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High-precision measurements of the cosmic-ray antiproton spectrum and sensitive search for cos-
mological antihelium have been published using the data from BESS-Polar II (Balloon-borne
Experiment with a Superconducting Spectrometer) flight in 2007/2008 for a core study of the
early Universe using elementary particle measurements. The most sensitive antideuteron search
reported used the data obtained by BESS97, BESS98, BESS99, and BESS00, which include the
solar minimum period in 1997. We performed a search for antideuterons with unprecedented
sensitivity using BESS-Polar II data that is more than ten times the statistics of BESS97 in near
solar minimum conditions. The search for antideuteron probes possible exotic sources, such as
dark-matter candidates.
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1. Introduction

The precise measurement of the cosmic-ray antiproton spectrum (p’s) is crucially important
to the investigation of elementary particle phenomena in the early Universe. Most of the observed
cosmic-ray antiprotons are well understood as secondary products of collisions between primary
cosmic-rays and the interstellar medium. The energy spectrum of such “secondary” antiprotons
peaks near 2 GeV, and decreases sharply below and above the peak, due to the kinematics of
antiproton production and to the local interstellar (LIS) proton spectrum.

Cosmic-ray antideuterons (d’s) are in a different situation. Thanks to their heavier mass, the
probability of production in cosmic-ray interactions is much smaller, especially at low energies, be-
cause of the very low production cross-section and strict kinematical requirements. So one single d
event would be a direct evidence of novel primary origins. However, the expected flux is extremely
small. The more numerous j’s are a severe background in identifying d’s. An experiment with
large exposure factor and good particle identification devices is necessary to investigate d’s. As
such, few searches have been carried out so far and no d candidate was observed yet. The best limit
was reported by the BESS experiment obtained during last solar minimum period [1].

2. BESS Program

The BESS instrument [2, 3] was developed as a high-resolution magnetic-rigidity spectrometer
for cosmic-ray antiparticles and precise measurements of the absolute fluxes of various cosmic-ray
components. The original BESS experiment performed 9 flights over northern Canada during
the period of 1993 through 2002 with continuous improvement in the instrument. The BESS-

Figure 1: Flight trajectory of the 2007 BESS-Polar II over Antarctica from Williams Field (first orbit blue,
second orbit red) with 2004 BESS-Polar I flight (green).

[Launch]S77-51,E166-40, 06:27(McM) 12/23 2007

[Recovery]S83-51,W073-04, 09:02(UTC) 1/21 2008
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Figure 2: Cross sectional view of BESS-Polar II spectrometer

Polar project was proposed as an advanced BESS program using long duration balloon (LDB)
flights over Antarctica (around the south pole) to provide high-statistics, low-energy cosmic-ray
measurements [4, 5, 6]. The first scientific flight of the BESS-Polar instrument was launched near
McMurdo Station, on December 13th, 2004 (UTC). The flight duration was over 8.5 days and
more than 9 x 10% cosmic-ray events were recorded [7]. Incorporating considerable improvements
in instrument and payload systems compared to BESS-Polar I, the BESS-Polar II instrument was
launched on December 23, 2007, from Williams Field near the US McMurdo Station in Antarctica
and circulated around the South Pole for 24.5 days of observation with the magnet energized. The
float altitude was 34 km to 38 km (residual air of 5.8 g/cm? on average), and the cutoff rigidity was
below 0.5 GV. BESS-Polar IT accumulated 4.7 x 10° events with no inflight event selection as 13.6
terabytes of data (Fig. 1).

The BESS-Polar II program [8] has produced three papers giving precise measurements of an-
tiprotons [9], a sensitive antihelium search [10] and the absolute spectra for cosmic-ray protons and
helium nuclei [11]. The antiproton spectrum measured by BESS-Polar II shows good consistency
with secondary antiproton calculations and no evidence of primary antiprotons originating from
the evaporation of primordial black holes. And antihelium work has set a new limit in the ratio of
possible antihelium to measured helium of 6.9 x 1073 at 95% confidence, the lowest limit to date.
Proton and helium spectra observed from PAMELA [12, 13], AMS-02 [14, 15] and BESS-Polar
agree within one o at high-energies.

3. BESS-Polar Instrument

In the BESS-Polar instruments shown in Fig. 2, a uniform field of 0.8 T is produced by a
thin superconducting solenoid, and the field region is filled with drift-chamber tracking detectors.
Tracking is performed by fitting up to 52 hit points with a characteristic resolution of ~ 140um
in the bending plane, resulting in a magnetic-rigidity (= Pc/Ze) resolution of 0.4% at 1 GV and a
maximum detectable rigidity (MDR) of 240 GV. Upper and lower scintillator hodoscopes provide
time-of-flight (TOF) and dE /dx measurements and the event trigger. For antiproton measurements,
the acceptance of BESS-Polar is 0.23 m?sr and for proton and helium measurements the acceptance
is 0.18 m’sr. The timing resolution of the TOF system is 120 ps, giving a B! resolution of
2.5%. The instrument also incorporates a threshold-type Cherenkov counter using a silica aerogel
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Figure 3: Proton and deuteron bands in dE/dx Figure 4: BESS-Polar II proton, deuteron (top)
vs R (top: UTOF, middle: LTOF, bottom: JET) and helium (bottom) bands in B! vs R after the
from BESS-Polar II. The superimposed lines selections shown in Fig. 3. The superimposed
show the selection criteria for Z=1 and Z=2 par- lines show the selection criteria for protons and
ticles. The inset graphs show the results of those helium. The inset graphs show the results of
selections above 30 GV. those selections above 30 GV.

radiator with index n = 1.03 (ACC) that can reject e~ and p~ backgrounds by a factor of 12000
and distinguish p’s from such backgrounds up to 3.5 GeV.

4. Data analysis

In the first stage of data analysis, we selected events with a single track fully contained inside
the fiducial volume defined by the central four columns out of eight columns in the JET chamber.
This definition of the fiducial volume reduced the effective geometrical acceptance down to ~ %
of the full acceptance, but it ensured the longest track fitting and thus the highest resolution in the
rigidity measurement. A single-track event was defined as an event which has only one isolated
track and one or two hit counters in each layer of the TOF hodoscopes. The single-track selection
eliminated rare interacting events. To estimate the efficiency of the single-track selection, Monte
Carlo simulations with GEANT4 were performed. At this point, the same selection criteria for
positive and negative curvature events are applied under the assumption that non-interactive d (p)
behave like d (p) except for their deflection thanks to the cylindrical symmetry of the BESS-Polar
spectrometer. We can also estimate various efficiencies for d’s by using positive curvature events
(d). The selection criteria of d are basically identical to what were applied in j5 analysis. To prevent
p background contamination into d, improved tracking quality was required by eliminating noisy
IDC hit events, and selecting events that pass through center region of JET.
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d and d candidates are then selected by using combination of dE /dx and 8 information. We
first apply band selections according to dE /dx for upper and lower TOF and JET chamber. Figure
3 shows dE /dx vs rigidity plot for each detector. We require that d’s as well as d’s must have the

dE /dx inside the band shown in Fig. 3. Figure 4 shows scatter plot of B! vs rigidity after the
selections shown in Fig. 3.

5. Antideuteron identification

Figure 5 shows surviving single-charge events in $~! vs rigidity plot after dE /dx and ACC
cut. Higher ACC threshold was employed to prevent background contamination of relativistic
e/u/m samples as well as p’s. The rejection power is 43000, more than three times of that in the
p analysis. Blue shaded band denotes signal region for d excluding 3.5 ¢ region from p center
to prevent p contamination. While total number of background is calculated to be 0.3 events, we
found no d candidates.
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Figure 5: Surviving single-charge events in $~! vs rigidity plot after dE /dx and ACC cut in BESS-Polar IT
data
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6. Conclusion

Since no d candidate was found, we calculated the resultant 95% C.L. upper limit on the
deuteron flux. It will be reported in the conference.
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