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Atmospheric muon and neutrino flux from 3D simulation
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Abstract. The muon and neutrino flux are simulated. The et al., 1996). In order to extract from data accurate informa-
program used has successfully reproduced the proton, hdions on the relevant parameters in the neutrino sector such as
lium, ande™ /e~ spectra measured by AMS. An improved the mixing angles and the mass square differences, the abso-
parametrization of the pion production cross section inducedute flux and their detailed features, for example the zenith
by proton on nuclei obtained from a set of data over a broadangle distribution, must be very well known (Fogli et al.,
incident kinetic energy range (0.73-200 GeV), has been usedl998). Hence, to fix the problem of the absolute atmospheric
The simulated muon flux accounts fairly well for the recent neutrino flux, new one-dimensional calculations making use
measurements at various altitude between sea level and 38 kofia more dependable interaction model in the program (Fioren-
The simulated neutrino flux obtained are lower than those retini et al., 2001), and new 3-dimensional calculations (Honda
ported previously by other groups. et al., 2001, Battistoni et al., 2000; Tserkovnyak et al., 1999;
Plyaskin, 2001; Derome et al. 2001a; Favier, 2001), have
been performed recently. Moreover, either analytical (Lipari,
1994; Lipari, 2001) or semi-analytical methods (Gaisser, 2001)
as well as that starting out directly from the kinematical re-
ationship between muons and neutrinos (Perkins, 1994), are

1 Introduction

Neutrino physics has been a most active and exciting fiel
of research in the past few years. The high statistics data
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on atmospheric neutrinos reported by the Super—Kamiokand%1 n'; tgeieaitfn C(h _al)p :fl ? gle;éi(r;ﬂ toth : at;lgts(yﬁgric
Collaboration (Fukuda et al., 1998a; 1998b; 1998c), together H ¢ VelWe) T Uu\Vy 9 P

. | ¥ :
with the long-standing solar neutrino problem (Davis et al., heutrinos, studying the™ flux can be an important cross

1968; Bahcall et al., 1998; Cleveland et al., 1998; The SAGECNECK for the neutrino flux. Some experimental groups have

) ! ined this effort with several contributions (Bellotti, et al.
Collaboration, Davis et al., 1996; The GALLEX Collabora- Jome. ) ; o '
tion, Hampel et al., 1996; Kamiokande Collaboration, Fukudalggg’ Kremer, et al., 1999; Boezio, et al., 1999; Coutu, et

Tnge 0 .
et al., 1996; Super-Kamiokande Collaboration, Fukuda et{i » 2000). However,™ being short-lived charged particles,

al.,1998d), led to the general agreement that neutrinos coulgpe'r motion is affected by the geomagnetic field while neu-

|
be massive and hence oscillate from one flavor to anotheri.; w::z)st ‘;rfain%&é?ﬁ;g?g;;g:@%%guc;ncsjr;?l neal:::ggt fgljlx
This is claimed as the first conclusive evidence which indi—t o calculagt]ions reported fit reélsonabi well thﬁ muon flux
cates the existence of some new physics beyond the standar; P y .
ata, at least at sea level. Therefore, further constraints are
model. . " . .
needed in addition to the condition on muon flux data, in or-

Ho.wever., the interpretation of the dgta depgnds closely MYer to identify the best approach. The other species involved
the simulation result for the atmospheric neutrino flux. Manyin the reaction chain, like the proton and flux can clearly

uncertainties make it difficult to obtain the atmospheric neu- . o !
provide such additionnal requirement.

trino flux precisely. Several groups have done simulation )
P y group In previous works by the authors, the proton speactta,

works independently (Bugaev et al., 1989; Gaisser et al., . X
P y (Bug | Spectra and flux ratio, as well as their dependence on ge-

1988; Barr et al., 1989; Honda et al., 1990; Honda et al., ic latitud ted by AMS collaborati 1Al
1995; Lee and Koh, 1990). Although the flavor ratio reported omagnetic fafitu e. reported by collaboration (J. i
by these groups are in good agreement with each other, th araz et al., 2000a; 2000b), were reproduced very well using
: ; . ' 3D MonteCarlo simulation approach (Derome et al., 2000;
absolute flux obtained largely differ from each other (Gaisser S : !
ute fiux I gelyd (Gai 2001b; 2001c). These successful analysis give confidence in
Correspondence tavl. Buénerd (buenerd@in2p3.fr) the general approach and in the implementation of the com-
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MUON FLUX AT VARIOUS ALTITUDES
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Fig. 1. Comparison of the,~ flux data at various altitudes, from o L
CAPRICE 94, CAPRICE 97, and HEAT 95 (Boezio, et al., 1999; %o L
Kremer, et al., 1999; Coutu, et al., 2000) with the simulation results c E

reported here (histograms) 107
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puting technique, in particular for the processing of parti- Fig. 2. Neutrino spectrum around the Super-Kamiokande detector
cle trajectories in the geomagnetic field and of the dynami-weighted byE2 and averaged over all directions, calulated in the

cal processes involved. Besides, AMS has performed accupresent work.

rate measurements of the primary cosmic proton and helium
spectra. Finally, if the inclusive pion production cross section

Neutrino Flux Ratio Around Super—K

ha
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is known with a good accuracy, the three main uncertainties § vt 5)/(ver,)
resulting from the primary spectrum, pion production cross 2 ¢
section, and geomagnetic field (Gaisser et al., 1996), are un- *°
der control, a most reliable neutrino flux evaluation could 3
then be expected from the present approach. 25 v/
2 Simulation program 1‘5? A
1 ﬂ:‘L
A presentation of the simulation program can be found in o.s§
(Derome et al., 2000; Derome et al., 2001b). The broad suc- = L L

cess of this approach strengthens its reliability. Some of its ~ '° ! "%, (Gev)
main features are:

1. The simulation is full 3-dimensional. The primary cos- . ) .
mic rays are generated according to the spectra measured lf)'/g 3. Calculated dependenc_e of Neutrino flux ratio on neutrino
AMS. Solar modulation is considered. Each patrticle propa—energy around the Super-Kamiokande detector.
gates in the geomagnetic field and interacts with atmospheric
nuclei. The nucleons and pions are produced in each interac- ) o )
tion with the respective cross section and multiplicities. Ev-uSed instead of the existing version.
ery secondary particle is processed in the same way as its 3. For the three body decay of muons, the exact formulae
parent particle. Each particle history is traced and recordedlerived from Fermi theory was used, leading to the correct
in the program. energy and angular distribution of neutrino production. Note

2. Forz* production, an improved Mokhov-Striganov that this is not the case with GEANT (GEANT4, 2000).

parametrization obtained by the authors from fitting data di- 4. The polarization effect of muons has not yet been in-
rectly (Mokhov and Striganov, 1998; Liu et al., 2001), was cluded at this stage.
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for the data, with however a significant difference observed
at the highest float altitude, where the low energy muon flux
or<e<osor | | 01<E<03Gov is underestimated. It must be noted that this is a common
I characteristic to almost all of the simulation results, either
1-dimensional or 3-dimensional (Gaisser et al., 1988; Honda
et al., 1995; Fiorentini et al., 2001). However, a weakness
of the parametrization, found recently, used here is that the
03<ET oy multiplicity of low energy=* production for high incident
energy is underestimated by a factor of probably about 2 in
comparison with DTUNUC result (DTUNUC, 1999). Since
the first interaction of vertical cosmic rays occurs at around
15 ~ 20 Km altitude on the average (Honda et al., 1995),
at higher altitudes, muons originate from decay of itfes
produced in the first collision of primary cosmic rays which
occur on the average at higher energy and then suffer more
significantly from the quoted defect of the generator. This
F could contribute to the observed discrepancy. Further studies
e and more experimental data are needed to understand this
systematic discrepancy.
The calculated,, 7., v, andp, spectra, flavor ratios, zenith
Fig. 4. Calculated zenith angle distribution of the neutrino flux and azimuth angle d_lstrl_butlon aroundthe Super_-Kamlo_kande
for different energy bins around the Super-Kamiokande detegtor ( deteCto_r ar_e showniin Fig. 2, 3, 4, and 5 respectively, with the
zenith angle with) = 0 for downward going neutrinos). normalization area taken a36(25'33" + 7.5°) N for geo-
graphic latitude andl7°18'37"” &+ 10°) E for longitude and
pcimuth Angle Distribution Around Super—K count of neutrinos arriving in this area.
F o<t cov F o<t cov Comparing with the results reported by (Gaisser et al.,

600 |- leos#i<0.5 [ leosti<05 2 1988; Barr et al., 1989; Honda et al., 1990; Honda et al.,
‘,J—L\L 1995), the present neutrino flux are lower by a factor of about
I,_,—\_L ) 1.5. However, some recent calculations (Fiorentini et al.,

a E % 2001) also found neutrino flux with smaller than the value
TS used for the standard analysis of the neutrino induced events
0.3<E,<1 CeV F 0.3<E<1Gev . .. ..

E tcosti<05 g in underground detectors. This is not surprising for the fol-
lowing reason.

It was pointed out by (Gaisser et al., 1996; Engel et al,

;_,_J 2000), that proton induced pion production on atmospheric

nuclei is the most important input in the simulation. It is

easy to see, for example in Fig.8 in (Honda et al., 1995), the

7+ production cross section was overestimated by more than

a factor of 3 for production momenta less than 6 GeV/c. It

B E must be realized that this is by far the largest part of the pro-

T e duction cross section which determines the magnitude of the

O 0 100 150 200 20 30 I 50 100 10 20 20 30 D multiplicity used in the calculation (Derome et al. 2001a;
Liu et al., 2001). This overestimated neutrino flux could re-
sult from the overestimation of the pion production.

Fig. 5. calculated azimuth angle distribution of the neutrino flux

for different energy bins around the Super-Kamiokande detegtor ( i

azimuth angle withy — 0°, and90° for magnetic southern and 4 C€onclusion

eastern directions respectively).

Zenith Angle Distribution Around Super—K
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In summary, the muon flux data at various altitudes are re-
produced with a good accuracy except at the highest altitude
3 Resultand discussion by new simulation calculations. The neutrino spectra, flux
) ) ) . ratio, zenith and azimuth angle distributions at the Super-
In Fig.1, the simulation results are compared with the muonk 3 miokande detector have also been simulated. The sim-
flux data measured by different groups at various altitudes,|ated neutrino fluxes obtained here are lower by a factor
from sea level to the highest balloon altitude (near 40 km)¢ ahout 1.5 than those reported previously by other groups.
(Boezio, et al., 1999; Kremer, et al., 1999; Coutu, et al., ghoyld this smaller neutrino flux be confirmed ultimately, the

2009)' ] atmospheric neutrino problem should then be revisited, and
It is clearly seen that the calculations account very well
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the data reanalyzed with the corrected value of flux. MoreFiorentini G., Naumov V., Villante F. L., hep-ph/0103322.

work is in progress on the issue.

AcknowledgementsThe authors are grateful to M. Boezio, M. Cir-

Fogli G. L., Lisi E., Marrone A., and Scioscia G., Phys. Re\69,
033001(1998).
Gaisser T. K., Stanev T., and Barr G., Phys. H@8, 85(1988).

cella, and T. Sanuki for making their data files available and for Gaisser T. K., Honda M., Kasahara K., Lee H., Midorikawa S., Nau-

providing experimental details, and to N. Mokhov and V. Naumov
for their help on parametrization and related data.

References

AMS Collaboration, Alcaraz J., et al., Phys. L&t472 215(2000).

AMS Collaboration, Alcaraz J., et al., Phys. Lé3t484, 10(2000).

Bahcall J. N., Basu S., and Pinsonneault M. H., Rev. Mod. Féys.
885(1998).

Barr G., Gaisser T. K., and Stanev T., Phys. R229, 3532(1989).

Battistoni G., Ferrari A., Lipari P., Montaruli T., Sala P. R., and
Rancati T., Astropart. Phy42, 315(2000).

Bellotti R., et al., Phys. ReD 60, 052002(1999).

Boezio M., et al., Phys. Rev. Le®2, 4757(1999).

Bugaev E. V. and Naumov V. A., Phys. LeR.232 391(1989).

Cleveland B. T, et al., Astrophys. 496, 505(1998).

Coutu S., et al., Phys. Rel.62, 032001(2000).

Davis R., Harmer and Hoffman K. C., Phys. Rev. L€k,
1205(1968).

Davis R., Harmer and Hoffman K. C., Phys. Rev. Le,
1205(1968).

Derome L., B&nerd M., Barrau A., Bouchet A., Menchaca-Rocha
A., and Thuillier T., Phys. LettB 489, 1(2000).

Derome L., Liu Y., and Bénerd
http://ams.cern.ch/AMS/Analysis/acorner.html

Derome L., B&nerd M., and Liu Yong, astro-ph/0103474, March,
2001b.

Derome L. and Bénerd M., Astro-ph/0105523, May 31, 2001c.

DTUNUC 2.3 Homepage, http://s.home.cern.ch/s/sroesler/mww/

Engel R., Gaisser T. K., and Stanev T., Phys. L&t.472
113(2000).

Favier J., 2001. http://ams.cern.ch/AMS/Analysis/acorner.html

M., 2001a.

mov V., and Stanev T., Phys. Ré¥.54, 5578(1996).
Gaisser T. K., Nucl. Phy® 87 (Proc. Suppl.), 145(2000).
Gaisser T. K., astro-ph/0104327.
The GALLEX Collaboration, Hampel W., et al, Phys. Le$t.388,
384(1996).

GEANT 4 Homepage, http://wwwinfo.cern.ch/asd/geant4/geant4.html

Honda M., Kasahara K., Hidaka K., and Midorikawa S., Phys. Lett.
B 248 193(1990).

Honda M., Kajita T., Kasahara K., and Midorikawa S., Phys. Rev.
D 52, 4985(1995).

Honda M., Kajita T., Kasahara K., and Midorikawa S., hep-
ph/0103328.

Kamiokande Collaboration, Fukuda Y., et al., Phys. Rev. L/&tt.
1683(1996).

Kremer J., et al., Phys. Rev. Le®3, 4241(1999).

Lee H. and Koh Y. S., Nuovo Cimen® 105, 883(1990).

Lipari P., Astropart. Physl, 195(1993).

Lipari P., astro-ph/0101559.
Liu Y., Derome L., and Banerd M., Internal Report, ISN 01.012,

February 2001.

Mokhov N. V. and Striganov S. IWorkshop on the Front End of a
Muon Collider, pp. 453-459(1998).

Perkins D. H., Astropart. Phyg, 249(1994).

Plyaskin V., hep-ph/0103286.

Rancati T., Astropart. Phy42, 315(2000).

Super-Kamiokande Collaboration, Fukuda Y., et al., Phys. Rev.
Lett. 81, 1562(1998a).

Super-Kamiokande Collaboration, Fukuda Y., et al., Phys. Bett.
436, 33(1998b).

Super-Kamiokande Collaboration, Fukuda Y., et al., Phys. Bett.
433 9(1998c).

Super-Kamiokande Collaboration, Fukuda Y., et al., Phys. Rev.
Lett. 81, 1158(1998d).



