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Energy spectra of atmospheric muons measured with the CAPRICE98 balloon experiment
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The measurement of the atmospheric muon spectrum is currently of great interest because of the study of
atmospheric neutrinos and the claim of neutrino oscillations made in 1998 by the Super-Kamiokande Collabo-
ration. A measurement of the muon flux is an indirect measure of the neutrino flux. Therefore, it can be used
to improve the calculation of the atmospheric neutrino flux, which in turn can be compared with the observed
neutrino rates in underground detectors. This article reports a new measuremenj.of éinel .~ spectra at
several atmospheric depths in the momentum ranges 0.3—20c@@d/0.3—40 Ge\d, respectively. The data
were collected by the balloon-borne experiment CAPRICE98 during the ascent of the payload on 28 May 1998
from Fort Sumner, N. M. The experiment used the NMSU-WIZARD/CAPRICE 98 balloon-borne magnet
spectrometer equipped with a gas ring imaging Cherenkov detector and a silicon-tungsten calorimeter.
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[. INTRODUCTION the “sub-GeV” events, have neutrino energies typically be-

low 1 GeV, corresponding to typical muon momenta of about

The energy spectrum of atmospheric muons is currentl3 GeV/c. At Super-Kamiokande, where the geomagnetic
of great interest because of the potential to cross-check th@utoff is about 12 GV rigidity, these neutrinos are generated,
results from simulations of the propagation of cosmic rays inp the average, by incident protons of energy of about

the atmosphere. In these simulations, the correlation betweeyy_», GeV[4]. In addition to the importance of muon flux

the muon flux and the heutrino flux is of parUcuIa}r IMPOr™ - easurements for the neutrino oscillation results, a test of
tance. The recent detailed studies of atmospheric neutrin

interactions by the Super-Kamiokandd, Soudan-22], and t%e simulation gt the;e energies provides the (_jegree of con-
MACRO Collaborationg3] give strong support for neutrino fidence such simulations can have at much higher energies
oscillations. These results, however, are not based on conh®]- Experiments such as the Akeno Giant Air Shower Array
parisons with the absolute flux. The parameters of oscillaltAGASA), HiRes, and Auger use air shower simulation pro-
tions depend on the absolute production spectrum of neutrgrams to calculate secondary atmospheric particle fluxes
nos which can be checked by measuring the atmospheri@.g., sed6]).

muon flux. The majority of the Super-Kamiokande events, There are three major factors that are of special impor-

0556-2821/2003/67)/07200315)/$20.00 67 072003-1 ©2003 The American Physical Society



BOEZIO et al. PHYSICAL REVIEW D 67, 072003 (2003

tance for the calculation of the neutrino flu}X) the incident
cosmic-ray flux,(2) the hadronic production model, aiig)
geomagnetic and solar modulation effects. In 1996, Gaisse
et al.[7] compared different calculations of the atmospheric
neutrino flux and concluded that there are differences at the
level of 30%. In a more recent study Gaisser and Hdi&da
and, separately, Gaisggt|, conclude that the estimated neu-
trino flux for the Super-Kamiokande experiment, using the
same hadronic modétodeTarget 2.1, varies by about 10%
for different measured incident cosmic-ray spectra. For a de-
tailed discussion of the incident cosmic-ray flux, the reader
may refer to the recent CAPRICE98 resyi$ and it may be
mentioned that below 10 GV the incident flux is affected by
the periodic solar activity and the geomagnetic field. The
same author$4,8] also compared the neutrino flux using
different hadronic interaction models. Here the differences in1 METER
the neutrino flux around 1 GV are larger, about 20%. Accel-
erator data on the yield of pions from proton-nuclei interac-
tions do not cover the full phase space. Results from differ-
ent experiments, many performed in the 1960s or 1970s, ar
often not consistent. However, a recent experiment at CERN,
HARP[10], measures, in a systematic way, the particle pro-
duction over almost the full phase and should be able to

substantially improve the situation. In addition to the uncer'llongitude), on 28 May 199817]. After three hours of bal-

tainties in the flux, most simulations use a one—dimensiona‘oon ascent, the payload reached an altitude of 36 km. It
approach in which the secondaries are assumed to be Con"ﬂbated for rr,10re than 20 h between altitudes from 36 to 38

ear with the incident cosmic-ray particier a discussion of km corresponding to an average residual atmospheric depth

theﬁféﬁﬁi g:: :L]Lsoﬁgri);otﬂ{an:tt:ggép?ﬁg)é increases with atm09f 5.5 gl/cnt. At this float altitude, the spectrometer collected

spheric depth, reaches a maximum around an altitude corrg—ata on the flux of various cosmic particles: antiprotons,

. . électrons, positrons, hydrogen, deuterium and helium nuclei;

sponding to atmospheric depths of 100—200 d/¢eng., see .
[11]), and then decreases with depth. The location of thegnOSt of these resu_lts have been_publlslﬁﬁaS 2Q. The
; instrument, shown in Fig. 1, consisted, from top to bottom,
maximum and the rate of decrease depend weakly on the L . )

of a ring imaging CherenkoyRICH) detector, a time-of-
energy. Muon measurements should therefore be perform .

) . ight (TOF) system, a superconducting magnet spectrometer
over a broad range of altitudes and energies. In the last de-*". ; . 2.
: equipped with drift chamberéDCs), and a silicon-tungsten
cade a few measurements of atmospheric muons were per-

) - imaging calorimeter. The major change in this instrument
:)Orgzggt:g Vﬁﬂgﬁs ﬁlrj(:(upﬁezasﬁén?eeﬁg ntgbtg ;:;Vt\:‘;vi?rzsothfrom that of CAPRICE94 is the replacement of the solid

RICH detector[21], which had a threshold Lorentz factor
CAPRICE94 instrumenf11], capable of measuring ™ in - ' . . i
the momentum range 0.3—2 GeVand - in the range v.=1.5, by a gas RICH detector with a much higher thresh

; old of vy, ~109.
?ﬁgssr?egce\;fﬁolg :‘rdie%agz:a\;\rl]igrﬁtﬁn:hgevé );EsRullésEgg ?r: We give here a few details of the new RICH detector and
. o riefly summarize the rest of the detectors of the instrument;
strument. This modified spectrometer allowed measuremen%e reader may refer to the earlier publicati¢ng, 22—27
of u™ andu ™, both over large ranges of 0.3-20 Ge\4nd y P ' '
0.3-40 GeVt, respectively. The CAPRICE98 instrument
also measured the cosmic-ray hydrogen and helium spectra A. The gas RICH detector
[9] and these can be used as input for shower simulations in The RICH detectof22—24 consisted ba 1 m tall gas
order to reduce the overall systematic uncertainties associadiator, filled with high purity GF;o gas. The detector
ated directly with the spectrometer. Data on the muon flux athreshold at float wag, = 18.8, corresponding to a threshold
the ground were collected in 1997 with the present spectromfor muons of about 2 Ge\/ and for protons of about
eter and have been publishgtb]. 18 GeVk. During the ascent of the balloon, the pressure of
In this paper, the detector system of the CAPRICE98 exthe gas was slightly different, giving an average threshold of
periment is described in Sec. II, the data analysis is in Secs,, =19.3. The Cherenkov light produced in the gas was re-
Il and IV, and the results are given in Sec. V. flected by a spherical mirror, located at the bottom of the
vessel, onto a multiwire proportional chamb&viWPC)
filled with ethane to which was added the photosensitive
agent TMAE (tetrakis-dimethyl-amino-ethyleng 23]. The
The CAPRICE98 spectrometer was flown by balloonphotoelectron signals from the multiwire chamber were col-
from Ft. Sumner, N. M., (34.28° north latitude, 104.14° westlected by 8<8 mnt pads in the 5k 51 cn? pad plane. An

Gas RICH

TOF

TRACKING
SYSTEM

TOF
CALORIMETER

FIG. 1. A schematic view of the CAPRICE98 detector.

Il. THE EXPERIMENT

072003-2



ENERGY SPECTRA OF ATMOSPHERIC MUGHSI. . . PHYSICAL REVIEW D 67, 072003 (2003

x=view x—view

2

'
z

'

' 2 24
'

¢ 208
*

3 A

FIG. 2. Four different views of
signals in thex andy planes of the
| ' calorimeter for different particles.
, The upper left view shows the
. =0 track from a minimum ionizing

y=—view y-view

o particle. The numbers correspond
) s to the signal size in each strip in
! a mip. The upper right view shows

x=view x=view an electromagnetic shower. The
lower left view shows a hadronic
interaction. The lower right view
shows a noninteracting helium
nucleus. Note that the figure is not
to scale; the calorimeter is signifi-
cantly thinner than shown in the
figure.
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extreme relativistiZ=1 particle withy>50 emitted Cher- D. The calorimeter
enkov light at an angle of about 52 mrad and gave an aver- ., calorimetef27] had a sensitive area of 4818 cn?

Ynd a total thickness of 7.2 radiation lengths, which corre-

lated for each event from the hits in the pad plane using a . . .

) ) . onds to 0.33 nuclear interaction lengths. It provided topo-
Gaussian potential meth¢@4]. The error in the angle deter- ponds . N
mination was 1.2 mrad and the Cherenkov ring had a diamI_og|cal information on both the longitudinal and lateral pro-

eter of 11 cm forB=1 particles. The delicate RICH detector files Of _the charged p_article interaction_as well as the_ energy
performed very well and made excellent particle identifica-depos't'on' The calorimeter was used in the particle identifi-
tion. It was also used for the first time to cross-check the"ation

rigidity determination from the magnet spectrome@ _ It is important Fo pqint o_u_t th_at the combination of three
independent particle identification detectors, the TOF, the

RICH, and the calorimeter, made it possible to reliably de-
. ) . termine the selection and rejection efficiency of each of
The time-of-flight system was used to make a trigger, tohem. We show in Fig. 2 calorimeter views for four different
determine the particle velocity from the time of flight, and its \;nqs of particles in thex andy planes of the calorimeter.
energy loss dE/dx) in the scintillators. This system elimi- peo rectangular frames show the boundaries of the calorim-
nated all upward-going particles, selected charge 1 partiCIe(§ter box. The numbers in the figure correspond to the signal

e 5 eteced n ach stps i mifhe most probable nergy o
' y a minimum ionizing particle Normally, a single particle

ps. o ) .
deposits its energy in only one strip per plane. The upper left
view of Fig. 2 shows a display of the signal from a minimum
ionizing particle. This event was a muon with a measured
The magnet spectrometer was equipped with a single-cotiigidity of 6.2 GV. The upper right view shows a typical
superconducting magnig25], giving an inhomogeneous field electromagnetic shower from a 1.6 GV positron. The lower
and three sets of drift chambei26]. These chambers pro- left view shows a hadronic shower in the calorimeter, pro-
vided 18 position measurements in the direction of maxi-duced by a 5.0 GV proton. Note that the hadronic shower
mum bending and 12 along the perpendicular direction. Parshows a much larger lateral spread than the electromagnetic
ticle rigidities were determined using the knowledge of theshower. The lower right view shows a helium nucleus of
bending of the track and the field along the track. The maxitigidity of 32.5 GV traversing the calorimeter without inter-
mal detectable rigidity was 300 GV. action. Note that the signal in each strip was about four times

B. The time-of-flight system

C. The tracking system
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FIG. 3. A muon with a rigidity of 2.36 GV. It has the signature . - .
A, T . . . FIG. 4. An electron with a rigidity of 3.73 GV showing a clear
of a minimum ionizing particle going through the calorimeter. Note ignature of an electromagneti?: sh);wer in the calorimgter with a
that the ionization signal in the upper right corner is well separateci‘;ar e Cherenkov rin
from the ring in the center produced by the Cherenkov light. 9 9

larger than that produced by a minimum ionizing particle 1. Tracking
(upper left event due to the large ionization loss for the
doubly charged particle.

Figure 3 shows a 2.36 GV muon, producing a ring of pad
hits by the Cherenkov light emitted by it in the multiwire
proportional chamber. The typical signals for a minimum
ionizing particle going through the calorimeter are clearly
seen. Finally, Fig. 4 shows an electron of 3.73 GV with a
similar pad-hit pattern in the RICH detector, but with an
electromagnetic shower clearly visible in the calorimeter.
This event shows a large ring of pad hits from the Cherenkov
light in the multiwire proportional chamber because it is The ionization lossdE/dx in the TOF scintillators was
highly relativistic. used to select minimum ionizing singly charged particles by

requiring a measuredE/dx of less than 1.8 mip. From the

[1l. DATA ANALYSIS TOF information, the particle velocityd) was estimated.

Downward-moving particles were selected by requirigig
>0, thereby eliminating contamination of albedo particles

The CAPRICE98 instrument was well suited to measurghat remained in the selected sample. The velocity of the
the muon spectra and charge ratio in the atmosphere agairsrticle from the TOF detector was compared with that ob-
a background of electrons, protons, and heavier nuclei. Th&ined from the fitted deflection assuming that the particle
background for muon selection depends strongly on the athad the mass of a muon. An event was accepted as a muon if
mospheric depth. At float the dominant background for posiit had ag greater than th@ obtained from the fitted deflec-
tive muons is protons. With increasing atmospheric depthtion minus one standard deviation of the resolutisee Fig.
the abundance of the proton component decreases, becomiby
a few percent of the positive muon component at ground Several conditions were also checked in order to point out
level. The spectrometer accepted particles with a zenitlpossible errors in the signals. These errors were due to tem-
angle less than 20° around the vertical, and the average zperature variation and connected to time walk corrections,
nith angle was about 9°. The particle identification wasloading the calibration coefficients, mismatch between track-
based on the determination of its rigidity by the spectrom-ng and scintillation information, trigger coincidence failure,
eter, velocity, either by the TOF detector at low energies oand so on. Events failing any of these conditions were re-
by the RICH detector at high energies, and the properties ahoved from the analysis and properly accounted for in the
energy deposit and topology in the calorimeter. efficiency study.

To achieve a reliable estimation of the rigidity, the follow-
ing two conditions were imposed on the fitted tracks: At least
10 (out of the 18 position measurements in thedirection
and 6(out of the 12 in they direction were needed for the
fit. There should be an acceptable chi squared value for the
fitted track in both directions with stronger requirements on
the x direction[9].

2. Scintillators and time-of-flight detector

A. Particle selection
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FIG. 5. The distribution of3 from the time-of-flight information ¢
as a function of rigidity for ascent data. Events above the solid line FIG. 6. Effective number of pads used in the Cherenkov angle

were accepted as muons. The distributions corresponding to thﬁ=t for muons as a function of st,. The straight line is the fit to
various particles are labeled according to the particle species. Thtﬁe data

figure contains 23614 events.

Then, by making use of the value @&f in Eq. (1) we
defined the following functiori(R) that varied with rigidity
The RICH detector was used to measure the Cherenkofrom a minimum of 5 to a maximum of 20:
angle of the particle and thereby its velocity. The Cherenkov

3. The RICH detector

angle was reconstructed from the geometrical distribution of g(R)=Asinf6.—5,

the signals in the pad plane. The quality of the reconstruction

depended on the number of pads used in the fit. Therefore, in 20 if g(R)>20,
order to have a reliable Cherenkov angle reconstruction, we f(R)=1{ g(R) if 5<g(R)<20,

used a condition based on the effective number of pads hit in

the pad planers¢s) given by S) if g(R)=<5.

Mpads | 2 Therefore, in the muon selection we required that the number
( ® ) of pads hit by the Cherenkov light should be greater than the
i ! value obtained from the function evaluated at a rigidity de-
Neft= Npaas ; termined by the spectrometer. Figure 7 shows the variation

2 wiZ of f with the rigidity.

[ Figure 8 shows the measured Cherenkov angle for 5843

particles in the momentum region up to 60 GeV/These
where w; is the weight of the Cherenkov angle of the gad particles passed the selection criteria for both the track and
(see[23)). Cherenkov angle reconstruction. Muons started to produce

Nt is related tobut not the same ashe number of pads  Cherenkov photons in the,€,, gas at about 2 Ge¥/and

hit due to Cherenkov light and therefore to the number ofprotons at about 18 GeWw/while electrons were above

photoelectrons N,,), which is related to the Cherenkov threshold in the entire momentum range of interest. Hence,

angle (@) through below about 2 Ge\W, muons were selected requiring no
light, while above this momentum they were selected accord-
Nph=NoLZ?sir? 6, =asir’ 6., (1)  ing to their reconstructed Cherenkov angle. To accept a par-

ticle as a muon it was required that the measured Cherenkov
whereNj is the detector response parameteis the particle  angle agreed within three standard deviations of the resolu-
path length in the gas, in which it emits the Cherenkov lighttion from the expected Cherenkov angle for the muon. Fig-
andZ is the particle charge. Figure 6 showg;; as a func- ure 8 also shows that for momenta higher than 50 GaV/
tion of sirfd,. As expected, the data points follow a linear was not possible to separate muons from protons because the
dependence and the gradiem)(has the valueA=13536 Cherenkov angles did not differ by three standard deviations
+315. or more of the resolution. One can see that most of the elec-
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reliable Cherenkov angle reconstruction. B
: FIG. 9. Th herenk | luti functi
trons and positrons are located at low enerdiesiow 10 G. 9. The measured Cherenkov angle resolution as a function

. of the measured velocityd) from ascent muon data. The line cor-
GV) and at maximum Cherenkov andlabout 52 mrayl responds to the parametrization used in the analysis.

Since the resolution of the Cherenkov angle changes with
rigidity, the difference between measured and calculated val-
ues for the Cherenkov angl@ssuming a muodnfor each  of pads with such a high signal. We also compared the posi-
rigidity bin was fitted with a Gaussian. The results are showrfion obtained from this signal with the one obtained from the
in Fig. 9. tracking system in order to make sure that the signal ob-
The RICH detector was also used to reject events witHained in the pad plane corresponded to the particle passing
multiple particles. Since particle ionization produced signifi-through the tracking system. It was found that at lower rigid-
cantly higher signals than from the conversion of Cherenkouty there was a larger disagreement between the two values,
photons, we required that an event contained only one clustéyecause lower energy particles scatter easily in the detector.
Therefore, a response function was constructed using the

o 006 data with rigidity as a variable, and a particle was accepted if
s the difference between the particle position in the pad and
il that extrapolated from the spectrometer was less than the
=0 . value obtained from this response function. This last condi-
S 005 . :
= tion was not used with ground data because of the much
E 0.045 [ smaller contamination of multiple charged particle events.
S An important feature of the CAPRICE98 experiment is
5 004f the ability to use the gas RICH detector to reject pions and
5 0035 estimate the background from them. Figure 10 shows the
‘ Cherenkov angle as function of deflection. The reconstructed
003l Cherenkov angle was required to be more than 3 rfeladut
1 standard deviation for pions below 5 Ge&Yy/away from
0.025| the expected Cherenkov angle for pions. This was done for
momenta smaller than 5 GeWhbecause at higher rigidities
0.02¢ the difference between the Cherenkov angle for muons and
0015 | pions is too small.
o001 o T 2 o 20 yn 50 4. The calorimeter

Rigidity (GV) The silicon-tungsten calorimeter used in the CAPRICE

FIG. 8. Cherenkov angle for 5843 particles, measured by theballoon fllght§ was deS|gneq to |dent|fy particles by their
CAPRICE98 experiment during ascent, as a function of rigidity.energy depO.S|ts and t0p0|09'cal pmp?rt'es' .
The events were singly charged particles chosen with a good recon- 1h€ calorimeter was used in particle selection for mo-
struction of the track and Cherenkov angle. The lines represent th@€nta greater than 0.53 Ged// For lower momenta the
theoretical values of the Cherenkov angle for muons, protons, ang@lectron shower was too small to be efficiently distinguished
antiprotons. Most of the electrons and positrons were located at lofrom a muon. The calorimeter selection was done using a
energiesbelow 10 GeV and at maximum Cherenkov angle. variablengg,e:
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FIG. 10. Measured Cherenkov angle in the RICH detector as a

function of deflection for a sample of particles collected during the 140 [ S ]
ascent of the flight. The number of events in this plot is 3879. The ~ -
lines represent the theoretical values of the Cherenkov angle fo% T
muons, protons, and pions. B 120 i E
s E
100} .
ncore:_z E nhit(iaj)i7 g
j=li=1 o . ‘ Co Lo )

.: 80} - : NS ‘ . - L .o . .

;} T 'e— EO - o . T . »eb
wheren,;;(i,j) is the number of strips hit inside a cylinder of §° :
three Molige radii around the track in thi¢h plane(1 for the s o
top plane and 8 for the bottom planef the jth view. This :
guantity strongly emphasises the multiplication of the sec-g 40+ .
ondaries with increased calorimeter depth. A minimum ion- & '
izing particle gives on the average a valuengf,.=72, and < sl : _ 1
hence a muon was defined as a particle with,.<80. ?g ©® w

A measurement of the ionization loss can be used to iden-8 v

tify a particle if its momentum and charge are known. In the 0, 3 2 1 0 1 2 3 )
CAPRICE calorimeter the energy lost due to ionization is e
measured by each of the 16 silicon detectors traversed by .. Rigidity (GV)

particle. To exploit this property, a variable QTOT was de- . . .
fined that corresponded to the total detected energy in aLL FIG. 11. Total energy loss in the calorimeter divided by the

) d I ol icl d gidity for (a) muons selected by the RICH and TOF detectors from
strips and at all planes. A particle was accepted as a muon ¢e ground dat#27903 events (b) electrons selected by the RICH

QTOT/|rig| <60. Figure 11a) shows the total detected en- yatecior from the float datél097 events The solid line at 60

ergy lost in the calorimeter divided by the rigidity of par- jygicates the chosen upper limit used to select muons.
ticles, which were selected as muons by the RICH and time-

of-flight information from the ground data. The figure
comprises 27903 events. The solid line at 60 indicates the
chosen upper limit used to select muons. There are 27590 We estimated the contamination of protons in the muon
events below the limit and only 313 above. On the othersample using the data at float, because it was easy to select a
hand, Fig. 11b) shows the same plot but with electrons se-clean and large sample of protons. Below 1.5 Geie
lected by the RICH from the float data. It is possible to seeTOF system was efficient in rejecting protons and the RICH
only 50 events below and 1047 above the solid line at 60system started to reject them at about 2.1 GeWhe over-
Therefore, it is clear that the calorimeter was efficient inall proton rejection factor was better than®ldhd hence, for

B. Contamination

selecting muons and rejecting electrons. ground and ascent data, the proton contamination was essen-
Figures 12 and 13 show a summary of the selection methtially negligible in all momentum intervals considered in this
ods for positive and negative muons, respectively. analysis, except between 1.5 and 2.1 GeMh this interval
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FIG. 12. Criteria used to select positive muons. Momentum (GeV/c)

FIG. 14. Selection efficiencies as functions of rigidity for the
data at ground.

n™ could not be safely separated from protons and hence no
results onu™ are presented for this momentum interval. Forcompanied by other charged particles. In the second case,
the float data a small contamination of protons was foundnly high energy piongabove about 10 Gevhave a small
and was subtracted. Electrons were efficiently rejected by thprobability of reaching the gondola before decaying into
calorimeter above 0.53 Ge¥/and by the RICH detector be- muons in the atmosphere.g., sed28]).
low about 5 GeVE; hence the remaining electron contami-  To estimate the contamination of pions we selected inter-
nation was negligible. acting hadrons in the calorimeter and by a simulation calcu-

In the case of pion contamination, there were two typedated the efficiency and contamination of this selection. A
that could affect our data, namely, those which were prosimulation was used because it was not possible to select a
duced in the gondola and those produced in the overlyinglean sample of pions with the other detectors except for a
atmosphere. In the first case, pions were produced by themall interval of rigidity with the RICH. However, the data
interaction of protons in the gondola and for most momentan this small interval were very useful for checking the cor-
the pions looked like muons in the RICH detector. This con-rectness of the result obtained with the simulation. Thus, by
tamination was significantly smaller in the case ofselecting interacting pions with the calorimeter and knowing
CAPRICEY94 since the RICH multiwire proportional cham- the efficiency of this selection, it was possible to determine
ber covered all the acceptan@a contrast to about 50% for the pion contamination in the muon sample. However, be-
CAPRICE98, and hence the RICH detector was more effi-cause of the uncertainties in this procedure we decided not to
cient in rejecting multiple-particle events. It is important to present results on muons for momentum intervals in which
stress that these contaminations were more abundant belawe estimated contamination exceeded 20% of the muon
1 GeVlc, because high energy pions are produced in intersample. The background due to deuterons was very similar to
actions in which the kinematics is unfavorable to have just

that particle alone traverse the apparatus without being ac- 2
g1
— ]
P Selection %
Rigidity 0.3 053 1.9 2.0 4 406V =
I ! I I I ! 208
1 1 1 1 1 1 §
f Select negative b 2 K PO
muon requirng Select negative muon : 0.6
, no Cherenkov with the Cherenkov angle. e
Rich liaht =
oht. | =
2 Electron rejection Eleciionlio|ScloniiE =SiSsiiiis s el =i  Calorimeter efficiency
IS factor ~30 factor ~60 Slecton=chorenkey 0.4 P
8 - H Rich efficiency
4(T) § -------- Scintillator efficiency
[a) Negligible albedo contamination. H
Lo 0.2 i == Tracking efficiency
%’Fd’f Reduce fraction of multiple track events.
0
10" 1 10 10°
\Co\onmet ssoetd Electron rejection factor ~1000 Momentum (GeV/c)
FIG. 15. Selection efficiencies as functions of rigidity for the
FIG. 13. Criteria used to select negative muons. data during ascent.

072003-8



ENERGY SPECTRA OF ATMOSPHERIC MUGHSI. . .

2 — T T
£ o) N
2 ! = 10° - B 3
% ........................... 2 . ¢))
= 5 10 3
Sos o
E € 0 ] ]
S U0 iy, =
=
£ 06 = 103
é = 10 heled  poooo-ge- =-oi 3
o 10? ® F et E
’ Calorimeter efficiency F““‘b"&“‘l
Rich efficiency 10 R . 3

Scintillator efficiency

PHYSICAL REVIEW D 67, 072003 (2003
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FIG. 16. Selection efficiencies as functions of rigidity for the
data at float. 10 ¢ 3
-5
10 ¢ E

that of protons. Helium and heavier nuclei were efficiently
rejected by thelE/dx selection. 1 Momentum [GeVie]

FIG. 18. Negative spectra for five atmospheric depth intervals in
, ~ glen?: (1) 15-33 g/crf, scaled by 18 (2) 33-65 g/cr, scaled
In order to accurately determine the fluxes of the various,y 1. (3) 65-90 g/cr, scaled by 181 (4) 90-120 g/crh, scaled
types of particles, the efficiency of each detector was carepy 17 (5) 120-150 g/crh, scaled by 1.8 CAPRICE98, O
fully studied using ground, ascent, and flight data. To detercAPRICE94,1 MASS89, and® MASS91.
mine the efficiency of a given detector, a data set of muons
was selected by the remaining detectors. The number of The efficiencies as functions of rigidity for different de-
muons correctly identified by the detector under test dividedectors are shown in Figs. 14, 15, and 16 for the ground,
by the number of events in the data set is the efficiency. Thi@scent, and float data, respectively.
procedure was repeated for each detector for a number of
discrete rigidity bins. Using these, the efficiency of each de- 1. RICH efficiency
tector was parametrized to allow an interpolation among |t is important to note that the pressure in the RICH de-

bins. This parametrization could introduce systematic uncertector changed slightly during the flight. This implied a
tainties on the total efficiency since the parameters were cor-

C. Efficiency determination

related. Thus, the error on the final efficiency was obtained % d o ' "
. . . R L Lad "
using the error matrix of the fit for each detector. 3" %
s 05}
~180 § we i
= z ; )
Nw = 103 ==
E160
e . [ s . 102
P 5 5
*3140 . 10
&120 ; 1
g fe 4
= 10
100 2
£ 0w}
é 80 10°
60 10
b 10°
40 L
1 10
20 Momentum [GeV/c]
0 i FIG. 19. Negative spectra for five atmospheric depth intervals in

6 4 2 0 2 a4 s
Rigidity (GV)

glen?: (1) 150-190 g/crh, scaled by 181 (2) 190-250 g/crh
scaled by 1B (3) 250-380 g/crA scaled by 16 (4)
380-581 g/crhy, scaled by 18 (5) 581-885 g/crfy scaled by 1@
FIG. 17. Geometrical factor. CAPRICE98,0 CAPRICE94,[1 MASS89 and¢® MASS91.
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variation in the refractive index and, consequently, in the

FIG. 20. Positive spectra for five atmospheric depth intervals innumber of photo-electrons produced, which resulted in a

glen?: (1) 1533 glcrR, scaled by 18 (2) 33-65 glcrf, scaled variation of the selection efficiency during the ascent and at
by 10‘5 (3) 65-90 g/crﬁ, scaled by 18 (4) 90-120 g/cr?; scaleq float. However, at float and during ascent a large background
by 10 (5) 120-150 g/crﬁ scaled by 1@ CAPRICE98 ando  ©f multiply charged particle events did not permit us to select

CAPRICE94. a clean sample of muons, and hence the efficiency was esti-
mated from ground data and scaled to the flight conditions.
The scaling factor was obtained by comparing the number of
R T T photoelectrons produced at ground with that during the as-
£ wsl @ W u ] cent and at float by selecting a clean sample of electiiaans
§ - B=1 particles using the calorimeter.
5105 . The muon selection efficiency as a function of momentum
"g . @ for ground, ascent, and float data is shown in Figs. 14, 15,
? 10t % —— 3 and 15, respectively by dashed lines. Becgusg of muItipIg
£ 103L - ] scattering, the correlation between the particle impact posi-
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il ® W — . ] — : : - . .
2 )
10 [ e . 2 ) 2 , [
— 10 M { S0 i’% ;
VE @ I=0=|’3=|:m.l.lol —e— E 5 % R 3
1 a1 £ E
10 F E L -3 - L -3 +
s —— o LN = i o4 210 F 4 M5
0| 4 2 2
, —r— = + = D—I—l
w [ © alGB‘IO' 1 4
= = 10 F E 10 E
'l ] -
——
. 5 5
10 | 4 10 : f :— 10 E
1 10 6 e
Momentum [GeV/c] 10 el 10 il
. , heric deoth i Is | 1 10 1 10
FIG. 21. Positive spectra for five atmospheric depth intervals in Momentum [GeV/c] Momentum [GeV/c]

glen?: (1) 150-190 g/crh, scaled by 18 (2) 190-250 g/crh
scaled by 1B (3) 250-380 g/crh, scaled by 1 (4)
380-581 glcrhy scaled by 18 (5) 581-885 g/crh, scaled by 1@
CAPRICE98 andDO CAPRICE9%4.

FIG. 23. Theu* andu~ fluxes measured in the depth interval
65-90 g/cr as a function of momentum®&) CAPRICE98 data
and (O) CAPRICEY94 data.
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TABLE I. The u* and u~ fluxes at ground altitude & ' ' - T T
(885 g/cnf). Column 1 is the momentum bin in the spectrometer. g g
Columns 2 and 3 give the resulting" and .~ fluxes. The errors O O
include both statistical and efficiency-related systematic errors. = 10 F E IR 10 % E

Ncn :’:.H Nm ()
Momentum Flux Flux E 3 E 3 -Isi. .
interval (GeVkt cnbsrs) ! (GeVic cnsr sy * w10 F G4 % 10 K
(Gevi) w w = - = -
0.2-0.3 (1.0%0.11)x 108 (9.65+1.04)x 10 4 10 F 10 ]
0.3-0.4 (1.46:0.09)x 10 3 (1.67+0.10)x 10 3 -
0.4-0.55 (1.62:0.07)x10° 3 (1.85+0.07)x 10 3 s —— s
0.55-0.7 (1.76:0.06)x 103 (2.10+0.07)x 103 10 10 4
0.7-0.85 (1.62:0.05)x 103 (1.92+0.06)x 103
0.85-1.0 (1.5%0.05)x 102 (1.81+0.06)x 102 P %
1.0-1.2 (1.450.04)x10°2  (1.69+0.05)x 10 3 10 B 10 b
3 —3 1 1 1 1

L s e
1.6-2.1 (9.16:0.23)x 10 4 — FIG. 24. The pw*and u~ fluxes at the depth interval
2.1-2.94 (6.0%1.00)x 104 (7.92+1.31)x10 4 380-581 g/crhas a function of momentum®) CAPRICE9S data
2.94-4.12 (3.8£0.11)x 10°* (5.06+0.13)x 1074 and (O) CAPRICE94 data.
4.12-55 (2.380.10)x 104 (3.00+0.11)x 104
5.5-7.0 (1.38:0.05)x 10" 4 (1.80+0.06)x 10~ 4 ) ,
7.0-10.0 (7.730.31)x 10°5 (9.59+0.36)x 10~5 energy loss it was possible to select a clean. sample o_f muons
10.0-15.5 (3.380.16)x 105 (4.26+0.19)x 105 from flight data,. and hence we could.determlne the efflc[ency
155-23.0 (1.19.0.08)x 10" (1.62+0.09)x 10" of the ,8 ;electlon directly for the flight data. So the final
23.0-31.1 (5.58 0.46)x 10~ (6.00+0.48)x 10°5 T_OF efficiency for the data during ascent and at float were
31.1-43.6 (2.610.25)x 10~ (2.71+0.25)x 10~ given by the product ofl) dE/dx efﬂqency, qbtamed from
43.6-61.1 (8.421.13)x 107 (1.21-0.14)x 10°® ground data, an@®) B selection efficiency using flight data.
61.1-85.6 (3.4£0.6)x 10"’ (3.81+0.63)x 107’ 3. Calorimeter efficiency
85.6—120 (1.56:0.33)x 1077 (1.29+0.31)x 107

The calorimeter was not used below 0.53 GeVAt
higher momenta the efficiency was obtained using ground
data. This was cross-checked with flight data, in which con-

tion in the RICH detector and the extrapolation from thetamination of interacting particles was present. A good agree-
tracker was decreasing with momenta below about 1 GeV/ ment was found between these two efficiencies within the
and consequently so was the selection efficiency. Howevepncertainties, and hence the calorimeter efficiency obtained

this condition was not used for the ground data, resulting iffrom the ground data was used also for the flight data.
a higher selection efficiency, as can be seen from Fig. 14.

The efficiency drops to almost zero at2 GeV/c where
muons start to produce Cherenkov light, as they were se- The determination of the tracking efficiency is, usually,

lected requiring no I_|ght_below2 Gevic. Above this mo- the most demanding to perform. This efficiency, in fact, de-
mentum, the selection is done by Cherenkov angle recon-

. - . . 'ﬁ)ends on the momenta of the particles, and these momenta
struction and the efficiency increases, reaching a consta

t . . .
value above 5 Ge\d. Between 3 and 5 Ge/ the effi- need to be obtained independently of the tracking system.
ciency decreases because of the additional selection condi;

Two methods were developed to determine the tracking
tion used in this momentum range to reject pions efficiency. Both were base_d on codes that were independent
' of the drift chamber tracking system and, instead, used the
2. TOF efficiency other detectors available for this purpose. The first method,
‘ called the “no-DC” method, used the position information of
The flight data were not free from some contaminationthe ionization cluster in the MWPC of the RICH detector, the
from multiple charged particles produced by interactions oftwo time-of-flight scintillation detectoréonly in thex direc-
cosmic rays in the payload structure. Hence, the efficiencyion), and the electromagnetic calorimeter to reconstruct the
could not be estimated directly from these data. However, itrack of the particle traversing the detector system. The sec-
was found that the performance of the TOF system concermend method, called the “RICH” method, used the RICH de-
ing the energy loss selection did not vary from ground totector to get the rigidity from the velocityd) derived from
float data. Thus, the efficiency of this condition was obtainedhe Cherenkov angle measurement with the help of an ex-
from the more statistically significant ground data. In con-trapolated straight track from the calorimetsee[29]). In
trast, it was found that the efficiency of tigeselection var-  Figs. 14, 15, and 1@solid line) it is possible to see the
ied during the flight. However, by using the condition on theefficiency at ground, ascent and float, respectively. In all

4. Tracking efficiency
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TABLE Il. Measured atmospheric growth flux@is units of particleg/GeV/c cn?)] for negative muons
in the 0.3 —40 GeW momentum range. Results are given for the following momentum inter{gls:
0.3-0.53 GeW, (1) 0.53-0.75 Ge\, (lIl) 0.75—-0.97 Ge\W, (V) 0.97-1.23 GeWd, (V) 1.23-1.55 GeV/
c, (VI) 1.55-2.0 GeW, (VIl) 2.0-3.2 GeW, (VIIlI) 3.2—-8 GeVe, and (IX) 8—40 GeVeE. The errors

include both statistical and efficiency-related systematic errors.

Initial depth (g/cri)
Final depth (g/crf)
Average depth (g/cR)

885
581
704

581
380
462

380
250
308

I w™ Flux

Il = Flux
Il w™ Flux
IV = Flux
V u~ Flux
VI p~ Flux
VIl ™~ Flux
VIl w™ Flux
IX ™ Flux

250
190
219

(3.67+0.84)x10°3
(2.24-0.52)x 103
(2.09+0.45)x 102
(1.49+-0.33)x 103
(1.44+0.28)x10°3
(9.69+1.88)x10°4
(6.42+1.70)x10°4
(1.55-0.28)x 10" *
(9.38-2.53)x10°®

190
150
165

(5.34+1.19)x 10 3
(6.38+-1.04)x 103
(4.74+0.80)x 10 2
(4.62+0.68)x 103
(3.39+0.50)x 10 2
(2.79+0.38)x 103
(1.05+0.27)x 103
(3.42+0.48)x 104
(2.04+0.44)x 105

150
120
136

(1.52+0.24)x 102
(1.11+0.16)x 10 2
(9.28+1.30)x 1073
(6.79+0.96)x 10 2
(4.7+0.69)x 1073
(3.71+0.50)x 1073
(1.08+0.29)x 1073
(4.00+0.61)x 104
(1.64+0.46)x 10 °

120
90
104

(1.78+0.34)x 102
(1.46+0.24)x 102
(6.36+1.43)x 103
(8.31+1.41)x 1073
(5.71+1.01)x 10" 3
(3.01+0.60)x 102
(1.84+0.51)x 102
(3.08+0.71)x 10" *
(1.80+0.64)x 10 ®

90
65
77

(1.84+0.28)x 102
(1.47+0.19)x 1072
(1.28+1.61)x10°2
(7.11+1.03)x 102
(4.90+0.74)x 103
(2.72+0.45)x 103
(1.74+0.43)x 103
(3.37+0.58)x 10" *
(9.61+3.64)x 10 ©

65
33
48.4

(1.57+0.30)x 10 2
(1.58+0.24)x 102
(6.24+1.31)x 103
(5.06+1.02)x 103
(4.61+1.26)x 102
(4.10+0.65)x 10" 3
(1.51+0.42)x 103
(3.04+0.65)x 10 4
(9.57+4.29)x 107 ©

33
15
22.6

(1.69+0.34)x 10 2
(1.10+0.18)x 102
(8.29+1.83)x 10 3
(8.02+1.19)x 103
(4.58+0.78)x 102
(3.28+0.66)x 1073
(9.02-2.81)x 104
(3.00-0.71)x 104

5.95
5.45
5.5

(1.34+0.27)x 1072
(8.78+2.01)x 102
(6.85+1.12)x 102
(4.44+0.78)x 103
(4.04+0.64)x 103
(2.86+0.44)x 1073
(1.48+0.37)x 102
(2.59+0.57)x 104
(1.27+0.40)x 10°°

(1.06+0.16)x 10 2
(8.40+1.41)x 103
(6.29+0.85)x 10 2
(2.60+0.79)x 10 2
(3.29+0.60)x 10 2
(2.38+0.32)x 103
(8.41+2.17)x 104
(1.89+0.33)x 104

(3.50+0.55)x 103
(1.91+0.60)x 10 2
(1.26+0.39)x 10 3
(1.03+0.18)x 10 2
(3.92+1.16)x 104
(5.65+1.57)x 10 °
(5.42+1.82)x 10°©

(9.75+1.32)x10°°
(1.93+0.19)x 10°°

three cases the two methods gave consistent results. The gfin. The mean efficiencys() was obtained with a weighting
ficiency decreases for low rigidities and it reaches a plateatechnique:

of constant efficiency at=94% above=2.5 GV.
f e(E)J(E)dE

=

IV. THE FLUX f IE)dE
A. Efficiency correction
whereJ(E) is the flux of particles. The flux of atmospheric
The rigidity range was split into bins with small enough muons at ground measured by the CAPRICE97 experiment
widths to assure negligible variation of efficiencies in each16] was used.
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TABLE lIl. Measured atmospheric growth fluxgis units of particles/ (GeW cn?)] for positive muons
in the 0.3—20 Ge\WW momentum range. Results are given for the following momentum interya3.3—0.53
GeVrlc, (I1) 0.53-0.75 Ge\W, (lll) 0.75-0.97 Ge\W, (IV) 0.97-1.23 GeW, (V) 1.23-1.55 GeW, (VI)
1.55-2.1 GeW, (VIl) 2.1-3.2 Ge\, (VIIl) 3.2—8 GeV¢, and(IX) 8—20 GeVeE. The errors include both
statistical and efficiency-related systematic errors.

Initial depth (g/cri)
Final depth (g/crf)
Average depth (g/cR)

885
581
704

581
380
462

380
250
308

I u" Flux

Il ™ Flux
M w* Flux
IV u* Flux
V u” Flux
VI u* Flux
VIl u* Flux
VIl u* Flux
IX w* Flux

250
190
219

(2.81-0.74)x 103
(3.46-0.65)x 103
(2.88+0.53)x 103
(1.58+0.34)x 103
(2.470.37)x10°3
(6.83+1.89)x10°4
(1.98+-0.31)x 104
(4.28-0.89)x10°°

190
150
165

(6.20+1.31)x 103
(7.44+1.13)x 103
(6.65+0.95)x 10 2
(5.57+0.75)x 10 2
(3.42+0.51)x 103
(1.66+0.41)x 103
(3.42+0.48)x 104
(6.19+1.25)x 10 °

150
120
136

(1.58+0.25)x 102
(1.30+0.17)x 10 2
(1.10+0.14)x 102
(7.93+1.05)x 10
(5.73+0.77)x 1073
(2.01+0.51)x 1073
(4.08+0.62)x 104
(6.71+1.51)x 10 °

120
90
104

(2.20+0.39)x 102
(1.96+0.29)x 102
(1.25+0.20)x 1072
(1.05+0.16)x 1072
(4.44+0.91)x 102
(2.20+0.62)x 103
(3.87+0.80)x 10 4
(9.57+2.41)x 107>

90
65
77

(2.88+0.36)x 102
(1.42+0.19)x 1072
(1.61+0.18)x 10 2
(9.51+1.20)x 103
(5.53+0.80)x 103
(1.99+0.51)x 103
(5.13+0.72)x 10" *
(5.11+1.38)x 10 °

65
33
48.4

(1.07+0.24)x 10 2
(1.50+0.23)x 102
(1.25+0.23)x 10 2
(7.53+1.26)x 103
(6.97+1.05)x 10" 3
(1.82+0.59)x 103
(3.20+0.80)x 10" *
(2.53+1.14)x10°°

33
15
22.6

(1.56+0.30)x 10 2
(9.43+1.51)x 103
(7.72+1.18)x 103

(1.32+0.46)x 10 2
(2.59+0.56)x 104

5.95
5.45
5.5

(1.17+0.21)x 1072
(1.22+0.26)x 1072
(1.10+0.17)x 1072
(6.35+0.94)x 103
(5.12-1.00)x 103
(1.39+0.43)x 102
(2.13+0.61)x 104
(4.04+1.18)x 10 ®

(1.21+0.19)x 10 2
(7.75+1.61)x 103
(8.39+1.00)x 10 3
(5.05+0.67)x 10 2
(4.96+0.57)x10 2
(7.07+2.04)x 104
(2.19+0.36)x 10" 4

(7.95+1.52)x 103

(4.23+0.86)x 103

(1.60+0.43)x 10 2

(9.10+2.05)x 10 °
(2.04+0.58)x 10

(1.19+0.16)x 10" 4
(2.86+33)x10°°

B. Energy loss corrections continually running and the other running only when the data

When particles traverse the gondola and the detecto'@cquisition system was not busy. The ratio between these two

down to the level of the spectrometer, they lose energy due tgcalers is the fractional live time of the experiment. For the

ionization. The width of the momentum bin was correctegmuons in the atmosphere, the fractional live time was calcu-
for these ionization losses lated for every interval of time during the ascent of the bal-

loon (the intervals of time are related to the altitiide
The geometrical factor was obtained with Monte Carlo
technique$30]; the simulation implemented the same track-
The live time (T};,) Was calculated by multiplying the fitting algorithm used in the analysis to trace particles
effective exposure time by the fractional live time. The frac-through the spectrometer. The resulting geometrical factor is
tional live time was given by two scalers in the payload: onepresented in Fig. 17.

C. Dead time and geometrical factor
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D. Calculating the flux V. RESULTS
The values of thee* and u~ fluxes (Jg,:é ~ ) were ob- The absolute particle fluxes were calculated using(Ey.
tained according to The resulting muon fluxes at ground are presented in Table |

and at several atmospheric depths and momenta interval in
Tables Il and Ill for negative and positive muons, respec-

L 1 L tively. Figures 18, 19, 20, and 21 show the flux as a function
JEpe” (P)= — Ngpe™ (P), of momentum for positive and negative muons at different
TiipeXG* # (P)XAP atmospheric depths. The data are compared with data from

(2)  the CAPRICE94 experimeiil1] and in the case of negative
muons also with data from the MASS$92] and MASS91
- [13] experiments. A good agreement is found for the data
whereP is the momentumT ;. is the live time,G* *# (P)  from the different experiments. Above 1 GeMhe flux de-
are the geometrical factord,P is the width of the momen- creases smoothly with momentum approximately follow-
tum bin corrected for ionization losses to the top of the paying ane™P'Po dependence with,~ 0.5 GeVt. Theu* data
load, anngge,u’(p) is the total number ofs™ andx ™ in ~ Show good agreement between CAfRICE94 and CA-
the spectrometer obtained taking into account all the seled”RICE98 data below 2 Gev/ The newu ™ above 2 Ge
tion efficiencies. shows the same dependence on momentum ag thdata.

In Fig. 22 we compare the data at float 5.5 gfamith the
corresponding CAPRICE94 data. Due to the pion contami-
nation the CAPRICE98 results are limited to the range 2—8

Systematic uncertainties originating from the determina-GeV/c. There is good agreement in the region of overlap.
tion of the detector efficiencies, discussed in Sec. Ill C, were In Figs. 23 and 24 we present the muon spectra at two
included in the errors given in tables and shown in figures.selected  depths intervals, 65-90 gfcmand 380

Another possible systematic error was related to the effi— 581 g/cnf. Below about 1 Ge\ the CAPRICE98 results
ciency of the trigger system. This was studied prior to theare lower than those of CAPRICE94, which might indicate
launch with a system providing particle coincidence betweer§€omagnetic effects. It is worth pointing out that for both
two scintillators, one placed above and the other below th&APRICE98 and CAPRICE94 the solar modulation was
TOF system. The efficiency was found to be close to 1009410S€ t0 the minimum. .
with an uncertainty of about 2%. The performance of each Finally, it is Important to stress that this measurement of
photomultiplier pair was also tested by comparing the spatia‘ihe flux of muons is a powerful tool to check and/or calibrate

distribution of triggers during the flight with the distribution air shower simulation programs. There is a new project dis-
from the same simulation used for the geometrical factor,

cussed by the Wizard Collaboration to refly CAPRICE9S,
and an excellent agreement was found stopping at different atmospheric depths to sample the muon
The method for calculating the geometrical factor used irflUX- This new experiment will improve the muon statistics

this work was compared with two other techniques in thead Will allow a more detailed comparison pf” and .~
uxes. It also will remove the problem of averaging the

CAPRICEY94 analysis, and it was found to be in agreemen . .
within 2% above 0.5 GV. Considering the similar geometri-VaIue of atmospheric depth of measurements, since the data

cal configuration of CAPRICESS, it can be concluded thatVill P& collected at approximately fixed altitudgs1].

the uncertainty in the geometrical factor was about 2%.
There was also an uncertainty in the measurement of the
atmospheric depth. For the float data a residual atmospheric This work was supported by NASA Grant No. NADW-—
depth of 5.5 g/crhwas given by a pressure sensor ownedl110, the Istituto Nazionale di Fisica Nucleare, Italy, the
and calibrated by the CAPRICE98 collaboration. The presAgenzia Spaziale Italiana, DARA and DFG in Germany, the
sure was also measured by a detector owned and calibrat&ivedish National Space Board, and the Knut and Alice Wal-
by the National Scientific Balloon FacilityNSBF). The lenberg foundation. P.H. was supported by the Swedish
NSBF pressure data were about 15% lower at float than thEoundation for International Cooperation in Research and
ones measured by our sensor. We interpreted this differendgigher Education; E.M. was supported by the Foundation
as the systematic uncertainty in the measured dégithat- BLANCEFLOR Boncompagni-Ludovisi, meBildt. We wish
mospheric depths presented in this paper were derived using thank the National Scientific Balloon Facility and the
our pressure dataHowever, this uncertainty does not affect NSBF launch crew that served in Fort Sumner. We would
the results but has to be taken into account when comparinglso like to acknowledge the essential support given by the

E. Systematic uncertainties
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