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Geomagnetic effects on atmospheric neutrinos
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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 dependence of then fluxes,
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 oscillations.@S0556-2821~98!00917-5#

PACS number~s!: 95.85.Ry, 14.60.Pq, 96.40.Kk, 96.40.Tv
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I. INTRODUCTION

The flux of atmospheric neutrinos at a fixed value of t
energyEn depends both on the zenith and azimuth anglesuz
andw). The angular dependence originates from two, or p
sibly three sources:

~1! The development of cosmic ray showers in the atm
sphere.

~2! Geomagnetic effects on the primary cosmic ray flux.
~3! Neutrino oscillations.

The development of a hadronic shower induced by a
mary particle of given energy and mass depends only on
zenith angle. Cascades at large zenith angle develop
relatively less dense part of the atmosphere, so that deca
neutrinos is enhanced at a large angle. In fact, the calcula
of the secondary beam depends only onucosuzu because a
line of sight entering the detector from below the horiz
with zenith angleuz

out.p/2 corresponds to a trajectory en
tering the atmosphere withuz

in5p2uz
out. Apart from small

effects due to the different average temperature profiles
the atmosphere at different geographical locations, the de
opment of a shower does not depend on the position o
impact point on the Earth’s surface. Thus, production of s
ondary particles in the atmosphere is symmetric under
reflection cosuz↔2cosuz.

For a given energy spectrum, neutrino oscillations a
depend only on the zenith angle; however, the dependen
strongly asymmetric because the pathlengths correspon
to the directions6cosuz are very different. For down-going
particles, the neutrino pathlengths are in the range from;10
to ;500 km @1#, whereas up-going neutrinos can haveL as
large as;104 km.

Geomagnetic effects modify the spectrum of primary c
mic rays up to tens of GeV in a way that depends on
azimuth as well as zenith. Since the neutrino flux is a c
volution of the primary spectrum with the yield of neutrino
per primary particle, neutrinos with energies below a f
GeV carry the imprint of these geomagnetic effects. The g
0556-2821/98/58~7!/073003~7!/$15.00 58 0730
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magnetic field prevents primary cosmic rays of low rigidi
from reaching the atmosphere. This suppression depend
both the detector location, being lowest~highest! at the mag-
netic poles~equator!, and on the line of sight considered. F
directions from below the horizon the effect must obvious
be calculated for the geomagnetic field at the position wh
the cosmic-ray trajectories enter the volume of the atm
sphere. The nuclear component of cosmic rays is positiv
charged, and this introduces a dependence on the azim
angle, the celebrated east-west~E-W! effect. The neutrino
flux is highest~lowest! for directions coming from the wes
~east!. The geomagnetic effects have been included in
recent calculations of the atmospheric neutrino flux@2–7#
and Hondaet al. @7# explicitly mention the E-W effect for
low-energy neutrinos at Kamioka.

For most interactions of atmospheric neutrinos in pres
detectors the direction of the neutrino is not fully reco
structed. Typically, the direction of the charged lepton w
be used to indicate the direction of the event. For detec
leptons with momenta in the interval 0.2<Em,e<1 GeV we
find of order 30% more events from the West, after taki
into account the dilution of the effect due to the broad d
tribution of angles between the charged lepton and the n
trino. An effect of this size should be readily measurable
high statistics experiments. For events in the multi-G
range, when the initial neutrino energy is of order of seve
GeV the east-west effect is reduced to;10%. For a detailed
study it is necessary to consider the exact geographical l
tion of the detector, and the interval of neutrino energy t
is detected.

In the presence of neutrino oscillations the zenith an
distribution of the detected events can be significantly
formed; however, the asymmetry in azimuth remains u
changed to first order because the neutrino pathlength d
not depend onw. Only to second order would the deforma
tion of the neutrino energy spectrum by oscillations lead t
slight modification of the distribution in azimuth. The az
muthal distribution depends only on the filtering of the p
mary cosmic rays through the geomagnetic field as view
from each detector. The study of the azimuthal depende
© 1998 The American Physical Society03-1
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of neutrino interactions can therefore be a valuable diagn
tic tool, both to validate calculations of the neutrino flux a
to check the quality of detector performance, for example
demonstrate that the determination of the lepton directi
has the expected resolution. Moreover, since the geom
netic effects are the only known mechanism~besidesn os-
cillations! that can produce an up-down asymmetry for t
neutrino fluxes, a measurement of the east-west effect
neutrinos would establish the size of the geomagnetic effe
and greatly help in limiting the possible importance of ge
magnetic effects on the zenith angle distributions. The e
tence of distortions of the zenith angle distributions due
neutrino oscillations could then be more clearly identified

This discussion can be summarized in the following eq
tion:

fna
~En ,Vn ,xWd!5(

A
fA~E0!FM@p0 /Z,V0 ,xW~V0!#

3(
b

dnnb

dEn
~En ,A,E0 ,ucosuzu!

3^Pnb→na
~En ,cosuz ,$mj

2 ,Ua j%!&,

~1!

wherefna
(En ,Vn ,xWd) is the flux of neutrinos of flavora

with energyEn and directionVn , observable in a detecto
located at a positionxWd . fA(E0) is the flux of primary cos-
mic rays of energyE0 in the vicinity of the earth, but at a
distancer sufficiently large so that the effects of the geoma
netic field are negligible (r *10 r % , wherer % is the radius
of the earth!. This flux is isotropic to a very good approx
mation. The cutoff factorFM takes into account the effect
of the geomagnetic field. It depends on the rigidityR
5p0 /Z and directionV0 of the primary particle and on th
position xW in where its trajectory first intersects the atm
sphere.dnnb

/dEn is the average number of neutrinos of fl

vor b produced by a primary particle of massA and energy
E0. It depends on the mass, energy, and zenith angle of
primary particle. Finally,̂ Pnb→na

& is the oscillation prob-

ability for the transitionnb→na averaged over the positio
of creation of the neutrinos. It depends on the energy
trajectory of the neutrino and on the oscillation paramete
that is, the mass eigenvaluesmj and the mixing matrixUa j
that relates mass and flavor eigenstates.

We first discuss the calculation of the probability of pe
etration through the geomagnetic field. Then in Sec. III
describe the Monte Carlo convolution expressed in Eq.~1!.
Results and discussion follow.

II. GEOMAGNETIC EFFECTS

To a first approximation the effects of the field can
described simply by a cutoff rigidityRc(xWd ,V), which is a
function of the detector positionxW and the directionV, such
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that all rigidities smaller~larger! than Rc are forbidden~al-
lowed!: that is,

FM~R,V,xWd!5Q@R2Rc~uz ,w,xWd!#, ~2!

whereQ(x) is the Heaviside function„Q(x)50 for x,1,
Q(x)51 for x>1….

In the case of a dipolar magnetic field that fills the ent
space, it is possible to compute the cutoff rigidity exactly

Rc5RS~r ,lM ,uz ,w!

5S M

2r 2D H cos4 lM

@11~11cos3 lM sin uz sin w!1/2#2J , ~3!

where M is the magnetic dipole moment,r ~the distance
from the dipole center! and lM ~the magnetic latitude! de-
scribes the detector position,uz is the zenith angle, andw is
an azimuthal angle, withw50 (p/2) indicating the north
~west! direction. For the earthM.8.131025 G cm3, which
corresponds to a polar magnetic field of 0.62 G atr 5r % .
The quantityM /(2r %

2 ).59.4 GeV corresponds to the rigid
ity of a particle in a circular orbit of radiusr % in the earth’s
magnetic equatorial plane.

Stormer’s formula@Eq. ~3!# gives a good idea of the mag
nitude of the geomagnetic cutoffs, but it has limited accura
because the geomagnetic field is only approximately an
set dipole. The formula also generally underestimates
cutoffs because it neglects the shadow of the Earth, i.e.
lows the penetration of charged particles with trajector
that would have intersected the surface of the Earth. M
exact calculations can be done using the backtracking te
nique@8# and more realistic models of the geomagnetic fie
@9#.

In the backtracking technique, to establish if a partic
with chargeZ and momentump traveling from interplan-
etary space can reach a final pointxW close to the surface o
the earth arriving from the directionV, one integrates the
equation of motion for a particle with opposite charge a
reflected momentum starting from this final position. If th
backtracked antiparticle reaches infinity, we can assume
the trajectory is allowed (FM51), if the backtracked particle
is trapped in the geomagnetic field or if its trajectory inte
sects the surface (r 5r % ) the trajectory is considered forbid
den (FM50). Such a calculation was performed in Ref.@10#,
considering as ‘‘trapped’’ those trajectories that remain
confined withinr<30r % for a pathlength longerl>500r % .
Instead of the sharp rigidity cutoff predicted by Eq.~3!,
above which all particles from a particular direction rea
the atmosphere, one encounters a quite different situation
the vicinity of RS particle trajectories change rapidly with th
rigidity, and the sharp cutoff is replaced with a series
allowed (FM51) and disallowed (FM50) rigidities—the
penumbra region.

The functionFM used in this paper is calculated by bac
tracking particles for a set of rigidities atD cosuz of 0.02
andDf of 5°. The results are than averaged for angular b
3-2
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GEOMAGNETIC EFFECTS ON ATMOSPHERIC NEUTRINOS PHYSICAL REVIEW D58 073003
of D cosuz50.1 andDf of 30°, i.e., using the cutoffs for 36
directions for every rigidity value. The cutoffs are thus r
placed with the probability per angular bin for a cosmic r
of given rigidity to reach vertical altitude of 20 km and in
teract in the atmosphere.

III. MONTE CARLO CALCULATION

The calculation of the neutrino flux that we use here
described in Refs.@5,4#. Yields of neutrinos are calculate
separately for a grid of energies for primary protons a
neutrons. In the energy range of interest here, approxima
80% of the incident nucleons are free protons. Most of
rest are neutrons and protons in primarya particles. For each
direction ~20 bins of cosuz and 12 bins off) the yields are
folded with the primary spectrum to obtain the neutrino flu
The primary spectrum is weighted with the cutoffs averag
over the cosuz–f bin.

We assume that the neutrinos are collinear with the
mary cosmic ray particles that produce them. The angleu0n

of the neutrino with respect to the shower axis, for appro
mately half of the muon neutrinos, can be schematica
written asu0n5up % upn , whereup is the angle between th
parent meson~most of the time a charged pion! and the pri-
mary particle, andupn the angle between the meson and t
neutrino; for electron neutrinos and for the other half of t
muon neutrinos one has to consider a two-decay chain,
the angle between primary particle and neutrinos isu0n

5up % upm % umn . Since the maximump' kinematically al-
lowed in ap6 (m6) decay is 30~50! MeV, the dominant
contribution to the neutrino angle comes from the transve
momentum of the parent meson~of order 300 MeV!:

^u0n&.^up&.
^p',p&

Ep
.

300 MeV

4En
.

4.3°

En~GeV!
, ~4!

where we have used the fact that on average the neutrino
approximately one-quarter of the parent pion energy. T
angleu0n is smaller that the angleu l n between the detecte
charged lepton and the neutrino, and its neglect does
introduce significant errors in the predictions of the geom
netic effects on the angular distribution of the charged l
tons.

The next step is to treat the interaction of the neutrinos
the detector and find the direction of the produced lepto
The charged current neutrino cross section is considere
the sum of three separate contributions@11# ~i! quasielastic
scattering,~ii ! single pion production,~iii ! multiparticle pro-
duction. Quasielastic scattering is treated as in Ref.@12#. We
parametrize the axial-vector form factor asFA(Q2)5
21.25 (11Q2/MA

2)22, with MA51.0 GeV. Nuclear effects
are taken into account following Smith and Moniz@13#: the
nucleons bound in the oxygen nucleus fill a zero-tempera
Fermi sphere in three-momentum space with maximum m
mentumpF5220 MeV, each nucleon has assigned an ene
E5Ap21m2«B with a constant binding energy«B525
MeV. Scatterings on bound nucleons where the final-s
nucleon has momentum belowpF are considered forbidde
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because of the Pauli principle. The Fermi motion has
effect of broadening the angular distribution of the final-st
charged lepton, while the Pauli blocking effect suppres
the cross section.

The single pion-production cross section is used in
regionW,1.4 GeV, whereW is the mass of the final-stat
hadronic system. We follow the work of Fogli and Nardu
@14#. The most important dynamical feature is the prese
of theD resonance. In the case of bound nucleons the eff
of Fermi motion are also taken into account. All scatterin
with W.1.4 GeV are described using the formulas of de
inelastic scattering with the parton distribution functions
Ref. @15#. The hadronic final state is obtained using the
gorithms of the Lund Monte Carlo code@16#. Neutral current
interactions are neglected. The direction of each neutrin
chosen randomly within the bin and the direction of the o
going electron or muon is then chosen randomly using
appropriate differential cross section.

To provide realistic and relevant examples of the angu
dependence, we consider two classes of events, applying
similar to those of Super-Kamiokande~SK! @17#. As a low-
energy sample, we use quasielastic simulated event
which electrons~muons! have momenta in the interva
0.1,pe,1.33 GeV/c (0.2,pm,1.33 GeV/c!. We compare
this low-energy sample to the ‘‘single-ring’’ subset of th
sub-GeV data of SK. As a high-energy sample, we comp
all events with lepton momenta in the interval 1.33,pl

,10 GeV with the multi-GeV data of SK. Our definition
are of course not precisely equivalent to the experime
classifications. For example, the single-ring events in
data include some multiparticle events in which only one
visible. Conversely, some quasielastic events would be
cluded from the single-ring sample because of an energ
recoil proton. We did check that both these contributions
small and that they do not significantly alter the angular d
tributions of leptons. Thus we believe that the simplified c
we make on the Monte Carlo are adequate for our purpo
to illustrate the expected angular dependence of the two
egories of leptons. As a confirmation, we can compare
number of events in our cuts with the corresponding cuts
the SK data. We find 689 sub-GeV electrons and 1050 s
GeV muons~single ring only! as compared to 789 and 118
in 25.5 kT years that the Super-Kamiokande Collaborat
report @17# from their simulation using the same neutrin
flux. For the same exposure, we find a total of 1034 mu
GeV leptons as compared to 1176 in the SK simulation.

We show in Fig. 1~a! the distributions of neutrino ener
gies that give rise to the two classes of events. The ave
neutrino energy for our sub-GeV muon sample os 0.8 G
as compared to 5.7 GeV for the higher energy class.
order-of-magnitude difference in energy corresponds to
similar difference inL/E and makes the atmospheric ne
trino beam a powerful probe of oscillations in an interval
parameter space with large mixing and 1023<Dm2<1022

eV2. This follows from the well-known expression for su
vival of a neutrino flavor in vacuum, which in a two-neutrin
example is
3-3
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Pnb→nb
5 1 2sin2 2u sin2F1.27

Dm2~eV2!Lkm

EGeV
G , ~5!

together with the large differences in pathlength between
going and down-going neutrinos.

In Fig. 1~b! we show the distribution of the angle betwe
the detected muon and the parent neutrino. The average
ues of cosu for the sub- and multi-GeV samples are 0.53 a
0.97, respectively. Normally only the charged lepton is d
tected, and because of the angleu l n with respect to the par
ent neutrino direction there is a smearing of the angular
tribution of the neutrinos which is significant for the su
GeV sample. Only detectors with high granularity c
measure the recoiling nucleons~or more complicated had
ronic final states! and reconstruct the neutrino energy a
direction. Such a measurement is potentially highly valua
in the search for neutrino oscillations.

We illustrate the effect of the angular smearing in Fig
by showing the azimuthal and zenith angle distributions
sub-GeV muons~solid lines! as compared to the same dist
butions for their parent neutrinos~dotted lines! at the loca-
tion of SK. This and all other figures in this paper are for t
epoch of solar minimum, which is appropriate for the beg

FIG. 1. ~a! Distributions of neutrino energies that give rise to t
sub-GeV~solid line! and multi-GeV~dotted line! muon samples a
Kamioka—see text for the definitions of the two groups of events
this calculation.~b! Distribution of cosu (u is the angle between
the neutrino and muon direction! for the same two muon sample
same coding.

FIG. 2. ~a! Azimuthal distributions for the sub-GeV muons~see
text! at Kamioka~solid line! and for their parent atmospheric ne
trinos ~dotted line! averaged over the zenith angleuz for the epoch
of solar minimum.~b! cosuz distributions~averaged over the azi
muth anglew) for the same muon and neutrino samples.
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ning of the SK data set, and in which geomagnetic effects
most pronounced. The azimuth is defined so that 0° co
sponds to events from the north. The azimuthal angle
creases counterclockwise. The most prominent feature is
excess of events from the west. The cosuz dependence for
sub-GeV events at Kamioka is dominated by the high lo
geomagnetic cutoffs. We understand the slight excess
events from below (cosuz,0) as arising from the fact tha
the local geomagnetic cutoffs, which affect the down-goi
events, are generally higher than the cutoffs averaged o
the opposite hemisphere of the earth that regulate the
going events. We note that both geomagnetic poles are
low the horizon at Kamioka and therefore contribute to t
relative excess of events for negative cosuz. The depression
of the neutrino flux near the horizon indicates that, for t
sub-GeV events, the geomagnetic suppression more
compensates for the enhanced production of neutrinos f
muon decay in this same angular region.

In Fig. 3 we compare the azimuthal dependence for s
GeV and multi-GeV events for four intervals of cosuz of
equal solid angle. The multi-GeV sample is sufficiently hi
in energy that the geomagnetic effects are much reduce

IV. RESULTS AND DISCUSSION

Geomagnetic location is of great importance for the n
ture of the fluxes and angular distributions of low-ener
events. We illustrate this in Fig. 4 by comparing the angu
distributions expected in the absence of oscillations for s
GeV muons at Kamioka with that expected at Soudan@18# or
SNO @19#. The latter two experiments are near the no
geomagnetic pole, so the flux of down-going events is s
nificantly higher than at Kamioka. Moreover, the east-w
effect is nearly absent for events coming from above. T
sky maps are in local coordinates with the local zenith at
top and the local nadir direction at the bottom of each m

The angular dependence of the neutrino events rece
reported from Super-Kamiokande@17# has suggested sever
interpretations. Among these, the simplest possibilities
nm↔nt andnm↔nsterile @20–22#. In Fig. 5 we show the ex-
pected zenith angle dependence for sub-GeV and multi-G

n

FIG. 3. ~a! Azimuthal distributions for the sub-GeV muons~see
text! at Kamioka for four bins in cosuz : 1 to 0.5 ~solid!; 0.5 to 0
~dots!; 0 to 20.5 ~short dash!; 20.5 to 21. ~long dash!. ~b! Azi-
muthal distributions for the multi-GeV muons at Kamioka, sam
coding.
3-4
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GEOMAGNETIC EFFECTS ON ATMOSPHERIC NEUTRINOS PHYSICAL REVIEW D58 073003
FIG. 4. Two-dimensional azimuthal and zenith angle distrib
tion of the sub-GeV muons~see text! at Kamioka~top! and Soudan/
SNO ~bottom! in units of number of muons per kT yr sr. The top
the maps corresponds to the local zenith and the bottom to the
nadir. The north direction (w50) corresponds to the edge of th
map, south (w5180°) to the vertical line in the middle with wes
(w590°) and east (w5270°) to the left and right. Notice the
smeared east-west effect in both maps.

FIG. 5. ~a! cosuz distribution for the sub-GeV muons~see text!
at Kamioka, averaged over azimuth~solid line!. The other histo-
grams are fornm→nt oscillations with maximal mixing andDm2

51022 eV2 ~dots!, 1022.5 eV2 ~dashes!, and 1023 eV2 ~dash-dash!.
~b! The same distributions for multi-GeV muons, same coding.
07300
neutrino-induced muons at Kamioka~using our definition!.
The solid line shows the result for no oscillations. In t
multi-GeV sample, the expected enhancement near the h
zontal is clearly visible. The three broken lines show t
results expected according to Eq.~5! for full mixing assum-
ing nm↔nt with Dm251022, 1022.5, and 1023 eV2. The
distortion of the zenith angle distribution produced by ne
trino oscillations depends on the oscillation parameters. V
tical up-going nm have the same suppression;1
2 1/2 sin2 2u because of the averaging of oscillations on t
long pathlength. The shape of the suppression factor a
function of zenith angle depends strongly onDm2 and is
different in the two samples, reflecting the order of mag
tude difference in the typical energy of the neutrinos th
give rise to the events. These features are potentially dis
guishable with the future high statistics data of Sup
Kamiokande.

Whereas the shape of the zenith angle depende
strongly reflects assumptions about oscillations, the a
muthal dependence at fixed zenith is practically the same
all oscillation scenarios. We show this in Fig. 6 for the su
GeV muons~Kamioka, our definition!. The four panels are
for regions of equal solid angle of increasing zenith an
from the vertically down-going quadrant to the vertically u
going quadrant. Typical pathlengths in the two down-goi
quadrants are;30 and;300 km, with large variations due
to neutrino-lepton scattering angle as well as the relativ
broad distributions of production height@1#. The up-going
quadrants have pathlengths of order 104 km, with an admix-
ture of shorter pathlengths near the horizontal direction.

-

al

FIG. 6. ~a! Azimuthal distributions for the sub-GeV muons~see
text! at Kamioka for four bins in cosuz : 1 to 0.5~a!; 0.5 to 0~b!; 0
to 20.5 ~c!; 20.5 to 21 ~d! ~solid lines!. The other histograms
show the distributions in the presence ofnm→nt oscillations for
maximal mixing andDm251022 eV2 ~dots!, 1022.5 eV2 ~dashes!,
and 1023 eV2 ~dash-dash!.
3-5
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TABLE I. Average muon rates~in units ~Kt yr sr!21) in four solid angle quadrants. The rates a
calculated in the absence of oscillations and fornm→nt oscillations with maximal mixing and three values
Dm2 for the epoch of solar minimum.

Sub-GeV Multi-Gev

Downgoing Upgoing Downgoing Upgowing
Dm2 (eV2) West East West East West East West Eas

No-osc. 3.56 2.59 3.92 3.06 2.55 2.31 2.55 2.33
1023 2.98 2.20 2.22 1.70 2.46 2.23 1.38 1.25
1022.5 2.67 2.00 2.08 1.62 2.35 2.15 1.31 1.20
1022 2.06 1.54 1.94 1.52 2.15 1.98 1.28 1.17
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Table I gives a quantitative summary of the east-west
fect for neutrino-induced muons at Kamioka. The west-e
ratio is'1.35 for down-going and'1.28 for up-going, sub-
GeV muons. The ratio is'1.10 for the multi-GeV muons.

These ratios have a negligible dependence on the na
of the assumed oscillation. For this reason, study of the
muthal dependence of neutrino interactions should prov
an important probe of the systematics of searches for n
trino oscillations with the atmospheric neutrino beam. In a
dition, study of the azimuthal and zenith angle depende
of electrons should be a sensitive test of whether~as sug-
gested in Refs.@22,23#! oscillations on terrestrial scales als
involve electron neutrinos to some extent.

In addition to exact definitions of the different types
experimentally observed events, the applications of these
sults to the data analysis require an estimate of the un
tainty in the predictions of the angular distribution of th
detected leptons. To obtain such an estimate we have stu
the differences between our predictions and those of Ho
et al. @6,7#. The Japanese group uses a technique whic
similar to ours and allows for a comparison of intermedi
results. We have calculated the angular dependence o
neutrino fluxes using our neutrino yields in different com
nations with the primary cosmic ray flux and the geoma
netic effects of Ref.@7#. Finally we calculated the angula
distribution of the detected leptons, as defined in this pa
using the most recent~1997! neutrino fluxes of Hondaet al.
@M. Honda~private communication!#.

The two groups use slightly different geomagnetic fie
models and different boundary conditions in the backtra
ing scheme. By itself this leads only to a;3% difference in
the ratio of up to down-going GeV neutrinos, which
smaller in the Hondaet al. treatment. This effect is, howeve
strengthened by the shape of the primary cosmic ray flux
Hondaet al. which is flatter than Bartol’s at energies belo
100 GeV ~differential spectral indexg52.585 versus
;2.65!. The contribution of lower energy primaries, whic
are subjected to geomagnetic suppression, is thus smalle
07300
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the overall angular distribution is flatter than shown abov
For a quantitative estimate we calculated the quasiela

sub-GeV muon rates using the 1997 Hondaet al. neutrino
fluxes. The total rate of such events is very similar for bo
sets of fluxes—40.6 muons/Kt year for Bartol fluxes vers
42.0 for Hondaet al. Let us define the up- to down-goin
ratio as Ru5Rateup(cosu5@21,20.2#)/Ratedown(cosu
5@1,0.2#) and the up/down asymmetry asAu52.3(Rateup
2Ratedown)/(Rateup1Ratedown). Bartol and Hondaet al.
fluxes generateRu

n of, respectively, 1.24 and 1.15 for th
neutrino parents of the sub-GeV muons. The correspond
values ofAu

n are 0.22 and 0.14. The neutrino-muon ang
decreasesRu

m (Au
m) to 1.11 ~0.10! and 1.06~0.05!, respec-

tively.
The effects on the azimuthal distribution are similar. If w

define RateW as the rate of muons with azimuthal anglesf
between 0° and 180° and RateE for f between 180° and 360
° the Bartol and Hondaet al. neutrino fluxes generateRf
(Af) of 1.28 ~0.24! and 1.20~0.18!, respectively. It should
be noted that all ratio and asymmetry values given above
calculated for the epoch of solar minimum. The asymme
decreases by about 25% for the epoch of solar maximum

Currently both sets of up/down and W-E asymmetry a
consistent with the preliminary data of SK. With increasi
experimental statistics, however, even these small dif
ences will have some effect on the derivation of the neutr
oscillation parameters.
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