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Measurement of the flux of atmospheric muons with the CAPRICE94 apparatus
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A new measurement of the momentum spectra of both positive and negative muons as a function of
atmospheric depth was made by the balloon-borne experiment CAPRICE94. The data were collected during
ground runs in Lynn Lake on 19 and 20 July 1994 and during the balloon flight on 8 and 9 August 1994. We
present results that cover the momentum intervals 0.3—-40 G&¥/ x ~ and 0.3-2 GeW for u ", for
atmospheric depths from 3.3 to 1000 gfcmespectively. Good agreement is found with previous measure-
ments for high momenta, while at momenta below 1 GeWe find latitude dependent geomagnetic effects.
These measurements are important cross-checks for the simulations carried out to calculate the atmospheric
neutrino fluxes and to understand the observed atmospheric neutrino anomaly.

PACS numbgs): 96.40.Tv, 14.60.Ef, 14.60.Pq

I. INTRODUCTION MACRO Collaborationd 2] have been used as evidence of
neutrino oscillation. The observed rate of neutrino interac-
Recent atmospheric neutrino observations by Supeftons were compared to the rates calculated using the neu-
Kamiokande[1] and, with lower statistics, Soudan-2 and trino fluxes derived from atmospheric cascade simulations
[3]. It was found that the observed number of events induced
by muon neutrinos is too few compared to that from simula-
*Also at Sezione INFN di Trieste, Trieste, Italy. Electronic ad- tion. While several aspects of the measurements, such as the

dress: mirko.boezio@trieste.infn.it zenith angular dependence of the observed atmospheric neu-
™Now at Department of Physics, University of Tokyo, 7-3-1 trinos [4], strongly point toward the hypothesis of neutrino

Hongo, Bunkyo-ku Tokyo 113-0033, Japan. oscillations, the precise determination of the allowed and ex-
*Deceased. cluded regions in the oscillation parameter space rely heavily
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on the comparison of measurements with calculat{&is T T~
Recently Gaisseet al. [6] compared different calcula- ( 3
tions of the atmospheric neutrino flux and concluded that the
differences can be attributed to three main effects. First, the
different parametrizations used of the particle production and ,
pion yield in hadronic interactions of the primary cosmic |
rays with air nuclei. Second, the absolute energy spectra of
the primary cosmic ray§rotons and helium nuclgiThird,
the solar modulation and geomagnetic effects. These differ-
ences reflect the existing experimental uncertainties on these
topics. The available accelerator data on the pion yield in ‘ ‘
interactions of hadrons with air nuclei are limited and the ‘ il ‘

results used in the simulations do not cover the whole phase T ‘ :
% Si-Calorimeter
1 }ToF

space particularly at low values of the FeynnranOlder
ectronics

Magnet ‘ Tracking

measurements of the primary cosmic ray spdcttaliffer by
as much as 40% from more recent observatip8s10| ‘
which are in agreement at the level of 10%—-20%, compatible J ' :

El

1 MLTER

with the statistical and systematic uncertainties of the mea-
surements. In addition to uncertainties on the absolute val-
ues, the primary cosmic ray fluxes, particularly below 10 j
GeVi/n, are affected by the periodic solar activity and the L] \ [T
geomagnetic field. Furthermore, the geomagnetic field af-
fects the distribution of the cascade in the atmosphere and
these effects are not accounted for in most of the simulations
which use a 1-dimensional approach; that is, all secondariend discussion comprise Sec. IV.

are assumed to be collinear with the direction of the primary It is worth mentioning that the primary cosmic ray hydro-
particles. Gaissegt al.[6] concluded that the calculated neu- 9en and helium spectrgd] also were measured with the
trino interaction rates are uncertain at the levelzo30%. CAPRICE94 instrument. These can be used as the input

They also concluded that because of the cancellation of eSpectra for the cascade simulations in order to reduce the
rors, the ratio ofv,, to v, has a smaller uncertainty, on the overall systematic uncertainties associated with the compari-

FIG. 1. Schematic view of the CAPRICE94 apparatus.

order of =5%. son of observed and calculated muon fluxes.
The majority of the Super-Kamiokande events are in the
sub-GeV region4] where the above uncertainties are the Il. DETECTOR SYSTEM

most critical. Measurements of the flux of atmospheric
muons provide a powerful tool for cross-checking the cas- Figure 1 shows the NMSU-WiZard/CAPRICE spectrom-
cade simulations. Nearly all the sub-GeV neutrinos eventster that was operated on ground at Lynn Lake, Manitoba,
originate from ther— u— e decay chain. Neutrinos with an Canada (56.5° North Latitude, 101.0° West Longitude, 360
energy of 1 GeV are generated, on average, by muons with altitude, in Summer 1994. The payload was flown by
an energy of about 3 GeV. This interaction typically takesballoon from Lynn Lake to Peace River, Alberta, Canada
place at altitudes between 12 and 26 K200 to 20 g/crf). (56.15° North Latitude, 117.2° West Longityden August
Hence, muon measurements must be performed over a bro8e-9, 1994. The balloon reached a altitude of 36.0 km, cor-
energy range, from a few hundred MeV to tens of GeV, andesponding to an atmospheric pressure of 4.5 mbar, in about
over an extended range of atmospheric depths in order to dbree hours of ascent and it floated at altitudes ranging from
suitable for use in cross-checking. 38.1 to 36 km, i.e. residual atmosphere of 3.3—4.6 §/dor

We present in this paper results on the muon spectra iabout 23 hours. The apparatus included from top to bottom:
the atmosphere obtained with the CAPRICE94 instrumeng& Ring Imaging CherenkofRICH) detector, a time-of-flight
from ground(360 m to float (36—38 k) altitude. First re- (TOF) system, a superconducting magnet spectrometer
sults on this analysis were reported ear(i¢t,12. In [11] equipped with multiwire proportional chambe(MWPC)
we compared our measured fluxes to results of simulationand drift chamberg(DC) and a silicon-tungsten imaging
and concluded that the calculations overestimated our meaalorimeter.
sured muon fluxes; the differences depending on momentum The 51.2<51.2 cnt RICH detector[13], used a 1 cm
and atmospheric depth. Theoreticians are introducinghick solid sodium flouridgNaF) radiator with a threshold
changes in the simulations procedures, e.g., changing fromorentz factor of 1.5, and a photosensitive MWPC with pad
one-dimensional to three-dimensional interaction models, toeadout to detect the Cherenkov light image and hence mea-
account for these discrepancies. Therefore, in this paper waure the velocity of the particles.
do not make any comparisons with simulation results. In this The time-of-flight system had two layers one above and
paper we provide details of the data analysis and present oane below the tracking stack, each layer made of two 1 cm
final results. We describe the detector system in this experithick 25x50 cnf paddles of plastic scintillator. Each
ment in Sec. Il, the data analysis in Sec. Ill and the resultpaddle had two 5 cm diameter photomultiplier tubes, one at
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each end. The distance between the two scintillator layers g %8~
was 1.1 m. The time-of-flight system was used to give a [
trigger, to measure the time-of-flight and the ionizatidi/
dX) losses of the particles. The trigger was a fourfold coin- i 1
cidence between two photomultiplier tubes with signals in & o[ — Float ]
the top paddle and two in the bottom scintillator paddle. The i ' ]
threshold of each photomultiplier tube was set high enough
to eliminate noise, but low enough to provide an efficiency
of nearly 100% to trigger minimum ionizing particles.

The spectrometer consisted of a superconducting magnet
and a tracking device equipped with multiwire proportional .
chambers and drift chambdrk4]. The magnet consisted of a 0.03
single coil of 11161 turns of copper-clad NbTi wire. The r
outer diameter of the coil was 61 cm and the operating cur-  o.02[
rent was 120 A, producing an inhomogeneous field of about 3
4 T at the center of the coil. The spectrometer provided 19
position measurementd2 DC and 7 MWPCin the direc-
tion of maximum bendingx) and 12 measuremen(8 DC

0.07 !

vent fracti

----- Ascent ‘
---------- Ground :

0.04

0.01 —

L |

and 4 MWPG along the perpendicular directioy), Using 05 os o ose oss os
the position information together with the map of the mag- cos{zenith)
netic field, the rigidity of the particle was determined.

Finally, the electromagnetic calorimetel5] consisted of :
eight 48< 48 cnt planes of silicon strig3.6 mm wide de- number of events for muons of both signs selected between 0.15

FIG. 2. Cosine zenith angle distribution normalized to the total

tectors with bothx andy readouts. These silicon planes were 2N 2 GVE at ground leveldotted histograrm during the ascent

interleaved with layers of tungsten converters, each one régashed histograjrand at float(solid histogram

diation length thick. Taking into account all the material, the

calorimeter had a total thickness of 7.2 radiation lengths andround, ascent and float data to maximize the efficiency

0.33 nuclear interaction lengths. The calorimeter providedvhile keeping the rejecting power for background events at

topological information on both the longitudinal and lateral an appropriate level.

profiles of the particle’s interaction as well as a measure of The acceptance of the instrument allowed for muons with

the total energy deposited in the calorimeter. a range of zenith angles to be measured. The maximum angle
was 20 degrees and the mean of the distribution was at 9
degrees. Figure 2 shows the cosine zenith angle distribution

Il. DATA ANALYSIS of for muons of both signs selected between 0.15 and 2

The analysis was based on 85800 seconds of data taken@Y/C at ground level, during the ascent and at float. The
ground, 10000 seconds during the ascent of the payload arfstributions have been normalized for the total number of

60520 seconds of data taken at float altitude under an avefvents. No significant change is found in the zenithal angle
age residual atmosphere of 3.9 gfcm distribution. It is worth pointing out that the distribution nar-

rows as the rigidity increases.
The selections used for identifying muons in the ground,
A. Particle selection ascent and flight data are summarized in Table | and de-

The CAPRICE94 instrument was well suited to measureScribed below. The figures describing several of these selec-
the muon spectra and charge ratio in the atmosphere againtg?n$ show float data since at float the background of other
a background of electrons, protons and heavier particles. THerticles was the largest.
background in the muon sample depended strongly on the
atmospheric depth. At float the dominant background for
positive particles was protons, which outnumbered the posi- The tracking information was used to determine the rigid-
tive muons by about a factor of 1000. The upper end of théty of the particles. In this work the trajectory was deter-
energy interval for the. © measurement was determined by mined by fitting only the information from the drift cham-
the ability of the RICH to reject proton events. At increasingbers. This made it possible to use the MWPC system for the
atmospheric depths, the abundance of the proton componeetficiency estimation of the drift chambe(see Sec. Ill C L
decreased to a few percent of the positive muon componefito achieve a reliable estimation of the rigidity, a set of con-
at ground level. For negatively charged particles at float, thelitions were imposed on the fitted track$) At least 9(out
electron component was the dominant background. The eleof 12) position measurements in thairection and Sout of
tron background rapidly decreased with increasing atmo8) in they direction were used in the fit2) There should be
spheric depth becoming smaller than the muon componer@n acceptable chi-square for the fitted tra¢®; The esti-
by 200 g/cnd and a small fraction of the muon component atmated error on the deflection should ¥@®.04 (GVk) L.
ground level[16,17. Because of this varying background These conditions also eliminated events with more than
different selection criteria were used far” andx~ and for  one track in the spectrometer.

1. Tracking
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TABLE I. Selection used for identifying muons at different altitudes. See the text for a detailed discussion about each selection.

o
Selection Ground Ascent Float

(X=1000 g/cm) (3.9<X<1000 g/cm) (X=3.9 glcnd)
Tracking Used Used Used
dE/dX Used Used Used
Brot Not used Not used Used
Calorimeter used for 08BR<3.2 GV/c Used forR>0.3 GV/c Used forR>0.3 GV/c
RICH All criteria for All criteria for R<0.53 GVr, All criteria

R<0.53 GV/c and criterion 1 for
R>0.53 GV/lc,X<70 gl/cnt
w +

Selection Ground Ascent Float

(X=1000 g/cm) (3.9<X<1000 g/cm) (X=3.9 glcnd)
Tracking Used Used Used
dE/dX Used Used Used
Brof Not used Used Used
Calorimeter used for 08BR<3.2 GV/c Used forR>0.3 GV/c Used forR>0.3 GV/c
RICH All criteria All criteria All criteria

2. Scintillators and time-of-flight

The ionization(dE/dX) loss in the top TOF scintillator
was used to select minimum ionizing singly charged pa
ticles by requiring a measured dE/dX of less than 1.8 time

eter divided by the momentum, was used. An upper limit for

this quantity equal to 60 mip/(Ge¥) was applied. Figure 4
rShows this quantity as a function of rigidity for the float data.
dhe two dense band are due to non-interacting particles. Re-

the most probable energy loss by a minimum ionizing par@ll that muons above a few hundred MeVdre minimum
ionizing particles that release a nearly constant amount of

Downward moving particles were selected using the time£N€rgy in the calorimeter. Below 300 Med/the calorimeter
of-flight information. The time-of-flight resolution of 280 ps, « T

ticle (mip).

which was small compared to the flight-time of more than 4
ns, assured that no contamination from albedo particles re-
mained in the selected sample. The particle’s velocigy (
reconstructed from the time-of-flight information was used to
select muons against a background of pions, protons and
heavier particles. Figure 3 shoygsobtained from the time-
of-flight information for positive particles collected at float

T

as a function of rigidity. Muons were selected as particles
above the solid line. The TOB selection was used fqi *
identification for the ascent and float portion of the data and
for the u ~ selection during float.

3. The calorimeter

With a depth of 7 radiation lengths the calorimeter could
identify noninteracting particles in a background of electrons
above a momentum of a few hundred MeV/The selection I
was performed by requiring that the topological information ol e
of the signal was consistent with that of a single track. This
was accomplished by imposing an upper limit to the number
of hits along the track in the calorimeter. This selection g 3. The distribution of8 from the time-of-flight information
reached its highest efficiency above 1 GeWhere electro- 45 a function of rigidity for float data. The solid line is the lower
magnetic showers were well defined in the calorimeter. Betimit of the muon selection. The distributions corresponding to the
low 1 GeVlc a nonnegligible electron contamination was various particles are labeled according to the particle’s species. The
present. To further reduce this background, another selectidiyure comprises about 379000 events of which about 347000 are
criterion, based on the total detected energy in the calorimprotons, 9000 deuterons and 6000 helium nuclei.

P I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Rigidity (GV/¢)

|

032007-4



MEASUREMENT OF THE FLUX OF ATMOSPHERIC . .. PHYSICAL REVIEW B2 032007

B
o
(=]
T
N

350 — - 7

)
(&}
\
!
Cherenkov angle (rad)

N
Q
=3

L

@

o
=}
I

total detected energy / rigidity (mip / GV/c)
3 %
o o
] ]

0.3 p -

50
- ZH,‘He

O‘JHH‘,.‘4,”‘\‘.H\HH\HH\H\HH\HH\H‘
-5 -4 -3 -2 -1 0 1 2 3 4 5

Rigidity (GV/c) Rigidity (GV/¢)

FIG. 4. Total detected energy loss in the calorimeter divided by ~FIG. 5. Measured RICH Cherenkov angle as a function of rigid-
the rigidity of all particles versus rigidity for float data. A negative ity for float data. A negative sign is assigned to the rigidity of
sign is assigned to the rigidity of negative particles. The two denséegative particles. The figure comprises about 291000 events of
bands are due to noninteracting particles. The solid line at 60 indiwhich about 8000 are negative particles. The solid lines include the
cates the chosen upper limit used to select muons. The figure congvents accepted as muons in the RICH selection.
prises about 615000 events of which about 16000 are negative par-
ticles.

required. The difference ir andy should be less than three
standard deviations, which was rigidity dependent but typi-

selection was not used because of the low efficiency. Afally less than 5 mm. o
ground level & amount to less than 0.1% of the muon com- _(3) More than 3.5 pads with signals from converted Cher-
ponent above 3 G\¢ [16,17] and, consequently, the calo- enkov photons were required in the fit for the ground data
rimeter muon selection criteria were not used above this ri&"d more that 7.5 for the ascent and float data. .
gidity. (4) The reconstructed Cherenkov angle should not deviate
The calorimeter selection criteria also rejected particleQy more than three standard deviations from the expected
that interacted in the calorimeter, namely pions, protons anff€renkov angle for muons. o _
heavier nuclei, hence contributing to reduce their contamina- C'itérion (1) was introduced to eliminate events with
tion in the muon sample. However, the rejection factor for™ore than one charged particle crossing the RICH and this
these particles was small because the calorimeter depth w§8Ndition was applied over the entire data sets bothufor
only one third of a nuclear interaction length. Therefore, had@Ndx ~ . Criterion(2) eliminated events that scattered in the

rons were removed using selection criteria based on time-ofR/CH electronics. Criterid3) and (4) were used to separate
flight, scintillator and RICH information. muons from the other particles. Figure 5 shows the measured

Cherenkov angle for flight data events selected with RICH
criteria 1, 2 and 3. The bands corresponding to the different
particles are clearly visible. The solid lines indicate the muon
The RICH was used to measure the Cherenkov angle gfelection based on the Cherenkov angle. However, it is im-
the particle and thereby its velocity. The Cherenkov angleportant to point out that the solid lines in the figure are only
was reconstructed from the geometrical distribution of thendicative of the selection, since the RICH selection was
signals in the pad plan@or a description of the reconstruc- done on an event by event basis. For each event the Cheren-
tion method se¢18]). To correctly use the RICH informa- kov angle was obtained and the resolution of this depended
tion, a set of conditions was applied on the RICH ddtg.  on the incident angle of the partic|&3,17.
They were the following. These four criteria were used for selecting muons of both
(1) lonization from charged particles produced signifi- signs at float and for selecting * at ground and during the
cantly higher signals than converting Cherenkov photons. Tascent. Ground and ascent were selected differently: the
reject events with multiple charged particles traversing theselection was based upon the dE/dX and calorimeter criteria
RICH, we required that an event contained only one clusteexcept below 70 g/cfof residual atmosphere where con-
of pads with high signals. tamination of interaction products from the payload structure
(2) A good agreement between the particle impact posi{see Sec. Il B #was non-negligible. For these small depths
tion as determined by the RICH and the tracking system wathe RICH criterion 1 also was used. In addition the full

4. The RICH
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RICH selection with criteria 1 to 4 was used below 500
MeV/c since, at low velocities, the RICH was able to sepa-
rate muons from pions and electrons.

5. The bar

A 17 kg, 1.2 m long aluminum bar wita 7 kgsteel hook
in the center was used to connect the payload to the balloong
during the flight. This bar was situated 2.3 m above the .2 '
RICH. Hadrons had a non-negligible probability to interact © . f
with the material of the bar and produce secondary particles g F
that could be detected as muons in the apparatus. Hence w¢ 9 140 [
chose to reject all particles with extrapolated trajectories that g
crossed the bar. This procedure resulted in a reduction of the 130 -
geometrical factor by about 10% as can be seen in Fig. 6. ’

B. Background rejection

The various sources of background in the muon analysis .
are described below along with the rejections criteria and 6

PHYSICAL REVIEW D 62 032007
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surviving contamination. This information is summarized in

Table 1.

1. Electron background

—4 -2 0

Déflection (GV)'°

FIG. 6. Geometrical factor as a function of deflection for ground

The calorimeter muon selection gave an electron rejection
factor that increased from 30 at 0.3 Ge\Mb more than 1000
above 1 GeW¢. The RICH separated muons from electrons
with an electron rejection factor of more than 100 at 0.1 The TOF g rejection factor for protons below 1 Gey/

GeV/c decreasing to 10 at 0.3 GewAnd to 1 at 0.7 Ge\d.

and flight analysis. The lines indicate one standard deviation confi-
dence interval.

2. Proton background

was greater than 4000 decreasing to about 300 at 1.26eV/

Since the electron flux is higher than the muon one only aifhe RICH proton rejection factor was greater than 2000 be-
high altitudes where the electron primary component domilow 1.5 GeVk, about 1000 at 2 Ge¥/ and decreased to
nates and is about a factor four larger than the muon flusabout 1 at 5 Ge\W. Below 1.5 GeVt, the combined effect
[17,20, the electron and positron contaminations survivingof the time-of-flight and RICH selection criteria reduced the

the muon selection were assumed negligible.

proton contamination to a negligible fraction of the selected

TABLE II. Sources for muon background.

Source Rejection criteria Residual contamination

Albedo Time-of-flight none

e, e RICH and calorimeter negligible

Atmospheric mesons RICH negligible f&<0.4 GV/c,
estimated<2% for R>0.4 GV/c

Locally produced RICH, track a&<5 glent?

mesons reconstruction <20% for 0.5<R<1 GV/c,
<10% forR>1 GV/c;
atX>7 glent
negligible forR<0.4 GV/c,
<1% R>0.4 GVic

Proton$ Bior and RICH:; atX<5 glent

Heavier than p nucl&i

estimated and subtracted
atX<5 glent for R>1.5 GVic,
atX=1000 g/cm for R>3 GV/c

dE/dX and RICH

negligible 1.5 GV/c,
<1% forR>1.5 GV[c;
at 7<X<890 g/cnt negligible;
atX=1000 g/cm
negligible forR>3 GV/c,
<1% forR>3 GV/c
negligible

@Only for u * .
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muon sample. At higher momenta, because of the strongultiply charged tracks, particles interacting in the RICH as
variation of the proton flux, the contamination was depenwell as pions below 500 M\d. Also the dE/dX selection
dent on the atmospheric depth. At float altitude the protorrejected multiply charged tracks and this leaves the dome as
contamination became increasingly important above 1.3he source of pions produced in the interaction with high
GeV/c and it dominated the muon sample above 2.5 @eV/ €nergy cosmic rays. The interactions occurred at such an
Hence, we conservatively limited the positive muon mea-2ngle that the high energy secondaries missed the active vol-
surements to a momentum range between 0.15 and 2dseV/UMe Of the instrument, but a low energy pion was produced
In this range the proton contamination was negligible at alt @ large angle and passed through the instrument appearing
atmospheric depths except at float. In the float data we adke @ singly charged particle rather than part of a shower. In
sumed, as a worst case, that all the singly charged particlegudYing the pions below<0.2 GVic, where they can be
were protons. Applying the rejecting power of the calorim-" entified using the time-of-flight, we found no evidence of a

. referred incoming direction. This is consistent with our in-
eter, dE/dX, ToF beta and RICH to th's. sar_nple we _found thaFerpretation of these events since the distribution of material
a small(less than 20%proton contamination survived the

lection in the riidi 15 to 2 GeV/Thi in the gondola was symmetric with respect to the azimuthal
muon selection in the rigidity range 1.5 to 2 Ge IS angle. The locally produced pion flux entering the apparatus
contamination was subtracted from the positive muon samplgnq1d decrease quickly with energy because of the emission

at float. For ground data the range for" was extended 0 oyards the forward direction and the lower probability of
higher momenta as presented[it2,17. The proton con- having only one charged particle with high momentum tra-
tamination was negligible at ground level below 3 GeV/ versing the detectors.
while above 3 GeW it was calculated and subtracted from  To test the correctness of this conclusion the following
the positive muon sample. This calculation was made bypproach was adopted. Events were selected from float data
rescaling the number of interacting particles in the calorim-with (1) multiple pad ionization clusters in the RICKR)
eter with factors obtained from data at float. The proton canmultiply charged signal in the top scintillata) rigidity (R)
didates were selected if they had a hadronic interaction in thinterval: 0.5<R<2 GV/c, (4) Cherenkov angle of #~1
calorimeter. The contamination from muons in the interactparticle, (5) time-of-flight of ag~1 particle, and6) dE/dX
ing proton sample was studied using negatively chargedignal of a minimum ionizing particle in the bottom scintil-
ground data, while the contamination from electromagnetidator.
showers was negligible at momenta greater than 3 GeV/  With these criterigB~1 particles belonging to a shower
[16,17. The efficiency of this proton selection was estimatedinitiated closely to the top of the apparatus were selected,
using a sample of singly charged particles at float that wagence with high probability secondary pions, which entered
assumed to be composed of protons. the calorimeter as singly charged. The criteria 3 to 6 ensured
In summary, during the ascent positive muons were sethat the selected events were inde@e1 particles. This
lected free of proton contamination up to 2 GeVAt floata  sample of locally produced pions was used to estimate their
small proton contamination was subtracted from the positivénteraction probability in the calorimetéor, more precisely,
muon sample between 1.5 and 2 GeWhile at ground the the probability of selecting interacting pions in the calorim-
range was extended to much higher momenta subtracting th&ep. Then, the same hadronic interaction selection for the

small estimated proton contaminatipt?,17]. calorimeter was applied to the muon sample selected without
using the calorimeter muon criteria. Two samples were ob-
3. Heavier nuclei background tained, one for positive and one for negative pions. These

The case of deuteron background was very similar to theevents(about 100 in total were visually scanned with a

proton one. Helium and heavier nuclei were mainly rejecteog.raphlc program. In this way misidentified muons and, espe-
by the dE/dX selection. The remaining fraction was eIimi—C'a”y’ electrons were rejected from the samples. Then, the

nated using the other selection methods and their Contaminé%?;i[[?éggef?ilggnr;uThbuesrsot\)l;/aeifinretsrfslr?gm%irﬂ;? (i:gllosnirr?ﬁir
tion was determined to be negligible. y 9 p

muon samples. The result was that at float altitude pions
could account for a maximum of 20% between 0.5 and 1
4. Meson background GeV/c and for less than 10% above 1 GeVéf the muon
Because mesor(pions and kaonsproduced in the atmo- flux, irrespective of the sign of the charge. We give this
sphere above the payload decay rapidly, they representedresult as an upper limit because the procedure is likely to
small (<2%) fraction of events compared to the muon flux overestimate the number of piof@sme of the selected pions
(e.g., see[19]). However, pions produced in the payload could be muons, etc.For this reason, it was not subtracted
could still present a nontrivial contamination. We have un-from the muon flux and it should be considered as a system-
dertaken a careful analysis of the local pion background iraitic uncertainty of the measurement. It is important to stress
order to quantify their abundance. that this uncertainty, due to the similar pion contamination in
Evidence for a pion contamination is visible at very low the « © and u ~ samples, affects the * to x ~ ratio less
rigidities in Fig. 3. These pions, because of their low enerthan the corresponding fluxes.
gies, were presumably produced locally in the RICH or in
the dome(part of the gondola above the RIGHHowever, it
is important to stress that no RICH conditions were applied Cleanu * andu ~ samples were selected from 0.15 to 0.4
to select the events in Fig. 3: the RICH selection rejectedzeV/c. Above this momentum a non-negligible contamina-

5. Conclusion on background
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tion of locally produced pions could be present. For the float 3
data, this contamination was less than 20% of the muon fluxg
between 0.5 and 1 Ge¥/decreasing to less than 10% above :
1 GeV/c. For larger atmospheric depths the locally produced ¢
pion flux decreased quickly due to the decrease of the inter-;?3 081
acting proton and helium nuclei, specially at large zenith & 1
angle, while the muon flux increased with increasing depth at? |
least up to 100 g/cf Hence the locally produced pion con- S 06
tamination was assumed negligible at all depths except a=
float.

At float a small proton contamination was subtracted from

ICl

ff

the positive muon sample between 1.5 and 2 GeVAt o4r 1%
ground the momentum range was extended to much highe I g{ —— Tracking efficiency
value with a subtraction of a small proton contamination. I i

- Calorimeter efficiency
02 3 -0.2

B Scintillator efficiency

v

C. Efficiency determination
------- RICH efficiency

In order to accurately determine the fluxes of the various o e o
types of particles, the efficiency of each detector was care- 1 10
fully studied using both ground and flight data. To determine Momentum (GeV/c)
the efficiency of a glvlerl detector, a data set of muons was FIG. 7. Muon selection efficiencies for float data as a function
selected by the remaining detectors. The number of MuONg; iigigity. The hatched area indicates one standard deviation con-
correctly identified by the detector under test divided by thejigence interval of the combined efficiency.
number of events in the data set provided a measure of the
efficiency. This procedure was repeated for each detector.
The efficiency of each detector was determined as a function possible charge sign dependence of the efficiency was

of rigidity in a number of discrete bins and, then, param-stydied using both the flight data and the data taken on the

etrization introduced a systematic error on the efficiency Ogound above 0.3 G\W [17].

each detector. Since the parameters were correlated, the error
on the efficiency was obtained using the error matrix of the 2. Scintillator efficiency
fit for each detector when correcting the measured flux for
the detector efficiencies.

The dE/dX andB selections were studied using negative
events with a minimum ionizing pattern in the calorimeter. A
clean RICH signal also was required to reject interaction

] ) o ) _products from the sample. The dotted lines in Fig. 7 show the
The drift chamber tracking efficiency was obtained usinggcingillator efficiency in its two selections. The efficiency

negative singly charged particles selected by the other deteg;a5 siudied using ground, ascent and float data and no varia-

tors_3|m|IarIy as done if20]. A _sample_ of s_lng_ly c_harged tion was found.

particles was selected by requiring a single ionization cluster

in the RICH and a dE/dX signal in the top scintillator typical 3. Calorimeter efficiency

of a minimum ionizing particle. From this sample, negatively i i .

charged events were selected by requiring a negative deflec- 1he calorimeter selection efficiency, shown as a dashed

tion from the fit to the MWPC trajectory measurements. Thene in Fig. 7, was obtained using ground data. The result

contamination of spillover protons was eliminated by requir-WaS €ross checked with a simulation of the calorimets]

ing that the measured impact positions in the RICH and calo@"d an excellent agreement was found. The calorimeter effi-

rimeter agreed with the positions as obtained by extrapola€€NCy also was studied with flight data. The calorimeter

ing the particle trajectory derived from the MWPC fit. The ONlY is able to separate muons from electrons above 0.5

resulting sample of negative singly charged particles wa$eV/c, hence the presence of a larger electron contamina-

used to determine the efficiency of fitting tracks in the driftion had to be taken into account. Inside the errors a good

chamber system. The solid line in Fig. 7 shows the trackingd"eeément was found as expected since the calorimeter per-

efficiency at float altitude. The efficiency varied from ground formances were stable over a period of months.

to float altitude. At ground it was=95% above 1 Ge\d, -

then just after the launch it was87% increasing te=93% 4. RICH efficiency

at float altitude. On the ground and in the first part of the ascent the RICH
Biases in the efficiency sample were studied using protonsfficiency was obtained by selecting negative singly charged

(see[18]). It was found that the criteria used for fitting the particles, which did not interact in the calorimeter. At float

tracks using the MWPC slightly reduced the number of scataltitude a large background of interaction products did not

tered tracks in the sample. In order to account for this reducpermit us to select an unbiased clean sample of muons, hence

tion a systematic uncertainty of 2% was introdu¢éd]. the efficiency obtained from the ground data was used. This

1. Tracking efficiency
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procedure was validated by comparing the RICH efficiencyined using the measured muon spe¢#2] and the observed
for selecting electrons at ground and at float since an unbizenithal distribution in our apparatus in the rigidity range 0.2
ased clean sample of electrons could be selected using the 1.5 GV/ic at ground. We found that the calculated geo-
calorimeter. The RICH electron selection criteria is similar tometrical factor would be reduced by about 3%.
that for muons, namely, same requirements on the impact We decided to assign a systematic uncertainty of 5% to
position, number of effective pads and Cherenkov angle buthe RICH muon efficiency at float to account for possible
using the theoretical electron Cherenkov angle. It was foundariations in the RICH performance between ground and
that the RICH electron efficiency for float data reproducedfloat.
the electron efficiency of ground electrons inside an uncer- The tracking muon selection efficiency varied with time
tainty of about 5%. Therefore, it was reasonable to make usduring the ascent. We determined the efficiency for seven
of the muon RICH efficiency as obtained from the groundtime bins and we found that they could be grouped in three
data(dashed-dotted line in Fig.) Tor the flight data. in which the efficiency could be assumed constant. Since the
efficiency above 1 GW varied from about 87% at launch to
93% at float we believe that the systematic uncertainty of
D. Geometrical factor this procedure is less than 6%.
) ) . . . Assuming that the systematic uncertainties discussed
_ The geometrical factor, determined with simulation tech-g,ye are uncorrelated, we estimated an overall systematic
niques[21], is shown in Fig. 6 for ground and flight data. uncertainty, which is momentum dependent, for ground
The difference at low deflectiorthigh rigidities for the two ., ,ons decreasing from-6% at 0.3 GeVé to about 2%
sets of data is due to the additional geometrical constraip ve 1 GeVé. It is worth pointing out that the ground
imposed due to the bar. , muon fluxes measured by the CAPRICE94 apparatus agree
The geometrical factor was cross checked with two otheat the level of 3% with the measurements from the CA-
methoc_is. One adopted_ the same approach as prese_ntedmeEw experimenf12], which was equipped with the
[21] using, however, a d|fferent_method to trgce the particles; ame superconducting magnet and calorimeter but with a
the track fitting algorithm used in the analysis also was usegitearent tracking system and with a gas RICH. For ascent

to trace the particle through the spectrometer. This methodpy fioat muons this systematic uncertainty decreased from
gave the same results within 1%, at all rigidities. The secon 1904 at 0.3 GeVé to about 7% above 1 GevW/ These

used a numerical in_tegration cglculation of t.he.geomEtricahncertainties were not included in the data presented in the
factor that agreed with the previous results within 2% above pas and the figures

0.5 GV/c and within 5% below 0.5 G\W.

IV. RESULTS
We selected 37864 ~ and 47043u * between 0.2 and

E. Systematic uncertainties

Systematic uncertainties originating from the determina- i ~
tion of the detector efficiencies were included in the table 20 GeVE at ground(1000 g/cnd); 5081 ~ between 0.3

and data points as discussed in Sec. Ill C. Another possiblgnd 40 GeVe and 2715u *.between_O.S and 2 Gew/dur-
systematic error was related to the efficiency of the triggetlng the ascen(t?—85(3 glrf); 1601, ~ between 0.18 and 20
system. The fraction of each trigger combination was com-GEf'V/C and 2063y " between 0.18 and 2_ Gev/at float
pared with the simulated fraction taking into account thedltitude (3.3-4.6 glcrh mean atmospheric depth of 3.9
position of each paddle and the magnetic field. The excelleancmz)', From these we obtained the muon fluxag { ,+)
agreement between the simulated and experimental fractiog&cording to

permitted us to conclude that a possible systematic error due

to a geometrical inefficiency of the trigger was less than 1%.

The residual atmosphere above the gondola was measured 3. (PX)= 1
by two pressure sensors owned and calibrated by the Na- “# # %~ Tiye(X)XG -+ X (P, X)X AP
tional Scientific Balloon Facility. The two measurements did 0 roK
not coincide: their difference increased with altitude from XN- ,+(P,X), (1)

less than 1% to about 10% at float. We interpreted this dif-

ference as the systematic uncertainty on the atmospheric

depth. This uncertainty does not affect the measurement buthere X is the atmospheric deptfT;;,. is the live time,

has to be taken into account when comparing the measuréd,, - ,+ are the geometrical factors far ~ andu ¥, e is the

spectra with the simulated ones. combined selection efficiencAP is the width of the mo-
From the discussion in Sec. Il D we conclude that thementum bin corrected for ionization losses to the top of the

systematic error due to the geometrical factor calculation wapayload,P the momentum andN - ,+(P) is the selected

less than 5% between 0.3 and 0.5 @\&hd less than 2% for number ofx ~ andu * . The fractional live time decreased

rigidities higher than 0.5 G\W. For the geometrical factor from 0.97240-0.00001 at ground to 0.26900.0006 at float

calculations it was assumed that there was no variation of thaltitude as indicated in Table III.

muon intensity over the acceptance angle. The effect on the Figure 8 and Table IV show the muon spectra at float,

geometrical factor due to the intensity variation was exam<orresponding to 3.9 g/chwof residual atmosphere. These
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TABLE lll. Measured atmospheric growth flux@is units of particleg/GeV cn? sr 9] for negative and positive muons in the 0.3 to 40
GeV/c momentum range. Results are given for the following momentum inter{i@dl€.3-0.53 GeW¢, (Il) 0.53-0.75 GeW, (lll)
0.75-0.97 GeM, (IV) 0.97-1.23 GeM, (V) 1.23-1.55 GeMt, (VI) 1.55-2 GeV¢, (VII) 2-3.2 GeVE, (VIII) 3.2—-8 GeVe, and(IX)

8-40 GeVt. The errors include both statistical and systematic errors.

Depth interval A B C D
Duration(s) 85800 610 620 560
€live 0.972 0.949 0.831 0.646
Initial depth (g/cm) 1000 890 580 380
Final depth (g/crf) 1000 580 380 250

| w~ Flux (1.45-0.04)x 103 (3.49 59 x10°3 (6.4-1.3)x10°3 (1.77+0.32)x 1072
FAD (g/cnt) 1000.0 709.0 463.7 308.0

Il w~ Flux (1.36+0.03)x 1073 (2.55+0.43)x 103 (6.67+0.75)x 103 (1.05+0.16)x 102
FAD (g/cnt) 1000.0 700.2 466.4 307.8

Il w~ Flux (1.23-0.02)x 103 (1.94+0.37)x 102 (4.50+0.60)x 102 (7.26+1.21)x 103
FAD (g/cn?) 1000.0 703.2 467.0 306.2

IV u~ Flux (1.13£0.02)x 103 (1.73+0.32)x 103 (4.45+0.55)x 102 (5.35+0.92)x 10 3
FAD (g/cn?) 1000.0 700.7 469.0 309.1

V u~ Flux (9.42+0.17)x 104 (1.34+0.25)x 103 (3.3220.42)x 1073 (3.65+0.65)x 103
FAD (g/cnt) 1000.0 701.7 470.1 310.2

VI u~ Flux (7.56+0.13)x 1074 (1.21+0.20)x 103 (2.36+0.30)x 103 (2.59+0.46)x 103
FAD (g/cn?) 1000.0 707.6 471.8 309.0

VIl u~ Flux (5.11+0.07)x 104 (6.63-0.92)x 10" * (1.27+0.14)x 103 (1.89+0.29)x 10 3
FAD (g/cnt) 1000.0 708.0 469.2 310.4

VI ™ Flux (1.75-0.02)x 104 (2.32+0.28)x 10 * (2.81+0.32)x 10 4 (4.34+0.67)x10 4
FAD (g/cn?) 1000.0 720.0 472.3 310.2

IX u~ Flux (1.33-0.02)x10°° (1.38+0.26)x 107 (1.97+0.33)x 1075 (1.37°33x10°°
FAD (g/cnt) 1000.0 715.6 478.1 309.1

I u ™ Flux (1.76+0.05)x 10" 3 (2.30°39)x10°3 (8.5+1.6)x 1073 (2.28+0.40)x 1072
FAD (g/cn?) 1000.0 691.9 459.2 307.3

Il w* Flux (1.64+0.03)x 1073 (2.45°38)x10°3 (9.6+1.4)x 1073 (1.70=0.29)x 102
FAD (g/cnt) 1000.0 690.7 462.6 308.6

Nl w ™ Flux (1.53-0.03)x 103 (2.08° 33 %1073 (4.85+0.92)x 102 (1.29+0.23)x 102
FAD (g/cn?) 1000.0 703.2 462.4 307.3

IV u* Flux (1.310.02)x 1073 (1.83°9%)x10°3 (5.49+0.89)x 1073 (1.05+0.19)x 1072
FAD (g/cnt) 1000.0 696.9 463.7 309.2

V u* Flux (1.12£0.02)x 103 (9.7° 531074 (3.49+0.63)x 102 (5.59+1.13)x 10 3
FAD (g/cn?) 1000.0 692.6 464.1 309.3

VI ot Flux (9.36+0.16)x 104 (1.23°33)x10°3 (2.00+0.40)x 10~ 3 (3.84+0.78)x 103
FAD (g/cn?) 1000.0 712.4 468.1 310.7
Depth interval E F G H
Duration 740 640 660 690

€live 0.516 0.449 0.396 0.358
Initial depth (g/cri) 250 190 150 120

Final depth (g/crf) 190 150 120 90

| w~ Flux (1.44+0.19)x10°2 (2.06+0.27)x 1072 (1.70+0.25)x 102 (1.69+0.25)x 10 2
FAD (g/cnt) 218.8 173.8 135.3 104.1

Il w~ Flux (1.26-0.11)x 10 ? (1.26+0.13)x 102 (1.21+0.13)x 102 (1.21+0.13)x 102
FAD (g/cn?) 219.1 174.1 135.1 104.3

Il w~ Flux (1.05-0.10)x 10" 2 (8.6-1.0)x10 3 (9.1+1.1)x 103 (8.7-1.1)x 103
FAD (g/cn?) 219.3 174.3 135.0 104.1

IV u~ Flux (6.5120.73)x 102 (6.35+0.83)x 102 (6.31+0.86)x 102 (6.05+0.86)x 103
FAD (g/cnt) 219.1 174.1 135.1 104.2
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V u~ Flux (4.03:0.52)x 103 (6.03+0.73)x 103 (5.15+0.71)x 103 (4.55+0.67)x 103
FAD (g/cn?) 218.3 173.7 135.5 104.4

VI u~ Flux (3.36+0.40)x 1073 (3.42+0.46)x 103 (3.70-0.51)x 103 (2.92+0.46)x 103
FAD (g/cn?) 219.0 173.9 135.3 104.5

VIl u~ Flux (1.65+0.17)x10°3 (1.49+0.19)x 103 (1.85+0.22)x 10" 3 (1.19+0.18)x 103
FAD (g/cnt) 219.8 173.8 135.4 104.6
VI~ Flux (3.78£0.42)x 104 (3.66+0.47)x 10 * (3.51+0.49)x 10 * (3.63+0.50)x 10 4
FAD (g/cn?) 219.6 174.2 135.1 104.4

IX w~ Flux (2.43-0.41)x10°° (1.38'339x10°° (1421339 x10°° (1.897339x10°°
FAD (g/cnt) 219.8 174.9 134.6 104.6

I w* Flux (2.07+0.25)x10°2 (2.57+0.32)x 10 2 (2.09+0.30)x 10 2 (1.85+0.28)x 10 2
FAD (g/cnt) 219.0 174.0 135.5 104.0

Il ™" Flux (1.68-0.18)x 10 ? (1.96+0.23)x 10 2 (1.52+0.21)x 102 (2.06+0.25)x 102
FAD (g/cn?) 219.0 174.2 135.0 104.0

I w* Flux (1.17-0.15)x 102 (1.39+0.19)x 102 (1.71+0.22)x 1072 (1.24+0.19)x 1072
FAD (g/cn?) 219.1 173.4 135.2 104.6

IV u* Flux (9.1+1.2)x 1072 (9.31.4)x 103 (1.05+0.15)x 102 (9.0=1.5)x 103
FAD (g/cn?) 219.5 173.8 135.1 104.4

V ut Flux (5.44+0.83)x 103 (7.4+1.1)x10°3 (8.0+1.2)x 103 (5.3+1.0)x 103
FAD (g/cnt) 218.7 173.4 135.5 104.3

VI u* Flux (2.68+0.49)x 103 (3.56+0.65)x 10 3 (3.67+0.69)x 10 3 (4.05-0.74)x 103
FAD (g/cnt) 219.2 173.5 134.8 104.2
Depth interval I J K L
Duration 720 1300 1660 60520
€live 0.327 0.303 0.289 0.269
Initial depth (g/cr) 90 65 35 3.3

Final depth (g/crf) 65 35 15 4.6

| w~ Flux (1.66+0.26)x 1072 (1.01+0.14)x 102 (4.89+0.86)x 103 (1.40+0.11)x 103
FAD (g/cnt) 77.3 50.7 25.7 3.9

Il w~ Flux (1.0120.12)x 102 (8.58+0.89)x 102 (5.56+0.65)x 102 (1.04+0.06)x 102
FAD (g/cn?) 77.2 49.8 25.1 3.9

Il w~ Flux (8.9+1.2)x10°3 (5.81+0.73)x 103 (3.69+0.52)x 103 (6.76+0.51)x 10 4
FAD (g/cn?) 77.2 50.3 25.1 3.9

IV u~ Flux (5.59+0.84)x10 3 (3.92+0.55)x 103 (1.73+0.33)x 103 (4.68+0.38)x 104
FAD (g/cnt) 77.2 50.6 25.9 3.9

V u~ Flux (3.65+0.61)x10°3 (2.64+0.41)x 1073 (1.61+0.29)x 103 (2.76+0.26)x 10~ *
FAD (g/cnt) 77.4 50.1 25.2 3.9

VI u~ Flux (2.41+0.42)x10°3 (2.08+0.31)x 103 (7.6+£1.7)x10°* (1.93+0.19)x 10" *
FAD (g/cnt) 77.2 50.4 26.2 3.9

VIl u = Flux (1.17-0.18)x 103 (7.4x1.1)x10°* (4.98+0.84)x 10 4 (9.19+0.79)x 1075
FAD (g/cn?) 77.2 50.3 25.0 3.9

VI = Flux (2.61-0.43)x 104 (1.58+0.26)x 10 * (1.16+0.20)x 10 * (1.76+0.17)x 1075
FAD (g/cn?) 77.6 50.3 24.9 3.9

IX = Flux (7.7+4.2)x10°° (1.06" 33 x10°° (44733 x10°8 (1.70+0.20)x 10" °
FAD (g/cnt) 77.7 495 26.0 3.9

muon fluxes are interesting since these muons are the proge limit the positive muon data to momenta below 2 GeV/
ucts of the first interaction between the primary cosmic raysrhe average muon charge ratio on this momentum interval is

and the air nuclei. Hence, along with the simultaneous meat.59+ 0.06.
surement of the primary spectra of proton and helium nuclei

In Table Il we present the measured muon fluxes at sev-

[9] these data provide a useful testbench for studying theral atmospheric depths and momenta interval. The symbol
pion production in nucleon-air interaction used in the calcuFAD stands for flux-weighted average dep#8] obtained

lation of atmospheric showers. As discussed in Sec. Il B 2according to

032007-11



M. BOEZIO et al.

TABLE lll. (Continued.

PHYSICAL REVIEW D 62 032007

I w* Flux (2.34+0.33)x 102 (1.60+0.19)x 102 (6.4+1.0)x10°° (2.32-0.18)x 1073
FAD (g/cnt) 76.9 50.7 26.1 3.9
Il w* Flux (1.53+0.22)x1072 (1.00+0.12)x 10~ 2 (6.63-0.91)x 1073 (1.83+0.11)x 1073
FAD (g/cn?) 77.5 50.2 25.1 3.9
Il w* Flux (1.070.18)x10°2 (5.08+0.86)x 103 (4.05+0.69)x 103 (1.08+0.08)x 103
FAD (g/cnt) 77.6 50.6 24.7 3.9
IV u* Flux (7.8+1.4)x10°3 (5.10+0.79)x 103 (3.80+0.62)x 102 (5.96+0.49)x 104
FAD (g/cn?) 77.4 50.1 24.8 3.9
V u* Flux (6.3+1.1)x10°3 (2.50+0.49)x 1073 (2.29+0.43)x 1073 (4.49+0.38)x 104
FAD (g/cn?) 77.3 50.8 24.4 3.9
VI u* Flux (3.15+0.66)x 10" 3 (1.99+0.37)x 1073 (1.07°33)x10°3 (2.91+0.28)x 10~ 4
FAD (g/cnt) 775 50.5 25.5 3.9

MASS89 and MASS91 experimenits0,23,24 a nearly lin-
ear relation exists between the attenuation lengthdnd the

f X(t) €i,e(t)I(P)dt

mean momentuniP) in unit of GeV/c in the 190 to 1000
g/cn? range. The relation resulting from CAPRICE94 mea-
surements ofx ~ is

FAD(P)= , (2

f €i,e()J(P)dt

wheree; ¢ is the fractional live time. The depth and momen-
tum intervals were chosen to match the published daja of
flux growth curves by the MASS89 and MASS91 experi-
ment[10,23. This relation holds also for the CAPRICE@4™ flux growth
Figure 9 shows the flux growth curves f(s) negative curves. It is worth pointing out that in determining relation
and(b) positive muons for several momentum bins. For eacH4) we used also the ~ fluxes at ground. Equatiof#) can

momentum interval we fitted the data at large atmospheri®e compared with the one determined from MASS89
data[24] as

Alglen?]=(263+ 14)+(150+ 15) X P, (4

depths ¥>190 g/cn?) with an exponential functiofi23]:

wherek and A are obtained from the fits. The resulting best

J(P,X)=k(P)e XAP)

)

A[glen?]=(283+24)+(93+ 16) X P.

o
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FIG. 8. Theu ™ (full circles) and x ~ (open circles fluxes
at float (3.9 g/cnt of mean residual atmospheras a function

of momentum.

Momentum (GeV/c)

10

FIG. 9. Atmospheric growth curves fgéa) w~ in the left panel
and(b) ™ in the right panel. From top to bottom are the momen-
tum ranges in Ge\W: 0.3—0.53(scaled by 18), 0.53—-0.75 (1),
0.75-0.97 (18), 0.97-1.23 (18), 1.23-1.55(10), 1.55-2 (1),
2-3.2(1), 3.2-8(1) and 8—40(1). The ™ results are shown up to

2 GeV/c. The solid lines are exponential fits according to B).
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TABLE IV. The .~ andu* fluxes at float altitudg3.9 g/cn? of mean residual atmosphegr€olumns 1
and 2 are, respectively, the rigidity bins in the spectrometer and the mean momenta at the top of the payload.
Columns 3 and 4 give the resulting™ andu * fluxes, column 5 thee * to u ~ ratio. The errors include both
statistical and systematic errors.

Rigidity Mean Flux utlpn”
bin momentum (GeV cnt srs)t

GVic GeVic wo ut

0.15 - 0.20 0.19 (1.66" 38y x 102 (2.88+0.80)x 1072 1.74°3%
0.20 — 0.30 0.27 (1.540.20)x 103 (3.05+0.35)x 103 1.97+0.35
0.30 — 0.40 0.37 (1.560.18)x 1073 (2.50+0.23)x 102 1.60+0.24
0.40 — 0.60 0.51 (1.350.10)x 1073 (2.33+0.12)x 1073 1.73+0.16
0.60 — 0.75 0.69 (8.970.76)x 10 * (1.65+0.10)x 1073 1.84+0.19
0.75 — 0.90 0.84 (7.640.70)x 1074 (1.11+0.08)x 10~ 3 1.45+0.17
0.90 — 1.10 1.01 (5.280.49)x 1074 (7.18+0.52)x 10~ * 1.37£0.16
1.10 — 1.30 1.21 (3.940.42)x 1074 (5.78+0.47)x 10~ * 1.47£0.20
1.30 — 1.60 1.46 (2.480.27)x 1074 (3.83+0.31)x 10°* 1.58+0.21
1.60 — 2.0 1.80 (1.780.19)x 1074 (2.75£0.25)x 10~ * 1.60+0.23
2.0 -3.0 2.46 (9.820.96)x 10°°

3.0-50 3.87 (3.320.39)x 10°°

5.0 — 10.0 6.97 (8.601.22)x 1078

10.0 — 20.0 13.90 (2.070.42)x 1076

Both the above expressions reproduce the data within errodepth. The comparison is done for muon momenta below 1
over the momentum range of these experiments, but willGeV/c (a) and between 1 and 2 Ge¥/(b). The dashed lines
differ when extended to much larger momenta. indicate the average difference between this analysis and
Figure 10 shows the relative difference between ghe MASS89 and the solid lines the average difference with
fluxes obtained in this analysis and the MASS&3] and MASS91. Considering the errors in the data points, a good
MASS91 [10] experiments as a function of atmospheric agreement is found in the 1 to 2 GeaVinterval among
different measurements. However, below 1 GeWhe
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FIG. 10. Relative difference between the fluxes obtained in
this analysis and the MASS823] and MASS91[10] experiments FIG. 11. Muon charge ratio as a function of atmospheric depths
as a function of atmospheric depth. The comparison is done foin two momentum intervals(a) 0.3—1 GeVt in the upper panel
muon momenta below 1 Ge¥/in the upper pandla) and between and 1-2 GeW in the lower pane(b), obtained in this analysis and
1 and 2 GeV¢ in the lower panelb). The average difference be- from the CAPRICE9825], HEAT95 [26] and MASS91 experi-
tween CAPRICE94 and MASS89 is shown as a dashed line andchents[10]; the latter data refer to the momentum bins 0.3-0.9
between CAPRICE94 and MASS91 as a solid line. GeV/c and 0.9-1.5 Ge\d.
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FIG. 12. Muon charge ratios as a function of momentum. Inthe FIG. 13. Negative muon spectra for several atmospheric depth
upper panela) are shown the ratios obtained in this analysis at 3.9intervals. From top to bottom are the atmospheric depth ranges in
glen? and those measured by the CAPRICE9S experinfigfifat ~ g/cnt: 3.3—4.6 (scaled by 18), 7-25 (scaled by 18), 25-70
5.5 g/cn? and with the MASS91 experimefieg] at 5.7 g/crd. In (10%), 70-115 (16), 115-165 (18), 165-250(10), 250-350(1),
the lower pane(b) are shown the ratios measured at ground by this350—850(1) and 1000(1). The solid lines are power law fits.
experiment(at 1000 g/crf) and by the CAPRICE97 experimefatt
886 g/cn) [12].

between 3.9 and 250 g/t larger atmospheric depths un-
t@cceptable power law fits were found for this momentum

from the MASS91 and, to a lesser extent, from the MASSSdange are power law in momentum with a fairly CO”St"?‘”t
experiments. These differences could be caused by solar aepectral index of—2.30=0.04 that can be compared with
tivity or geomagnetic effects. In fact, the MASS89 experi- _ 2->+ 0-2 between 20 and 400 g/€rabove 2 GeVe from
ment was launched from Prince Albert, Saschatcewan/ASS89[23] and with —2.45+0.05 between 25 and 250
Canada, during a period of maximum solar activity while 9/cn? above 1.5 GeW from MASS91[10].
MASS91 was launched from Fort Sumner, New Mexico, and
flew at an average geomagnetic cutoff of about 4.5 GV/

_Geomagnetic effects also are ok_)ser\(ed in the muon charge V. CONCLUSIONS
ratio. Figure 11 shows the * to u ~ ratio as a function of
atmospheric depth measured in the momentum intervals In this paper we have presented new results on atmo-
0.3-1 GeVt (a) and 1-2 GeW (b) by this experiment, by spheric data measured with the CAPRICE94 experiment
the recent CAPRICE98 experime[5], which flew from  both for positive and negative muons. The data cover a large
Fort Sumner on 28-29 May 1998, in the range 0.3—0.%atmospheric depth range from close to the top of the atmo-
GeV/c by the HEAT95 experimeni26], which flew from  sphere(3.9 g/cnf) down to ground leve{1000 g/crd).
Lynn Lake on the 23rd of August 1995, and in the range The data were compared with other experimental results
0.3-0.9 GeV¢ (a) and 0.9-1.5 GeW (b) by the MASS91  [10,23 that were obtained using the same superconducting
experiment[10]. It can be seen that the CAPRICE94 low magnet but with different identifying detectors. The muon
momenta charge ratios are higher than the MASS91 angpectra measured by the different experiments at high mo-
CAPRICE98 ones. Moreover, the CAPRICE94 data show anenta(above 1 GeW¢) are in good agreement considering
dependence on the atmospheric depth, which is also visibidhe overall uncertainty of the measurements10— 15 %).
in the HEAT data. Similar latitude effects also can be seen irfAt lower energy, the comparison between the results of
Fig. 12, which showsa) the CAPRICE94 data at float along CAPRICE94 and those of MASS89/9the CAPRICE94
with the charge ratios measured by the CAPRICE98 experix~ fluxes are about 10-20% higher than the ones measured
ment [27] and the MASS91 experimen®8] and (b) the in the other two experimentindicates solar modulation and
ground muon data reported here and from the CAPRICE9geomagnetic effects. It is worth pointing out that the differ-
experimen{12], which was carried out in Fort Sumner dur- ences between the different measurements cannot account
ing Spring 1997. for the discrepancies found at low momenta, while compar-

Figure 13 shows the measured spectra of negative muorigg the experimental data with the theoretical calculation,
for nine depth intervals. Above 1.5 Ge¥/the u ~ spectra  which are in some cases as large as 718%e[11]).

CAPRICEY4 results are significantly higher than the resul
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