, ¢) = 4.2- 1072 cos 289 sirf(u, b). 7)

4.2. From shower sizeto energy

At the Pierre Auger Observatory, the shower ss{&000) is converted into enerdy
using a two-step procedure [10]. First, the evolutior5¢f000) with zenith angle arising
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from the attenuation of the shower with increasing atmosphiickness is quantified by
applying theConstant Intensity Cut (CIC) method that is based on the (at least approximate)
isotropy of incoming cosmic rays. The CIC relates rel&EK00) in vertical and inclined
showers through a line of equal intensity in spectra fietént zenith angles. This allows
us to correct the value &(1000) for attenuation by computing its value had the shawer
rived from a fixed zenith angle, here 38 degrees (correspgrdithe median of the angular
distribution of events for energies greater than 3 EeV)sEeinith angle independent esti-
matorSsgis defined a$ss = S(1000YCIC(#). The calibration o635 with energyE is then
achieved using a relation of the forlh= ASS;, whereA = 1.49 + 0.06(stat}:0.12(syst)
andB = 1.08 + 0.01(stat}0.04(syst) were estimated from the correlation betw8es
andE in a subset of high quality "hybrid events” measured simnétausly by the surface
detector (SD) and the fluorescence detector (FD) [10]. I susampleS3g and E are
independently measured, wisliag from the SD ande from the FD.

This two-step procedure has an important consequence dmgiementation of the
energy corrections for the geomagnetiteets. The CIC curve is constructed assuming
that the shower size estimat8¢1000) does not depend on the azimuthal angle. The in-
duced azimuthal variation &(1000) due to the geomagnetifet is thus averaged while
the zenith angle dependence of the geomagn#égcts is absorbed when the CIC is imple-
mented. To illustrate this in a simplified way, consider thsecin which the magnetic field
were directed along the zenith directiore(in the case of a virtual Observatory located at
the Southern magnetic pole) so that the transverse compohtire magnetic field would
not depend on the azimuthal direction of any incoming showken the shift inrS(1000)
would dependanly on the zenith angle in such a way that the Constant Intensityr@thod
would by construction absorb the shift induced®{p) into the empiricalCIC(#) curve,
while the empirical relationship = AS?Ef8 would calibrateSsg into energy with no need for
any additional corrections.

This leads us to implement the energy corrections for geomtagdtects, relating the
energyE, reconstructed ignoring the geomagnetieets to thecorrected energyE by

Eo
“ Traear v
with
A.9) = G(O) |iP(1.B) - (sirf(u.B)), | ©)

where(-), denotes the average oveand whereB is one of the parameters used in B
to E conversion described above. This expression implies tleatees areinder-estimated
preferentially for showers coming from the northern di@as of the array, while they
areover-estimated for showers coming from the southern directions, the sizinefdfect
increasing with the zenith angle.

5. Consequences for large scale anisotropy searches

5.1. Impact on the estimated event rate

To provide an illustration of the impact of the energy cotigts for geomagnetic ef-
fects, we calculate here, as a function of declinasicihe deviation of the event rabg (o),
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Figure 9:Relative diferencesAN/N as a function of the declination, for 2ffirent values ofmax.

measured if we were not to implement the corrections of tleeggnestimator by Eq. (8),
to the event rat&l(5) expected from an isotropic background distribution.

The “canonical exposure” [16] holds for a full-time opeocatiof the surface detector
array above the energy at which the detectificiency is saturated over the considered
zenith range. In such a case, the directional detecfiidciency is simply proportional to
cosb,

w(6) o< cosP) H(O — Omax) (20)

whereH is the Heaviside function ang,.« is the maximal zenith angle considered. The
zenith angle is related to the declinati®@and the right ascensianthrough

C0SH = SiN{sjte SING + COSLsjte COSH COSr 11

where/lsie is the Earth’s latitude of the Observatory. The event rategven declinatiod
and above an energy threshdgl is obtained by integrating in energy and right ascension

a,
N(6) o f dE f da dN(e “”E) (12)

Note that at lower energies this integral acquires an additlenergy and angle dependent
detection éiciency terme(E, 6, ¢). Hereafter we assume that the cosmic ray spectrum
is a power law,.e. dN/dE « E™. From Eq. (8) it follows that if the féect of the
geomagnetic field were not accounted for, the measured eseertrum would have a
directional modulation given by

— o [1+ A0, )]V E. (13)
0
This leads to the following measured event rate above a gineorrected energly,

No(6) o fE dE, f da H(COSH — COSOimay) €OSH [1+ A6, )PV D ES,  (14)
‘th
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whereg is related taxr and¢ through

SiNd COSesite — COSO COSa SiNCsite

. 15
Cosd sina (15)

tany =

The event ratdNy(6) as a function of declination is then calculated using EQ) (& Eq.
(12). The relative dierenceAN/N is shown in Fig. 9 as a function of the declination, with
spectral indexy = 2.7. The energy over-estimation (under-estimation) of evenming
preferentially from the Southern (Northern) azimuthakdtrons, as described in Eqg. (8),
leads to an fective excess (deficit) of the event rate fox -20° (6 > —20°), with an
amplitude of~ 2% when consideringnax = 60°. It is worth noting that this amplitude is
reduced to within 1% when considerifig,x = 50°, as shown by the dotted line.

5.2. Impact on dipolar modulation searches

The pattern displayed in Fig. 9 roughly imitates a dipoleéwaih amplitude at the per-
cent level. To evaluate precisely the impact of this pattarrihe assessment of a dipole
moment in the reconstructed arrival directions and to prbieestatistics needed for the
sensitivity to such a spurious pattern, we apply the multipeeconstruction adapted to the
case of a partial sky coverage [17] to mock data sets by hignithe maximum bound of the
expansion_ . to 1 (pure dipolar reconstruction). Since the distortioresaxisymmetric
around the axis defined by the North and South celestial poldg the multipolar coef-
ficient related to this particular axis is expected to Hecied (herea;p). Consequently,
this particular cofficient has impacts on both the amplitude of the reconstrutipede and
its direction with respect to the axis defined by the North &odth celestial poles (the
technical details of relating the estimation of the mullgracodficients to the spherical
coordinates of a dipole are given in the Appendix).

To simulate the directional distortions induced by Eqg. é8ch mock data set is drawn
from the event rat@&y(6) corresponding to the uncorrected energies, and is recabesd
using the canonical exposure in Eq. (10). The results ofghesedure applied to 1000
samples are shown in Fig. 10. In the left panel, the distidloubf the reconstructed am-
plitudesr usingN = 300 000 events is shown by the dotted histogram. It cleanyaties
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from the expected isotropic distribution displayed as thigedl curve which corresponds to
(see Appendix)

Pr(r) =

r f' JoZ-o? r r2 16
. ﬁg_o_ze”( v v3) ol 203 (16)

where erfig) = erf(iz)/i, and where the width parametarsand o, can be calculated
from the exposure function [17]. With the particular exp@sfunction used here, it turns
out thato ~ 1.02+/3/N ando, ~ 1.59+/3/N. This allows us to estimate the spurious
dipolar amplitudé to be of the order of the mean of the dotted histogram, aloli®%.
Consequently, we can estimate that the spuridieeebecomes predominant as soon as the
mean noise amplitud@) deduced from Eg. (16) is of the order aB%,

2 — 2 /A2
0 - \/2(0'2 L arctanhf/1 - o /o-Z)) - 1o% a7

2 _ 52
o5 — 0o

This translates into the conditidd ~ 32 000 (solid histogram). Using such a number of
events, the bias induced on the amplitude reconstructidiusdrated in the same graph
by the longer tail of the full histogram with respect to thgpegted one, and is even more
evident in the right panel of Fig. 10, showing the distribatof the reconstructed decli-
nation direction of the dipole which already deviates torgdaextent from the expected
distribution.

6. Systematic uncertainties

The parametrisation @(6) in Eq. (7) was obtained by means of simulations of proton
showers at a fixed energy. The height of the first interactidluences the production
altitude of muons detected at 1000 m from the shower coresagribund level. Moreover,
as muons are produced at the end of the hadronic cascadethéhenergy of the charged
mesons is diminished so much that their decay length becemalter than their interaction
length (which is inversely proportional to the air densithe energy distribution of muons
is also dfected by the height of the first interaction. Because the emsiy is lower in
the upper atmosphere, this mechanism results in an incoddlse energy of muons. The
muonic contribution t&(1000) depends also on both the primary mass and primarggner
For all these reasons, the parametrisatioB (@) is expected to depend on both the primary
mass and primary energy.

To probe these influences, we repeat the same chain of esldtsimulations using
proton showers at energies of 50 EeV and iron showers at 5 E&adlts in terms of the
distortions of the observed event ratés) are shown in Fig. 11. We also display in the
same graph the results obtained using the hadronic intenaciodel QGSJETII [18]. The

4Due to the partial sky exposure considered here, the egtiofadhe dipolar amplitude is biased by the
higher multipolar orders needed to fully descritd/N shown in Fig. 10 [17]. The aim of this calculation is
only to provide a quantitative illustration of the spuricusasurement which would be performed due to the
geomagneticfects when reconstructing a pure dipolar pattern.
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Figure 11:Relative diferencesAN/N as a function of the declination, forfiierent primary masses,
different primary energies, ftierent hadronic models and for increased number of muonginesis.

differences with respect to the reference model are small, sththeonsequences on large
scale anisotropy searches presented in Section 5 remairanged within the statistics
available at the Pierre Auger Observatory.

In addition, there are discrepancies in the hadronic iotema model predictions re-
garding the number of muons in shower simulations and whemtuisd in our data [19].
Higher number of muons influences the weight of the muoni¢rdmrtion toS(1000). The
consequences of increasing the number of muons by a facfowfthe distortions of the
observed event rate are also shown in Fig. 11. As the muomitibation to S(1000) is
already large at high zenith angles in the reference moaisljricrease of the number of
muons does not lead to largef@rences.

7. Conclusion

In this work, we have identified and quantified a systematieuainty d@fecting the
energy determination of cosmic rays detected by the sudatector array of the Pierre
Auger Observatory. This systematic uncertainty, inducgethk influence of the geomag-
netic field on the shower development, has a strength whiplerdis on both the zenith
and the azimuthal angles. Consequently, we have shownttinaluices distortions of the
estimated cosmic ray event rate at a given energy at thermgdesee! in both the azimuthal
and the declination distributions, the latter of which neman almost dipolar pattern.

We have also shown that the induced distortions are alreatig &evel of the statistical
uncertainties for a number of everlts ~ 32000 (we note that the full Auger surface
detector array collects about 6500 events per year witlgeaseabove 3 EeV). Accounting
for these &ects is thus essential with regard to the correct interpostaf large scale
anisotropy measurements taking explicitly profit from tleelchation distribution.
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Appendix

The p.d.f. of the first harmonic amplitude for a data selNgboints drawn at random
over a circle is known to be the Rayleigh distribution. Instlappendix, we generalise
this distribution to the case dfl points being drawn at random on the sphere over the
exposureu(s) of the Pierre Auger Observatory. Assuming the underlyimiyal direction
distribution to be of the forn®d(a, 6) = ®o(1 + D - u), the components of the dipolar vector
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D are related to the multipolar cfiients through
a a; a
D, = V32, D, = V322, D, = V3=, (18)
doo doo doo

Denoting byx, y, zthe estimates db,, Dy, D, the joint p.d.f.px vz(X, y, 2) can be factorised
in the limit of large number of events in terms of three cesdeGGaussian distributions
N(O, o),

Pxxz(X Y, 2) = Px(X)Py(Y)Pz(2) = N(O, 5)N(0, o7y)N(0, o), (19)

where the standard deviation parameters can be calcutatedtie exposure function [17].
With the particular exposure function used here, it turrtdloat numerical integrations lead
to o ~ 1.02+/3/N ando, ~ 1.59+/3/N. The joint p.d.f.praa(r, 6, @) expressing the dipole
components in spherical coordinates is obtained from E).l{§ performing the Jacobian
transformation

(%Y, 2)

o(r, s, a)
r2coso ox

(2n)%2020,

pan,Z(X(r’ 6’ a)’ y(r’ 6’ a)’ Z(r9 55 a’))

r2cogs  r2sifs
202 202 |

PraA(r 0, @)

(20)

From this joint p.d.f., the p.d.f. of the dipole amplitude@tination) is finally obtained by
marginalising over the other variables, yielding

[2 _ 42 2
Pr(r) = [ erfi( 777 L) exp( —~ r_z)
o A\o?2 - 07 oo, A2 20
oo? COSo
pa(0) = (21)

2 (02c02 6 + o2sirt 6)3/2°

Finally, one can derive frorpr quantities of interest, such as the expected mean Kiise
the RMSo, and the probability of obtaining an amplitude greater than

2arctanh(/1 — 02/o2

2 (i WEZ ) (22)

s g_

o = \/20'2+0'§—<r)2, (23)
2 _ 42 2

erfi( Vo2~ T ' (24)

o - L)
200, 202

r

02— g2

Prob¢ r)

r o
erfc( ) +

V2o,!  \JoZ-o?
which are the equivalent to the well known Rayleigh formudtas= vz/N, o = V(4 — n)/N

and Prob r) = exp(=Nr2/4) when dealing witiN points drawn at random over a cir-
cle [20].
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