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Geomagnetic effects distort the zenith angle distribution of sub-GeV and few-GeV atmospheric neutrinos,
breaking the up-down symmetry that would be present in the absence of neutrino oscillations and without a
geomagnetic field. The geomagnetic effects also produce a characteristic azimuthal dependencéwfabe
related to the well-known east-west effect, that should be detectable in neutrino experiments of sufficiently
large mass. We discuss these effects quantitatively. Because the azimuthal dependence is in first-order inde-
pendent of any oscillation effect, it is a useful diagnostic tool for studying possible systematic effects in the
search for neutrino oscillationsS0556-282(98)00917-5

PACS numbefs): 95.85.Ry, 14.60.Pq, 96.40.Kk, 96.40.Tv

I. INTRODUCTION magnetic field prevents primary cosmic rays of low rigidity
from reaching the atmosphere. This suppression depends on
The flux of atmospheric neutrinos at a fixed value of theboth the detector location, being lowgbktghes} at the mag-
energyE, depends both on the zenith and azimuth angégs ( netic polegequatoy, and on the line of sight considered. For
ande). The angular dependence originates from two, or posdirections from below the horizon the effect must obviously
sibly three sources: be calculated for the geomagnetic field at the position where
the cosmic-ray trajectories enter the volume of the atmo-
sphere. The nuclear component of cosmic rays is positively
charged, and this introduces a dependence on the azimuth
angle, the celebrated east-wéE:W) effect. The neutrino
flux is highest(lowes) for directions coming from the west
(easj. The geomagnetic effects have been included in all
The development of a hadronic shower induced by a prirecent calculations of the atmospheric neutrino flax-7]
mary particle of given energy and mass depends only on thgnd Hondaet al. [7] explicitly mention the E-W effect for
zenith angle. Cascades at large zenith angle develop in [gw-energy neutrinos at Kamioka.
relatively less dense part of the atmosphere, so that decay to For most interactions of atmospheric neutrinos in present
neutrinos is enhanced at a large angle. In fact, the calculatiofetectors the direction of the neutrino is not fully recon-
of the secondary beam depends only|onsé, because a structed. Typically, the direction of the charged lepton will
line of sight entering the detector from below the horizonpe used to indicate the direction of the event. For detected
with zenith angled?"*> /2 corresponds to a trajectory en- |eptons with momenta in the interval GE, <1 GeV we
tering the atmosphere with"=7— %", Apart from small  find of order 30% more events from the West, after taking
effects due to the different average temperature profiles ahto account the dilution of the effect due to the broad dis-
the atmosphere at different geographical locations, the devetribution of angles between the charged lepton and the neu-
opment of a shower does not depend on the position of it&rino. An effect of this size should be readily measurable by
impact point on the Earth’s surface. Thus, production of sechigh statistics experiments. For events in the multi-GeV
ondary particles in the atmosphere is symmetric under theange, when the initial neutrino energy is of order of several
reflection cos#9,——cosé,. GeV the east-west effect is reduced+d.0%. For a detailed
For a given energy spectrum, neutrino oscillations alsatudy it is necessary to consider the exact geographical loca-
depend only on the zenith angle; however, the dependencefti®n of the detector, and the interval of neutrino energy that
strongly asymmetric because the pathlengths correspondirig detected.
to the directionst cos#, are very different. For down-going In the presence of neutrino oscillations the zenith angle
particles, the neutrino pathlengths are in the range frob®  distribution of the detected events can be significantly de-
to ~500 km[1], whereas up-going neutrinos can hdvas formed; however, the asymmetry in azimuth remains un-
large as~10* km. changed to first order because the neutrino pathlength does
Geomagnetic effects modify the spectrum of primary cos+ot depend orp. Only to second order would the deforma-
mic rays up to tens of GeV in a way that depends on thdion of the neutrino energy spectrum by oscillations lead to a
azimuth as well as zenith. Since the neutrino flux is a conslight modification of the distribution in azimuth. The azi-
volution of the primary spectrum with the yield of neutrinos muthal distribution depends only on the filtering of the pri-
per primary particle, neutrinos with energies below a fewmary cosmic rays through the geomagnetic field as viewed
GeV carry the imprint of these geomagnetic effects. The geofrom each detector. The study of the azimuthal dependence

(1) The development of cosmic ray showers in the atmo
sphere.

(2) Geomagnetic effects on the primary cosmic ray flux.

(3) Neutrino oscillations.
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of neutrino interactions can therefore be a valuable diagnoghat all rigidities smallerlargep than R, are forbidden(al-

tic tool, both to validate calculations of the neutrino flux andlowed): that is,

to check the quality of detector performance, for example, to

demonstrate that the determination of the lepton directions R .

has the expected resolution. Moreover, since the geomag- Fm(R,Q,Xq)=O[R=R(0,,¢,Xq) ], 2

netic effects are the only known mechanisbesidesy os-

cillations) that can produce an up-down asymmetry for thewhere ®(x) is the Heaviside functiof®(x)=0 for x<1,

neutrino fluxes, a measurement of the east-west effect fdP (X)=1 for x=1).

neutrinos would establish the size of the geomagnetic effects, In the case of a dipolar magnetic field that fills the entire

and greatly help in limiting the possible importance of geo-SPace, it is possible to compute the cutoff rigidity exactly:

magnetic effects on the zenith angle distributions. The exis-

tence of distortions of the zenith angle distributions due to

neutrino oscillations could then be more clearly identified.
This discussion can be summarized in the following equa-

tion: =

Rc:RS(ra)\M vaza(P)

M

2r?

cos Ay
[1+(1+coS Ny sin 6, sin ¢)Y32]’

()

_ . where M is the magnetic dipole moment, (the distance
¢,,H(E,,,Qy,xd):2 da(Ex)Fulpol/Z,Qq,X(Q0)] from the dipole centgrand \y, (the magnetic latitudede-
A scribes the detector positiof, is the zenith angle, and is

dn, an azimuthal angle, withp=0 (7/2) indicating the north
x> —2(E, A,Eo,|cosb,|) (wesb direction. For the eartiVl =8.1x 10°° G cnt, which
7 dE, corresponds to a polar magnetic field of 0.62 G atr, .
; 2y . .
X (P B_wa(EwCOS BZ,{mf,Uaj})% The quantityM/(2r¢)=59.4 GeV corresponds to the rigid

ity of a particle in a circular orbit of radius; in the earth’s
(1)  magnetic equatorial plane.
Stormer’s formuld Eq. (3)] gives a good idea of the mag-

e . nitude of the geomagnetic cutoffs, but it has limited accuracy
where ¢, (E,,{, xq) is the flux of neutrinos of flavoer o556 the geomagnetic field is only approximately an off-
with energyE, and direction(},, observable in a detector set dipole. The formula also generally underestimates the
located at a positiony. ¢pa(Ep) is the flux of primary cos- cutoffs because it neglects the shadow of the Earth, i.e., al-
mic rays of energyg, in the vicinity of the earth, but at a lows the penetration of charged particles with trajectories
distance sufficiently large so that the effects of the geomag-that would have intersected the surface of the Earth. More
netic field are negligibler(=10r, , wherer is the radius exact calculations can be done using the backtracking tech-
of the earth. This flux is isotropic to a very good approxi- nique[8] and more realistic models of the geomagnetic field
mation. The cutoff factoF,, takes into account the effects [9].
of the geomagnetic field. It depends on the rigidi®/ In the backtracking technique, to establish if a particle
=po/Z and directionQ), of the primary particle and on the with chargezZ and momentunp traveling from interplan-

position x;, where its trajectory first intersects the atmo- etary space can reach a final poi?ntlose to the surface of
sphered nVB/d E, is the average number of neutrinos of fla- the earth arriving from the directiof2, one integrates the

vor A produced by a primary particle of massand energy equation of motion for a particle with opposite charge and

E,. It depends on the mass, energy, and zenith angle of ipgflected momentum starting from this final position. If the

primary particle. Finally(P ) is the oscillation prob- backtracked antiparticle reaches infinity, we can assume that
) VBA)VLX

ability for the transitionvz— v, averaged over the position _the trajectory is allowedRy =1), if the backtracked particle

of creation of the neutrinos. It depends on the energy anf’ trapped in the geomagnetic field or if its trajectory inter-

trajectory of the neutrino and on the oscillation parameterss’eCts the surface €1) the trajectory is considered forbid-

that is, the mass eigenvalueg and the mixing matrixJ ,; den (.F’V'?O)' Sush a calc,l'JIakt‘lon Was'perfo.rmedhm F{GD]'.
that relates mass and flavor eigenstates. cons_lderlng as trapped” those trajectories that remained
< =
We first discuss the calculation of the probability of pen'lcr?srlggzdov;”ttugrs\hgg earifoi:jietl p:ZH:g?gt:leg)i;ge%lr%SOg((%
etration through the geomagnetic field. Then in Sec. Il we b ngicity b y '

descre te Norte Caloconvoluion expressed I, v et 2 Parices rom o palculr drecton resch
Results and discussion follow. P ’ q :

the vicinity of Rg particle trajectories change rapidly with the
rigidity, and the sharp cutoff is replaced with a series of
Il. GEOMAGNETIC EFFECTS allowed (Fy=1) and disallowed Kk, =0) rigidities—the
i . i penumbra region.
To a first approximation the effectsﬁ of the field can be” 1pq functionF,, used in this paper is calculated by back-
described simply by a cutoff rigiditiR.(x4,(2), which is a  tracking particles for a set of rigidities @ cosé, of 0.02
function of the detector position and the directio2, such ~ andA ¢ of 5°. The results are than averaged for angular bins
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of A cos#,=0.1 andA ¢ of 30°, i.e., using the cutoffs for 36 because of the Pauli principle. The Fermi motion has the
directions for every rigidity value. The cutoffs are thus re-effect of broadening the angular distribution of the final-state
placed with the probability per angular bin for a cosmic raycharged lepton, while the Pauli blocking effect suppresses
of given rigidity to reach vertical altitude of 20 km and in- the cross section.

teract in the atmosphere. The single pion-production cross section is used in the
regionW<1.4 GeV, wheréV is the mass of the final-state
1. MONTE CARLO CALCULATION hadronic system. We follow the work of Fogli and Nardulli

) ] _[14]. The most important dynamical feature is the presence

The calculation of the neutrino flux that we use here isyf the A resonance. In the case of bound nucleons the effects
described in Refs.5,4]. Yields of neutrinos are calculated ot Formi motion are also taken into account. All scatterings
separately for a grid of energies for primary protons anquth W>1.4 GeV are described using the formulas of deep

neutrons. '”.the. energy range of interest here, approxmatelmelastic scattering with the parton distribution functions of
80% of the incident nucleons are free protons. Most of th - . . )
ef. [15]. The hadronic final state is obtained using the al-

rest are neutrons and protons in primarparticles. For each .
direction (20 bins of cops9 and 12pbins cgb) the yields are gorithms of the Lund Monte Carlo codl#6]. Neutral current
z interactions are neglected. The direction of each neutrino is

folded with the primary spectrum to obtain the neutrino flux. h v within the bi he directi f th
The primary spectrum is weighted with the cutoffs averaged0Sen randomly within the bin and the direction of the out-

over the cos,—¢ bin going electron or muon is then chosen randomly using the
z . B N . .
We assume that the neutrinos are collinear with the pri@Ppropriate differential cross section.
mary cosmic ray particles that produce them. The arigle To provide realistic and relevant examples of the angular

of the neutrino with respect to the shower axis, for approxi-dependence, we consider two classes of events, applying cuts
mately half of the muon neutrinos, can be schematicallysimilar to those of Super-KamiokandgK) [17]. As a low-
written asf,,= 6,® 6., whered, is the angle between the energy sample, we use quasielastic simulated events in
parent mesorimost of the time a charged pipand the pri-  Which electrons(muong have momenta in the interval
mary particle, and ., the angle between the meson and the0.1<p,<1.33 GeV¢t (0.2<p,<1.33 GeVt). We compare
neutrino; for electron neutrinos and for the other half of thethis low-energy sample to the “single-ring” subset of the
muon neutrinos one has to consider a two-decay chain, arglib-GeV data of SK. As a high-energy sample, we compare
the angle between primary particle and neutrinoséés  all events with lepton momenta in the interval 138,
=0,90,,90,,. Since the maximunp, kinematically al- <10 GeV with the multi-GeV data of SK. Our definitions

lowed in a7 (u*) decay is 30(50) MeV, the dominant are of course not precisely equivalent to the experimental
contribution to the neutrino angle comes from the transverse|assifications. For example, the single-ring events in the

momentum of the parent mesgaf order 300 MeV: data include some multiparticle events in which only one is
visible. Conversely, some quasielastic events would be ex-
(p, ) 300 MeV 4.3° cluded from the single-ring sample because of an energetic

(6p,)=(0,)= E: ~"2E  "E[GeV)’ (4)  recoil proton. We did check that both these contributions are

small and that they do not significantly alter the angular dis-

where we have used the fact that on average the neutrino hgébunons of leptons. Thus we believe that the simplified cuts

approximately one-quarter of the parent pion energy. Th%ve_”ma;ketor:hthe MoniedCarlo ?redadeqlijate for ?ltjhr p:erosets
angledy, is smaller that the anglé,, between the detected 0 1llus rafel € expecte ang;’. ar gependence of the two Cr‘? i
charged lepton and the neutrino, and its neglect does n&J0ries of leptons. As a confirmation, we can compare the

introduce significant errors in the predictions of the geomagnUmper of events in our cuts with the corresponding cuts in
netic effects on the angular distribution of the charged lepthe SK data. We find 689 sub-GeV electrons and 1050 sub-

tons. GeV muons(single ring only as compared to 789 and 1185
The next step is to treat the interaction of the neutrinos i 25.5 KT years that the Super-Kamiokande Collaboration
the detector and find the direction of the produced leptong/eport [17] from their simulation using the same neutrino
The charged current neutrino cross section is considered &¢x. For the same exposure, we find a total of 1034 muilti-
the sum of three separate contributigad] (i) quasielastic =~ GeV leptons as compared to 1176 in the SK simulation.

scattering(ii) single pion production(iii) multiparticle pro- We show in Fig. 18) the distributions of neutrino ener-
duction. Quasielastic scattering is treated as in Refl. We  gies that give rise to the two classes of events. The average
parametrize the axial-vector form factor a@8,(Q?%) = neutrino energy for our sub-GeV muon sample os 0.8 GeV

—1.25 (1+ Q?/M3) 2, with Mo=1.0 GeV. Nuclear effects as compared to 5.7 GeV for the higher energy class. The
are taken into account following Smith and Moii3]: the  order-of-magnitude difference in energy corresponds to a
nucleons bound in the oxygen nucleus fill a zero-temperaturgimilar difference inL/E and makes the atmospheric neu-
Fermi sphere in three-momentum space with maximum motrino beam a powerful probe of oscillations in an interval of
mentumpg =220 MeV, each nucleon has assigned an energparameter space with large mixing and $&Am?<102
E=p?+m—eg with a constant binding energygz=25 eV2. This follows from the well-known expression for sur-
MeV. Scatterings on bound nucleons where the final-statgival of a neutrino flavor in vacuum, which in a two-neutrino
nucleon has momentum belopg are considered forbidden example is
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FIG. 1. (a) Distributions of neutrino energies that give rise to the
sub-GeV(solid line) and multi-GeV(dotted liné muon samples at FIG. 3. (8 Azimuthal distributions for the sub-GeV muofgee
Kamioka—see text for the definitions of the two groups of events intex}) at Kamioka for four bins in co8,: 1 to 0.5(solid); 0.5 to 0
this calculation.(b) Distribution of cosé (6 is the angle between (dots; O to —0.5 (short dasly —0.5 to —1. (long dash. (b) Azi-
the neutrino and muon directipifor the same two muon samples, muthal distributions for the multi-GeV muons at Kamioka, same

same coding. coding.
) ) Am?(eV?)Lypm ning of the SK data set, and in which geomagnetic effects are
Popv,= 1 —sin? 26 sirf| 1.27 Eooy , (5 most pronounced. The azimuth is defined so that 0° corre-
e

sponds to events from the north. The azimuthal angle in-
together with the large differences in pathlength between upcreases counterclockwise. The most prominent feature is the
going and down-going neutrinos. excess of events from the west. The @slependence for

In Fig. 1(b) we show the distribution of the angle between Sub-GeV events at Kamioka is dominated by the high local
the detected muon and the parent neutrino. The average vdleomagnetic cutoffs. We understand the slight excess of
ues of cos for the sub- and multi-GeV samples are 0.53 andevents from below (co8,<0) as arising from the fact that
0.97, respectively. Normally only the charged lepton is dethe local geomagnetic cutoffs, which affect the down-going
tected, and because of the ang!e] with respect to the par- events, are generally hlgher than the cutoffs averaged over
ent neutrino direction there is a smearing of the angular disthe opposite hemisphere of the earth that regulate the up-
tribution of the neutrinos which is significant for the sub- going events. We note that both geomagnetic poles are be-
GeV sample. Only detectors with high granularity canlow the horizon at Kamioka and therefore contribute to the
measure the recoiling nucleotisr more complicated had- relative excess of events for negative épsThe depression
ronic final states and reconstruct the neutrino energy andof the neutrino flux near the horizon indicates that, for the
direction. Such a measurement is potentially highly valuabléub-GeV events, the geomagnetic suppression more than
in the search for neutrino oscillations. compensates for the enhanced production of neutrinos from

We illustrate the effect of the angular smearing in Fig. 2muon decay in this same angular region.
by showing the azimuthal and zenith angle distributions for In Fig. 3 we compare the azimuthal dependence for sub-
sub-GeV muongsolid lineg as compared to the same distri- GeV and multi-GeV events for four intervals of casof
butions for their parent neutrindslotted line$ at the loca- equal solid angle. The multi-GeV sample is sufficiently high
tion of SK. This and all other figures in this paper are for thein energy that the geomagnetic effects are much reduced.
epoch of solar minimum, which is appropriate for the begin-

IV. RESULTS AND DISCUSSION

5IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Geomagnetic location is of great importance for the na-
ture of the fluxes and angular distributions of low-energy
events. We illustrate this in Fig. 4 by comparing the angular
distributions expected in the absence of oscillations for sub-
GeV muons at Kamioka with that expected at Souda} or
SNO [19]. The latter two experiments are near the north
geomagnetic pole, so the flux of down-going events is sig-
- nificantly higher than at Kamioka. Moreover, the east-west
oo boco boTr bocn o Lo, effect is nearly absent for events coming from above. The

100 200 300 -1 05 0 0.5 . : . :
Azimuth ¢ cos6, sky maps are in local _coqrdln_ates with the local zenith at the
top and the local nadir direction at the bottom of each map.

FIG. 2. (a) Azimuthal distributions for the sub-GeV muotsee The angular dependence of the neutrino events recently
text) at Kamioka(solid line) and for their parent atmospheric neu- reported from Super-Kamiokand&7] has suggested several
trinos (dotted ling averaged over the zenith angle for the epoch  interpretations. Among these, the simplest possibilities are
of solar minimum.(b) cosé, distributions(averaged over the azi- v, v, and v, < vgqie [20—-22. In Fig. 5 we show the ex-
muth anglep) for the same muon and neutrino samples. pected zenith angle dependence for sub-GeV and multi-GeV
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—

f=1
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Kamioka, quasielastic

/‘ sub-GeV muons
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Rate, (kT-yr-ster)-1
[
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Soudan, quasielastic
sub-GeV muons

.
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FIG. 4. Two-dimensional azimuthal and zenith angle distribu-
tion of the sub-GeV muon&see textat Kamioka(top) and Soudan/
SNO (bottom) in units of number of muons per kT yr sr. The top of
the maps corresponds to the local zenith and the bottom to the loc
nadir. The north directiong£=0) corresponds to the edge of the
map, south =180°) to the vertical line in the middle with west
(¢=90°) and east ¢=270°) to the left and right. Notice the
smeared east-west effect in both maps.
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FIG. 5. (a) cos#, distribution for the sub-GeV muor(see texk
at Kamioka, averaged over azimutkolid line). The other histo-
grams are for,— v, oscillations with maximal mixing andm?
=102 eV? (doty, 10 2°eV? (dashey and 102 eV? (dash-dash
(b) The same distributions for multi-GeV muons, same coding.
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FIG. 6. (a) Azimuthal distributions for the sub-GeV muofsee
text) at Kamioka for four bins in cog,: 1 to 0.5(a); 0.5 to 0(b); O
to —0.5 (c); —0.5 to —1 (d) (solid lineg. The other histograms
show the distributions in the presence mf— v, oscillations for
maximal mixing andAm?=10"2 eV? (dotg, 10 ?® eV? (dashes
and 102 eV? (dash-dash

neutrino-induced muons at Kamiokasing our definition

The solid line shows the result for no oscillations. In the
multi-GeV sample, the expected enhancement near the hori-
zontal is clearly visible. The three broken lines show the
gesults expected according to H§) for full mixing assum-

ing v, v, with Am?=10"2, 10" %%, and 102 eV2. The
distortion of the zenith angle distribution produced by neu-
trino oscillations depends on the oscillation parameters. Ver-
tical up-going v, have the same suppression-1

— 1/2 sirf 26 because of the averaging of oscillations on the
long pathlength. The shape of the suppression factor as a
function of zenith angle depends strongly Am? and is
different in the two samples, reflecting the order of magni-
tude difference in the typical energy of the neutrinos that
give rise to the events. These features are potentially distin-
guishable with the future high statistics data of Super-
Kamiokande.

Whereas the shape of the zenith angle dependence
strongly reflects assumptions about oscillations, the azi-
muthal dependence at fixed zenith is practically the same for
all oscillation scenarios. We show this in Fig. 6 for the sub-
GeV muons(Kamioka, our definition The four panels are
for regions of equal solid angle of increasing zenith angle
from the vertically down-going quadrant to the vertically up-
going quadrant. Typical pathlengths in the two down-going
quadrants are-30 and~ 300 km, with large variations due
to neutrino-lepton scattering angle as well as the relatively
broad distributions of production height]. The up-going
quadrants have pathlengths of ordef kfh, with an admix-
ture of shorter pathlengths near the horizontal direction.
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TABLE |. Average muon rategin units (Kt yr sn~1) in four solid angle quadrants. The rates are
calculated in the absence of oscillations andifpr- v oscillations with maximal mixing and three values of
Am? for the epoch of solar minimum.

Sub-GeV Multi-Gev
Downgoing Upgoing Downgoing Upgowing
Am? (eV?) West East West East West East West East
No-osc. 3.56 2.59 3.92 3.06 2.55 2.31 2.55 2.33
1073 2.98 2.20 2.22 1.70 2.46 2.23 1.38 1.25
10725 2.67 2.00 2.08 1.62 2.35 2.15 131 1.20
1072 2.06 1.54 1.94 1.52 2.15 1.98 1.28 1.17

Table | gives a quantitative summary of the east-west efthe overall angular distribution is flatter than shown above.
fect for neutrino-induced muons at Kamioka. The west-east For a quantitative estimate we calculated the quasielastic
ratio is~1.35 for down-going ane-=1.28 for up-going, sub- sub-GeV muon rates using the 1997 Horetaal. neutrino
GeV muons. The ratio is=1.10 for the multi-GeV muons. fluxes. The total rate of such events is very similar for both

These ratios have a negligible dependence on the natusets of fluxes—40.6 muons/Kt year for Bartol fluxes versus
of the assumed oscillation. For this reason, study of the azi42.0 for Hondaet al. Let us define the up- to down-going
muthal dependence of neutrino interactions should provideatio as R,=Ratg,(cosf=[—1,—0.2])/Ratg,(cosé
an important probe of the systematics of searches for neu=[1,0.2) and the up/down asymmetry #s,=2.X(Rate,,
trino oscillations with the atmospheric neutrino beam. In ad-— Ratey,,,)/(Ratg,+ Ratg,). Bartol and Hondaet al.
dition, study of the azimuthal and zenith angle dependencéluxes generatr} of, respectively, 1.24 and 1.15 for the
of electrons should be a sensitive test of whetf@r sug- neutrino parents of the sub-GeV muons. The corresponding
gested in Refq22,23) oscillations on terrestrial scales also values ofA}, are 0.22 and 0.14. The neutrino-muon angle
involve electron neutrinos to some extent. decrease®R’ (A%) to 1.11(0.10 and 1.06(0.05, respec-

In addition to exact definitions of the different types of tively.
experimentally observed events, the applications of these re- The effects on the azimuthal distribution are similar. If we
sults to the data analysis require an estimate of the uncefefine Ratg as the rate of muons with azimuthal angtgs
tainty in the predictions of the angular distribution of the patween 0° and 180° and Ratier ¢ between 180° and 360
detec_ted leptons. To obtain such :_an.estimate we have studiedine Bartol and Hondat al. neutrino fluxes generat®
the differences between our predictions and th_ose of I—.Iond_(':\Ad)) of 1.28(0.24) and 1.20(0.18, respectively. It should
etal.[6,7]. The Japanese group uses a technique which ige noteq that all ratio and asymmetry values given above are
similar to ours and allows for a comparison of intermediate. g culated for the epoch of solar minimum. The asymmetry
results. We have calculated the angular dependence of thg, reases by about 25% for the epoch of solar maximum.
neutrino fluxes using our neutrino yields in different combi- Currently both sets of up/down and W-E asymmetry are
nations with the primary cosmic ray flux and the geomag-consistent with the preliminary data of SK. With increasing
netic effects of Ref[7]. Finally we calculated the angular oynerimental statistics, however, even these small differ-

distribution of the detected leptons, as defined in this papefces will have some effect on the derivation of the neutrino
using the most recerit997 neutrino fluxes of Hondat al.  qcillation parameters.

[M. Honda(private communicatior].

The two groups use slightly different geomagnetic field
models and different boundary conditions in the backtrack-
ing scheme. By itself this leads only to~a3% difference in The authors are grateful to M. Honda for his very helpful
the ratio of up to down-going GeV neutrinos, which is cooperation in the study of the uncertainty in the angular
smaller in the Hondat al.treatment. This effect is, however, distribution of atmospheric neutrinos. We acknowledge help-
strengthened by the shape of the primary cosmic ray flux oful discussions with E. Kearns that helped us to improve the
Hondaet al. which is flatter than Bartol's at energies below manuscript. P.L. thanks BRI for its hospitality during the
100 GeV (differential spectral indexy=2.585 versus completion of this work. The research of T.K.G. and T.S. is
~2.65. The contribution of lower energy primaries, which supported in part by the U.S. Department of Energy under
are subjected to geomagnetic suppression, is thus smaller a@tant No. DE FG02 01ER 4062.
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