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The DArk Matter Particle Explorer (DAMPE), a space-based high energy particle detector, has
been operated on-orbit for more than five years. The large geometric factor and good charge
resolution enable DAMPE to have very good potential to measure cosmic-rays up to 100 TeV.
Knowledge of the boron to carbon (B/C) flux ratio is very important in understanding the prop-
agation of cosmic rays, especially in TeV energy range. In this contribution, the latest progress
of the B/C flux ratio analysis based on the flight data collected by DAMPE during the 5 years of
operation, is presented.
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1. Introduction

Cosmic rays (CRs) are conventionally divided into two classes: primary and secondary. Pri-
mary CRs are those particles accelerated at astrophysical sources, and secondaries are those particles
produced in interaction of the primaries with interstellar gas. Recent observations from ASM-02
indicate a identical spectral hardening at ~ 200 GV for secondary cosmic rays (Li, Be, and B) and
primary cosmic rays (He, C and O), but the rigidity dependences of these two groups are distinctly
different[1, 2] In particular, the boron nuclei are thought to be entirely produced by the collision
of heavier nuclei, such as carbon and oxygen, with nuclei of the interstellar matter. Therefore, the
boron to carbon flux ratio directly indicates the average amount of interstellar material traversed by
cosmic rays [3].

Because of the importance of the B/C flux ratio to the understanding of cosmic rays, over the
last 20 years there have been many measurements [4—7]. Precise measurement of the B/C flux Ratio
by AMS-02 [7], shows that the B/C ratio is well described by a single power law R® with index
A = —-0.333 above 65 GV rigidities, in good agreement with the Kolmogorov theory of turbulence
which predicts A = —1/3 asymptotically [8]. In TV rigidities, However, the current measurements
from the magnetic spectrometers have very large errors and cannot clarify if the B/C flux ratio
remains a single power law in high rigidities.

The DArk Matter Particle Explorer (DAMPE) is a calorimetric-type, satellite-borne detector
for high energy electron/positron, y-ray, and CR observations[9]. Since launched on Dec.17th 2015,
DAMPE has obtained advanced measurements of CR e+ spectrum[10], proton spectrum [11], and
helium spectrum[12], and revealed new spectral structures with high confidences. With a large
geometric factor and a good charge resolution[13], DAMPE is expected to extend the measurement
of the B/C flux ratio up to a few TeV/n energies.

2. DAMPE instrument

The DAMPE detector consists of 4 sub-detectors, which are a Plastic Scintillator strip Detector
(PSD)[? ], a Silicon-Tungsten tracKer-converter(STK)[16], a BGO imaging calorimeter [17] and a
NeUtron Detector (NUD) [18] from top to bottom. The PSD measures the charge of an incident
particle It can also be used as an anti-coincidence detector for y-rays. The STK reconstructs the
trajectory and measures the charge. The BGO calorimeter measures the energy, and provides
electron-hadron identification. The track information can also be obtained via the BGO image. The
NUD provides additional electron-hadron discrimination, which is important for energies above
TeV. These 4 sub-detectors enable good measurements of the charge (| Z|), arrival direction, energy,
and particle identity of each event.[9]

3. Data analysis

Five years of DAMPE on-orbit data from January 1%, 2016 to December 31*/, 2020 are
analyzed in this work. The total live time is 1.1977446 x 108s after excluding the time when the
satellite passes the South Atlantic Anomaly (SAA) region, the instrument dead time, the time for
on-orbit calibration, and the period between September 9, 2017 and September 13, 2017 when a
big solar flare occurred and may have affected the baseline of the detector.
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3.1 Event Selection

To ensure that all detectors work in good condition, data recorded when the satellite was in the
SAA region are excluded. Furthermore, we select events with deposited energy in the calorimeter
larger than 100 GeV, to effectively avoid the effect due to the geomagnetic rigidity cutoff [14] for
boron and carbon nuclei.

¢ Pre-selection

The DAMPE has four different triggers implemented on orbit [9]: Unbiased trigger, MIP
trigger, High-Energy (HE) trigger and Low-Energy(LE) trigger. The events are required to
meet the HE trigger condition in order to make sure the shower development starts at the
beginning of the calorimeter. For boron and carbon nuclei, with deposited energy larger
100 GeV, the HE trigger efficiency is as high as 100%. Apart from the HE trigger, the
pre-selection requires at least one hit in each sub-layer of the PSD and at least one good track
in the STK with more than four hits in both X and Y views. In addition, the good track should
transverse the PSD hit with maximum energy in both X and Y views, the reduced y? value
should be smaller than 5. In case that there are more than one good tracks in the STK, the
most reliable one is selected by jointly considering the following factors: the length of the
track, the reduced y? value of the fit, and the match between the candidate track and the
shower axis in the calorimeter. The selected track is then required to cross all sub-layers of
the PSD and pass through the calorimeter from top to bottom.
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Figure 1: Left — PSDY versus PSDX reconstructed charges in the elemental range between Be and F.
Right — The combined PSD charge template fitting for deposited energies of 1000 — 1412 GeV in the BGO
calorimeter.

* Charge selection

Firstly, we require that the signal of the first hit on the STK track should be larger than 20
times of the MIP-equivalent signal, and the charge RMS of all hits on the STK track should
be smaller than 2. Then, the charge measurements of PSD are used to select boron and
carbon candidates. The PSD is composed of two layers placed in a hodoscopic configuration
(Y-view for layer-1 and X-view for layer-2), with 41 plastic scintillator strips in each layer [?
]. The PSD charge reconstruction procedure includes light attenuation (position) correction,
light yield saturation (quenching) correction, energy independence. For an incident charge
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particle, the charge is measured independently by the two PSD layers. Figure 1 left shows
the crossplot of PSDY versus PSDX reconstructed charges in the elemental range between
Be and F.

The charge measurements of the MC simulations show an energy-dependent difference from
that of the flight data primarily due to the back-scattering secondaries. To mitigate such
an effect, an energy-dependent charge correction is applied for the MC data. We first
parameterize the charge distributions of protons and helium nuclei in different deposited
energy bins with a Landau-Gaussian convolution function for the flight data and MC data
separately. Then the MC charges are shifted and shrinked according to the best-fitting
parameters to match with the flight data.

The combined PSD charge distribution after corrections for deposited energies of 1000—1425
GeV is plotted in the right panel of Figure 1, where the boron and carbon peaks can be clearly
seen. Two constant cut ranges, [4.75,5.35] and [5.7,6.5], are applied to select boron and
carbon candidates respectively. The charge selection efficiencies for boron and carbon are
validated by the comparison of flight data and MC data. The deviation of the flight data from
the MC simulations is within 2% for boron and 1% for carbon.

—e— Total bkg

— Helium bkg Preliminary
101k Beryllium bkg

—— Boron bkg
Nitrogen bkg
102F Oxygen bkg 4

Foo—o—o o0 —t—+—p—4——% + i
: = 1 {

— =1 e
1073? 3 10°- rl—{\—‘ E
Preliminary | 0,5; ] ‘ i

10° 10* 10° 10
Deposited Energy [GeV] Deposited Energy [GeV]

T
—e— Total bkg — Carbon bkg
— Helium bkg Nitrogen bkg

101 Beryllium bkg Oxygen bkg El

Contamination

107F

Contamination Fraction

1

Figure 2: Left — The contamination fractions for boron. Right — The contamination fractions for carbon.

3.2 Background

The background for boron or carbon includes different mis-identified nuclear species. The
contamination from proton and nuclei heavier than fluorine is negligible for both boron and carbon.
Background contamination fractions from different nuclear species misidentified as boron or carbon
is shown in Figure 2. For boron, the total contamination fraction is < 2% below 300 GeV,
and increases up to ~ 5% around 10 TeV, dominated by helium nuclei. For carbon, the total
contamination fraction remains < 1% below 10 TeV.

3.3 Effective Acceptance

The effective acceptance is defined as the product of the geometric factor and selection effi-
ciencies (including trigger, track, and charge selections). To estimate the effective acceptance, a
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detailed MC simulation using the GEANT4 toolkit [19] is performed. A digitization algorithm in-
cluding the DAMPE detector response is developed for converting the raw energy hits by GEANT4
simulations into Analog-to-Digital Converter (ADC) counts. Then we apply the reconstruction
algorithm to the simulation data to obtain the reconstructed events. An isotropic spectrum with
E~'0 power-law is generated for detector simulation using the GEANT FTFP_BERT physicslist
[20], then is re-weighted to E~30 for boron and E~>7 for carbon. The effective acceptance of the
i-th incident energy bin is obtained by

Npass,i
N, gen,i

Aeﬁ,i = Agen X (1)
where Age, is the geometrical factor of the MC generation sphere, Ngey, ; and Ny ; are the numbers
of generated events and those passing the selections.

3.4 Energy Unfolding

Due to the limited thickness of the BGO calorimeter (~ 1.62 nuclear length), a boron or
carbon particle does not fully deposit its energy in the calorimeter. To convert the measured energy
spectrum to the primary energy spectrum, it is necessary to unfold the instrument response. Instead
of correcting the particle energy event-by-event, the unfolding procedure enables an estimate of the
energy distribution of incident particles from the deposit energy distribution.

The number of events in the i-th deposited energy bin, Ngep;, can be obtained via the sum of
number of events Nj, ; in all the incident energy bins weighted by the energy response matrix

Naep,i = Z M;j Ninc,j, 2)
J

where M;;, the energy response matrix, is the probability that an event in the j-th incident energy
bin is detected in the i-th deposited energy bin. Eq. 2 is solved with a Bayesian method to derive
the incident event distribution[21].

3.5 Uncertainties

The statistical uncertainties refer to the Possion fluctuations of the detected numbers of events
in each deposited energy bin. To get the statistical uncertainties of the unfolded proton fluxes, an
error propagation from the detected events to the unfolded fluxes is necessary in order to properly
take into account the bin-by-bin migration due to the unfolding procedure[21].

The systematic uncertainties related with the charge selection are estimated through com-
parisons between flight data and MC simulations. For the STK charge selection, the efficiency
differences are [-2%), 3.16%] and [-1%, 1%] for boron and carbon, corresponding to an uncertainty
of [-2.24%, 3.32%] for B/C flux ratio. For the PSD charge selection, the efficiency differences
are [-2%, 2%] and [-1%, 1%] for boron and carbon, corresponding to an uncertainty of [-2.24%,
2.24%] for B/C flux ratio.

The uncertainties due to the spectral deconvolution are estimated to be < 1%, through re-
generation of the response matrix and varying the spectral index from 2.5 to 3.2 when re-weighting
the simulation data. The systematic uncertainties due to the background subtraction are estimated
through varying the charge selection condition from —10% to 5% for both of boron and carbon, and
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repeating the analysis. The background subtraction gives ~ 1% systematic uncertainties below 100
GeV /n and increases to ~ 2.5% at 400 GeV/n.
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Figure 4: B/C flux ratio from 15 GeV/n to 3 TeV/n measured with DAMPE (red points), compared with
previous results by ATIC-2 [4], CREAM-II [5], PAMELA [6], AMS-02 [7]. The red error bars show the
statistical uncertainties, the gray profiles show the quadratic sums of statistical and systematic uncertainties.

4. Results

The B/C flux ratio in the energy range from 15 GeV/n to 3 TeV/n is shown in Figure 4. The error
bars represent the statistical uncertainties, the gray profiles show the quadratic sums of statistical and
systematic uncertainties. Previous measurements by space detectors ATIC-2 [4], CREAM-II [5],
PAMELA [6] and AMS-02 [7] are overlaid for comparison. The DAMPE result is well consistent
with those of PAMELA and AMS-02 within uncertainties.

More detailed analysis of the DAMPE data and more precise estimation of systematic uncer-
tainties are on-going. With the accumulation of data, DAMPE is expected to measure the B/C
flux ratio up to a few TeV/n with good precision, which will represent a significant step forward in
understanding the propogation of CRs.
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