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Atmospheric muons at various altitudes
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Abstract. Wehave carriedout aseriesof atmosphericmuon
measurementswith the BESSspectrometerat variousalti-
tudes.

At the top of Mt. Norikura, Japan(2,770 m above sea
level, cutoff rigidity is 11.5GV), muonsat themountainal-
titudeweremeasuredvery precisely. Theobserved intensity
of atmosphericmuonsis about70% higherthanatsealevel.
During theascendingandfloatingperiodsof theballoonex-
periments,theintensityof atmosphericmuonswasalsocon-
tinuouslymeasured.The muonenergy spectraat float alti-
tude(5 �������
	 ) canprovide muchusefulinformationabout
thehadronicinteractionmodels.Themeasurementof muon
growth curve in theatmospherehasbeencrucially important
to calibratetheatmosphericneutrinocalculations.

1 Introduction

For a moredetailedstudyof neutrinooscillationphenomena
observed by Super-Kamiokande,it is essentialto minimize
thesystematicerrorsin thepredictedenergy spectraof neu-
trinos. In orderto improve theaccuracy of thepredictions,a
detailedunderstandingof (i) primarycosmic-rayintensities,
(ii) hadronicinteractions,and(iii) geomagneticeffectarein-
dispensable.

As for absolutefluxesof cosmic-rayprotonsandhelium
nuclei below 100 GeV, which are relevant to atmospheric
neutrinosobservedas“fully containedevents”in Super-
Kamiokande,we have carriedout very precisemeasurement
by usingtheBESSdetector(Sanukietal. , 2000).Two com-
pletely independentexperiments,theAMS (Alcarazet al. ,
2000a,b)andtheBESS,show extremelygoodagreementin
resultsof protonmeasurementswith eachother. Therestill
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remainssomedisagreementin heliumflux. However, it leads
to only small systematicerrorsin the atmosphericneutrino
calculations.

Sinceproductionanddecayprocessof muonsareaccom-
paniedby neutrinoproductions,theintensitiesof muonscor-
relatedirectly to thehadronicinteractions.Thegeomagnetic
effect is observedin thechargeratioof muons.

Therehavebeenmany measurementsof atmosphericmuons
(Haymanand A. W. Wolfendale, 1962; Batemanet al. ,
1071;Allkofer et al. , 1971;NandiandSinha, 1972;Green
et al. , 1979; Barbouti andRastin, 1983; Rastine, 1984;
Tsuji et al. , 1998;De Pascalet al. , 1993;Kremeret al. ,
1999). Most of themutilized solid iron magnetspectrome-
ters,in whichmultiplescatteringmadeit difficult to measure
theabsoluterigidity reliably. An integratedflux above some
energy wasmeasuredwith a simplerangedetectorin some
of the previous observations. In thesecases,it is not triv-
ial to measureanabsoluterigidity of incomingparticleevent
by event. Most of the previous experimentsdid not obtain
an absoluteflux but normalizedtheir observed spectrumto
the“standard”value. In thesekindsof measurements,small
errorin themomentummeasurementleadsto a largesystem-
atic error in the absoluteflux, becauseatmosphericmuons
have verysteepspectralshapes.

As will be describedin section2, theBESSspectrometer
utilizes a thin superconductingsolenoidalmagnet. Its sim-
plecylindrical geometrymakesanestimationof thegeomet-
rical acceptance( ��
 ) reliable. Furthermore,the live time
wasmeasuredexactly. An absoluteflux is thereforecalcu-
latedirrespective of normalization.The overall efficiencies
in the off-line analyseswaskepthigh andcorrectionswere
keptsmall.Smallcorrectionsleadto smallsystematicerrors.
Thusthe BESSspectrometeris an ideal instrumentto mea-
suretheabsolutespectraof cosmic-rayparticles.

Wemeasuredabsolutefluxesof atmosphericmuonsatdif-
ferentsitesandat variousaltitudeswith theBESSspectrom-
eter. Thesemeasurementsprovide usefulinformationabout
hadronicinteractionsandgeomagneticeffect.



2

Fig. 1. Cross-sectionalview of theBESS.

2 BESS spectrometer

TheBESS( � aloon-borne� xperimentwith a � uperconducting
� pectrometer)detectoris ahigh-resolutionspectrometerwith
a large acceptanceto performhighly sensitive searchesfor
rarecosmic-raycomponents,aswell asprecisemeasurement
of the absolutefluxesof variouscosmicrays(Orito , 1987;
Yamamotoet al. , 1994;Asaokaet al., 1998;Ajima et al. ,
2000;Shikazeet al., 2000).

As shown in Figure 1, all detectorcomponentsare ar-
rangedin a simplecylindrical configurationwith a thin su-
perconductingsolenoidalmagnet.

In thecentralregion,thesolenoidprovidesauniformmag-
neticfield of 1 Tesla.A magnetic-rigidity( ������������� ) of an
incomingchargedparticleis measuredby atrackingsystem,
which consistsof a JET-type drift chamberandtwo inner-
drift-chambers(IDC’s) insidethemagneticfield. Thedeflec-
tion ( ����� ) andits error(  !����� ) arecalculatedfor eachevent
by applyinga circular fitting usingup-to 28 hit pointseach
with a spatialresolutionof 200 " m.

Time-of-flight (TOF) hodoscopesprovide thevelocity ( # )
andenergy loss( $&%'�($&) ) measurements.Thetimeresolution
for energeticprotonsin eachcounterwas55psrms,resulting
in a #*�+� resolutionof 1.4%.

An electromagneticshowercounterhasbeenequippedfor
����" separation.It consistsof a 2 ,!- thick leadplateandan
acrylic ./10�230�4�57698 counter.

Particle identificationwasperformedby requiringproper
$:%��7$&) and1/# asfunctionsof rigidity. For muonidentifica-
tion, a signal from the electromagneticshower counterwas
examined.

The simple cylindrical shapeand the uniform magnetic
field makeit simple and reliable to determinethe geomet-

Table 1. ExperimentalConditions.
site date Atm. Pres. ;=<

( >�?�@BADC ) (GV)
Mt. Norikura 1999 September 743 11.5
Tsukuba 1995 December 1030 11.4
LynnLakea (1) 1997 July 1000 0.4

(2) 1998 August 1010 0.4
(3) 1999 July 984 0.4

Balloon Flight 1999 August 800–5 0.4
aThreedatasets,LynnLake(1 – 3), arecompiled.

rical acceptanceprecisely.
Thelive data-takingtime wasmeasuredexactly by count-

ing 1 MHz clock pulseswith a scalersystemgatedby a
“ready” statusthatcontrolsthefirst-level trigger. Theresul-
tantlive-timeratio wasashighas86.4% and98.8% during
theballoonandgroundexperiment,respectively.

Detailedanalysisproceduresandthe discussionof errors
are describedin the previous papers(Sanukiet al. , 2000;
Motoki , 2000).

3 Results

The experimentalconditionsof our measurementsaresum-
marizedin Table1.

3.1 Atmosphericmuonsat thetop of mountain
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Fig. 3. AtmosphericY�Z (closedsquares)and Y\[ (opensquares)observedduringtheascendingperiodof theBESS-1999balloonexperiment.
Meanvalueof theresidualair is indicatedin eachgraph.

Figure2 showstheabsolutedifferentialspectrumof muons
( "+]_^�"*� ) at the top of Mt. Norikura,Japan,togetherwith
othermeasurements(De Pascalet al. , 1993;Kremeret al. ,
1999;Motoki , 2000). Themuonintensityvariesdepending
onenvironmentalconditions.Thealtitudeandcutoff rigidity
for primarycosmicrays( ��` ) areindicatedin thefigures.

As is seenin Figure2, thehighermuonflux is observedat
higheraltitude.This tendency comesfrom decaysof muons.
In a lower momentumregion, muonflux is affectedby geo-
magneticeffect.

3.2 Atmosphericmuonsin theatmosphere

Wealsomeasuredthemuonfluxesduringtheascendingand
floatingperiodsof theballoonexperimentsasshown in Fig-
ures3 and4.

A variation of the muon intensityalong the air depthis
affectedby both muonproduction/decayanda structureof
theatmosphere.

Comparedto the atmosphericmuonspectraat sealevel,
thespectraatafloatingaltitudearenotsoaffectedby astruc-
tureof theatmosphere,sincethereis only 5 g/cm	 of resid-
ualair above theBESSdetector. Thusthesespectrashown in
Figures4 canprovidea goodanchorto estimatemultiplicity

andenergy distributionof secondaryparticlesin thehadronic
interactions.

4 Discussions

Theabsolutefluxesandspectralshapesof atmosphericmuons
aredirectly relatedto theyield of neutrinos.

We have measuredthe atmosphericmuonspectraat dif-
ferentsitesandat variousaltitudes. The muonspectrain a
low momentumregion aresensitive to theeffect of thegeo-
magneticfield. Detailedstudyof theatmosphericmuonswill
improve theaccuracy in theestimationof theneutrinoyield
andtheeffect of thegeomagneticfield.

Combiningourresultsof atmosphericmuonmeasurements,
productionanddecayfeaturesof muonsin the atmosphere
can be reproduced.Thereexists n relation betweenmuon
decayandastructureof theatmosphere,becauseenergy loss
rateis affectedby acolumndensityof air. For amoreprecise
studyof muondecay, i.e. neutrinoproduction,it is very im-
portantto investigatethestructureof theatmosphereupto the
topof theatmosphere.Precisemeasurementsof atmospheric
muons,aswell asprimarycosmicrays,areindispensablefor
accurateatmosphericneutrinocalculations.
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Fig. 4. AtmosphericYkZ (left) and Y\[ (right) at a floating altitude
measuredduring theBESS-1999balloonexperiment. Othermea-
surementsfrom previousexperiments(Brunettietal. , 1996;Boezio
etal. , 1999;Coutuet al. , 1998)arealsoindicated.Residualair in
eachexperimentis slightly different.
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