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Abstract: The geomagnetic field causes not only the East-West effabiegorimary cosmic rays but also affects
the trajectories of the secondary charged particles initbevers, causing their lateral distribution to be stretched
along certain directions. Thus both the density of the seéadas near the shower axis and the trigger efficiency
of a detector array decrease. The effect depends on ageraontiati of the showers, thus introducing modulation
in the measured azimuthal distribution. Here the non-unifty of the azimuthal distribution of the showers with
the core inside the ARGO-YBJ detector is investigated féiecknt zenith angles on the light of this effect.
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1 Introduction 3 Toy model and simulation

The path of charged primary cosmic rays (CR) is deflected he trajectory of the EAS charged particles is deflected
by magnetic fields. The galactic magnetic field randomizesy the GeoMF in the plane perpendicularBqhereafter
the CR directions. The geomagnetic field (GeoMF)named bending plane). Assuming small angular deviations
restrains low-rigidity CR’s from reaching the terrestrial and relativistic particles, the value)(of the West-East
atmosphere and causes that the CR flux is lower fronshift on the shower front is expected to be
East than from West. The GeoMF acts also on the charged 5
particles of the extensive air showers (EAS) during their g 9 (L) B siné
travel in the atmosphere. Coccohi [1] suggested that the ~ 2p \cosf ’
lateral displacement induced by the Earth magnetic field
is not negligible with respect to the Coulomb scatteringWhereq is the chargep the particle momentun the
when the shower is young. According to Cocconi modeldeneration heightf the zenit angle and the angle
the effect could increase for high altitude measurementdetweenB and p. This shift of the charged particle path
Moreover if the trigger efficiency of an array is sensitive in the bending plane is the main effect of the GeoMF
to the shower lateral extension, the GeoMF can change thaction. Also a shift in the GeoMF direction (South-North)
acquisition rate as a function of zenith and azimuth anglegs foreseen because of the change in time of flight. Then
An azimuthal modulation was observed at the YakutskEd- (1) does not fully describe the GeoMF effect. At last
array for EAS with energy above 38V [2]. The GeoMF  the model should take into account that each particle in
effect in the ARGO-YBJ data has been already foreseet® shower has different values pf 6, ¢ andh. In short
and observed [3]. Here those studies are updated and tlReMonteCarlo simulation is necessary in order to foresee

GeoMF effect appears evident in a very large data sampldN€ geomagnetic effect as a function of the shower axis
direction. Anyway Eq.[{l1) indicates an enlargement of the

shower footprint. This implies a decrease of the particle
2 Detector density near the shower core, which is then balanced by

. . .__an increase at larger distances, as pointed olit in [2]. As a
'(A;(RBGJ)O\_/?I(IESeV(]JI'iIt?etarIL grr?f/ Ck?](i:ﬁ;?dat"lggg ;Sg\?eB:‘g;]g consequence a very small, direction dependent, reduction
level (90'31'50'E, 30°0638'N). The full-coverage active in the ARGO-YBJ trigger efficiency can be envisaged for

d for tri _ TR callv th showers with the core lying inside the carpet.
area used for trigger purpose is 48 nr'. Typically the Beams of primary protons have been simulated in order
collected EAS have an energy in the range 200 TeV,

Ve _ to study the magnetic effect and to disentagle it from
well beyond the rigidity cutoff at the YBJ site. Therefore gatactor effects. All these effects are studied in the showe
the effect of the GeoMF on the primary trajectory is eyolution. Hereafter the angular coordinatés () are
negligible. . those of the shower axis, not those of the single particles.
In the ARGO-YBJ reference system the azimuth anglerhe CORSIKA codel[6] has been used to reproduce the
(¢) of EAS is defined with respect to the detector axes inshower development and a GEANT3-based cade [7] to
the anticlockwise directiong{= 0° for showers aligned simulate the detector response. The primary trajectory has
with thex-axis and moving towards the positive direction).peen projected on a 2010 m? ground area at the center
Thus in the ARGO-YBJ reference system the azimuthof the carpet. The simulated data are studied with the same
angle of showers going towards the magnetic North isanalysis chain used for the real data.
@, = 71.89 + 0.02. The geomagnetic field at YBJ is Detector acceptance At first the detector acceptance
B =49.7 uT with zenith angleédg = 46.4° accordingtothe has been studied by simulating the showers in absence
NOAA web site [5]. of the GeoMF. Proton beams have been simulated with

1)
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same values of primary energy (IeV), zenith angle core actually reduces the trigger efficiency when the core
(27°), interaction height (1%m) and 5 different values is on the array. The CR-beam simulation does not allow
of the azimuth angle¢ = 0°, 45°, 9C°, 135, 18C°). The  a precise estimate of the GeoMF effect but indicates the
azimuthal distribution of the rate\] can be fitted by the functional dependence of the trigger efficiency®andé.

function The GeoMF effect will be fully determined by the real data
analysis.
A =Ao{1+02aCOS2(®— @A)]}, 2 What to expect Neglecting the detector effect, the

) ~ CR-beam simulation suggests that the trigger efficiency
where the indexes 2 anil refer to the second harmonic depends on the coupling between GeoMF and EAS
and the acceptance effect, respectively. Then the detectgharged particles. From Eq](3) we conclude that the

acceptance introduces an azimuthal modulation withumber of eventsNg) in an angularA8 x A¢ window
maximum at 90 (¢a ~ 88.0° from the fit) and periodicity  depends o as

180C°. The modulation amplitudegfa ~ 0.2% from the

fit) will be estimated from the real data. This effect might Ng = N max (1 — N sin? &), (4)

be simply due to the detector asymmetry, furthermore we '

observe that the number of trigger elements (pads) per unihere Ng max is the number of events expected without

length is greater along theaxis than along the-axis. magnetic field and) is the previous parameter, fixed by
B value, detector features and trigger conditions. A two-
harmonics function is got by the calculationgmf? & :

3 :
gm? \1\ oouT || No = Ng o {1+ 01c0S(@— @1) + g2C082(9— @)}, (5)
I \\ | where
L \ \.k,
L 49.7uT
0o =0=, (6)
r \ b NG,O = Ne,max(l_ I‘[Ao) ; (7)
r 99.4uT | | nsin26g .
| ] = ————-5in26, 8
7 | O 21— (8)
08 N nsirfs .
== " sirfe, 9
0.0‘ ‘ ‘0.2‘ ‘ ‘0.4‘ ‘ ‘0.6‘ ‘ ‘0.8‘ ‘ ‘_1.9 gz 2(1_ nAO) ( )
. . . : o ‘ . in 3 in i
Fig.1: Simulation: rate (arbitrary units) versusin? & Ao =sin e + | 1 >sin6g | sin6. (10)
for different magnetic fields. Fit with functior](3) is
superimposed. From the comparison of these results with the data we

will infer what is the effect of the GeoMF on the EAS

Magnetic effect The magnetic effect has been studied developmentNg o in Eq. () represents thg-average at
by means of twelve CR beams with the same values ofixed 6 of the number of events ip-bins reduced by the
primary energy (IeV), zenith angle (49 and interaction ~ effect of shower stretching on the trigger.
height (19 km). Different azimuth angles¢( = 71.5°,
1155°, 1615° and 2515°) have been used in order to get .
different values of theé angle. Also three intensities of 4 Dataanalysis
the magnetic field have been usedd,0497 (the actual The data set has been collected in the period October 7-14,
GeoMF at the YBJ site) and 99 uT (twice the actual 2010 (677 x 10° s). Two analysis cuts have been applied:
GeoMF). Looking separately at negative and positive EASshower core reconstructed inside a square of 40 miO at
components, Eq.[{1) is validated because the distancge center of the carpet, zenith angle lower thah @be
between positive and negative cores increases linearlfirst cut has been chosen in order to make more evident the
with sin{ and B. As expected by the toy model, when trigger efficiency decrease (the effect is very different fo
the shower axis is on the bending plane positive andhowers with the core far from the detector). The second
negative cores are shifted precisely on the West-East axisne avoids the appearance of boundary effects, moreover
It has been also verified that the effect of the showethe analysis of data witB > 60° is not suitable because in
stretching on the reconstruction of the EAS direction isthat range the detector effect prevails on the GeoMF one.
negligible, whereas itis significant on the trigger effi@gn These cuts guarantee also a more reliable reconstruction
Neglecting the detector effect, the rate results dependerf the shower direction. After cuts more than 347 millions
onsir? & and the data in Fi]1 can be fitted accordingto of events have been selected (mean rate.$127).
Small errors in the pointing angle could introduce large
A = Amax(1— n sir?é). (3)  systematic errors in the azimuthal distribution, espécial
for small zenith angles. Thus the array has been carefully
The termn depends linearly also d& (obviouslyB does  time-calibrated with the characteristic plane methadd [8].
not vary in the real data and we will verify that is Rate vs sifi - The dependence of the number of events
uniform in a large range oB). Thus we conclude that on sir?& according to formula[{4) is the first possible
the rate reduction is proportional ®sir®é and is due check. In Fig[2 each scattered point represents the number
to the GeoMF stretching of the EAS footprint. In other of events in an angular windo® x Ag = 2° x 5° plotted
words the reduction of the charge density close to therersussir? €. The8 value is fixed for each group of points
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L 1 expected if the origin of the modulation is geomagnetic.
N I RN R BV This is not the case of the second harmonic ph ith
0
0 0.2 04 06 08 1 a value very close to what expected for the detector effect.
sin” & The high value ofx?/ndf (642/67 = 9.6) is mainly

Fig.2: Real data: scatter plot of the number of eventsdue to some inefficiencies g ~ n 90° (n = 0,1,2,3).
in AB x Ap = 2° x 5° angular windows versusi?é  These dips might be due the iron beams and columns in the
for different values of6. Fits with function [@) are experimental hall. To take into account these inefficiesicie
superimposed. negative Gaussian curves can be added to the function. In
this second fit thg?/nd f becomes smaller (1062=1.7)
and the parametegs, ¢, g2 andg, do not change. The dip

meanwhileg is running. Thesin? ¢ range depends o8, amplitudes are in the range3D— 0.46 % and the Gaussian
it is maximum for8 = 45° and minimum for@ close t0  \yidth is o = 7.45°.

0°. The scattered points are fitted by functibh (4), which is Amplitude g as a function of6 - The azimuthal
then confirmed to give a good description of the data. Th&jjstribution has been studied alscfirranges of 2in order
n values from the fit are displayed in Fig. 3 with respect toig check the dependence gf andg, on 6. The result
0. Fc_)r_low zen_lth angles th(_a range$ﬁ2§ is so s_maII that for g1 is shown in Figl# and the fit with functiof(8)
the fit is unreliable (the point fof < 2° is not displayed)  ¢onfirms thatn is constant with respect t6. Here we
wh.ereas inthe range 16 6 < 50° n) is stable as expected. |ike to stress thaty, depends only on the GeoMF effect.
This method to estimatg does not separate GeoMF and The fractional variation of the terfl — nA) is less than
detector effects and we have analytically verified that they 704 forg < 60°. Theng; is mainly proportional tsin26.
result is an overestimate o;f._For more comments about. According to Eq.[(P)y is expected mainly proportional to
th_e expe_rlmental points in Figl 3 read the final remarks ingj2 g put the data (the plot is not shown here) have a very
this section. ~ _ _ _ different shape.

Azimuthal distribution By integrating all showers in Two components in the second harmonMeanwhile
the ranged < 60° the azimuthal distribution is shown in e first harmonic is in full agreement with the GeoMF
Fig.[4. Itis well fitted by the double harmogmfunctldﬁi (5)- model, this is not the case for the second harmonic. The
The phase of the first harmonigy(= 7275 +0.29°) i tensjon can be solved simply taking into account that
compatible with the GeoMF azimuthp{ = 71.8%°) @ {he detector effect observed in the simulation without

magnetic field operates on the second harmonic. Therefore
the second harmonic can be split in two parts: orig) (2
BT T y2 [ ndf 17.97/23 [T is due to the GeoMF, the other oneAj2to the detector
i n 4.229 + 0.0205 acceptance. Three different data sets have been selected on
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Fig. 3: Real data: the parametgrversusf. The constant 10 2 % © soith angle )
fit is performed in thef-range 2 — 50° and extended to o ) ]
the whole range (dashed line). Fig.5: Real data: coefficierg; versus zenith angle. The fit

with function [8) is superimposed.
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the basis of the zenith angle in order to disentagle these twb ~ Conclusions
effects. Theg-distributions of the subsamples (named
for 8 < 20°, B for 20° < 8 < 40° andy for 40° < 6 < 60°)
can be fitted all together with a single function:

The effect of the geomagnetic Lorentz force on EAS
charged particles has been observed in a data sample
collected by the ARGO-YBJ experiment. The shower

n sin26g extension is enlarged depending on the arrival direction

Ni =Nio {1+ (sin20); cos(¢ — @1) with respect to the GeoMF and the different density of
2(1-nAo) charged particles reduces the trigger efficiency for EAS

n sirf6g 2 with the core on the detector. The GeoMF origin and
+m<s' 6)i cos2(¢—q1)] the features of the trigger efficiency decrease are fully

: understood by means of a toy model complemented by
+0on COS2(9— @a)] } (11)  MonteCarlo simulations.

The non-uniform azimuthal distribution has been deeply
udied. It is well described by two harmonics, the first
one of the order of 5%, the second one of the order of
0.5%. The first harmonic is due to the GeoMF, the second
5y _ one is the sum of magnetic and detector effects. The
@1, 95ar o Uoa @nd @a. The new fit works very well  measurement of the geomagnetic phape=f 72.22° +
(results in Tabl&]1), thg?/nd f value is high because the 0.28) is fully compatible with the expected valugs(=

dip correction has not been applied. The phggeand  71.89°). Other measurements confirm the geomagnetic
the GeoMF azimuthys are in agreement, the value is  origin of the modulation.

very close to the previous estimate. The coefficiagis The phase of the first harmonig) can be used as a
increase withd and @a is close to 90 as expected for a marker of the absolute pointing accuracy of EAS arrays.
detector effect.

where the coefficients of the magnetic component arg
deduced from Eq.§18) arld (9), the phasés used for first
and magnetic second harmonic and the indexa, 3,y
indicates the subsamples. Then the fit parameters)are

roar A RO R SRR SR
0 10 20 30 40 50
zenith angle (°)

n (%) 4.060+0.019 . !
@ (%) 72.22+0.28 z20- ]
9n (%) 0.124+0.013 :l ;
G (%) 0.271+0.011 i |
G2a (%) 1.076:£0.019 s 0 :
@ () 96.3040.47 g Lo 3
X%/ndf 1053/210 .
0.5
Table 1: Results of the fit with function[{11) of three r .
azimuthal distributions (see the text for details). 004 .

=}

Analysis final remarks The azimuthal modulation
depends on a mix of magnetic and detector effects, the
contributions are shown in Figl 6 where the coefficiaats
g2 andgoa are plotted as function of zenith angle. This
plot suggests that the GeoMF origin of the rate red”CtiorReferences
is leading with respect to the detector effect in the zenith ] ] _
range 20— 40° wheregpa << g1. Taking also into account  [1] G. Cocconi, Physical Review 93 (1954) 646-647;
thatgoa increases wite the risingn values for > 50° erratum, Physical Review 95 (1954) 1705-1796.
of the rate_v$inZE ana'ysis (F|g[B) are exp|ained_ [2] A.A. lvanov et al., JETP Letters 69 (1999) 288'293

The measurements of the reduction coefficignare  [3] H.H. Heetal, Proceedings of 29th Internat. Cosmic
summarized in Tabl€]2, the first one is overestimated  Ray Conference (Pune, 2005); P. Bernaréiral,
because of a mix of GeoMF and detector effects. The other ~ Proceedings of 32nd Internat. Cosmic Ray
ones are immune from the detector effect, they are lower ~ Conference (Beijing, 2011) 0755 (also
and mutually agree. Dismissing the first measurement ~ arXiv:1110.0670); P. Bernardiet al, Journal of
we conclude thain = (4.053+ 0.014)% is the proper Physics: Conference Series 409 (2013) 012229.
estimate of this coefficient for the ARGO-YBJ experiment. [4] G. Aielli et al. (ARGO-YBJ Collaboration), Nuclear
Different values are expected for other EAS arrays because _ Instruments & Methods A 661 (2012) S50-S55.

n depends on detector features, trigger requirements[5] Www.ngdc.noaa.gov

Fig.6: Real data: coefficientg:, g,a and gog versusf
from formulas[(8),[(P) and Tabld 1.

geomagnetic latitude and altitude of the site. 6] www-ik.fzk.de/corsika/
[7] GEANT - Detector Description and Simulation Tool,
analysis n (%) (CISE)I;?I’\; Program Library, Long Writeup, W5013
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Table 2: Different estimates of the reduction factor
n (same data, different analyses). The errors are only
statistical.
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