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Abstract

A full 3-dimensional code has been developed within the framework of the
Bartol atmospheric neutrino flux calculations [1,2], which until now have been
made in the one-dimensional approximation. Bending of primaries and secon-
daries within a realistic geomagnetic field is included. The ultimate goal is to
provide a new set of neutrino fluxes for use in interpretation of measurements
of atmospheric neutrinos [3,4] and derivation of oscillation parameters. Here we
mention some features of the calculational scheme and use it to illustrate the basic
features of a three-dimensional calculation.

1. Introduction

There are now several three-dimensional calculations of the atmospheric
neutrino flux [5,6,7], which display the characteristic geometrical features de-
scribed in [8] and reviewed in [9]. In developing this new calculation we have used
the same three-dimensional version of the interaction model TARGET2.1 [10] that
has previously been used in the context of one-dimensional cascade calculations
for comparison with several other calculations of the flux of atmospheric neutri-
nos (see e.g. [9]). In this way we can compare the three-dimensional and one-
dimensional calculations using the identical treatment of hadronic interactions.
For both 3D and 1D we also use the same primary spectrum and compositon;
namely, the solar minimum flux from [2]. Further development of the TARGET
interaction model itself is presented elsewhere in this conference [11].

For the three-dimensional calculation cascades are generated at discrete
primary energies, equally spaced in log(energy per nucleon), ten energies per
decade. Cascades are generated separately for free protons, bound protons and
bound neutrons within the superposition approximation. Nucleons are injected
randomly and uniformly on the surface of a sphere of radius Rg + 80 km, with a
zenith angle distribution proportional to cos , and isotropically in local azimuth.
Every neutrino that intersects the surface of the Earth within 500 km of the de-
tector location is provisionally recorded with a weight proportional to the primary
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Zenith angle dependence
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Fig. 1. Zenith-angle distributions at low energy comparing two locations (left panel)

Zenith angle dependence at Kamioka (> GeV)

and for GeV neutrinos at Kamioka (right panel). points: 3D; lines: 1D.

spectrum of its parent nucleon multiplied by 1/ cosé,. Here 6, is the local zenith
angle of the primary nucleon at the injection sphere and 6, the local zenith angle
of the neutrino when it intersects the sphere at the level of the detector. The
last factor in the weight accounts for the projection of the flat detector, and its
treatment requires special care near the horizon, as discussed elsewhere at this
conference [12]. The parent nucleon of each provisionally accepted neutrino is
backtracked from its point of injection, and the neutrino is accepted if its parent
is on an allowed trajectory. (Bound nucleons are followed as particles of charge
—e/2.) The fact that each neutrino carries the spectral weight of the primary that
produced it means that a single set of cascade calculations can be re-weighted to
reproduce any primary spectrum and composition without a time-consuming new
calculation.

A three-dimensional Monte Carlo simulation of atmospheric neutrino fluxes
has to face the problem that the actual size of the detector covers only a tiny frac-
tion of the Earth’s surface. In order to achieve reasonable statistics we use an
acceptance radius of 500 km which is more than four orders of magnitude larger
than the actual detector. Biases resulting from the use of a large effective detector
area cancel provided that variations are linear across the acceptance area centered
on the location of the actual detector. To insure that this requirement is satisfied
we have repeated the calculations at intervals between 500 km and 2000 km along
lines of latitude and longitude in each direction from the locations of Super-K [3],
and SNO [7]. The largest changes are in the North-South direction because of
the changing geomagnetic latitude, and they become significantly non-linear on
scales of 1000 km and larger.
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Fig. 2. Azumuthal distributions of neutrinos with £ > 0.5 GeV and
—0.5 < cos® < 0.5. Left panel: v, (black) and 7. (grey/red); Right panel: v,
(solid/black) and 7, (dotted/red).

2. Comparison of 1D and 3D calculations

We have made a full 3D calculation of neutrino fluxes up to 10 GeV,
which we compare with results of the one-dimensional calculation described in
Reference 10. The first figure compares the angular distributions in the one-
dimensional (straight-ahead) approximation with those obtained in the full 3D
calculation. The characteristic enhancement near the horizontal is larger for the
high-geomagnetic-latitude site where the geomagnetic cutoff is lower. The 1D
calculation in fact gives a slight dip near the horizontal because of the large
cutoff just above the horizon from the East. In the 1D calculation, the parents
of all neutrinos from this direction are subject to the very high cutoff. In the
3D calculation, on the other hand, neutrinos near the horizon can arrive from
primaries from a variety of directions. In fact the geometry favors production by
relatively nearby interactions of primaries with smaller zenith angles. The small
effect of this shortening of pathlengths for neutrinos near the horizon on inferred
oscillation parameters remains to be investigated quantitatively.

The second figure shows the azimuthal distribution of neutrinos and an-
tineutrinos at Super-K. More neutrinos arrive from the West (270°) than from
the East (90°), but the asymmetry is greater for v, than for 7. and greater for v,
than for v,. As pointed out in [13], such an effect can be traced to the fact that
bending of positive muons enhances the East-West effect on the positive primaries
whereas bending of negative muons is in the opposite sense. Thus the asymmetry

is enhanced for progeny of p* (i.e. v, and ~ % of the 7,) and decreased for 7,
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and ~ % of the v,. An interesting feature is that the azimuthal distribution is not
symmetric about 180°, but is peaked around 220° rather than 270°, persumably

a consequence of the geomagnetic field as seen from Super-K. (See e.g. Figure 10
of [9]).
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