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BESS-Polar Il ANTIDEUTERON UPPER LIMIT K. Sakai

In contrast to high-statistics antiproton (p) measurements, no cosmic-ray antideuteron (d) has
been detected. An advantage of the d search over the p measurement lies in the extremely low
astrophysical background of d’s, especially at low energy. Before the flight of the next-generation
experiment, GAPS, we searched for d’s in the 4.7 x 10° cosmic-ray events observed by BESS-
Polar II at the solar minimum in 2007. No d candidates were detected in the analysis, which
adapted a quality cut nearly identical to the BESS-Polar II p flux calculation. Thus, the 95%
C.L. upper limit on the d flux in the energy range from 0.163 to 1.100 GeV/n at the top of the
atmosphere was calculated with a conservative analysis. The resultant upper limit was compared
to BESS97-00, which currently has the best sensitivity for searching for cosmic-origin d’s of
1.9 x 107* (m? s sr GeV/n)~! and several theories. We will report details of the analysis and the
upper limit on d flux with BESS-Polar II.
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Figure 1: Flight trajectories 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

1. Introduction

The possible presence of various species of antimatter in the cosmic radiation can provide
evidence of sources and processes important for both astrophysics and elementary particle physics.
Most of the observed cosmic-ray antiprotons (p’s) are well understood as secondary products of
collisions between primary cosmic-rays and the interstellar medium. The energy spectrum of such
“secondary” p’s peaks near 2 GeV, and decreases sharply below and above the peak, due to the
kinematics of p production and to the local interstellar (LIS) proton spectrum. Cosmologically
“primary” sources have been suggested, including the annihilation of dark-matter particles and
the evaporation of primordial black holes (PBH) by Hawking radiation [1]. While antideuterons
(d’s) have never been detected in the cosmic radiation, they can be produced by the same sources
as p’s and may be of both secondary or primary origin, with the latter providing evidence for
sources such as PBHs and annihilating neutralino dark matter. The low-energy range below ~ 1
GeV/nucleon offers a unique window in the search for cosmic-ray primary d’s because it has a
greatly supressed background from secondary d’s. Thanks to their heavier mass, the probability
of secondary production in cosmic-ray interactions is much smaller, especially at low energies,
because of the very low production cross-section and strict kinematical requirements. Therefore,
one single d event would be a direct evidence of novel primary origins. The best limit ever achieved
was reported by the BESS experiment obtained during last solar minimum period [2].

2. BESS Program

The BESS instrument [3, 4] 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
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Figure 2: Cross sectional view of BESS-Polar II spectrometer

period of 1993 through 2002 with continuous improvement in the instrument. The BESS-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
[5-7]. The first scientific flight of the BESS-Polar instrument was launched near US McMurdo
Station in Antarctica, on December 13th, 2004 (UTC). The flight duration was over 8.5 days and
more than 9 x 10® cosmic-ray events were recorded [8]. 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 McMurdo Station 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 II accumulated 4.7 x 10° events with no inflight event selection as 13.6 terabytes
of data (Figure 1).

The BESS-Polar II program [9] has published three papers giving precise measurements of
p [10], a sensitive antihelium search [11] and the absolute spectra measurements for cosmic-ray
protons and helium nuclei [12]. The p spectrum measured by BESS-Polar II shows good consistency
with secondary p calculations and no evidence of primary p originating from the evaporation of
primordial black holes. The antihelium search has set a new limit in the ratio of possible antihelium
to measured helium of 6.9 x 10~8 at 95% confidence, the lowest limit to date. Proton and helium
spectra observed from PAMELA [13, 14], AMS-02 [15, 16] and BESS-Polar agree within one og
at high-energies.

3. BESS-Polar Instrument

In the BESS-Polar instruments shown in Figure 2, a uniform magnetic 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 p measurements,
the acceptance of BESS-Polar is 0.23 m?sr and for proton and helium measurements the acceptance
is reduced to be 0.18 m?sr. The timing resolution of the TOF system is 120 ps, giving a 8!
resolution of 2.5%. The instrument also incorporates a threshold-type Cherenkov counter using a
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Figure 3: d’s (d’s) and p’s (p’s) bands in Figure4: S~! versus rigidity plot at the magnet’s center

(dE /dx)®> versus rigidity at the magnet’s after dE /dx selection for |Z| = 1 and Cherenkov veto.

center (top: Upper TOF, middle: JET, bot- There are no d’s in the identification region, enclosed by

tom: Lower TOF) from BESS-Polar II. solid lines, defined by excluding the overlapping areas
of the pp band from the d band.

silica aerogel 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. A thin scintillator middle-TOF
(MTOF) is installed on the lower inner-surface of the solenoid bore enabling to detect low-energy
particles which cannot penetrate the magnet wall. Since readout of both ends of the scintillators
was realized for the BESS-Polar II MTOF, it has identical functionaries to the other TOF system
including axial position measurements except for inferior timing resolution of 320 ps.

4. The search for d’s

In the first stage of data analysis, we selected events with a single track fully contained inside
the fiducial volume with acceptable track quality by eliminating the track which scratches the outer
most region. 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’s behave like deuterons
(d’s) except for their deflection thanks to the cylindrical symmetry of the BESS-Polar spectrometer.
The selection criteria of d are basically identical to what were applied in p analysis. To prevent
any background contamination into d, improved tracking quality was required by eliminating noisy
IDC hit events, and selecting events that pass through the center region of JET, and the ACC veto
was applied to all energy regions.

From the events surviving quality cuts described above, (dE /dx)"-> band selection was applied
to UTOF, JET, and LTOF for d(d) particle identification, as shown in Figure 3. Particles pass
through in the order stacked in the instrument and stopping can be confirmed in the lower energy
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Figure 5: d efficiencies of quality and identifi- Figure 6: Effective exposure factor. The energy
cation cut versus top-of-instrument kinetic energy. ranges E| and E, were selected to maximize the
They are estimated using d’s in BESS-Polar II area of the rectangle, and the calculated F,;, is
flight, assuming the symmetry of d’s and d’s other shown overlaid.

than interaction of the annihilation process.

region at the last LTOF. The B8~' versus rigidity plot is shown in Figure 4 after applying the
(dE /dx)® band cut to the positive and negative rigidity regions. The red band indicates the area
of dbar with a width of 3.0 o, and the blue band denotes the area of pbar with a width of 3.5 o.
The d identification region is within the red band excluding overlap with the blue band to avoid p
contamination. Consequently, no d was found. As the systematic error studies, the d search with
other conditions was performed, but the results didn’t change. Some events near the boundary were
investigated but considered to be the tail component of j rather than d.

5. The upper limit on the J flux

Since no d was found, an upper limit on the d flux was calculated. The contamination from
the p’s is expected to be 2.72, but the 95% C.L. upper limit is 3.00 in the no signal case, regardless
of the background event, because we calculated it using Bayesian statistics assuming a flat prior
probability density function [17] rather than the Feldman-Cousin method [18]. Equation 1 is the
formula for the upper limit.

3.00
o; = (1
Foin - (E2 — E1)
Foin = SQ-Tiive - €101 * Eair )
€101 = &€Q-ID * €other * €noint 3)

where F},;;, is minimum effective exposure factor, £ and E, are both ends of a bin, S is geometrical
acceptance, Tijve 1s the live period, £g_1p is the detection efficiency of d’s, &omher accounts for other
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efficiencies described below, &,0in s the non-interaction efficiency, etop is the total efficiency at
the top of the instrument, &,;; is the survival probability in the residual atmosphere.

Figure 5 shows the detection efficiency of the d’s calculated with the d’s. The p is a more
statistic-oriented analysis, with ACC veto only in the higher energy region than 0.8 GeV. In contrast,
the d has a uniform efficiency because the ACC veto was applied to the entire region to clean up
the data.

The analysis using the effective exposure factor is a methodology developed in the BESS97-00
d analysis [2]. Basically, the method is to calculate the most conservative upper limit in any one
bin from E| and E;. This provides more robust data when investigating the theory, although it is
less sensitive than the previous upper limit calculation because the lowest value is used instead of
the average value in the bin, as shown in Figure 6.

6. Conclusion

We will report the 95% C.L. upper limit on the d flux in the energy range from 0.163 to 1.100
GeV/n at the top of the atmosphere observed with BESS-Polar I compared to BESS97-00, which
currently has the best sensitivity for searching for cosmic-origin d’s, and several theories.
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