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Abstract: The cosmic-ray (CR) electrons and positrons in space are of considerable significance for studying the

origin and propagation of CRs. The satellite-borne detector Dark Matter Particle Explorer (DAMPE) has been used

to measure the separate electron and positron spectra, as well as the positron fraction. In this study, the Earth's mag-

netic field is used to distinguish CR electrons and positrons, as the DAMPE detector does not carry an onboard mag-

net. The energy for the measurements ranges from 10 to 20 GeV, which is currently limited at high energy by the

zenith-pointing orientation of DAMPE. The results are consistent with previous measurements based on the magnet-
ic spectrometer by AMS-02 and PAMELA, whereas the results of Fermi-LAT appear to be systematically shifted to

larger values.

Keywords: DAMPE, geomagnetic field, east-west effect, electron and positron spectra, positron fraction
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I. INTRODUCTION

Electrons are a small (~1% [1]) but important com-
ponent of cosmic rays (CRs). There are two components
contributing to the flux of CR electrons: (a) the primary
electrons that were accelerated by supernova remnants
(SNRs); (b) the secondary particles from the interactions
between CR nuclei and the interstellar matter. Generally,
CR positrons are produced as secondary particles togeth-
er with electrons, with a decreasing fraction (®(e*)/
(D(e*)+D(e7))) as energy increases [2]. Therefore, the
positron fraction is an important probe for studying the
origin of CR electrons and positrons [3].

However, the theoretical prediction is not consistent
with the experimental observations. In the 1990s, the
HEAT experiment measured the positron fraction using a
balloon-borne payload and provided a predominantly de-
creasing positron fraction [4]. The authors discovered a
small excess at ~ 7 GeV. More recently, the PAMELA
Collaboration has reported an increasing positron frac-
tion above 10 GeV with high precision [5]. The observa-
tion was subsequently confirmed by Fermi-LAT [6] and
AMS-02 [7]. It is difficult to explain the increasing
positron fraction above 10 GeV through secondary par-
ticle production, indicating additional sources, including
pulsars [8], SNRs [9], and the decay of dark matter [10].

CSTR: 32044.14.ChinesePhysicsC.49115001

Detector—The Dark Matter Particle Explorer
(DAMPE [11], also known as "WuKong" in China) was
launched into a 500-km sun-synchronous orbit on
December 17, 2015. From top to bottom, it consists of a
plastic scintillator detector (PSD) for charge measure-
ment [12], a silicon-Tungsten tracKer converter (STK)
for trajectory measurement and additional charge meas-
urement [13], a bismuth-germanate-oxide imaging calori-
meter (BGO) for energy measurement and electron-had-
ron discrimination [14], and a NeUtron Detector (NUD)
for further electron-hadron discrimination [15]. DAMPE
achieves an excellent energy resolution (~1.5% for elec-
trons and gamma-rays and ~30% for nuclei) and angular
resolution (~0.2°) [11], ensuring a good measurement of
the energy deposition and the tracking of CR electrons
and positrons. Dedicated calibrations of each sub-detect-
or show that the instrument works stably on-orbit
[16—19]. Furthermore, the DAMPE detector has excel-
lent e/p discrimination power, which is validated in the
measurement of the all-electron spectrum [20]. Although
DAMPE does not have an onboard magnet, it can separ-
ate CR electrons and positrons using the geomagnetic
field. Following the method pioneered by Fermi-LAT,
DAMPE exploits the opposite distortion of Earth's shad-
ow caused by the geomagnetic field [6] to distinguish
between electrons and positrons.

115001-2
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Monte Carlo simulations—Extensive Monte Carlo
(MC) simulations were conducted in the analysis to ex-
plore the response of the detector. The MC events were
generated using the DAMPE software framework based
on the GEANT4 toolkit of version 4.10.5 [21] with the
FTFP-BERT physics list. The simulated events were gen-
erated with an isotropic source and an E~! spectrum. Dur-
ing the analysis, the spectra were re-weighted based on
the results reported by AMS-02 for electrons and
positrons and to E=27 for protons. The energy ranges for
MC electrons/positrons and protons are [5 GeV, 30 GeV]
and [1 GeV, 100 GeV], respectively.

II. GEOMAGNETIC FIELD

The Earth's magnetic field (geomagnetic field) ex-
tends from its interior into space. The magnitude of the
geomagnetic field at the surface of the Earth ranges from
25 uT to 65 uT [22], and significantly affects the distribu-
tions of CRs in near-Earth space. In particular, positively
charged particles with low energy from the east are sup-
pressed compared with those from the west and vice
versa [23—25]. This effect, also known as the east-west
effect, makes it possible for DAMPE to separate CR elec-
trons and positrons. The black shaded band in Fig. 1(a)
shows the angular distribution of CRs blocked by the
Earth without the geomagnetic field. Furthermore, the
blocked distributions of CR electrons and positrons are
distorted by the geomagnetic field to the opposite direc-
tion as shown in Fig. 1(b). Electron trajectories falling
within the angular distribution represented by the blue
shaded band are blocked by the Earth (“positron-only” re-
gion), whereas in the case of the red shaded band, the
positron trajectories are blocked (“electron-only” region).

To obtain the exact size and shape of the “electron-

N et blocked (e~ only)
(b) T

N | Blocked
@

e~ blocked (e* only)

Fig. 1.  (color online) Polar axis indicating the nadir angle
(i.e., nadir angle = 0° denotes that CR particles travel from the
Earth center toward the satellite). (a) The black shaded region
indicates the distribution of CRs blocked by the Earth without
a geomagnetic field. (b) The angular distributions for the
blocked CR electrons and positrons are distorted to the oppos-
ite direction by the geomagnetic field; the angular distribution
indicated by the blue shaded band is the electron-blocked re-
gion ("positron-only" region), whereas the red shaded band is
the positron-blocked region ("electron-only" region).

only” and "positron-only" regions, a high-precision geo-
magnetic field model (International Geomagnetic Refer-
ence Field, IGRF) [26] was adopted to mimic the behavi-
or of CR electrons and positrons. The geomagnetic field
changes over time, and the IGRF model is updated every
five years by the International Association of Geomagnet-
ism and Aeronomy (IAGA). The results presented in this
study are based on the 12th generation of the model (IG-
RF-12, 2015 epoch). As the method used in the report of
Dai [27], the tracer code developed by Smart and Shea
[28] was utilized to reconstruct the trajectories of MC
electrons and positrons in the geomagnetic field (back-
tracing). MC events with allowed trajectories were
labeled as "true", whereas MC events with forbidden tra-
jectories were labeled as "false". The sizes of the “elec-
tron-only” and "positron-only" regions are positively cor-
related with the geomagnetic cutoff rigidity. The Mcll-
wain coordinates, introduced by Carl E. Mcllwain, are a
set of coordinates for mapping the distribution of magnet-
ically trapped particles [29]. The geomagnetic cutoff ri-
gidity decreases as the Mcllwain-L parameter increases.
Therefore, MC events were only back-traced in the re-
gion with a low Mcllwain-L parameter, and the region
with a Mcllwain-L parameter between 1.0 and 1.14 was
selected. CR events were required to fall within the "elec-
tron-only" and "positron-only" regions (region selection).
Furthermore, the signal regions obtained using the IGRF-
12 model were applied to flight data after 2020 owing to
the minimal variation over time, which is validated in the
section on systematic uncertainty.

III. DATA ANALYSIS

Event selection—We used 108 months of DAMPE
data from January 1, 2016 to December 31, 2024 in this
analysis. The limitation of DAMPE's orientation (toward
space) makes the "electron-only" and "positron-only" re-
gions outside the effective field of view of the detector at
energies exceeding 20 GeV for which we cannot extend
the measurements to higher energy like Fermi-LAT with
data collected in special modes [6]. CR events were ex-
cluded when the detector traveled through the South At-
lantic Anomaly (SAA) region. In addition, CR events col-
lected in the region with the Mcllwain-L parameter
between 1.0 and 1.14 were selected. The corresponding
collection time accounted for approximately 14.2% of the
total flight time. The total live time was approxim-
ately3.06x 107 s (~75% of the collection time) after sub-
tracting the SAA passage time (~5%), instrumental dead
time (~18.44%), and on-orbit calibration time (~1.56%).
The detailed selections are presented as follows:

* Pre-selection. The events are required to satisfy the
high energy trigger (HET) in this study. The HET mode
stipulates that the energy deposition in the first three lay-
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ers of the BGO be higher than 10 times the proton minim-
um ionizing particle (MIP) energy (approximately 23
MeV) and that in the fourth layer be higher than 2.4 times
the proton MIP energy [30]. To enhance the effective
field of view of the detector, we require that the BGO
track (based on the center of energy deposition in each
BGO layer) pass through the first four layers of the BGO
instead of all 14 layers. Additionally, we require that the
number of BGO bars fired (threshold = 20 MeV) be less
than an upper limit (M = 18.17+1.84 x E—0.0192 x E?)
and that the energy deposition in the last layer of the
BGO (F.y) be less than 1% of the total energy.

* STK track selection. The number of hit points in the
STK of the track is required to be not less than 3. The
track with the maximum track quality (7Q) value is selec-
ted as the candidate track. The TQ value is defined by Eq.

(1) [31]:

1+E, N, -3
ln(Dsum/mm))X(lJr 12 ) (1)

ro=(
where E, is the ratio of the energy deposited within a 5
mm cylinder around a candidate track to the total energy
deposition in the STK, Dy, is the sum of the distances
from the extrapolating STK-track to the centers of en-
ergy deposition of the first four BGO-layers, and N, is
the number of hit points. Furthermore, we require a match
between the STK track and the BGO track, stipulating
that the average projected distances between the energy
center in the first four layers of BGO and the candidate
STK track be less than 25 mm. To ensure a good charge
reconstruction of CRs, the selected track is required to
pass the bar with maximum energy deposition on each
PSD layer.

* Charge selection. To eliminate heavy CR nuclei (Z
> 2), the PSD charge based on Eq. (2) is required to be
constrained within the range of 0 to 1.8.

2, - 1,
Onspy = (On+0p)/ [0n —0Onl < @
max{Qn,0p}, 10n—-0pl=1,

where Q; and Qp are the charges reconstructed by the
first and second layers of PSD, respectively.

Particle identification—The residual protons are ex-
cluded by the shower difference between the elec-
trons/positrons and protons. We calculated the shower
spread and shower depth, expressed by the transverse
(RMS,) and longitudinal (RMS,) energy-weighted root-
mean-square values of the hit positions in the BGO, re-
spectively. RMS, and RMS, are calculated as

2,1:30 231 E;jx (x;;— Xei)?
RMS, = '/13 /22 E] ’ ®
Zi:OZj:l ij

13 22
i o Ei;jx(d;j—d.)?
s, - \/Z,_oz,_l x(dy=dy “

13 22
>iz0 2 j=1 Eij

where x;; and E;; are the coordinates and deposited en-
ergy of the j-th bar in the i-th layer, respectively, x.; is
the coordinate of the shower center of the i-th layer, d;;
represents the coordinates of the projection point of the j-
th bar in the i-th layer on the BGO track, and d. is the en-
ergy-weighted center of all the projection points.
In(RMS ;/mm) is required to be less than 4.5, whereas
In(RMS ,/mm) is required to be constrained within the
range of [2.7, 3.1]. Fig. 2 shows the In(RMS ,/mm) distri-
butions of flight data and MC simulations for two selec-
ted energy ranges, 11.5-13.2 GeV and 15.1-17.3 GeV, re-
spectively. The vertical dashed lines indicate the selec-
tion window of [2.7, 3.1].

Background estimation—There are three components
contributing to the background of the candidate electrons/
positrons: (a) residual CR protons, (b) the secondary elec-
trons/positrons from the interactions between the CR nuc-
lei and Earth's atmosphere, and (c) the residual electrons
in the candidate positrons and the residual positrons in the
candidate electrons owing to the limited angular resolu-
tion of DAMPE (~ 0.2°). The residual CR protons are the
main background in the candidate electrons/positrons.
The In(RMS,/mm) distributions of the MC simulations
are adopted as templates to fit the distributions of candid-
ate events. However, the MC distributions are not com-
pletely consistent with the flight data distributions, for
which a smearing (shift and broadening) is applied on the
MC simulations to match the flight data. Figure 2 shows
the template fits on the candidate electrons and candidate
positrons for the energy ranges 11.5-13.2 GeV and
15.1-17.3 GeV, respectively. The proton background of
the candidate electrons varies from ~ 5% at 12 GeV to ~
16% at 19 GeV, whereas the proton background of the
candidate positrons varies from 39% at 12 GeV to 65% at
19 GeV. In the energy range from 10 to 20 GeV, as the
secondaries are closely collimated along the direction of
the primary [6], they tend to fall adjacent to the edge of
the blocked region, which is outside the effective field of
view of DAMPE. Therefore, the secondary contamina-
tion is negligible. The third type of background is estim-
ated by mixing MC electrons and positrons in a ratio of
1% to 5.5% to simulate the CR condition in the energy
range from 10 to 20 GeV. The final results show that the
positron background in the electron sample is negligible,
whereas the electron background in the positron sample is
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(color online) Distributions of In(RMS,/mm) for events with the energy ranges 11.5-13.2 GeV (a,b) and 15.1-17.3 GeV (c,d).

The flight data are shown as black points. The probability density functions represent the distributions of the best-fit electron
(a,c)/positron(b,d) MC (red), proton MC (green), and electron/positron + proton MC (blue). The vertical dashed lines indicate the
In(RMS ,/mm) range used to select the electron/positron candidate events.

approximately 0.9%. Furthermore, the contamination from
helium is suppressed by the charge selection and the
shower selection to the level of 10~ for electrons and
107 for positrons, which are negligible. After back-
ground subtraction, we obtain 7.08x 10° electrons and
3.73 x 10* positrons.

Effective acceptance—The selection efficiencies are
obtained from MC simulations. The effective acceptance
of the i-th kinetic energy bin is defined as

N sel,i
9
N gen,i

Aeﬂ,i = Ageo X

)

where A, is the geometrical factor of the MC event gen-
erator sphere, Ny, is the number of events passing all the
selections including the backtracing to separately select
the positrons and electrons (region selection) mentioned
above, and N,.,; is the total number of generated events.
Figure 3 shows the effective acceptance of CR electrons
and positrons as a function of the kinetic energy. As the
geomagnetic field is asymmetric, the size of the "elec-
tron-only" region differs from that of the "positron-only"
region. Therefore, the effective acceptance of electrons is

relatively higher than that of positrons.

Systematic uncertainty—There are several sources of
systematic uncertainties of the measurements. A control
electron sample is selected with tight cut on
In(RMS ,/mm) (< 3.0) to evaluate the efficiencies of se-
lections for MC electrons and CR electrons, and the un-
certainties are expressed by the difference between the
two efficiencies. The results were ~ 0.9% for HET, ~
0.7% for track selection, and ~ 0.1% for charge selection.
Furthermore, the systematic uncertainties related to the
upper limit requirement of In(RMS;/mm) and F,, are
negligible. CR positrons are assumed to behave similarly
as CR electrons in the detector. Therefore, we adopt the
uncertainties related to the selections discussed above as
the systematic uncertainties of positrons.

For other selections, it is not possible to build control
samples. Therefore, we changed the upper limit of the N-
fired in the BGO from MNjni: to Nymic+3, and observed
that the electron flux changes by < 2% and the positron
flux changes by < 5% over the entire energy range. Fur-
thermore, we varied the selection window of the
In(RMS ,/mm), and observed the final difference of elec-
tron flux to beg 2% over the entire energy range. For
positrons, the flux difference is < 3% below 18 GeV and
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and positrons as a function of the kinetic energy, derived from

(color online) Effective acceptance of CR electrons

MC simulations. The difference in the effective acceptance of
electrons and positrons originates from the asymmetry of the
geomagnetic field, which causes the size of the "electron-only"
region to be different from that of the "positron-only" region.
Therefore, the region selection efficiency of positrons differs
from that of electrons.

~ 27% up to 19 GeV. The differences are treated as the
quadrature sum of the systematic uncertainties of the
In(RMS ,/mm) selection and the proton background es-
timation.

The energy resolution function of the MC simula-
tions is assumed to precisely match the flight data. To
check the validity of the consistency of the two energy
resolution functions, we performed the same analysis pro-
cedures with different energy bins to estimate the differ-
ence between the two energy resolution functions. The fi-
nal differences of the electron/positron fluxes are negli-
gible.

The IGRF-12 model is used to simulate the behavior
of the CR e~ /e* in the geomagnetic field. To evaluate the
systematic uncertainty introduced by the model, we re-
duced the size of the "electron-only" and "positron-only"
regions by 1°. The electron flux changes by < 2% and the
positron flux changes by < 1% over the entire energy
range. To verify whether the signal region obtained using
the IGRF-12 model is applicable to data collected after
2020, we calculated the systematic uncertainty with the
same method using data from 2021 to 2024. The results
are consistent with those obtained using the full dataset
discussed above, indicating that the variation of the sig-
nal region over time is minimal. Furthermore, the system-
atic uncertainty induced by the limited angular resolution
is covered by the differences described above. The total
systematic uncertainty is given by the quadrature sum of
the above uncertainties.

Figure 4 shows the systematic uncertainties discussed
above and the statistical uncertainty (red solid line). The
total uncertainty indicated by the black solid line is the
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Fig. 4. (color online) The top panel shows the relative sys-
tematic and statistical uncertainties of the electron spectrum,
and the bottom panel shows the uncertainties of the positron
spectrum. The total uncertainty indicated by the black solid
line is the quadrature sum of the statistical and systematic un-
certainties.

quadrature sum of the statistical and systematic uncertain-
ties.

IV. RESULT

The differential electron and positron fluxes in the
kinetic energy bin [E;, E + AE;] are given by

Nobs,i

O(E, E;+AE;) = AEA-T.
ieft,id exp

(6)

where AE; denotes the energy bin width, Ny, is the
number of observed events, A.q; is the effective accept-
ance, and Ty, is the total live time. Figure 5 show the (a)
electron and (c) positron spectra multiplied by E* and the
(e) positron fraction in the energy range from 10 to 20
GeV, and the error bars represent the total uncertainty.
For comparison, the separate electron and positron spec-
tra and the positron fraction from AMS-02 [7, 32],
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(color online) (a) Electron spectrum and (c) positron spectrum of DAMPE multiplied by E3. (e) Positron fraction of DAMPE

based on the measurements of separate electron and positron spectra. The error bars indicate total uncertainty. (b)(d)(f) Previous meas-
urements of separate electron and positron spectra and positron fraction by AMS-02 [7, 32], PAMELA [5, 33], Fermi-LAT [6], and
HEAT [4, 34] are presented for a comparison with the results of DAMPE. The measurement of Fermi-LAT is based on the calorimeter,

whereas the other measurements are based on the magnetic spectrometer.

PAMELA [5, 33], Fermi-LAT [6], and HEAT [4, 34] are
presented in Fig. 5 (b)(d)(f). The detailed information of
the results is shown in Table 1. The results of DAMPE
are consistent with the previous measurements of AMS-
02 and PAMELA, although the rising trend of positron
faction is less pronounced owing to the relatively narrow
energy range. Our measurements of separated electron

and positron spectra offer an independent cross-check of
previously reported results by AMS-02, PAMELA, and
other experiments. The geomagnetic field is utilized to
distinguish between CR electrons and positrons.
Discussion—The measurements by Fermi-LAT ap-
pear to be systematically shifted to larger values, despite
the use of a similar analysis method in this study. The
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Table 1. Fluxes and positron fraction as a function of energy (GeV). Uncertainties are + stat. + syst. £ is calculated by the method
presented in the report of G.D. Lafferty and T.R. Wyatt [35].
Energy/GeV E/Gev D )(GeV'm2sr 1) O(e)(GeV-m 2515 d)fb(#
(et) +D(e)
10.0-11.5 10.7 (1.82£0.00+0.03) x 107! (1.18£0.01 +£0.08) x 1072 (6.06+0.05+0.42) x 1072
11.5-13.2 12.3 (1.19+0.00+0.02) x 107! (6.79£0.06 +0.36) x 1073 (5.34+0.05+0.30) x 1072
13.2-15.1 14.1 (7.65+0.02+0.15)x 1072 (4.53+0.06+0.19)x 103 (5.55+0.08+0.26) x 102
15.1-17.3 16.2 (4.75+0.04+0.08) x 1072 (2.97+0.11+0.10)x 1073 (5.83+£0.21+£0.22)x 1072
17.3-19.9 18.5 (3.04+0.10+0.12)x 1072 (2.03+£0.41+0.56)x 1073 (62+12+1.8)x1072

overwhelming contamination of the proton in the positron
sample of Fermi could be a factor in the observed dis-
crepancy. Moreover, differences in satellite orientation
may contribute to the discrepancy between DAMPE and
Fermi-LAT. The flight data used in the analysis of Fermi
are collected when the satellite is oriented sideways, al-
lowing the satellite to receive a large amount of second-
ary electrons and positrons. Furthermore, the contamina-
tion induced by the mis-reconstruction of the track is not
discussed in Fermi's work, which may also account for
part of the observed difference. Extending the measure-
ments to higher energy is possible if we can incline the
detector in the future, and the detector would need to op-
erate in an inclined orientation for approximately four
years to obtain results comparable to those of Fermi.

In conclusion, our results in the energy range of 10 to
20 GeV are consistent with those of AMS-02 and
PAMELA, offering an independent cross-check. In addi-
tion, by employing a similar geomagnetic separation
technique as that used by the Fermi collaboration, our
analysis helps fill the gap in the lower energy region that
is not covered by Fermi. An in-depth exploration of this

methodology also offers valuable insights for advancing
fundamental physics research in related experiments,
such as the high energy cosmic-radiation detection
(HERD) facility [36] in the future.

V. SUMMARY

Based on the different behaviors of the opposite
charged particles in the geomagnetic field, the separate
electron and positron spectra are measured from 10 to 20
GeV with nine years of DAMPE data as well as the
positron fraction based on the two spectra. The results of
DAMPE are consistent with the previous experiments,
such as PAMELA and AMS-02. The measurements of
CRe*/eat energies greater than 20 GeV are limited by
the zenith-pointing orientation of DAMPE, and the satel-
lite needs to collect four years of flight data with an in-
clined orientation to achieve comparable results to Fermi.
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