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Abstract. 2 The experiment

We report on new measurements of fiieand ..~ spectra

at several atmospheric depths in the momentum range 0 3_25he experiment was launched from Ft. Summer, New Mex-
P P g€ . 1o, USA on the 28" of May 1998. The flight had a duration

GeV/c. The data were collected by the balloon-borne eXPer ¢ 54 hours with more than 20 hours above 35 km. At this

iment CAPRICE98 during the ascent of the payload on the )

28 May 1998 from Fort Sumner, New Mexico, USA. The ex- altitude, which corresponds to approximately 5.5 gfah

periment used the NMSU-WIZARD/CAPRICES balloon- residual atmosphere above the expe_zr!ment, th_e spectrometer
. . : collected data from more than 5.3 million cosmic ray events.
borne magnet spectrometer equipped with a gas Ring Imag-

ing Cherenkov detector and a silicon-tungsten calorimeter. The CAPRICE98 apparatus (Ambriola, et al., 1999), from

This is the first time that the*t component has been mea- top to bottom, consisted of a gas-RICH detector, a time-of-
surement over a wide momentum range. flight (TOF) device, a magnet spectrometer, and a silicon-

tungsten imaging calorimeter. The RICH detector (Francke,
et al., 1999) consisted of a 1m tall gas radiator filled with
high purity C4Fy¢ gas, with an average threshold Lorentz
1 Introduction factor of about 19 at float, corresponding to a muon momen-
tum of about 2 GeV/c. The Cherenkov light was reflected by

The flux of atmospheric muons is currently of particular Iargea spherical mirror, Ioc_at.ed at the pottom of the ve;sel, onto
interest because of the study of atmospheric neutrinos ané photosensitive multiwire proportional chamber with a gas

the claim for neutrino oscillations made in 1998 by the Su-ead outto detect the Cherenkov lightimage and hence mea-
perkamiokande collaboration (Fukuda, et al., 1998).A meaSure the velocity of the particles.

surement of the muon flux is an indirect measure of the neu- 1€ TOF was composed of two planes, each made of two

trino flux and can therefore be used to improve the calcula-25 x 50 cn¥ paddles of plastic scintillator, placed just above

tion of the atmospheric neutrino flux which in turn is used and below the tracking system and separated by 1.2 m. The

to compare with the observed neutrino rates in underground OF System was used for the trigger and to measure the time-
detectors like Superkamiokande. of-flight and ionization (dE/dx) losses of the particles.

The magnet spectrometer had a superconducting magnet
Correspondence td?. Hansen (hansen@particle.kth.se) and a tracking device. The tracking device consisted of three
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itive muons was protons. For increasing atmospheric depths,

the abundance of the proton component decreased becom-
ing a few percent of the positive muon component at ground
—+—GasRICH level.
Because of this varying background different selection cri-
Y teria were used for muon data to maximize the efficiency
i while keeping the rejecting power for background events at
U : Z TOF an appropriate level
= - pprop .
: TRACKING :
sour ~SYSTEM 3.1 Tracking
= ”L The tracking information was used to determine the rigidity
o TOF of the particle. The trajectory was determined by fitting the
. —mM1CALORIMETER information from the drift chambers. To achieve a reliable
L ‘ estimation of the rigidity, a set of conditions were imposed

. on the fitted tracks:
) | \ At least 10 (out of the 18) position measurements in the x

direction and 6 (out of the 12) in the y direction were used in
Fig. 1. The Caprice98 payload the fit.
There should be an acceptable chi-square for the fitted

track in both directions with stronger requirements on the
sets of drift chambers (Hof, et al., 1994) providing a total x-direction.

of 18 position measurement in the direction of maximum
bending, x-direction, and 12 along the perpendicular view,3.2 Scintillators and time-of-flight
y-direction.

The silicon-tungsten calorimeter (Bocciolini, et al., 1996; The ionization (dE/dx) loss in the TOF scintillators was used
Ricci, et al., 1999) consisted of eight planes of silicon de-to select minimum ionizing singly charged particles by re-
tectors interleaved with tungsten absorbers that are one rayuiring a measured (dE/dx) of less than 1.8 times the most
diation length thick. Each silicon plane had two layers of probable energy loss by a minimum ionizing particle (mip).
sensors providing x and y readouts. The vertical segmenta- Multiple track events were also rejected by requiring that
tion of the calorimeter and the use of silicon strip detectorsnot more than one of the two top scintillators’s paddles was
provided information on the longitudinal and lateral profiles hit. The same requirement was applied to the bottom scintil-
of the interaction along with a measure of the deposited enfators to assure a reliable TOF information.
ergy. The calorimeter thickness corresponded to abaut With the TOF information we can estimate the particle ve-
hadronic interaction lengths. locity (3)and by requiring? > 0 we can select downward

This instrument identified the nature of the particle, and moving particles that assured that no contamination of albedo
measured its charge and rigidity. The unique feature of thisparticles remained in the selected sample.
instrument is the combination of a sensitive RICH detector The velocity3 of the particle from the TOF was compared
and an electromagnetic calorimeter with a superconductingo the3 obtained from the fitted deflection assuming that the
magnet. These independent detectors allow accurate detgparticle had the mass of a muon. The difference was required
minations of detector efficiencies and contaminations. to be within one standard deviation.

It is important to stress that the major difference from the
1994 flight was that the solid radiator RICH was changed t03.3 The RICH
a 1 mlong gas RICH with a proton threshold of 18 GeV/c in
the flights of 1997 and 1998. The CAPRICE94 spectrome-The RICH was used to measure the Cherenkov angle of the
ter was able to identify positive muons up to 2 GeV/c. The particle and thereby its velocity. Muons started to produce

gas RICH radiator of CAPRICE98 made it possible to safely Cherenkov photons in the,€,, gas at about 2 GV and pro-
identify 1+ up to 20 GeV/c. tons at about 18 GV while electrons were above threshold in

the whole rigidity range of interest. Hence, below 2.1 GV

muons were selected requiring no light while above 2 GV
3 The selection muons were selected according to their reconstructed Che-

renkov angle. Between 2 and 2.1 GV, events were selected
The CAPRICE98 instrument was well suited to measure theas muon if they did not produce a Cherenkov signal or if the
muon spectra and charge ratio in the atmosphere against i@constructed Cherenkov angles were consistent with that of
background of electron, protons and heavier particles. Thenuons with the measured rigidity. In this way, we took into
background in the muon sample depended strongly on the ataccount both the Poisson fluctuations in the number of pho-
mospheric depth. At float the dominant background for pos-toelectrons and the variation of the threshold due to pressure
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changes. The Cherenkov angle was reconstructed from thsults were cross-checked with smaller samples of negative
geometrical distribution of the signals in the pad plane. Themuons from flight data.

guality of the measured of Cherenkov angle depends on the

number of pads used in the fit. Therefore, we required thab.1 TOF efficiency

the number of pads with signal from Cherenkov light was . . ) .
greater than 10. Finally, we required that the measured Chel N (dE/dx) andj selection were studied using the negative

renkov angle agreed within three standard deviation of theuons selected by the calorimeter and the RICH. The effi-
resolution from the expected Cherenkov angle for a muon, C1€Ncy was found to be 0.86 for lower momenta, decreasing

] ] . to 0.8 for higher momentum.
The RICH was also used to reject events with multiple

charged particles. Since ionization from charged particless 2  Calorimeter efficiency
produced significantly higher signals than converting Che-
renkov photons, we required that an event contained only on&he calorimeter efficiency was determined by selecting a sam-

cluster of pads with high signal. ple of muons with the TOF and the RICH and cross-checked
with Monte Carlo simulation. The efficiency was found to be
3.4 The calorimeter constant at about 92% in the whole rigidity range.

The calorimeter was used to separate non-interacting parti5.3 RICH efficiency

cles from showers. It was very powerful to reject electrons or

interacting hadrons but it could not distinguish muons from The RICH selection efficiency was obtained selecting muons
non-interacting pions or protons except at low momenta whe¥ith the calorimeter and TOF system. Below the muon RICH

the partic'es could be separated using their energy losses ﬁ*ﬂreshold, the selection efﬁciency was found to be constant at
the silicon detectors. about 94%. At the threshold (2 GV) it dropped to about 30%

and then it increased and reached a constant value of about
74% above 3 GV.
4 Contamination
We estimated the contamination of protons in the muon samfs The flux of muons
ple with the data at float. We used the data at float becaus
in that way it was easy to select a clean and large sampl
of protons. Below 1.5 GV the TOF system was efficient in

$he absolute particle fluxes were calculated from the number
Bf observed muons taking into account the spectrometer geo-

R . metrical factor and live time as well as selection efficiencies.
rejecting protons and the RICH started to reject them abov he Figures 2 and 3 show the muon flux as function of the

2.1 GV. The overall proton rejection factor was better thanmomentum for positive and negative muons at five different

1.03 af‘d' hence, proton' contammatpn was e;sequally negll'atmospheric depth. Here we only present some intervals for
gible in all momentum intervals of this analysis with the ex-

. clarity reasons. The statistical errors are small and not vis-
ception of 1.5to 2.1 GeV/c wheye" could not be separatc_ad ible in the data points. The data are compared with data of
from protons. Therefore, no results ari are presented in

thi wmint | CAPRICEY94 (Boezio, et al., 2000) and in the case of neg-
IS momentum interval. ative muons also with MASS89 (Bellotti, et al., 1996) and

Electrons were efficiently rejected by the calorimeter in MASS91 (Codino, et al., 1997). For MASS89 and MASS91
the whole r|g|d|ty range and by the RICH pelow about 5 .GV’ we used the half of the interval like the centre of gravity of
hence the remaining electron contamination was negligible. ,, | rigidity.

5 Efficiency determination 7 Conclusion

In order to accurately determine the fluxes of the variousWe present new experimental data on atmospheric muons
types of particles, the efficiency of each detector was carethat show a good agreement with the data of CAPRICE94,
fully studied using ground, ascent and flight data. To deter-MASS89 and MASS91. It is important to stress that this is
mine the efficiency of a given detector, a data set of muonghe first time that the atmospheric positive muons were mea-
was selected by the remaining detectors. The number o§ured at rigidities up to 20 GV in a balloon-borne experiment.
muons correctly identified by the detector under test dividedit was possible because the CAPRICE98 apparatus used a
by the number of events in the data set provided a measure @fas RICH detector with an average threshold Lorentz factor
the efficiency. This procedure was repeated for each detectoof about 19 at float (corresponding to a muon momentum of
The efficiency of each detector was determined as a functiorabout 2 GeV/c). The data will allow a detail comparison with
of rigidity in a number of discrete bins and then parameter-results of atmospheric shower simulation.
ized to allow an interpolation between bins. For negative muons the CAPRICE98 data are in good agree-
For the efficiency study, a large sample of negative muonsment with the CAPRICE94 data and also with the MASS
collected at ground prior the flight was used. Then, the re-data sets, showing an approximate exponential decrease as a
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Fig. 3. Positive muon spectra for several atmospheric depth inter-
Fig. 2. Negative muon spectra for several atmospheric depth intervals. From top to bottom are the atmospheric ranges in 3/d%
vals. From top to bottom are the atmospheric ranges in 9/dr5- 35 (scaled by 18) , 65-90 (16), 120-150 (16), 190-250 (16),
35 (scaled by 18) , 65-90 (16), 120-150 (16), 190-250 (16), 380-580 (18)
380-580 (16)

Bocciolini, et al.(1996) Nucl. Instrum. Methods Phys. Res. A370,
function of momentum above 1 GeV/c. For positive muons 403
there is a good agreement between the CAPRICE data fronBoezio et al.(1999) Astrophys. Journ. 518, 457
1998 and 1994 for muon momenta below 2 GeV/c. BelowBoezio et al.(2000) Phys Rev D62,032007
1 GeV/c, the CAPRICE9S results are lower than the resultsc0dino, etal.(1997) J. Phys. G: Nucl. Part. Phys. 23, 1751 (1997)
from CAPRICE94 which could indicate geomagnetic effects ;rir:ﬁjl;e’eettslk(llggggég)ll\lhug' :Qr](gs.\trquZt.tMge]_th:(L)ggzphyS. Res., A433,87
(the solar activity was similar for the two experiments). For Hof, et al.(1994) Nucl, |r)1lstrum. Methods Phys. Res.,A345,561
momenta ab0v§2 GeVicthe CAPR|CE98 follows an appro,X'Ricci, et al.(1999) Proc. 26th Int. Cosmic-Ray Conf. (Salt Lake
imate exponential decrease as a function of momentum, sim- City),5, 49
ilar to the negative muon data.
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