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New calculation of the atmospheric neutrino flux in a three-dimensional scheme
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We have revised the calculation of the flux of atmospheric neutrinos based on a three-dimensional scheme
with the realistic IGRF geomagnetic model. The primary flux model has been revised, based on the AMS and
BESS observations, and the interaction model updated to DPMJET-IIl. With a fast simulation code and
computer system, the statistical errors in the Monte Carlo study are negligible. We estimate the total uncer-
tainty of the atmospheric neutrino flux prediction is reduce&ttd % below 10 GeV. The “three-dimensional
effects” are found to be almost the same as the study with the dipole magnetic field, but the muon-curvature
effect remains up to a few tens of GeV for horizontal directions. The uncertainty of the absolute normalization
of the atmospheric neutrino is still large, above 10 GeV, due to the uncertainty of the primary cosmic ray flux
above 100 GeV. However, the zenith angle variation is not affected by these uncertainties.
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I. INTRODUCTION [18]. Here, we adopt these revised primary flux and hadronic
interaction models.

The discovery of the neutrino oscillation from the study It has also been pointed out that the atmospheric neutrino
of atmospheric neutrinos is a one of the most important reflux calculated in a three-dimensional scheme is significantly
sults in recent physical resear¢h] (see also Refd.2-5], different from that calculated in a one-dimensional scheme,
and Ref.[6] for a review. The study is carried out by the at low energies for near-horizontal directidi®s19—24. The
comparison of theoretical calculation of the atmospheric neuene-dimensional approximation has been widely used in the
trino flux and experimental data. Therefore, it is desirablepast, and was used in our previous calculation and others
that both theoretical and experimental studies are improved7,8]. This approximation is justified by the nature of had-
The SuperKamiokande is improving the statistics and theonic interactions for calculations of high-energy
accuracy steadily for experimental data. It is important to(=10 GeV) atmospheric neutrino fluxes, but not at lower
improve the theoretical prediction of the atmospheric neuenergies. With the computer resources then available, how-
trino flux also. ever, it was difficult to complete the calculation of atmo-

There have been some improvements in the theoreticapheric neutrino fluxes in a full three-dimensional scheme
prediction of the atmospheric neutrino fliik—12] (see Ref.  within a tolerable length of time. Some three-dimensional
[13] for a review. These studies were useful to determine(3D) calculations employ approximations based on symme-
the flux ratios between different types of neutrinos and thery to circumvent the impact of limited computer resources.
variation over zenith angle with good accuracy, and to estabin Ref. [9], spherical symmetry is assumed, ignoring the
lish neutrino oscillations and the existence of neutrinomagnetic field in the atmosphere, and in our previous three-
masses. We now wish to improve the accuracy of the absadimensional calculatioi21], we assumed an axial symmetry
lute normalization as well as the ratio and directionality ofand used a dipole geomagnetic field model. Thus, a detailed

the atmospheric neutrino fluxes for further studies. calculation in a full three-dimensional scheme without sym-
In the time since our last comprehensive study of the atmetry remains a challenging job.
mospheric neutrino flux7], knowledge of the primary cos- We have developed a new and fast simulation code for the

mic ray has been improved by observations, such as BES@ropagation of cosmic rays in the atmosphere to calculate the
[15] and AMS[14] below 100 GeV. There have also been atmospheric neutrino flux in a full three-dimensional scheme
theoretical developments in hadronic interaction modelswithout having to assume symmetry. This fast simulation
such as Fritiof 7.0216], FLUKA97 [17], and DPMJET-IIl  code and a fast computation system allow us to calculate the
atmospheric neutrino flux with good accuracy over a wide
energy region from 0.1 to a few tens of GeV, as is shown in

*Electronic address: mhonda@icrr.u-tokyo.ac.jp; this paper. The differences between three- and one-
http://icrr.u-tokyo.ac.jp/ mhonda dimensional calculation schemes are similar to that we found
TElectronic address: kajita@icrr.u-tokyo.ac.jp in the study with a dipole geomagnetic figldl], and are
*Electronic address: kasahara@sic.shibaura-it.ac.jp small above a few GeV. The neutrino flux calculated in the
$Electronic address: midori@aomori-u.ac.jp three-dimensional scheme is smoothly connected to the one
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calculated in the one-dimensional scheme at a few tens of
GeV. We are therefore able to discuss the atmospheric neu-
trino flux up to 10 TeV in this paper. FIG. 1. (Color onling Primary cosmic ray observation and our
Although progress in our theoretical study of the atmo-model curves for protons at solar minimum. Crosses indicate data
spheric neutrinos flux has been reported partly elsewheriom Ref.[26], open circles indicate data from MAS87], closed
[11,12, this is the first comprehensive report since 1§85 upward triangles LEAFA 28], closed downward triangles IMAX
[29], closed vertical diamonds CAPRICE-£80], open vertical dia-
monds CAPRICE-9§31], closed circles BES$15], closed hori-
zontal diamonds AM$14], open upward triangle BESS-Td\82],
The primary flux model we use is based on the one preelosed horizontal diamonds Rya al.[33], open downward large
sented in Refs[25] and[13], in which the primary cosmic triangles JACEH34], open diamonds large RUNJ(B6,37, open
ray data below~100 GeV are compiled and parametrized upward large triangles from Ivaneniet al. [35], and open large

Ek (GeV)

II. PRIMARY COSMIC RAY FLUX MODEL

with the fitting formula squares from Kawamurat al. [38]. The dashed line shows the
spectrum calculated with Eq1) and Table I, and the solid line
H(E ) =KX (E+b exp[—C\/E—k])_“ (1) shows that with the modification explained in the text. The dotted

line is the proton flux model we used in RET).

wherea,k,b,c are the fitting parameters. Although using the
same fitting formula, the fitting parameters for nuclei heavier<E,,,<5 GeV, FRITIOF version 1.6[42] for 5 GeV
than helium are different in Ref§25] and[13]. The param- <E;,<500 GeV, and an original code developed by one of
eters we used are taken from R¢L3] and tabulated in us [43] was used above 500 GeV. There were almost no
Table I. improvements in the experimental study of the hadron inter-
However, the extension of this flux model for cosmic ray action model of the multiple production, but there are notice-
protons does not agree with emulsion chamber experimengble improvements in the theoretical study, resulting in Fri-
above~ 10 TeV (the dashed line in Fig.)1 Therefore, we tiof 7.02[16], FLUKA97 [17], and DPMJET-III[18].
modified the power index above 100 GeV+®.71, so that To determine which is the better interaction model, we
the fit passes through the center of the emulsion chambdrave used data on secondary cosmic ray m{id4s-50 and
experiments datéthe solid line in Fig. 1. We also show the gamma-ray$51] at balloon altitudes. The secondary cosmic
flux model for cosmic ray protons used in RET] as the rays at the balloon altitude are ideal for the study of the
dotted line in Fig. 1. Other than the cosmic ray protons, wenteraction model. They are approximately proportional to
use the same flux model as REL3]. the air depth, and the ratipFlux/Depth] is determined
Note, we employ the superposition model for the cosmicalmost only by the interaction and the flux of primary cosmic
ray nuclei, i.e., we consider a nucleus as the sum of indirays. On the other hand, the small statistics due to the small
vidual nucleonsZ protons andA— Z neutrons. The validity ~flux of secondary cosmic rays at balloon altitudes is the dis-
of the superposition model was discussed in R&9] based advantage for this study. The BESS 2001 flight is unique in
on the Glauber formalism of nucleus—nucleus collisionsthis regard, as it measured the primary cosmic ray and muon
[40]. The authors showed the interaction mean-free path of fluxes simultaneously a little deeper in the atmosphere
nucleon in a nucleus is the same as a free nucleon and cof4—30 g/cmd) than normal long duration flights, and col-
cluded that the superposition model is valid for the calculadected a sufficient number of muons and primary protons. In
tion of time averaged quantities, such as the fluxes of atmoFig. 2, we show the study made for muons observed by
spheric neutrinos and muons. A similar discussion was alsBESS 200150]. Although it is hard to discriminate between
presented in Ref.7] with the same conclusion. other interaction models, it is found the DPMJET-III gives
the best agreement between calculation and observéton
details, see Ref52]). Note that the momentum range shown
in Fig. 2 is from 0.4 to 10 GeV/c. and that primary cosmic
For the hadronic interaction model, we are using theoretirays with energies from 6 to 80 GeV are mainly responsible
cally constructed models that have been successfully appliefdr the muons in this momentum range at the balloon altitude
to detector simulations in high-energy accelerator experif11,13. Therefore, the study of the hadronic interaction
ments. In Ref.[7], we used NUCRIN[41] for 0.2 GeV  model is for the primary cosmic rays in this energy region,

Ill. HADRONIC INTERACTION
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({p.)) for each kind of projectile, each injection energy,
each kind of secondary, and each secondary energy. In the
inclusive code, we sample the scattering andlg \With the
distribution functionecexp(@-cosé)-d cosd, wherea is deter-
mined so thatp, ) is the same as the original interaction
model. The p, -distribution approachesocexp(—a’-pf)
-p.dp, anda’=/(2(p)))? for p>1 GeV/c. Note, the in-
clusive code constructed for DPMJET-IIl reproduces not
only (p,) but also, approximately, the original
p, -distribution forp, <1 GeV/c. There is a longer tail in
the originalp, distribution for largemp, . However, since the
number of secondary particles that hape>1 GeV/c is
limited, they are not important in this study.

FIG. 2. (Color online The quantity[Flux/Depth] averaged The constructed inclusive codes are typicalyL00 times
over all the muon observation by BESS 2(0&P] at balloon alti-  faster than the original package. The fast computation is very
tudes. The lines are the same quantities calculated by DPMJET-limportant in the three-dimensional calculation of the flux of
(solid line), Fritiof 1.6 (dashed ling Fritiof 7.02 (dotted ling, and  atmospheric neutrinos, as well as the study of secondary cos-
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FLUKA 97 (dash-dok mic rays. Note, however, the inclusive interaction code is
only valid for the calculation of a time averaged quantity,
corresponding to the neutrinos of 0.3—-4 GeV. such as the fluxes of atmospheric neutrinos and muons. The

For the wider energy region of primary cosmic rays, wesituation is similar to the superposition model for the nuclear
may examine the hadronic interaction model using the obeosmic rays.
served muons at different altitudes and at sites with different
cutoff rigidities. Note that at ground level the muon fluxes
are available for a wider momentum range with good statis-
tics. We are preparing a papé3] for such a study with the Except for the geomagnetic field model, the simulation
muon fluxes observed by BE§S4-56, and so limit our- scheme is similar to the previous three-dimensional calcula-
selves here to comment that the muon flux observed byion[21] in which we assumed a dipole geomagnetic field. In
BESS is reproduced with DPMJET-III with an accuracy of this calculation, we use the IGRF geomagnetic field model
~5 % for the muons in the “important” momentum range [57] with the tenth-order expansion of spherical functions for
from one to a few tens of GeV/c for most cases. At grouncthe year 2000. As the geomagnetic field changes very slowly,
level, the primary cosmic rays with energies from 20 to a fewthe neutrino flux calculated for the year 2004 would not
100 GeV are responsible for the muons in this momentunshow a noticeable difference. We use the US-standard 1976
range, corresponding to neutrinos of 1-10 GeV. This study58] atmospheric model, as in the previous study. Note that
was partly reported in Refl1]. for a study of the seasonal variations of atmospheric neutrino

We do not use the original package of the hadronic interfluxes we need to use a more sophisticated and detailed at-
action code in the calculation of atmospheric neutrino fluxesmospheric mode]59].

We first carry out a computer experiment of the interaction of We assume the surface of the Earth is a sphere with radius
all kinds of primary or secondary cosmic rays with air- of R,=6378.180 km. We also assume three more spheres:
nuclei, using the original hadronic interaction code. Thenthe injection, simulation, and escape spheres. The radius of
the “data” are used to construct an inclusive interactionthe injection sphere is taken Rg,;=R.+ 100 km, the simu-
code, which reproduces the multiplicities and energy spectriation sphere af;,=R.+ 3000 km, and the escape sphere
of secondary particles of the original code. The inclusiveas R,,=10XR,. The sizes of the injection spher®i;)
interaction code violates the conservation laws for energyand escape spher&R{) are the same as in the previous
momentum and other quantum numbers in a single interagstudy[21].

tion, but they are restored statistically. Note that for the sec- The cosmic rays are sampled on the injection sphere uni-
ondary particles whose lifetime is shorter than 1&ec we formly toward inward directions, following the given pri-
record their decay products as the data. The experiment scantary cosmic ray spectra. Before they are fed to the simula-
the energy region from 0.2 to @eV in kinetic energy, and tion code for propagation in air, they are tested to determine
is repeated typically 1 000 000 times for each kind of projec-whether they can pass the rigidity cutoff, i.e., the geomag-
tile and each injection energy. netic barrier. For a sampled cosmic ray, the “history” is ex-

For the energy distribution of secondary particles in theamined by solving the equation of motion in the negative
interaction, we fit the original distribution of, defined as time direction. When the cosmic ray reaches the escape
x=ER°7ER"™, with the combination of B-spline functions sphere without touching the injection sphere again in the
for each kind of projectile particle, each injection energy, andnverse direction of time, the cosmic ray can pass through the
each kind of secondary. Then the inclusive code uses thmagnetic barrier following the trajectory in the normal direc-
B-spline-fit to reproduce the energy distribution of the sec+ion of time. In the one-dimensional calculation we normally
ondary particle with a good accuracy. For the scatteringorepare a cutoff table for each neutrino detector site before-
angles, we calculate the average transverse momentuhand, but it is practically impossible to construct such a table

IV. CALCULATION SCHEME
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for the three-dimensional calculation. Note, all the nucleonwirtual detector. For the more realistic geomagnetic field
carried by the cosmic ray nuclei are treated as protons witmodel IGRF, we consider a localized virtual detector, the
double rigidity (= momentum for protons before the first surface of the Earth inside a circle with the radius of
interaction with an air-nucleus and in the rigidity cutoff test. ~1117 km(center angle of 10°) around the target detector.
The propagation of cosmic rays is simulated in the spac&@he virtual detector is- £ the size of the previous one.
between the surface of Earth and the simulation sphere. Note, we placed many virtual detectors on the Earth cor-
When a particle enters the Earth, it loses its energy veryesponding to the existing neutrino detectors, and recorded
quickly, and generates neutrinos with energy less than 100eutrinos for each detector at the same time. However, we
MeV only. Therefore, we discard such particles as soon asnly show the results for the virtual detectors placed at Ka-
they enter the Earth, as most neutrino detectors that observeioka and North America in this paper, as they are good
atmospheric neutrinos do not have sensitivity below 10Gexamples of a low magnetic latitude and a high magnetic
MeV. latitude, respectively. The fluxes for Soudan and Sudbury are
For secondary particles produced in the interaction of aalmost identical, and we refer to them here as North
cosmic ray and air-nucleus, there is the possibility that theyAmerica.
go out and re-enter the atmosphere and create neutrinos with
energy~1 GeV. Therefore, too small a simulation sphere
may miss such secondary particles. On the other hand, it is
very time consuming to follow all the particles out to dis- Before showing the resulting atmospheric neutrino flux,
tances far from the Earth. In the previous study, we took theve would like to introduce some interesting quantities: the
radius of simulation sphere to He;,,=R.+300 km, and neutrino production time and the impact parameter of pri-
showed that this is sufficient to calculate the neutrino flux tomary cosmic rays. These quantities provide important hints
within a accuracy of-1 % from an analysis of the neutrino for the efficient calculation of atmospheric neutrino fluxes in
production time after the first interactigf0]. In this paper, the three-dimensional scheme.
however, we adopt a radius for the simulation sphere of First, we show the study of neutrino production time. Be-
Rsim= R+ 3000 km for greater accuracy, since we found thefore the calculation of atmospheric neutrino fluxes, we stud-
average computation time for a primary cosmic ray does noied the neutrino production time to optimize the size of simu-
increase that rapidly up to a simulation sphere of this sizelation sphere. Note, the radius of the simulation sphere used
Regarding the size of simulation sphere, we study the neun this study isRg;,,= 10X Re=63 781.80 km, and so neutri-
trino production time after the injection of the primary cos- nos produced withit = 2X (Rsim— Rinj)/c~0.4 sec after
mic ray in Sec. IV A. the injection of cosmic ray at the injection sphere are abso-
We “observe” the neutrino at the surface of the Earth, andlutely free from the boundary, by the waidiscussion of the
the size of the “virtual detector” is closely related to the causality.
accuracy of the calculated flux and computation time. With  We show the integral distribution of the neutrino produc-
too large a virtual detector, the average observation condiion time for neutrinos observed in Kamioka in Fig. 3. The
tions, such as the dependence on the geomagnetic field, mayoduction time is measured after the injection of the cosmic
differ from the real site. However, with too small a virtual ray at the injection sphere. We find thigte. for Rsin=Re
detector, it is difficult to collect a sufficient number of neu- +3000 km (~20 msec) is large enough to calculate the flux
trinos within a reasonable computation time. In the previousof atmospheric neutrinos with an accuracy much better than
study, we assumed an axial symmetry with dipole geomagi %. It is interesting that there is a second peak-&t1 sec
netic field, and considered a belt around the Earth as thdue to the albedo particle reported by AMS.

A. Neutrino production time
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FIG. 4. (Color onling Normalized integral impact parameter distribution of the primary cosmic rays that produce neutrinos observed at
Kamioka. Each decade of neutrino energy is divided into five bins, and the impact parameter spectra are shown by solid, dashed, dash-dot,
dash-dot-dot, and dash—3-dot lines.

We usedRg;,,=R.+300 km in the previous stud}?21], calculation scheme explained above. We use this acceleration
and reported that thiRg;,, is sufficient for calculation of technique for the neutrino flux above 10 GeV.
atmospheric neutrino fluxes with an accuracy-~of % [60]. In Kamioka, it is found that the impact parameter distri-
Note there is a-0.3 msec time offset in the production time bution has a structure at 5-6000 km for the vertical direc-
after the injection for vertical directions and~&3 msec time  tions and 3—5000 km for horizontal directions. This is con-
offset for horizontal directions. Considering that the offsetsidered again to be the effect of the albedo particles observed
time is different for each injected cosmic ray, the study of theby AMS [14]. However, the contribution is smalk{1 %).
production time after the first interactions of cosmic raysThe same study has been done for other neutrino detector
requires a more sophisticated study than the present one. \§§€es. However, the concentration of the impact parameter
can expect much better accuracy Wil ,= R+ 3000 km.  distribution tob=0 is quicker than Kamioka for downward

The same study has been carried out for other neutringoing neutrinos, as they site at higher geomagnetic latitudes
detector sites. However, the distributions are similar to thathan Kamioka. For upward going neutrinos, the impact pa-
of Kamioka except for the height and position of the secondameter distribution is almost the same for all the sites.
peak. The second peak is lower and at larger production time
for the higher latitude site. V. THE FLUX OF ATMOSPHERIC NEUTRINOS

Without limiting the impact parameter, we sampled
307618204971 cosmic ray nucleons before the rigidity cut-

Here, we study the impact parameter of cosmic rays thadff test and simulated the propagation in air for
produce a neutrino passing through the detector. When th&16 086 900 000 nucleons with kinetic energyl GeV, or
cosmic ray produces a neutrino going through a virtual deequivalently all the cosmic rays witk, /A>1 GeV arrive
tector, the impact parameté) is calculated against the con- on the injection sphere in 8.671.0" 8 second. Limiting the
tact point of the neutrino and the surface of Earth for theimpact parameter, we sampled 415711823 606 cosmic ray
input primary cosmic ray at the injection sphere. nucleons before the rigidity cutoff and impact parameter test

The impact parameter distributions are normalized ancind simulated the propagation in air for 25413045195
integral form are shown for Kamioka in Fig. 4. As expected,
the impact parameters of downward going neutrinos are dis- TABLE II. Interaction and geomagnetic field models in the cal-
tributed in a narrow region nedr=0, while those of upward ~culations.
going neutrinos are widely distributed. However, we find the
distribution shrinks td=0 as the neutrino energy increases,
and for neutrinos with energy-10 GeV, most neutrinos

B. Impact parameter of the primary cosmic rays

Calculation Int. Model ~ Geomagnetic Field Geomagnetic
(Rigidity cutoff)  Field (In air)

(>99%) are produced by primary cosmic rays wih 3p DPMJET-NI IGRF IGRF

<1000 km. FLUKA [9] FLUKA 2 IGRF None
The study of impact parameters can be used to acceleratgpq, g [21] Fritiof 1.6 base Dipole Dipole

the calculation of the atmospheric neutrino flux above

=10 GeV. Selecting an impact parameter for primary COS+ DPMJIETIII IGRE none

mic rays of<2000 km at the injection results in atmospheric
neutrino flux calculations-30 times faster than the original 2Advanced version from FLUKA97
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FIG. 5. (Color online Zenith angle dependence of the atmospheric neutrino flux at Kamioka in three energy bins. For the azimuthal
directions, averages are taken. The thick solid lines are for 3D, dotted lines for 1D, dashed lines for FLUKA, and thin solid lines for
DIPOLE.

nucleons with kinetic energy-10 GeV or equivalently all For Kamioka and Gran Sasso, we calculated the atmo-
the cosmic rays withE, /A>10 GeV arrive on the injection Spheric neutrino fluxes considering the effect of the surface
sphere in 1.4 microsecond. Note the flux tables for KamiokaStructure(mountaing above the neutrino detectors. However,
Gran Sasso, and North America calculated in this study ar8 the following studies, we use the neutrino flux calculated
available at http://www.icrr.u-tokyo.ac.jpmhonda.. for a flat det(_actor at sea level, i.e., ignoring surface structure,
In this section we present the characteristic features of tht® see the differences due to the calculation schemes.
atmospheric neutrino flux calculated in the three-dimensional
schemg(3D) and compare them with those calculated in the
one-dimensional scheme with the same primary cosmic ray The most prominent difference between three- and one-
flux and interaction model. To study the differences due tadimensional atmospheric neutrino flux calculations is the
the interaction model and the calculation scheme in threehorizontal enhancement at low energi€@Sor the origin of
dimensional calculation, we also compare the atmospherithe horizontal enhancement, see R¢18,19,2].) We com-
neutrino flux calculated in Ref9] (FLUKA), and the one pare the zenith angle dependences of atmospheric neutrino
calculated in our previous three-dimensional study with thefluxes calculated in the 3D, 1D, FLUKA, and DIPOLE cases
dipole magnetic field21] (DIPOLE). Note, the interaction for Kamioka(Fig. 5 and North AmericdFig. 6), integrating
model used in DIPOLE is the same as Réf]. Interaction over several energy bins and averaging over azimuth angles.
models and the geomagnetic field models used in the calcu- In these figures, we see the horizontal enhancements in
lations are summarized in Table II. 0.1-0.32 GeV and 0.32—1 GeV energy bins for all the three-

A. Zenith angle dependence of the neutrino flux

—_——— —_— e T 150
A I U U I T I R I I NN
1 32— 1GeV, 1=

100

Integrated v-Flux (m ~2sec”'sr-1)
8 3

Integrated V-Flux (m ~2sec 'sr-1)
Integrated V-Flux (m ~2sec 'sr-1)
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cosg cosg cosg

FIG. 6. (Color onling Zenith angle dependence of the atmospheric neutrino flux at North America in three energy bins. For the azimuthal
directions, averages are taken. The notation for lines is the same as Fig. 5.
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FIG. 7. (Color onling The normalized ratio of each flux to the 3D case as a function of zenith angle, for Kamioka. Dotted lines are for
1D, dashed lines for FLUKA, and thin solid lines for DIPOLE.

dimensional calculations. On the other hand, the flux neain the 3D calculation. This is thought to be due to the differ-
horizontal directions is rather smaller than neighboring direcence of interaction model, especially to the average trans-
tions in the 1D case due to the high cutoff rigidities. In theverse momentum of secondary mesons. Note, (¢ of
1-3.2 GeV energy bin, the differences between the calculgpions is 0.289 GeV/c in DPMJET-III, while it is 0.256 GeVi/c
tions are small. To study the difference of zenith angle dein Fritiof 1.6 for P + Air interactions atE,,,=10 GeV. The
pendencies of neutrino fluxes due to the calculation schemgjitference between 3D and FLUKA is asymmetric below and
we normalize each flux by the omnidirectional flux averageapove the horizontal direction (cés:-0). It is difficult to

and depict the ratio to the 3D case in Figs. 7 and 8 as @eqyce differences in the interaction model in this compari-
function of zenith angle. son

In these figures, we find that the horizontal enhancement . <. ihe energy dependence of the horizontal enhance-

still exists in the 1-3.2 GeV energy bin, but that it decreases )
rapidly with neutrino energy. The difference at near—ment more clearly, we compared the 3D and 1D energy spec

horizontal directions is more than 50 % in 0.1—0.32 GeV bin,tra for vertical and horizontal directions averaging over azi-

but it reduces to=10% in 1-3.2 GeV bin, for all kinds of muth_ angles ir_1 Figs. 9Kan_1ioka) and 10(North Ameri(_:a.
neutrino. We find the differences disappear atl GeV for vertical

The differences among the three-dimensional calculationdiréctions, and~3 GeV for horizontal directions, for all

(3D, FLUKA, DIPOLE) are small, especially that between N€utrinos. _ o
3D and DIPOLE. However, the amplitude of the horizontal Moreover, we find the fluxes averaged over all directions
enhancement in DIPOLE is clearly slightly smaller than thatfor 3D and 1D cases are very close to each other, even at low

TT T T T T T TT T T T T TT T T T T T T
100 =1 == 32 GeV Vi (% 64)—] 32--1GeV 20T 1--32Gev 1

e T — 10 = Vi (x8)—

Vi (x19)]

Calculated v-Flux ratio
Calculated v-Flux ratio
<
o
)
)
Calculated v-Flux ratio

Lol bo bidilalalol, P P P P Y N I A I O B T B
-10 -06 -02 0.2 0.6 1.0 -10 -06 -02 0.2 0.6 1.0 -1.0 -06 -02 0.2 0.6 1.0
cosg cosg cosg

FIG. 8. (Color onling The ratio of atmospheric neutrino fluxes calculated by 1D, FLUKA, and DIPOLE for North America to that from
the 3D case. The notations are the same as for Fig. 7.

043008-7



HONDA et al. PHYSICAL REVIEW D 70, 043008 (2004

—_
o
w
-
o
w

—_
o
n

-
o
N

—_

2 1.5
V-Flux xE23 (m ~Zsec 'sr-1GeV )
>

2 1.5
V-Flux xE25 (m ~%sec sr-1GeV )

,/  Kamioka

Kamioka

L 0.9 <cos0< 1.0 | 0. < cos 0< 0.1 J

i 0< ¢ <360 7 i 0< ¢ <360

[ 1 Ll llIIII 1 Ll IIlllI 1 LLLl II- 101 I’ 1 L1 IllllI L L1 |I|||I L LLLLlll

107" 10° 10° 102 107! 10° 10’ 102
E, (GeV) E, (GeV)

FIG. 9. (Color online Atmospheric neutrino fluxes at Kamioka for 3D and 1D, averaged over azimuth angles. The left panel shows the
comparison for vertical directions, and the right panel for horizontal directions. The solid lines show the 3D results and the dashed lines the

1D results.

energies. Averaging the neutrino fluxes in Figs. 5 and 6 over B. East-West effect

zenith angles, the 3D/1D ratios are tabulated in Table III.

They agree with each other to within a few percent in all Here, we use the 3D and 1D fluxes only, since they are
cases. calculated under the same conditidescept for the one- or
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FIG. 10. (Color online Atmospheric neutrino fluxes at North America for 3D and 1D, averaged over azimuth angles. The left panel
shows the comparison for vertical directions, and the right panel for horizontal directions. The solid lines show the 3D results and the dashed

lines the 1D results.
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TABLE IlI. 3D/1D ratio for the all-direction average of atmo- the same direction as for primary cosmic rays. Therefore, it
spheric neutrino flux. enhances the East and West differences of itheand v,
— — fluxes caused by the rigidity cutoff. On the other hand, the
E,(GeV) v, v, Ve Ve .. = . .
geomagnetic field works on the™’s in the opposite direc-
Kamioka tion to that for primary cosmic rays. Therefore, it reduces the

East and West differences for thrg and v, fluxes caused by

0.1-.32 0.979 0.980 0.970 0.978 L . .

the rigidity cutoff[20]. In the Figs. 11 and 12, we mainly see
32-1.0 0.997 1.000 0.999 0.992 the horizontal enhancement in the neutrino energies
1.0-3.2 0.983 0.984 0.982 0.975 9

=<1 GeV in the difference of 3D and 1D. Forl GeV,
North America however, the muon curvature in the geomagnetic field is a
larger effect than the horizontal enhancement, and this ex-

03;;_'133 1'8";8 1'8‘23 1'82? i'gii tends to several tens of GeV for near horizontal directions.
e ' ’ ’ : The muon curvature effect should be seen in the azi-
1.0-3.2 0.992 0.990 0.989 0.985

muthal variation of the atmospheric neutrino fluxes. We
show the integrated azimuthal angle dependence in the same

three-dimensional calculation schem€ontrary to the quan- energy b|n§ as in Sec. V A for Kamiok&ig. 13) and quth
titative agreements between 3D and 1D above, a few GeV iftmerica(Fig. 14. Also we tabulated the ratio of maximum
the azimuthally averaged fluxes, they are quite differenfO Minimum fluxes in the figures in Table IV, to see the

when the azimuth angles are limited to East or West direcvariation amplitude. In the 1D case, the amplitudes are simi-
tions, even at higher energies (0 GeV). lar to each other for all kinds of neutrinos in each energy bin.

We dep|ct the 3D and 1D atmospheric neutrino f|uxesThiS is because the 1D azimuthal variation is caused by the
arriving horizontally (0<cos#<0.1) from the East (60° rigidity cutoff of the primary cosmic rays. In the 3D case, the
< $<120°), and West (2462 ¢<300°) for Kamioka(Fig. ~ amplitudes are different among the different kinds of neu-
11) and North America(Fig. 12, where we measure the trino even in the same energy bin. The amplitudes pfind
azimuth angle from Southg=0), and¢$=90°, 180°, and v, are suppressed, while those »f and v, are enhanced,
270° are East, North, and West directions, respectively.  except for the lowest energy bin of 0.1-0.32 GeV. In the

The differences in the fluxes from the 3D and 1D calcu-lowest energy bins, smearing suppresses the 3D azimuth
lations for different kinds of neutrinos may be classified intoangle dependence.
two groups,v, and v, andv, and v.. The former group Note thatv, has the largest amplitude among alf in
are the decay products @f ~, and the latter are the decay 3D. This is because about 1/2 of thg’s are created by pion
products ofu™. The geomagnetic field deflegts™'s toward  decay directly, while all thes.'s are created by: decay at

w
w
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e
o

N
N

e
o
e
o

2 - 15
v-Flux xE2® (m ~Zsec 1sr-1GeV ™)

- _ 1.5
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/
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FIG. 11. (Color online The flux of horizontal (8<cos#<0.1) atmospheric neutrinos arriving from the East (€@<120°) (left), and
West (240%< ¢<300°) (right) directions at Kamioka. The solid lines show the result of the 3D calculation and the dashed line the 1D case.
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FIG. 12. (Color onling The flux of horizontal (8<cos#<0.1) atmospheric neutrinos arriving from the East (€@<120°) (left), and
West (240% < 300°) (right) directions at North America. The solid lines show the result of the 3D calculation and the dashed line the 1D
case.

these energies. It is noteworthy that the amplituderofn  between 3D and 1D due to the muon curvature is similar to
the 1-3.2 GeV energy bin is still large. This is important for that for the low magnetic latitude site.

the experimental confirmation of the effect of muon curva-

ture, because the determination of the arrival direction is v, NEUTRINO FLUXES AT HIGHER ENERGIES

better for higher energy neutrinos.

Generally speaking, the azimuthal angle dependence of In this section, we study the atmospheric neutrino flux at
atmospheric neutrinos at high magnetic latitude sites, such d#gher energies than in Sec. V. First, we note that the atmo-
North America, is smaller than that at low magnetic latitudespheric neutrino fluxes above 10 GeV have a much larger
sites, such as Kamioka, because the rigidity cutoff is too lowuncertainty than those below 10 GeV. The main reasons are
However, we find in Fig. 14 and Table IV that the differencethe uncertainties in the primary cosmic rays and the hadronic
in the azimuthal angle dependence of atmospheric neutrindateraction model at energies above 100 GeV. As the differ-

500..|--|--|--
v
[ 1--3.2GeV oo TH X4
T T T
@ & @ 200
1 1 1
2
3 3 3
E E E
x x x 100
3 2 2
w w w
1 1 1
> > >
2 2 2
[ B B 50
£ £ £
£ £ £ —
SN RO I R
360 360 0 90 180 270 360
S E
Azimuth angle (degree) Azimuth angle (degree) Azimuth angle (degree)

FIG. 13. (Color online Azimuth angle dependence of the atmospheric neutrino flux at Kamioka, averaged over the zenith angle range
—0.5<c0s60<0.5. The solid lines show the 3D result and the dashed lines the 1D result.
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FIG. 14. (Color online Azimuth angle dependence of the atmospheric neutrino flux at North America, averaged over the zenith angle
range— 0.5<c0s6<0.5. The solid lines show the 3D result and the dashed lines the 1D result.

ence between the neutrino fluxes calculated by threey /, above 100 GeV are related to the kaon production in
dimensional and one-dimensional schemes are very small gie hadronic interaction at energies above 1 TeV. Note it is
the target energies here, we include the one-dimensional cadtj|| difficult to examine the hadronic interaction model at

culations from Refs[7] (HKKM95) and[8] (BARTOL) in  these energies.

this Comparison, and plot them in Flg 15. Note tha.t, as the Next, we study the zenith ang|e variation of the atmo-

1D .results are al_most_the same as the 3D case in this energyheric neutrino flux at energies10 GeV with the quantity
region, and are identical above 100 GeV, they are referredefined by

just as this work in this section. Since the energy region
available in the DIPOLE case is limited to below 10 GeV, it
is omitted from the comparisons. E2_dN,
The larger fluxes in HKKM95 and BARTOL are due to In(cosd) = Ll ElgE (cosO)dE, . )
the larger primary flux model used in HKKM9%ig. 1) and !
by the harder secondary spectrum in the hadronic interaction
model(TARGET-) used in BARTOL. We note that the ratios rhe neytrino interaction cross section increases approxi-

(vt v,)l(vetve) obtained for different calculations are mately in proportion to the neutrino energy. Therefore,
very close. The agreement among the different calculations is, (cosé) is approximately proportional to the rate of neu-
well within 5% at most energies. However, the ratigs/v,,  trino events categorized as vertex contained and stop-muon

and v,/ v, show larger differences. The differencesiqfiv, ~ €vents. High-energy muon neutrinos are also observed, aris-

andv, /7M above a few GeV are caused by differences in thd"Y from muons produced in the rock. In this case, the neu-

pion and kaon productions and their charge ratios in interact-rlno observation probability is proportional to the multiple

. b ¢ ¢ cular. /7. and of [muon rangéX[neutrino cross sectign The muon
tions above a few tens of GeV. In particulafe/ve and 546 is approximately proportional to the muon energy be-

_ - _ low several 100 GeV, where the energy loss is dominated by
TABLE IV. Max/Min ratio in Figs. 13 and 14 as the amplitude jonization. The event rate is approximately proportional to

of the azimuthal angle variation. I,(cosh). Above ~500 GeV, the muon energy loss is domi-
— — — — nated by radiative processg&l], and the relation fails.
E(GeV) vy v, Ve we Vu v, Ve v I,(cos#) is calculated with E;=3.2 GeV and E,

=1000 GeV, and is shown in the left panel of Fig. 16 for
this work, HKKM95, BARTOL, and FLUKA. Note, the me-
0.1-.32 227 251 275 2.03 413 4.13 4.36 3.85dianenergyis-6 GeV in this integration over all the fluxes.
32-1.0 227 282 322 198 273 276 298 2.65We also depicted the normalized ratio of each flux to this
1.0-3.2 158 2.00 242 1.42 161 1.63 1.80 1.61 work in the right panel of Fig. 16. As the atmospheric neu-
: - trino flux is expected to be symmetric above and below
North America, 3D North America, 1D cos#=0, we depicted the lower half (c®s<0) only. Al-
01-32 126 133 1.40 1.19 147 148 154 141 though there are large differences among theses calculations
32.10 120 139 149 1.11 127 128 131 1260 the absolute values, the differences of normalized fluxes

10-32 107 125 135 107 108 1.09 1.12 1.09aresmall, particularly fov, andv, (=3 %). _
In Fig. 17, we show the zenith angle variationlgfwith

Kamioka, 3D Kamioka, 1D
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FIG. 15. (Color onling (a) Atmospheric neutrino fluxes averaged over all directighg.Flux ratios (v#+7#)/(ve+;e), v, ljﬂ, and
velve. Solid lines are for this work, dotted lines for HKKM95, dashed lines for FLUKA, and long dashed lines for BARTOL.

E;=10 GeV andE,=1000 GeV for this work, HKKM95,
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the differences are small when they are normalized. The ratio
BARTOL, and FLUKA for v, and v, fluxes. The median of the normalized weighted integrid is shown as a function
energy is~100 GeV. We find a large difference in absolute of zenith angle in the right panel of Fig. 15. The differences
values as is expected from the left panel of Fig. 15. Howeverin normalized fluxes ares3 %.
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FIG. 16. (Color online (a) Zenith angle variation of; defined by Eq(2). (b) The normalized ratio of; of each flux to this work as a
function of zenith angle. The solid lines are for this work, dotted lines for HKKM95, dashed lines for FLUKA, and long dashed lines for

BARTOL in both panels.
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FIG. 17. (Color onling (a) Zenith angle variation of, defined by Eq(16). (b) Normalized ratio ofi , of each flux to this work as a
function of zenith angle. The solid line is for this work, dotted line for HKKM95, dashed line for FLUKA, and long dashed line for BARTOL
in both panels.

As is seen in the left panel of Fig. 15, the ratim;/;ﬂ its shape slowly as the zenith angle varies, while the distance

and v, /v, differ significantly between the calculations above distribution changes its shape very quickly near horizontal
10 GeV. This is due to differences in the pion and kaondwe_ctlo.ns. Therefore, the study qf production he|ght.d|str|—
productions in the interaction model used by the differenfution is more robust than the direct study of the distance
calculations. For example the multiplicity for kaons in distribution.

DPMJET-IIl is almost 20 % larger than that of FLUKA 97 at  In the experimental analysis, the neutrino events are gen-
1 TeV. Note, the interaction model used in FLUKA is devel- erally grouped in zenith angle bins irrespective of their azi-
oped by the authors of FLUKA 97. Despite these differencesnuthal directions. Also, it is difficult to distinguish from v

in the interaction models, the zenith angle dependences af current experiments. Therefore, we study the production
atmospheric neutrinos show good agreement between theeight averaged over the azimuthal angles and for the sum of

different calculations. v, andv,, andv, and ve.
We show the neutrino production height distribution for
VIl. PRODUCTION HEIGHT OF ATMOSPHERIC vertical directions(Fig. 18 and for horizontal directions
NEUTRINOS (Fig. 19. In the figures, we depict the lines for accumulated

) ) o ) probabilities of 1, 5, 20, 50, 80, 95, and 99 % for various
In the analysis of neutrino oscillations, the distance fromnatrino energies. Note we study the neutrino production
the point at which the neutrino originates to the detectorheight distribution in steps ok cos#=0.05 for a better ze-
plays an essential role in determiningn3,. To estimate the pith angle resolution.

distance, the arrival zenith angle is used. However, the ar- o the vertical directions, the production height in the 3D
rival zenith angle does not determine the distance uniquelysase is higher than that of 1D. However, the differences are
but gives a probability distribution for the distance. In this small and disappear at1 GeV for the median of the pro-
section, we study the neutrino production height distributiongyction height distribution. Note the difference at the lower
for a given zenith angle. As we assumed the surface of thgyj| (1% line) exists even at a few tens of GeV due to the
Earth is a sphere, the distance and production height aigyon curvature. On the other hand, for the horizontal direc-
related by the formula tions the 3D production height is lower than that of 1D. The
differences are larger than those for vertical directions, and
are~10% for the median of the height distribution even at
d=y(h?+2R¢h) + (RC0S6)*— RcCOSH, (3) 1 GeV. However, they agree with each other at several GeV
and above.
The differences of the production height resulting from
whereh is the heightR is the radius of the Earth, aritlis  differences in magnetic latitude are small. The neutrino pro-
the distance. Note, the production height distribution changeduction heights for low energy primary cosmic rays are gen-
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FIG. 18. (Color online The neutrino production height at near-vertical directionsﬁprandjﬂ (left) and v, and?e (right). The fixed
accumulated probabilities of 1, 5, 20, 50, 80, 95, and 99 % for the production height are shown as a function of the neutrino energy. The solid
lines are for 3D at Kamioka, dashed lines for 1D at Kamioka, and dotted lines for 3D at North America.

erally higher than those of higher energy primary cosmic Note, the neutrino production height distribution has an
rays. Therefore, the neutrino production height at high magazimuthal variation, mainly due to the muon curvature in the
netic latitude is a little higher than that at low magnetic geomagnetic field. The production heightsigfand», com-

latitude. ing from eastern directions are lower than those coming from
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FIG. 19. (Color online The neutrino production height at near-horizontal directionsﬁm;M (left) and v+ v (right). The fixed
accumulated probabilities of 1, 5, 20, 50, 80, 95, and 99 % for the production height are shown as a function of the neutrino energy. The solid
lines are for 3D at Kamioka, dashed lines for 1D at Kamioka, and dotted lines for 3D at North America.
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western directions, and the production he|ght379fand Ve dimensional scheme at a few GeV. With the Iarger statistics,
coming from eastern directions are higher than those cominEOV}’ever: it becomes clear that muon curvature affects the
from western directions. The azimuthal variation of the me-horizontal neutrino flux even at energies10 GeV, while

dian production height for the horizontal directions is most other “three-dimensional effects” disappear at a few

~+10% forv, andv,, and~+5% forv, andv, atafew GV . . . .
K In comparison with other calculations of atmospheric neu-

GeV, and they slowly decrease with the neutrino energy. . ) ; .
The production heiahts for. andy.. are a little different trino flux, we find the zenith angle dependences of different
ep 9 H Vi calculations are very similar, although there are differences

even for the vertical direction. Considering the fact that the,\ 1o absolute values. The remaining differences of the ze-
major component of cosmic rays is protons, a relatively .

I ber ois d by pi her th nith angle dependence at higher energieslQ GeV) are
arger number ob,, are created by pions rather than muons, ., sistent with the uncertainty of kaon production in the

and a relatively larger number of, are created by muons hadronic interactiori62]. Therefore, we may conclude that

than pions. The decay products of muons are generally prahe main reason for the remaining difference of the zenith
duced at lower altitudes than the decay products of pionsangle dependence is in the kaon production of hadronic in-
This is also the reason why we see a larger muon curvatuf@raction model used by different calculations. Note, there
effect inv,’s than inv,’'s. This results in a small difference are large differences in the interaction model used by the

in the production height fop,, andjﬂ. For ve and v, this  different calculations, as is known from the largg/ v, and
mechanism is not relevant, and the production heights arg,, /v, differences at higher energies.

almost the same. The production height distributions in the one- and three-
dimensional calculation schemes are different depending on
VIIl. SUMMARY AND DISCUSSION the arrival direction. When they are averaged over azimuthal

directions, they agree with each other well above a few GeV,

. We have rews_ed the calculation of the atmosphenc neuéxcept for a small distortion at the lower tail for the vertical
trino flux, according to recent developments in primary cos-

mic rav observations and hadronic interaction models Wdirections. This situation is similar to that of the flux value.
y ) : here are azimuthal variations of the production height due
have also updated the calculations from a one- to a three-

dimensional scheme. For the interaction model. we comeio the muon curvature, however, it is difficult to study them
X ; ! , ' in detail with the statistics of this work. For the experimental
pared the available interaction models with the secondar

cosmic ravs observed at balloon altitudes. and Selecteétudy of atmospheric neutrinos for neutrino oscillations, the
y ’ zimuthal variations are not important.

DPMJET-Il as the preferred model for this study. We have It is interesting that the effect of albedo particles observed

constructed an inclusive hadronic interaction code based OBS/AMS at satellite altitudes is seen in the neutrino produc-
DPM‘]ET'I” for speed: The .computatlon §peed IS VEIY IM~4inn time distribution. The contribution of such particles to
portant in the three-dimensional calculation. We have pro;

X the atmospheric neutrino flux is a little higher for the low
cessed 307618204971 cosmic rays vEiiTA>1 GeV for .magnetic latitude sitéKamioka than the high magnetic lati-

lower-energy neutrino fluxes, and 415711823 606 cosmig, . : ;
; ; ude site(North Americg, but small <1 %) for both sites.
rays withE,/A>10 GeV for neutrino fluxes above 10 GeV. We expect that the validity of the calculation scheme and

Combining both simulations, the statistical error due to the[he effect of the muon curvature will be confirmed by the
Monte Carlo method is negligibly small for neutrino ENEergIesS hservation of the azimuthal variation of the neutrino events.

below a few tens of GeV. e o " .
) - . Although the statistics are still insufficient, the SuperKamio-
With the primary fluxes accurately determined by BESS : : .
and AMS below 100 GeV. the DPMJETIl interaction kande experiment observed a larger amplitude of the azi

. O aon : ,
uncertainty to—109% in the calculation of the atmospheric the azimuthal variation of the muon flux with an amplitude

neutrino flux at energies below_ 10 Gey, since we could '®-almost the same as the value predicted in our calculation
produce the muon fluxes at various altitude with good accu'scheme[GS]
racy from 1 to a few 10 Ge\[52,53 in this calculation '

scheme. However, for the atmospheric neutrino flux above

10 Gey, the uncertainties in the_at_mospheric n_eutrino flux_es ACKNOWLEDGMENTS
are still large due to the uncertainties of the primary cosmic
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dimensional calculation schemes are similar to those weliscussions and comments. We thank P. G. Edwards for the
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