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ABSTRACT

We report new results for the cosmic-ray antiproton-to-proton ratio from 3 to 50 GeV at the top of the atmo-
sphere. These results represent the first measurements, on an event-by-event basis, of mass-resolved antiprotons
above 18 GeV. The results were obtained with the NMSU-WIZARD/CAPRICE98 balloon-borne magnet spec-
trometer equipped with agas-RICH (Ring-Imaging Cerenkov) counter and a silicon-tungsten imaging cal orimeter.
The RICH detector was the first ever flown that is capable of identifying charge-one particles at energies above
5 GeV. The spectrometer was flown on 1998 May 28-29 from Fort Sumner, New Mexico. The measured p/p
ratio is in agreement with a pure secondary interstellar production.

Subject headings: acceleration of particles— balloons— cosmic rays— dark matter — elementary particles

1. INTRODUCTION

Since the first observation by Golden et al. (1979), there
have been several experiments measuring the energy spectrum
of p in the cosmic rays. The spectrum has recently been de-
termined accurately below 4 GeV of kinetic energy (see Orito
et al. 2000 and references therein). This observed spectrum
indicates that the cosmic-ray antiprotons are of secondary or-
igin, produced by the collision of cosmic-ray nuclei with in-
terstellar gas. However, there are only two measurements above
4 GeV (Golden et a. 1979; Hof et a. 1996), and these differ
by a large amount. Determination of the energy spectrum of
p at high energiesis essential for understanding the propagation
of cosmic rays since the interaction mean free path for p in
interstellar space is much larger than the matter traversed by
cosmic rays in the Galaxy. Furthermore, it has been pointed
out (Stecker, Rudaz, & Walsh 1985; Bottino et al. 1998; Bergs-
trom, Edgio, & Ullio 1999a, 1999b) that the annihilation of
dark matter in the form of supersymmetric particles from the
galactic halo can give rise to p with detectable intensity. This
component may dominate the high-energy cosmic-ray p spec-
trum in some energy interval, depending on the mass of the
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annihilating particles and on the decay channel to p. Thus, it
is necessary to detect and determine the energies of cosmic-
ray antiprotons up to at least 100 GeV.

Detection of p at high energiesis an experimental challenge
due to the difficulty in detecting and identifying them against
avast background. For balloon-borne experiments, thereisthe
additional background from interactions of cosmic rays in the
atmosphere above the payload. In this Letter, we describe a
balloon-borne experiment capable of identifying mass-resolved
p up to about 50 GeV. The unique feature of this experiment
is the combination of high-resolution detectors, namely, a su-
perconducting magnet spectrometer, a Ring-lmaging Cerenkov
(RICH) detector with a gas radiator, and an imaging silicon-
tungsten calorimeter. These instruments allowed us to extend
the antiproton identification beyond 20 GeV. In this Letter, we
present the p/p ratio between 3 and 50 GeV measured with the
instruments on the 1998 Cosmic Antiparticle Ring-lmaging
Cerenkov Experiment (CAPRICESS).

2. THE CAPRICE98 INSTRUMENT

The CAPRICE98 apparatus, from top to bottom (Ambriola
et al. 1999), consisted of a gas-RICH detector, a time-of-flight
(TOF) device, a magnet spectrometer, and a silicon-tungsten
imaging calorimeter. The RICH detector (Francke et al. 1999;
Bergstrom 1999%) consisted of a 1 m—tall gas radiator filled
with high-purity C,F,, gas, with an average threshold Lorentz
factor of about 19 at float. The Cerenkov light was reflected
by a spherical mirror, located at the bottom of the vessel, onto
a photosensitive multiwire proportional chamber with gas read-
out to detect the Cerenkov light image and hence measure the
velocity of the particles.

The TOF was composed of two planes, each made of two
25 x 50 cm? paddles of a plastic scintillator, placed just above
and below the tracking system and separated by 1.2 m. The

2 Available at http://www.particle.kth.se/group_docs/astro/research/
references.html.
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TOF system was used for the trigger and to measure the time-
of-flight and ionization (dE/dX) losses of the particles.

The magnet spectrometer had a superconducting magnet and
a tracking device. The tracking device consisted of three sets
of drift chambers (Hof et al. 1994) providing a total of 18
position measurements in the direction of maximum bending,
x-direction, and 12 along the perpendicular view, y-direction.
The spatial resolution was found to be on the order of 60 um
during the flight, which corresponds to an average maximum
detectable rigidity of 330 GV.

The silicon-tungsten calorimeter (Bocciolini et al. 1996;
Ricci et al. 1999) consisted of eight planes of silicon detectors
interleaved with tungsten absorbers that are 1 radiation length
thick. Each silicon plane had two layers of sensors providing
x and y readouts. The vertical segmentation of the calorimeter
and the use of silicon strip detectors provided information on
the longitudinal and lateral profiles of the interactions along
with a measure of the deposited energy. The calorimeter thick-
ness corresponded to about 0.3 hadronic interaction lengths.

3. DATA ANALYSIS

The instrument was launched by balloon from Fort Sumner,
New Mexico, on 1998 May 2. It floated at an atmospheric
depth of about 5.5 g cm™2 for a period of 21 hr at a mean
vertical cutoff rigidity of about 4.5 GV. More than 5 million
triggers were collected at float altitude.

The tracking information is critical for selecting p. Due to
the limited spectrometer resolution, there is a spillover of high-
rigidity (low-deflection) protons to negative curvature. In ad-
dition to the spillover background, there is a background from
positive protons that scattered in the material of the tracking
system and mimicked the trajectory of negatively charged par-
ticles. In order to measure antiprotons accurately, these back-
grounds must be eliminated. For this reason, a set of strict
selection criteriawasimposed on the quality of the fitted tracks.
These conditions are based on experience gained during the
analysis of datafrom similar tracking systems (Hof et al. 1996;
Mitchell et a. 1996; Boezio et a. 1997). Track fits required
the use of at least 12 position measurements along the x-
direction and eight along the y-direction, together with an ac-
ceptable x2 In addition to these conditions, we required that
the deflections determined by the tracking information from
only the top half and the lower half and from the whole spec-
trometer should be consistent. This selection was used to re-
move scattered events and was imposed only on events below
the antiproton threshold of the RICH detector. Above the RICH
threshold, the mass resolution was sufficient to reject scattered
protons from the p sample. To remove spillover protons, we
required that the error on the deflection, estimated on an event-
by-event basis during the fitting procedure (Golden et al. 1991),
should be less than 0.008 (GV) .

Downward-moving particles were selected using the TOF
information. The time-of-flight resolution of 230 ps, compared
with a time of flight of more than 4 ns, assured us that no
contamination from albedo particles remained in the selected
sample. The ionization loss in the top TOF scintillator was
used to select minimum-ionizing, singly charged particles by
requiring a measured dE/dX of less than 1.8 times the energy
loss by a minimum-ionizing particle. Multiple-charged tracks
produced in interactions above the tracking system were re-
jected by requiring that not more than one of the two paddies
be hit in the top scintillator plane.
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The calorimeter was used to reject electrons. The longitu-
dinal and transverse segmentation of the cal orimeter combined
with the dE/dx measurements of the individua silicon strips
alowsthisinstrument to identify electromagnetic showerswith
an extremely high degree of accuracy. Using simulated elec-
trons and antiprotons and following the experience gained in
the CAPRICEY flight (Boezio et a. 1997), we defined an
energy-dependent calorimeter antiproton selection that rejected
99.3% + 0.2% of the electrons with a high efficiency of
94.4% =+ 0.2% for accepting antiprotons. Both the rejection
factor and the efficiency were found to be independent of ri-
gidity in the interval from 4 to 50 GV. These vaues for the
rejecting power and the efficiency were cross-checked by study-
ing electron and proton samples selected from the flight data
using the RICH detector.

The threshold rigidity for antiprotons to produce Cerenkov
light in the gas-RICH detector was 19 GV. At rigidities of
25 GV, an average of six photoelectrons were detected. The
threshold value varied slightly during the flight because of small
changes in the gas pressure, which in turn caused the index of
refraction to vary. Due to these variations and the Poisson
fluctuations in the number of photoelectrons, antiprotonsin the
rigidity range of 4-25 GV were selected if the event did not
produce a Cerenkov signal or if the reconstructed Cerenkov
angle was consistent with that of an antiproton with the mea-
sured rigidity. Since the RICH detector played a crucia role
in the regjection of background muon and pion events, stringent
selection criteria were applied to the RICH data for the events
above the antiprotons threshold. The Cerenkov angle resolu-
tion for protons was determined using alarge sample of protons
selected by using the calorimeter and the scintillators. The res-
olution varied from 11 mrad at threshold to about 1.3 mrad for
fully relativistic protons (Francke et a. 1999). Antiprotonswere
selected by requiring a well-defined Cerenkov ring whose cen-
ter coincided with the location of the particle track extrapolated
from the tracking system. The value of the reconstructed Cer-
enkov angle was required to agree with the expected Cerenkov
angle, for antiprotons of the measured rigidity, by less than
3 o below and 2 ¢ above. Furthermore, the reconstructed Cer-
enkov angle was required to be more than 3 ¢ (4 mrad) lower
than the expected Cerenkov angle for pions (about 53 mrad
above 19 GV). Figure 1 shows the reconstructed Cerenkov
angle as a function of deflection for positive and negative par-
ticles after applying tracking, TOF, and calorimeter selection
criteria. On the positive side of the figure, the muon and proton
bands can be seen easily. On the negative side, five antiprotons
between 20 and 50 GV are seen in the region of the antiproton
band. These antiprotons are clearly distinguishable from the
negative muons and spillover protons. The five antiprotons are
shown with 1 ¢ error bars for both the deflections and the
Cerenkov angle measurements.

The selection criteriaimposed on the RICH datafor selecting
antiprotons were tested using both a sample of electrons se-
lected by the calorimeter using the flight data and a sample of
muons collected during ground data runs prior to the launch.
The fraction of muons surviving the antiproton RICH selection
was 0.22:357% below 30 GV, increasing to 1.575%% between
30 and 50 GV. Thefraction of electronsthat survived the RICH
antiproton criteriawas 0.18"572% below 30 GV, consistent with
the level of contamination obtained from the ground muons.

Using the calorimeter and the RICH detector together, we
were able to remove almost al the electron background from
the antiproton sample. To obtain an estimate of the electron
background, we considered the events with negative curvature
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Fic. 1.—Reconstructed Cerenkov angle as a function of deflection. The
dashed line indicates the expected theoretical Cerenkov angle for p and p. The
selected antiprotons are indicated together with 1 ¢ errors on the measured
deflections and Cerenkov angles.

between 4 and 50 GV. After imposing the tracking and TOF
selection criteriato this sample, 1181 negative events were | eft.
As a worst case, we assumed that al of these events were
electrons. Applying the rejecting power of the RICH detector
and the calorimeter to this sample resulted in an electron con-
tamination of less than 0.1 events over the entire range of the
antiproton measurement. The contamination due to muons was
derived in asimilar manner. Contamination from spillover pro-
tons was studied using the actual flight data and was found to
be negligible below 30 GV. From 30 to 50 GV, spillover protons
contributed 0.24 events to the antiproton sample. The total
contamination to the antiproton sampleis shown in parentheses
in the third column of Table 1.

4. RESULTS

Table 1 shows the total number of antiprotons and protons
that survived the data selection along with the dominant cor-
rection factors. To obtain the antiproton-to-proton ratio at the
top of the atmosphere, we corrected for the production and loss
of particles in the residual atmosphere above the apparatus as

10
Ixinetic Energy (GeV)

FiG. 2—The plp ratio at the top of the atmosphere, obtained in this work,
compared with previous measurements (Golden et al. 1979, 1984; Buffington,
Schindler, & Pennypacker 1981; Orito et al. 2000; Basini et a. 1999; Mitchell
et al. 1996; Boezio et al. 1997; Bogomolov et al. 1987, 1990). The solid and
dashed lines are, respectively, the theoretical calculated interstellar and mod-
ulated (¢ = 600 MV) ratios (L. Bergstrom & P. Ullio 1999, private commu-
nication) for a pure secondary origin of the antiprotons.

well asintheinstrument itself. It isexpected that all antiprotons
and protons interacting with the payload material above the
tracking system are rejected by the selection criteria. The data
were corrected for these losses in the instrument by means of
multiplicative factors, estimated using the expression for the
interaction mean free path for the different materials given by
Stephens (1997). The corrected number of antiprotons and pro-
tons at the top of the payload are also given in Table 1.

The production of secondary antiprotons in the atmosphere
has been studied by severa authors (Stephens 1997; Pfeifer,
Roesler, & Simon 1996). We used the calculation by Stephens
(1997) in order to correct for the atmospheric secondary p
production, and we used the data of Papini, Grimani, & Ste-
phens (1996) for the production of atmospheric protons. Since
we have not yet determined the absolute fluxes, we obtained
the normalization factor for the atmospheric fluxes by com-
paring our measured proton spectrum propagated to the top of
the atmosphere with the spectrum used for the secondary cal-
culations. The resulting numbers of atmospheric secondaries at

TABLE 1
SUMMARY OF PROTON AND ANTIPROTON RESULTS AT THE ToP OF THE ATMOSPHERE (TOA)
EXTRAPOLATED
RIGIDITY AT MEAN KINETIC ENERGY OBSERVED NUMBER ATMOSPHERIC
NUMBER OF EVENTS® AT ToP OF PAYLOAD CORRECTION
SPECTROMETER AT TOA — — — .

GV) (Gev) p p p p p p p/p aT TOA
40-80......... 464 15 (0.88) 88209 15.82 94692 391 2451 (139 x 1077
8.0-180 ....... 105 11 (0.15) 40384 12.02 43428 257 830 (2359 x 10°°
18.0-300 ...... 218 3(0.11) 5834 318 6284 043 982 (453 x 107
30.0-500 ...... 369 2 (0.55) 1495 159 1612 012 245 (0.94'G3) x 10°°

2 The numbers shown in parentheses in the third column are the estimated background events that are due to muons, pions, and, in

the highest energy bin, spillover protons.
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5.5 g cm 2 are aso shown in Table 1. Finally, the data were
corrected for losses in the atmosphere above the detector due
to interactions. The antiproton-to-proton ratios were obtained
from the resulting number of p and p at the top of the atmo-
sphere and are shown in Table 1 and Figure 2.

Figure 2 shows the p/p ratio measured in this experiment
along with other experimental data and with a theoretical cal-
culation assuming a pure secondary production of p during the
propagation of cosmic rays in the Galaxy (L. Bergstrom &
P. Ullio 1999, private communication). This calculation as-
sumed a diffusion model of propagation with an isotropic dif-
fusion coefficient and no reacceleration. It uses the interstel-
lar proton spectrum measured by our previous experiment
CAPRICE94 (Boezio et a. 1999) and accounts for the level
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of solar modulation observed during the CAPRICE9S8 flight
using a spherically symmetric model with a solar modulation
parameter ¢ = 600 MV. B

In conclusion, we have presented p results in an ~50 GeV—
wide energy region, more than afactor 2 larger than in previous
experiments. Our average value of the p/p ratio between 3 and
17 GeV is (1.7 + 0.4) x 107%, in agreement with the Hof et
a. (1996) results between 3.7 and 19 GeV and 3 ¢ away from
the Golden et al. (1979) results between 4.4 and 13.4 GeV.
Throughout the energy range, our measured val ues of the ratios
do not show significant deviations from a secondary origin of
the cosmic-ray p. For the first time, p with energies above
18 GeV have been mass-resolved; the highest energy p was
measured at a kinetic energy of 43 GeV.
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