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Leptons in Near Earth Orbit

TheAMS Collaboration

Abstract

Theleptonspectrain thekineticenergy ranges0.2 to 40GeV for e− and0.2 to 3GeV
for e+ weremeasuredby the Alpha MagneticSpectrometer(AMS) during spaceshut-
tle flight STS–91at altitudesnear380km. From the origin of the leptonstwo distinct
spectrawereobserved:ahigherenergy spectrumandasubstantialsecondspectrumwith
positronsmuchmoreabundantthanelectrons.Tracingleptonsfrom thesecondspectra
showsthatmostof theseleptonstravel for anextendedperiodof time in thegeomagnetic
field andthatthee+ ande− originatefrom two complementarygeographicregions.
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Intr oduction

Thecurrentunderstandingof thehighenergy lepton(e±) spectrain cosmicraysis thatthey aredomi-
natedby anelectroncomponent.High energy electronsarebelievedto originatefrom primaryaccel-
erationsites,specificallyfrom supernovaexplosions.High energy electron–positronpairsarethought
to beproducedfrom thecollisionsof cosmicrayhadronsandgammarayswith interstellargas.Taken
together, theexpectedpositronto electronratio in cosmicraysarriving at Earthis roughly10%and
it decreaseswith energy. Thispictureis basedon theexperimentaldatacollectedover35 years[1,2]
by balloonexperimentsaswell asphenomenologicalmodeldescriptionsdevelopedover the same
period[3]. Theseexperimentswereperformedat altitudesof 30–40km. Balloonexperimentshave
madeimportantcontributionsto theunderstandingof primarycosmicrayspectraandthebehavior of
atmosphericsecondaryparticlesin theupperlayerof theatmosphere.

A few pioneeringsatelliteexperiments[4] havereporteddataonlow energyelectronsandpositrons
trappedin thegeomagneticfield. Thesatellitebaseddetectorsusedsofar, i.e. beforethisexperiment,
havenotbeensensitiveenoughto systematicallystudytheelectronandpositronspectraoverabroad
energy rangeandtheirdependenceon positionandangle.

TheelectronspectrumobservednearEarthshows a low energy dropoff dueto thegeomagnetic
cutoff. Previous measurementsabove the cutoff indicatethat the spectrumfalls off accordingto a
power law.

TheAlpha MagneticSpectrometer(AMS) [5] is a high energy physicsexperimentscheduledfor
installationon theInternationalSpaceStation.In preparationfor this mission,AMS flew aprecursor
missiononboardthespaceshuttleDiscoveryduringflight STS–91in June1998.In thisreportweuse
the datacollectedto studythe spectraof electronsandpositronsin cosmicraysover the respective
kinetic energy rangesof 0.2 to 40GeV and0.2 to 3GeV, thelatterrangebeinglimited by theproton
background.

The large acceptanceof AMS andhigh statistics(∼ 105) enableus to studythe variationof the
spectrawith positionandanglebothaboveandbelow thegeomagneticcutoff. Theaccuratemomen-
tum resolution,precisetrajectoryreconstructionandgoodparticle identificationof AMS allow an
investigationinto theorigin of particlesbelow cutoff by trackingthemin thegeomagneticfield.

The AMS detector

Themajorelementsof AMS asflown on STS–91werea permanentmagnet,a tracker, time of flight
hodoscopes,aCerenkov counterandanti-coincidencecounters[6,7]. Thepermanentmagnethadthe
shapeof a cylindrical shellwith innerdiameter1.1m, length0.8m. It provideda centraldipolefield
of 0.14Teslaacrossthemagnetboreandananalyzingpower, BL2, of 0.14Tm2 parallelto themagnet,
or z–,axis.Thesix layersof doublesidedsilicon tracker werearrayedtransverseto themagnetaxis.
Theouterlayerswerejustoutsidethemagnetbore.Thetrackermeasuredthetrajectoryof relativistic
singly chargedparticleswith anaccuracy of 20micronsin thebendingcoordinateand33micronsin
thenon-bendingcoordinate,aswell asproviding multiplemeasurementsof theenergy loss.Thetime
of flight systemhadtwo planesateachendof themagnet,coveringtheoutertracker layers.Together
thefour planesmeasuredsingly chargedparticletransittimeswith anaccuracy of 120psecandalso
yieldedmultiple energy lossmeasurements.Two layersof AerogelthresholdCerenkov counterwith
an index of refractionn = 1.035wereusedto make independentvelocity measurementsallowing
thediscriminationof lowerenergy hadronsfrom electronsandpositrons.A layerof anti-coincidence
scintillationcounterslined the innersurfaceof themagnet.Low energy particleswereabsorbedby
thin carbonfiber shields.In flight theAMS positivez–axispointedoutof theshuttlepayloadbay.
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For this study the acceptancewasrestrictedto eventswith an incidentanglewithin 25
�

of the
positive z–axisof AMS anddatafrom four periodsareincluded. In the first periodthe z–axiswas
pointing within 1

�
of the zenith. Eventsfrom this periodarereferredto as“downward” going. In

thesecondperiodthez–axispointingwaswithin 1
�

of thenadir. Datafrom this periodarereferred
to as“upward” going. In the third andfourth periodstheAMS z–axiswaspointingwithin 20

�
and

45
�

of the zenith. The orbital inclination was51.7
�

andthe geodeticaltitudeduring theseperiods
rangedfrom 350 to 390km. Datatakenwhile passingthroughor neartheSouthAtlantic Anomaly
wereexcludedfrom thisanalysis.

Theresponseof thedetectorwassimulatedusingtheAMS detectorsimulationprogram,which is
basedontheGEANT package[8]. Theeffectsof energy loss,multiplescattering,interactions,decays
andthemeasureddetectorefficiency andresolutionwereincluded.

After theflight theAMS detectorwasextensively calibratedat two accelerators:at GSI, Darm-
stadt,with heliumandcarbonbeamsat 600 incidentanglesandlocationsand107 events,andat the
CERNproton-synchrotronin theenergy region of 2 to 14GeV, with 1200incidentanglesandloca-
tions and108 events. This ensuredthat the performanceof the detectorandthe analysisprocedure
werethoroughlyunderstood.

Analysis

Event reconstruction,analysisandspectrumunfoldingaredetailedin [9]. Electroncandidateswere
specificallyselectedby requiringthe measuredparticlecharge to be −1 andthe particlevelocity to
be compatiblewith the speedof light. Backgroundsarosefrom protonswith wrongly measured
momentumandsecondarypionsproducedin the detectormaterials. The two most importantcuts
usedto remove thesebackgroundswere on the χ2 valueobtainedin fitting the particle trajectory,
which removed trackswith large singleor multiple scattering,andon the numberof hits nearthe
reconstructedtrajectoryin boththetrackerandtimeof flight scintillators.

After theabove cutswereapplied,theoverall probabilityof a protonevent to beacceptedasan
electron,estimatedfrom MonteCarlosimulationsandconfirmedin theCERNtestbeam,was

� (10−4)
with anelectronselectionefficiency of 75%.To furtherreducethepionbackgroundonly eventswhose
track passedthroughthe active Cerenkov counterareaand, therefore,hadan independentvelocity
measurementwereaccepted.

Positroncandidateswere selectedby requiring the charge to be +1 and, as for electrons,the
velocity be compatiblewith the speedof light andtrack quality cuts. In contrastto electrons,the
main backgroundfor the positronsamplecamefrom protoneventswith poorly measuredvelocity.
The rejectionpower againstthis backgrounddecreasedrapidly with increasingprotonmomentum,
thereforetighter quality cuts on the velocity measurementswere applied. Above 1GeV/c protons
wererejectedby requiringtwo independentvelocity measurementsfrom the two separateCerenkov
counterlayersto becompatiblewith thevelocityof apositron.Lowerenergy protonswererejectedby
requiringtheenergy lossmeasurementsin four layersof timeof flight countersandsix doublelayers
of silicon tracker to be compatiblewith a positron. Thesecuts yielded an additionalbackground
rejectionfactorof 5 at the expenseof lower positronselectionefficiency. Table1 summarizesthe
estimatedefficiencies.

A convolutionof thebackgroundrejectionfunctionwith themeasuredprotonspectraprovidedan
energy dependentbackgroundestimation.Fig. 1 shows the measuredelectronandpositronspectra
togetherwith the estimatedbackgroundfor the geomagneticpolar regions, wherethe background
conditionsweremostsevere.
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Cut Efficiency (%)

TrackingQuality Cuts 75 ± 3
Commone± VelocityCuts 52 ± 1
Additionale+ VelocityCuts 72 ± 1.5

Total electrons 39 ± 1.7
Total positrons 28 ± 1.3

Table1: Percentagee± selectionefficienciesanduncertainties.

The acceptancewasdeterminedasa function of particlemomentumanddirection. The aver-
ageacceptancewasfound to rise from about0.01m2 sr at 0.15GeV andlevel off at 0.1m2 sr above
0.7GeV with a systematicuncertaintyof 5% [9]. The incidentdifferentialspectrumwasobtained
from themeasuredspectrumby usinganunfoldingmethodbasedon Bayes’theorem[10] with res-
olution functionsobtainedfrom the simulation. Thesefunctionswereconfirmedat several energy
pointswith calibrationmeasurementsin theCERNprotonbeams.

Resultsand interpretation

Fig. 2 presentsthedownward leptonspectraintegratedover incidentangleswithin 25
�

of theAMS
z–axis,which waswithin 1

�
of the zenith. In Fig. 3 thesespectraare comparedwith the spectra

measuredwith upwardgoingleptons.Themeasurementshavebeenbinnedaccordingto theabsolute
valueof the correctedgeomagneticlatitude [11], ΘM (radians),at which they weredetected.The
effect of the geomagneticcutoff and the decreasein this cutoff with increasingΘM is particularly
visible in thedownwardelectronspectra.Thespectraabove andbelow cutoff differ. To understand
this differencethe trajectoryof electronsandpositronsweretraced[12] backfrom their measured
incident angle, location andmomentum,throughthe geomagneticfield [13]. This wascontinued
until the trajectorywastracedto outsidetheEarth’s magnetosphereor until it crossedthetop of the
atmosphereat analtitudeof 40km. In a refinementfrom [9], thespectrafrom particleswhich were
tracedto originatefar away from Earthareclassifiedas“primary” andthosefrom particleswhich
originatein the atmosphereas“second”spectra.In practiceparticlesbelow the cutoff arefrom the
secondspectra,however this classificationprovidesacleanerseparationin thetransitionregion.

I. Propertiesof the primary lepton spectra

Fig. 4a shows the primary leptonspectra. The spectraare in reasonableagreementwith previous
measurements[2]. Fig. 4b shows thetheenergy dependenceof thepositronfraction,which exhibits
thepredominanceof electronsoverpositronsin primarycosmicrays.

II. Propertiesof the secondlepton spectra

As shown in Figs.2 and3, substantialsecondleptonspectraareobservedfor downwardandupward
going leptonsat all geomagneticlatitudesbelow the geomagneticcutoff. Thesespectrahave the
following properties:

(i) Thesecondleptonspectraof Fig.2 exhibit similarqualitativebehavior to theprotonspectra[9].
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(ii) At polar latitudesthe downward secondspectrumof electronsis graduallyobscuredby the
primaryspectrum,whereasthesecondspectrumof upwardgoingelectronsis clearlyobserved
(seeFigs.2 and3).

(iii) For both electronsand positronsthe upward and downward fluxes are nearly identical (see
Fig. 3).

(iv) As seenfrom Fig. 5 the lepton fluxes reacha maximumat the geomagneticequator. With
increasinglatitudethepositronflux dropsoff fasterthantheelectronflux.

In additionto thebackwardtracingmentionedabove theleptonswerealsotracedforwarduntil their
trajectorywould have eitherescapedor crossedthetop of theatmosphere,thelocationof which was
taken as the particlesink. The resultsshow that all secondspectrumparticleseventually re-enter
the atmosphere.Defining the flight time asthe sumof forward andbackward tracingtimes,that is
the interval betweenorigin andsink, Fig. 6 shows the distribution of flight time versusenergy for
electronsandpositrons.Both e+ ande− exhibit two distincttypesof trajectories:

Thehorizontalbandswith flight times< 0.2sec,definedas“short–lived”.

Thediagonalbandswith flight times≥ 0.2secdefinedas“long–lived”.

For ΘM < 0.3, most(75%of e+, 65%of e−) leptonsarelong–lived.

Distinct propertiesof the secondspectrafor short–lived leptons

The trajectorytracingshows that leptonstravel in cyclesacrossthe equatorwherethe trajectories
reachmaximalaltitudeandthey arereflectedat thelowestpointsat themid andpolar latitudes.For
short–livedleptons:

FromFig. 6 oneseesthattheflight time is independentof leptonenergy.

The point of origin shows no longitudedependence.They do not originatefrom nearto the
geomagneticequator, ΘM < 0.4 (seeFig. 7a,b).

The particle flux is independentof the shuttle attitudeand is approximatelyisotropic (see
Fig. 7c,d,e).

Distinct propertiesof the secondspectrafor long–lived leptons

As shown in Fig.8 long–livede− ande+ originatefrom well defined,complementarygeographic
regions.Tracingalsoshowsthattheregionsof origin for positronscoincidewith regionsof sink
for electronsandviceversa.

Fig. 9 shows thestronglypeakeddistributionsof thepoint of origin of the long–livedleptons
in geomagneticcoordinates.Within theregionsindicatedthedistributionsarestronglypeaked
andthe two diagonalbands(A, B) seenin Fig. 6 for the long–livedleptonscorrespondto the
two regionsof origin (A, B) markedin Figs.8 and9.

Thelong–livedleptonsarereflectedacrosstheequatorhundredsof times.Thenumberof cycles
they canmakebeforebeingabsorbedin theatmospheredecreaseswith their energy.
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As shown in Fig. 8c,d,e,thelong–livedleptonflux reachesamaximumin theequatorialregion
wherethey areproducedandabsorbed.

At zenithshuttleorientation,99%of the long–livedleptonsareactuallydetectedat ΘM < 0.4,
indicatingastronglyanisotropicangulardistribution.

We notethatthebehaviour of protonsandpositronsis verysimilar (see[9]).

Lepton chargeratio

An interestingfeatureof the observed secondleptonspectrais the predominanceof positronsover
electrons.In table2 thee+/e− ratiosgroupedaccordingto magneticlatituderegionandshuttleattitude
(0

�
, 20

�
, 45

�
, 180

�
) aregivenseparatelyfor long–livedandshort–livedleptons.As seenfrom table2

e+/e− Long–lived(flight time≥ 0.2seconds)
Attitude 0.0< ΘM <0.2 0.2< ΘM <0.4 0.4< ΘM <0.6 0.6< ΘM <0.8 0.8< ΘM <1.0

0
�

4.27± 0.17 3.26± 0.37 1.65± 1.24
20

�
4.15± 0.39 2.75± 0.45 2.92± 1.00 1.05± 0.69 1.46± 0.42

45
�

4.36± 0.40 3.41± 0.30 3.81± 0.33 2.27± 0.18 1.28± 0.16
180

�
4.27± 0.25 4.25± 0.65

e+/e− Short–lived(flight time< 0.2seconds)
Attitude 0.0< ΘM <0.2 0.2< ΘM <0.4 0.4< ΘM <0.6 0.6< ΘM <0.8 0.8< ΘM <1.0

0
�

3.08± 0.35 2.43± 0.19 1.35± 0.11 1.10± 0.11 0.83± 0.10
20

�
2.83± 0.67 2.23± 0.37 1.95± 0.28 1.48± 0.22 0.94± 0.18

45
�

3.22± 0.44 2.18± 0.32 2.01± 0.32 1.08± 0.12 0.93± 0.19
180

�
4.84± 0.81 2.79± 0.28 1.45± 0.18 1.17± 0.21 0.68± 0.27

Table2: Leptoncharge ratio versusmagneticlatitudefor theshuttleattitudes0
�
, 20

�
, 45

�
and180

�

for long–livedandshort–livedparticles.

theratios:

Dependat mostweaklyon theshuttleorientation.

Theratiosfor short–andlong–livedleptonsbehavedifferently. For short–livedleptonsthee+/e−

ratio is maximalat themagneticequatorwhereit reachesavalueof ∼ 3 whereasfor long–lived
leptonstheratio is higher, ∼>4 at themagneticequator, andlessdependenton latitude.

Theenergy dependenceof thee+/e− ratio for 0
�

attitudeandΘM < 0.3 is shown in Fig. 10. As
seen,short–lived and long–lived leptonsbehave differently. For short-lived leptonsthe ratio
doesnot dependon theparticleenergy in therange0.2 to 3GeV but for long–livedleptonsthe
ratio doesdependon theleptonenergy, reachingamaximumvalueof ∼ 5.

The combined(short–and long–lived, all attitudes)dependenceon ΘM of the ratio for all second
spectraparticlesis shown in Fig. 11.
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Figure1: Theprimarye± fluxesandbackgroundin thegeomagneticpolarregion (ΘM > 0.9).
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Figure2: (a,b)Flux spectrafor downwardgoingelectronsand(c,d)positrons,separatedaccordingto
thegeomagneticlatitudeat which they weredetected.
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and(d,e,f) positrons,separatedaccordingto the geomagneticlatitude,ΘM, at which they werede-
tected.
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Figure10: Propertyof secondspectra:Thee+/e− ratio asa functionof energy for (a) short–livedand
(b) long–livedparticles.Shuttleattitude0� andΘM < 0.3.
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Figure11: Propertyof secondspectra:Thee+/e− ratio asa functionof magneticlatitudeintegrated
over therange0.2-2.5GeV andcombinedfor short–livedandlong–livedleptonsindependentof shut-
tle attitude.
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