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The DArk Matter Particle Explorer (DAMPE) is a space high-energy cosmic-ray detector covering
a wide energy band with a high energy resolution. One of the key scientific goals of DAMPE is to
carry out indirect detection of dark matter by searching for high-energy gamma-ray line structure. To
promote the sensitivity of gamma-ray line search with DAMPE; it is crucial to improve the acceptance
and energy resolution of gamma-ray photons. In this paper, we quantitatively proved that the photon
sample with the largest ratio of acceptance to energy resolution is optimal for line search. We therefore
developed a line-search sample specifically optimized for the line-search. Meanwhile, in order to increase
the statistics, we also selected the so-called BGO-only photons that convert into eTe™ pairs only in the
BGO calorimeter. The standard, the line-search, and the BGO-only photon samples are then tested
for line-search individually and collectively. The results show that a significantly improved limit could
be obtained from an appropriate combination of the date sets, and the increase is about 20% for the
highest case compared with using the standard sample only.
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1 Introduction

The DArk Matter Particle Explorer (DAMPE) is an ad-
vanced high-energy cosmic-ray detector in orbit [1, 2]. The
DAMPE consists of four sub detectors [1, 2]. The Plastic
Scintillation Detector (PSD) at the top is mainly used for
charge measurement [3]. The Silicon-Tungsten tracKer
converter detector (STK) is mainly used for track mea-
surement and photon conversion. The BGO calorimeter
(BGO) is used to measure the energy of incident parti-
cles with high precision and to distinguish electrons and
protons [4, 5]. The Neutron Detector (NUD) at the bot-
tom is used to assist in distinguishing electrons and pro-
tons [6]. DAMPE has obtained very precise measurements
of energy spectra of cosmic ray electrons and positrons,
protons, and helium nuclei [7-9], which offers important
implications in understanding the physics about cosmic
rays [10-12].

Gamma-ray observation is one of the three major scien-

*arXiv: 2107.13208v1. This article can also be found at
http://journal.hep.com.cn/fop/EN/10.1007/s11467-021-
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tific targets of DAMPE, which can be used in the research
of gamma-ray astronomy, time domain astronomy, and
indirect detection of dark matter. The gamma-ray line
above 10 GeV is one of the most important characteristic
signals in the indirect detection of dark matter, as hardly
any other astrophysical process can produce such kind of
structure. Many works have been carried out on gamma-
ray line search using the Fermi-LAT data, but only some
tentative signals with low confidence are found so far [13—
18], such as the line candidate found at about 43 GeV,
which can also be interpreted as the product of annihi-
lation of dark matter particles [19, 20]. Given the high
energy resolution of DAMPE among the detectors of sim-
ilar kind [21], it has a unique advantage in the search of
gamma-ray line signal.

The number of photons in a line signal is proportional
to the acceptance of the instrument, while the number of
background photons underlaying the line structure is pro-
portional to the product of the acceptance and the energy
dispersion width. To improve the sensitivity, the key issue
is to improve the acceptance and energy resolution of the
detector. In Section 2, We quantitatively prove that the
sensitivity of gamma-ray line signal search is positively
correlated with the ratio of acceptance to energy reso-
lution. We have developed a standard gamma-ray data
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sample before [22, 23], which, however, is not optimized
for line-search. In order to maximize the sensitivity of
gamma-ray line-search, it is necessary to balance the ac-
ceptance and energy resolution in the photon selection al-
gorithm. We therefore developed a photon sample specifi-
cally optimized for line search, and this line-search sample
is described in detail in Section 3. On the other hand, the
increase of photon statistics can significantly improve the
sensitivity of line-search. For this purpose, we also find
in this work the photons that convert into ete™ pairs in
the BGO calorimeter. With only BGO track but no STK
track, these photons of poor angular resolution are but
useful for line search. The selection of these BGO-only
photons is introduced in Section 4. In Section 5, we use
the standard, the line-search, and the BGO-only data set
for line search respectively. The results show that the con-
straint given by the new data set is significantly stronger
than that given by the standard data set, showing that the
new data sets are optimized for gamma-ray line-search.

2 Sensitivity for linelike structures

Acceptance is the integral of the effective area over the
solid angle [24], and we use the ratio of acceptance A
to the half width of 68% energy containment AE/E as
the optimize target for the LineSearch data set, since this
quantity is positively correlated to the signal-to-noise ra-
tio of lines. Qualitatively, the local significance of a line
structure can be written as njine/ /Tbkg,eff, Where njine and
Nk etf T€present the photon counts from the line and from
the background emission, respectively. The line counts
from given targets are proportional to the effective area
€ and the observing time T, i.e., Njne ~ Fline X €(E)T.
Since the diffuse emission from the Milky Way halo is
our target and DAMPE mostly stays in the survey mode,
the time and space averaged target direction in the detec-
tor reference frame is quite uniform. Therefore we have
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Nine X A according to the definition of acceptance. Con-
cerning the background counts, since only the background
fluctuation under the line can directly expose or hide a
signal, we use the counts of background emission under
the line peak rather than the counts in the entire energy
range as Npkg,eoff, i-€., the “effective background” in previ-
ous works [25, 26]. The effective background counts can
be approximated using the counts integrated around the
line energy E, i.e., npkgeff & Forg(E)e(E)T - 2AE, where
Fike(E) is the spectrum of background emission within
the region of interest, and AF is the half width of the line.
Using the same argument above, npkgerr X A x AE/E.
Therefore, the significance of a line improves with the
quantity,

Nline A A
= . 1
/Tlbkg,eff * VAXAE/E AE/E (1)

On the other hand, when no line signal exists, the 95%
confidence level upper limit of counts is 1.640 deviated
from the null model, so we have nie,ur, = 1.64,/Mbkg eft-

Therefore the upper limit on the line spectrum is
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We also validate the relation with a toy Monte Carlo
simulation. FEvents from 25 GeV to 75 GeV are firstly
simulated using a powerlaw background model with spec-
tral index of —2.5, then a model consisting of a powerlaw
model and a Gaussian line peaked at 50 GeV is adopted
to fit the data, and finally the 95% confidence level upper
limits of line flux are calculated. The photon number in
the simulation and the width of the Gaussian line in the
fittings are scanned and the results are drawn with points
and solid lines in Fig. 1. Generally, the simulation support

the relation Fline,urL x \/(AE/E)/A considering that the

photon number is proportional to the acceptance.
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Fig. 1 The 95% confidence level upper limits of line flux for different photon counts (a) and energy resolution (b). The
points and solid lines corresponds to the median upper limits in the simulations. The dashed lines show the expected relation
presented in the paper. Please note that at a given energy range and for a particular set of target sources, the photon counts
are proportional to the acceptance.
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3 Line-search sample

The photons account a very small portion in the cosmic-
rays, and we have developed an efficient algorithm to iden-
tify the photons before. We estimate that the electrons
and protons mixed into the photon sample selected as a
background are less than 1% [22]. In the published ver-
sion, in order to obtain a relatively large photon accep-
tance and a strong background suppression level, we re-
quire the track to pass through the first four layers of BGO
calorimeter. According to the DAMPE geometry, that is,
to discard the events where the Z direction value of the
track is less than 160 mm when the track passes through
BGO calorimeter.

Here, we define the variable R = A/(em® sr)

AE/E
of the acceptance to the energy resolution. In the last sec-
tion, we show that a larger R is required to improve the
sensitivity of gamma-ray line search. In practice, how-
ever, there is a trade-off between these two quantities.
A smaller Z value in the BGO through which the par-
ticle track is required to pass leads to a larger field of
view, which improves the acceptance. On the other hand,
a smaller Z value also means that particles leak more
energy outside of the BGO detector, resulting in a poor
energy resolution. And vice versa if a larger Z value is
required. We thus need to find an optimal Z value to
maximize the R value.

We simulate the relationship between the R value and
the Z value at different energies. It can be seen from
Fig. 2 that Z takes different value for different R, mainly
because the acceptance and energy resolution does not
change proportionally with Z. As Z increases, the accep-
tance becomes smaller, while the energy resolution im-
proves fast first and then relatively stable after reach-
ing a certain level. This effect is more significant at low
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Fig. 2 The relationship between the R value and the Z value
at different energy.
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Fig. 3 The functional relationship between the optimal Z
values and different energies.

energy leads to a larger Z value when R reaches the
maximum. As shown in Fig. 3, we use the polynomial

log E log E 2
= 9778+ 10217 x EF — 1196 x (1) to fit the

Z value corresponding to the maximum R in different en-
ergy, and we can get the analytical relationship between
the optimal Z values and different energies.

As shown in Fig. 4, we use the fitted optimal Z value to
get the R curves of different energies. We can see that the
R value obtained by this method is better than a fixed Z
value.

4 BGO-only sample

About 10% of the photons have electron pair conversion
in the PSD and other supporting materials before enter-
ing the STK. The tungsten plate in the STK is 3 mm in
total, which is equivalent to about one radiation length.
And only about 50% of the photons have electron pair
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Fig. 4 The R value at different Z values and energies.
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Fig. 5 The position resolution of BGO track of 10 GeV electron in the PSD (a) and angular resolution of the BGO track (b).

conversion in the STK, the rest about 40% of the photons
have electron pair conversion in the BGO. With only BGO
track but no STK track, these photons have poorer direc-
tion measurements. The search of line requires as many
photons as possible with high energy resolution, and the
angular resolution is not a critical issue here, so it is nec-
essary to count in the photons with only BGO track.
The selection process of the photons with only BGO
track is similar to that of the photons with STK track.
Firstly, most protons are rejected according to the shower
morphology of the incident particles in the BGO calorime-
ter, and then the BGO track is reconstructed. Finally, the
PSD crystal through which the track passes is identified
to determine whether the crystal has signal to partition
photons and charged particles. The challenge is that if
the reconstructed track deviates greatly from the original
one, a wrong PSD crystal will be found and a background
event maybe introduced. The BGO track reconstruction
is based on the centroid method. More accurate centroid
determined with more layers result into a track of higher
quality. Figure 5 shows the position resolution of BGO
track of 10 GeV electron in the PSD. The track passing

102

XZ view position residuals (mm)
S
Counts per pixel

20
YZ view position residuals (mm)

Fig. 6 The position errors of electron events.

34501-4

through 8 layers of BGO crystals is obviously better than
that passing through only 4 layers. Here we choose the
photons passing through more than 8 layers of BGO.
The angular resolution of the BGO track is much worse
than that of the STK track. As shown in Fig. 5, it is
less than 3 degrees below 200 GeV. Here the BGO track
is reconstructed in the XZ and YZ planes independently.
Each PSD crystal is 28 mm wide, and the boundary cut
we define at the top is 70 mm. As can be seen from Fig. 6,
for the 300000 simulated electron events, there are quite
a few cases with a position error at the PSD larger than
70 mm in the XZ or YZ plane, but there are few events
with the position error greater than 70 mm in both XZ
and YZ planes. As previously mentioned, the PSD has
an XY two-layer structure, which can be used for anti
coincidence. In this way, when using the BGO track to
suppress electrons or protons, it is necessary to jointly
judge the two-layer crystal with PSD. At the same time,
it is necessary to search whether there is no signal in the
three crystals whose track points to the periphery of the
crystal, so as to eliminate the background due to the error
in position measurement. We also studied the inhibition
ability of the above methods on the electronic background
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Fig. 7 The acceptance of photons with only BGO track and
the photons with STK track.
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through MC simulation, and the result show that the mix-
ing of electronic background is less than 1%.

As shown in Fig. 7, at present, the acceptance of pho-
tons with only BGO track is only about one tenth of that
of the photons with STK track (in the low-energy), which
is consistent with the ratio of the number of cases be-
tween the two data. The reason of the small acceptance
of the photons with only BGO track is that the electron
pair conversion of these photons occurs in the BGO, and
thus the energy deposited in the first layer of BGO is less,
which leads to a lower trigger efficiency [27].

5 The improvement on the expected line upper
limit

A comparison is made between the using of the standard
data set and the combination of line-search and BGO-only
sample. We assume that the density of dark matter fol-
lows the Einasto profile with o = 0.17 [28, 29]. Following,
we define the region of interest (ROI) as a 16 ° circle cen-
tered on the Galactic center with the Galactic plane region
(lI] > 6°, |b] < 5°) masked. The background emission is
modeled using the average spectrum of the Galactic dif-
fuse model gll_iem_v07.fit, the isotropic spectrum of
iso_P8R2_ULTRACLEAN_V6_v01.txt, and the Fermi-LAT
4 FGL point source catalog [30, 31] within the ROI. The
expected upper limit on the cross section of dark mat-
ter annihilation into a pair of photons is calculated and
shown in Fig. 8. The constraint with the new data sets is
stronger than that using the standard data set with the
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Fig. 8 Expected 95% confidence level upper limits of the
cross section for dark matter annihilation into a pair of gamma-
rays with 7-yr DAMPE data. We assume that the dark matter
density follows the Einasto profile. Blue solid line and orange
dashed line represent the upper limit derived using the stan-
dard data set and the combination of line-search and BGO-only
data sets, respectively. The lower panel shows the ratio of two
upper limits.

largest improvement being ~ 20%.
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