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Abstract. Observations of cosmic-ray antiprotons were per-references therein). The observed spectrum indicates that the
formed by the balloon-borne experiment CAPRICE98 thatcosmic ray antiprotons are mostly, if not all, produced by the
was flown on 28-29 May 1998 from Fort Sumner, New Mex- collision of cosmic-ray nuclei with interstellar gas. However,
ico, USA. The experiment used the NMSU-WIZARD/CA- a primary component cannot be excluded.
PRICE98 balloon-borne magnet spectrometer equipped with At energies above 4 GeV only two measurements (Golden
a gas Ring Imaging Cherenkov detector, a time-of-flight sys-et al., 1979; Hof et al., 1996) were performed, prior the CA-
tem, a tracking device consisting of drift chambers and a suPRICE98 experiment, and these differ by a large amount. We
perconducting magnet and a silicon-tungsten calorimeter. report here new results on the cosmic-ray antiprotons from 3
We report on the absolute-antiproton-energy spectrum deto 50 GeV at the top of the atmosphere obtained with the
termined in the kinetic energy region at the top of the atmo-NMSU-WIZARD/CAPRICE98 balloon-borne magnet spec-
sphere between 3.2 and 49.1 GeV. trometer. At these energies, the measurements permit the
study of the topics discussed above free of uncertainties as-
sociated with the secondary antiproton production and of the
uncertainties in the solar modulation effect. Furthermore, it
permits us to investigate the possible annihilation of heavy

) , . . supersymmetric particles (Ullio, 1999).
The study of antiprotons and positrons is extremely interest-

ing because they provide important information concerning
the origin and propagation of cosmic rays in the Galaxy.
Moreover, antiprotons can be produced by exotic sources2 The CAPRICE98 apparatus
such as evaporation of primordial black holes (Hawking, 1974|;
Kiraly et al., 1981; Maki et al., 1996) and annihilation of

1 Introduction

he balloon-borne CAPRICE98 apparatus was flown on 28-
) . 29 May 1998 from Fort Sumner, New Mexico, USA at a ver-
supersymmetric particles (Stecker, Rudaz, & Walsh, 198Stical rigidity cutoff of about 4.3 GV. It floated at an average

Bottino et al., 1998; Berggim et al., 1999a; Bergstm et g .
al., 1999b). The spectrum has been determined quite accuaf[mOSpherIC depth of about 5.5 g/éfor a period of 21h.

rately below 4 GeV kinetic energy (Orito et al, 2000, and . "9 1 shows the apparatus (Ambriola et al., 1999). It
included from top to bottom: a gas Ring Imaging Cherenkov

Correspondence tavl. Boezio (boezio@ts.infn.it) (RICH) detector, a time-of-flight (ToF) system, a tracking




1696

system consisting of drift chambers and a superconducting The silicon-tungsten calorimeter (Bocciolini et al., 1996)
magnet and a silicon-tungsten imaging calorimeter. consisted of 8 planes of silicon detectors interleaved with
tungsten converters one radiation length thick. Each silicon
plane had two layers of sensors segmented in strips along
perpendicular directions. The vertical segmentation of the
calorimeter and the use of silicon strip detectors provided in-
formation on the longitudinal and lateral profiles of the inter-
actions along with a measure of the deposited energy. The
1 GasRICH calorimeter thickness corresponded to about 0.3 hadronic in-
teraction lengths.

3 Data analysis

—L; B[ The rigidity range of the antiproton analysis was 4 to 50 GV

: RA divided in four intervals: 4-8, 8-18, 18-30 and 30-50 GV. The
] 7T CKING lower limit was due to the geomagnetic cut-off of the exper-
BRI i : SYSTEM iment, while the upper limit was based on the RICH ability
i to reliably identify antiprotons from other particles at maxi-

oo

mum Cherenkov anglej(~ 1). At 50 GV the (anti)proton
TOF Cherenkov angle became less than 3 standard deviations away
II{CALORIMETER from the Cherenkov angle ¢f ~ 1 particles.

The primary task of the tracking system was to precisely
measure the sign and absolute value of the deflection (1/rigid-
ity) of the particle traversing the apparatus. Events with more
than one track, such as products of interactions, were elimi-
nated. For this reason a set of strict selection criteria was im-
posed on the quality of the fitted tracks. These criteria were
based partly on experience gained during the analysis of data

Fig. 1. The CAPRICE98 apparatus in the 1998 configuration from a similar tracking system (Hof et al., 1996; Mitchell et
(CAPRICE9S). al., 1996; Boezio et al., 1997):

J NETEF

1. At least 12 (out of 18) position measurements in the x
The RICH detector (Francke et al. 1999; Bergsiret direction (direction of maximum bending) and 8 (out of

al. 2001) used a 1 m tall gas radiator filled with high purity 12) in the y direction were used in the fit.
C4F10 gas, with an average threshold Lorentz factor of about
19 at float. The Cherenkov light was reflected by a segment
of a spherical mirror, located at the bottom of the radiation,
onto a photosensitive multiwire proportional chamber with
gas readout. The signals were acquired by means of a pad |n addition to these conditions, we required that the de-
readout implemented on one cathode plane. flections determined by the tracking information from only
The ToF system consisted of two planes of plastic scintilla-the top half, only the lower half and from the whole spec-
tor, located immediately above and below the tracking stacktrometer should be consistent. This selection was used to
Each plane was segmented into two paddles viewed at opremove scattered events and was imposed only on events be-
posite ends by photomultipliers. The signals from each pho{ow the antiproton threshold of the RICH. Above the RICH
tomultiplier were independently digitized for time-of-flight threshold, the mass resolution was sufficient to reject scat-
measurements as well as for ionization losses of the partitered protons from thg sample. To remove the contami-
cles. This system reached a time resolution of the order ohation from spillover protons in the antiproton sample, we
200 ps. required that the error on the deflection, estimated on an
The magnet spectrometer had a superconducting magnevent-by-event basis during the fitting procedure (Golden et
and a tracking device. The tracking device consisted of 3 setal., 1991), should be less than 0.008 (GV)
of drift chambers (Hof et al., 1994) providing a total of 18 po-  Downward moving particles were selected using the ToF
sition measurements in the direction of maximum bending ,information. The time-of-flight resolution of about 200 ps
x direction, and 12 along the perpendicular view, y direction, on a flight path of 1.2 m assured that no contamination from
with a resolution better than 1Qfn. The average Maximum albedo particles remained in the selected sample. The ion-
Detectable Rigidity of the tracking system was 330 GV for ization loss in the top ToF scintillator was used to select min-
singly charged particles. imum ionizing singly charged particles.

2. There should be an acceptable chi-square for the fitted
track in both directions with stronger requirements on
the x-direction.
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The calorimeter was primarily used to reject electrons. The4 Results
longitudinal and transverse segmentation of the calorimeter
combined with the measurement of the energy lost by theAll antiprotons and protons interacting with the payload ma-
particle in each silicon strip resulted in a high identification terial above the tracking system were assumed to be rejected
power for electromagnetic showers. Using simulated elecby the selection criteria. The data were corrected for these
trons and antiprotons and following the experience gained ifosses with multiplicative factors, using the expression for
the CAPRICE94 flight (Boezio et al., 1997), we defined an the interaction mean free path for the different materials in
energy dependent calorimeter antiproton selection which rethe detectors given by Stephens (1997).
jected 09.4 & 0.2)% of the electrons, independent of rigidity =~ For the atmospheric secondary antiproton production, we
in the interval from 4 to 50 GV. The antiproton selection ef- used the calculation by Stephens (1997) and for that of pro-
ficiency was found varying slowly with rigidity decreasing tons the data of Papini et al. (1996). The secondary produced
from about 97% at 4 GV to about 92% above 30 GV. particles were normalized with the acceptance and live time
f the experiment, and subtracted from the corrected num-
The RICH was used to measure the Cherenkov angle (zFers using a mean residual atmosphere of 5.5 /cthen.,

t_he_ particles gnd hence their velocities. Belov_v the_ threshol he data were corrected for losses in the atmosphere above
rigidity for antiprotons to produce Cherenkov light in the 985 he detector due to interactions, giving the number of an-
(about 1.8 GV) the_ deteCtOF was useq as a threshold dev'cﬁprotons and protons at the top of the atmosphere. The ge-
to veto lighter particles, while above it the Chereljkov angleometrical factor at different rigidities was obtained with a
was reconstructed. Below 25 GV the fluctuations in the UM\ 1onte Carlo technique. Finally, the transmission of the parti-

be_r of c_ietected photpe_le_:ctrons were quite large du_e t_o Valzles through the earth’s magnetic field was taken into account
ations in threshold rigidity caused by pressure variation in

i i ) with the usage of corrections factors. These factors differed
the radiating gas and because of large Poisson fluctuations

the average number of photoelectrons detected at this rigid- om 1 only in the first rigidity interval

ity was 6. Therefore, antiprotons in the rigidity range 4 to 25

GV were selected if the event did not produce a Cherenkov

signal or when the reconstructed Cherenkov angle was con-__

sistent with that of an antiproton with the measured rigidity. %‘
o

The selection criteria imposed on the RICH data to select ,
antiprotons were tested using both a sample of electrons se-%;
lected by the calorimeter using the flight data and a sam-
ple of muons collected at ground prior to the launch. The — 2|
fraction of muons surviving the antiproton RICH selection i
was (.3675:13)% between 4 and 8 GV0(30)15)% be-
tween 8 and 18 GV,0(7670:52)% between 18 and 30 GV
and (1.77(3)% between 30 and 50 GV.

The fraction of muons surviving the antiproton RICH se-
lection was (.22 0:07)% below 30 GV increasing td (51 2)%
between 30 and 50 GV. The fraction of electrons that sur-
vived the RICH antiproton criteria wag.@0")17)%, consis-

tent with the level of contamination obtained from the ground

e-Boezio et al. 2001
~“» Orito et al. 2000

o Basini et al. 1999
m Boezio et al. 1997

Antiproton flux (particle / (m
I

muons. ool * Mitchell gt al. 1996
Using the calorimeter and the RICH together the electron 10" 1 L
contamination in the antiproton sample was reduced to a neg- Kinetic Energy (GeV)

ligible amount. The contamination due to muons was derived
defining negative muons all the events surviving the tracking,Fig. 2. The antiproton flux at the top of the atmosphere obtained
ToF and calorimeter antiproton selection criteria and multi-in this work compared to other recent experiments and theoretical
plying these numbers by the RICH muon contamination de-calculations.

termined above. The muon contamination in the antiproton
sample was estimated to hel *03 in the first rigidity bin,
0.2879-17 in the second).1515-12 in the third and).1015-25

in the forth. Then, this contamination was subtracted from
the antiproton signal.

Fig. 2 shows the antiproton flux measured by this experi-
ment together with other recent experimental data (Mitchell
et al., 1996; Boezio et al., 1997; Basini et al., 1999; Orito
et al., 2000). The two solid lines show the upper and lower

Contamination from spillover protons was studied using limit of a calculated flux of interstellar antiprotons by Simon
the actual flight data and was found to be negligible (Berg-et al. (1998) assuming a pure secondary production during
strom, 2000). the propagation of cosmic rays in the Galaxy and using a
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recently measured proton and helium spectra (Menn et al5 Conclusions

1997). The dashed line shows the interstellar secondary an-

tiproton flux calculated by L. Bergsim & P. Ullio (1999,  Anelectromagnetic calorimeter and a ring imaging Cherenkov
private communication). This calculation used the interstel-detector were used to measure the cosmic ray flux of an-
lar proton spectrum measured by the CAPRICE94 experidiprotons. This combination made it possible to accurately
ment (Boezio et al., 1999). The dotted line shows the primaryidentify antiprotons in the presence of a large background of
antiproton flux by Ullio (1999), which included a Minimal lighter, negatively charge particles. It also allowed an accu-
Supersymmetric Standard Model with a contribution from anrate determination of the detector efficiencies as well as the
assumed Higgsino-like neutralino, with a mass of 964 GeV.contamination within the antiproton sample.

The theoretical fluxes, but not the experimental values of the The antiproton flux and the antiproton to proton ratio have
other experiments, were corrected for the solar modulatiorPeen determined i 50 GeV wide energy region, more than
conditions corresponding to the CAPRICE98 flight using aa factor two larger than in previous experiments. Between

spherically symmetric model (Gleeson & Axford, 1968) with 3 and 20 GeV our antiproton fluxes are consistent with the
a solar modulation parameter ®f= 600 MV. measurement by the MASS91 experiment (Hof et al., 1996)

and, in the whole energy range, with the theoretical predic-
tions by Simon et al. (1998) and L. Bergstn and P. Ullio

1999 (private communication) which assume a purely sec-
ondary origin of the cosmic-ray antiprotons. However, a pri-

% mary component cannot be excluded and the shape of the
Z measured antiproton flux could indicate a presence of pri-
Sk . mary antiprotons.
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