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1. Introduction

Dark matter (DM) is an important component in the Universe, which accounts for 26.5% of
the mean energy density today [1] and provides additional gravitational force in various places of
different scales [2]. Weakly interacting massive particles (WIMPs) are favorable DM candidates,
whose mass is in the range of 10 GeV — 1 TeV [3]. If a pair of WIMPs ()) can annihilate into
a photon (7) and another particle (X) directly, a line structure at Ey = my (1 — m)zf /4m§c) may be
observed. Furthermore, the internal bremsstrahlung process during the annihilation of DM particles
can also create a sharp feature in the gamma-ray band [4]. Since the line-like spectrum is hard to
be produced in known astrophysical processes, a robust detection of it would be a smoking-gun
signature of WIMPs.

Great efforts have been paid in searching for lines in the Fermi era, but no line signal is
significantly detected (see [5] for a recent review). Nevertheless two line candidates are reported in
the literature. The ~ 130 GeV line was firstly suggested in the Galactic center (GC) [4, 6] and also
shown in the galaxy clusters (GCls) [7]. However, it was not confirmed by the Fermi-LAT pass 8
data [8]. In addition, by analyzing the 16 GCls selected from the HIFLUGCS catalog with large
J-factors [9], a tentative line at ~ 43 GeV was identified [10]. Since these candidates are weak and
may potentially be caused by instrumental uncertainties, line searches in the same energy range
using another telescope are quite necessary.

The DArk Matter Particle Explorer (DAMPE) is a space-borne high energy particle detector
dedicated to measure cosmic rays and photons in a broad energy range [11, 12, 13]. It is made by a
Plastic Scintillator strip Detector (PSD), a Silicon-Tungsten tracker-converter (STK), a BGO imag-
ing calorimeter and a Neutron Detector (NUD). This telescope has a great potential in searching for
the monochromatic and/or sharp spectral structures in GeV—TeV range thanks to its excellent en-
ergy resolution. DAMPE may also be helpful in studying the high-energy gamma-ray sources, such
as Active Galactic Nuclei (AGN), the Crab flares and some bright gamma-ray bursts [12, 14, 15].

In this work, we will use 3 years of DAMPE data to search for line structures from 10 to
300 GeV in GC and some nearby GCls. The constraints on the velocity-averaged WIMPs annihi-
lation cross section will also be presented using the upper limits derived in the GC.

2. DAMPE data selection

We use the gamma-ray photons selected from the DAMPE flight data observed from 2016-01-
01 to 2019-01-01 [16]. In order to balance the energy resolution and exposure, we only include
in our analysis the photons which both satisfy the High Energy trigger (HET) condition and have
incident angles less than 38°. We also drop those events when the satellite is in the South Atlantic
Anomaly (SAA) region or a strong solar flare happening between 2017-09-08 and 2017-09-14.
Since the sliding window analysis (see the following sections for detail) is performed in this work,
we choose a wider energy range, from 5 to 450 GeV, to better fit the background spectrum in the
lowest or highest energy bins. Throughout our analysis, the scientific tools and the Monte Carlo
(MC) derived instrumental response functions (IRFs) provided by DmpST are adopted [17].

Fig. 1 shows the spectral energy distribution (SED) of the resultant data set after masking
|b] < 5° and |I| > 6° which reduces the astrophysical background. In order to derive the exposure,
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Figure 1: The spectral energy distribution (SED) of the DAMPE photons after masking the Galactic plane
(left panel) and the exposure weighted energy resolution (68% containment) at the Galactic center (right
panel).

we first calculate the integrated livetime for the entire sky as a function of the inclination angle
using the pointing information of DAMPE, and then add up the product of livetime and effective
area of different inclination angles. We find that the SED is generally a power-law spectrum and
no significant line-like structure exists.

We also calculate the exposure weighted energy resolution (half of the 68% energy dispersion
fractional containment) between 5 and 500 GeV based on the livetime at the GC and MC IRFs [17]
as given in the right panel of Fig. 1. The energy resolution of our data set is approximately 2% —
2.2% below 10 GeV and gradually decreases to ~ 1.5%. Please note that the photon selection
algorithm of our data set is not optimized for the line search [16], therefore a data set with smaller
energy dispersion is still possible.

3. Line search in the Galactic center

Since the GC is expected to have a great amount of DM and is rather close to the solar system,
it is often considered as one of the most promising places to find DM annihilation signals. However
complex astrophysical backgrounds also exist there. In order to improve the sensitivity, we choose
the region of interest (ROI) set defined in [6] as listed in Tab. 1 considering the uncertainties of
DM distribution. To recap briefly, the ROIs with different radii centering at the GC are created
according to the DM density profiles and the Galactic plane region distant from the GC (|b| < 5°
and |I| > 6°) is excluded. For a concentrated density profile such as contracted Navarra-Frenk-
White (contracted NFW; NFWc) profile, DM signal is less likely affected by the background, so a
smaller ROI is used; while for the flat distribution such as isothermal profile, larger ROI is needed
to include more signal events (see [6] and the references therein for DM profiles).

We adopt the sliding windows technique to search for the line-like signal quantitatively [4].
The main idea of it is to analyze a series of lines in a smaller energy window around the line,
which will help to decrease the bias from the inaccurate background spectral model, since in a
narrow range the background spectrum can well be approximated by a simple power law model.
We choose a set of line energies Eji,e between 10 and 300 GeV with the difference between two
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Profile ROI J-factor

(10?2 GeV? cm™ sr)
NFWc R3 13.9
Einasto R16 8.48
NFW R41 8.53
Isothermal R90 6.94

Table 1: The optimized ROIs and J-factors for the four DM density profiles considering the DM annihila-
tion [6]. In the table Rx means a R = x° ROI centering at the GC excluding the Galactic plane.

adjacent lines being 0.50g, where o is the half width of the 68% exposure weighted energy
dispersion containment at the GC. The energy window is from 0.5Ej;,e to 1.5Eji,e [8, 10].

In each window, the unbinned likelihood method is adopted [18], which can avoid the un-
certainties caused by the binning scheme. The likelihood function L(®) in the energy range of
[Emin, Emax] 18 defined as

Nph _ Emax _
InL(®) =) In[A(E;©)] - A(E;®)dE, (3.1
i=1 Emin

where Ny, is the number of observed photons in the energy window, A (E;®) is the expected counts
in model per energy range with the parameter ®, which is calculated with the exposure &(E) at
energy E averaged over the ROI.

We perform a likelihood ratio test [19] in each window to check whether or not the line struc-
ture at Ejj,e exists. The null hypothesis consists of a power-law background, i.e. Aoull (E) =
F,(E)E&(E), and the signal hypothesis consists of a monochromatic line and a background com-
ponent, i.e. Asg(E) = Fy(E)&(E) + F(E)&(Ejine) [10]. The power-law spectrum and the line
structure are written as F, (E; Ny, ') = Ny E~1 and Fy(E; Ny, Ejine) = Ns Degt(E; Etine ) (i-€. Stine(E) =
N; 6 (E — Ejine ) without energy dispersion) respectively, where Deg is the exposure weighted energy
dispersion function averaged over the ROI (see [17] for detail). We fit both the hypotheses to the
data with MINUIT [20] and calculate the test statistic (TS) value TS = —2 (In Ly — lanig) in each
window. The TS values of a series of line energies is drawn in the left panels of Fig. 2. We do not
find any significant line structure in our analysis, with the largest TS value being 8.88 at 37.7 GeV
in the R16 ROI which is less than 3¢ local significance.!

Since no line signal is found by DAMPE, we calculate the 95% confidence level upper limits
on the DM annihilation cross section by using the formula

<G V>xx%
2m

Siine (E) " 28(E — Eiine) J, (3.2)

_1
T A 2
4r %

where my is the rest mass of DM particle, (o) is the velocity-averaged annihilation cross

XX—=vy
section, Ejine is the energy of monoenergetic photons, and J is the J-factor of Galactic DM halo
within the ROI. Finally the obtained results are shown in the right panels of Fig. 2. Compared
with the constraints from the 5.8-year Fermi-LAT data in [8], we find our upper limits several

times weaker in the small ROIs such as R3 and R16, since Fermi-LAT has more exposure at GC.

'No look-elsewhere effect is considered in calculating the local significance.
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Figure 2: The TS values of a series of line energies in the sliding window analysis of the GC (left panels)
and the 95% confidence level upper limits on the DM annihilation cross section (right panels). The figures
from top to bottom correspond to the ROIs denoted as R3, R16, R41 and R90 respectively.
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However, our constraint is quite close to that of Fermi-LAT for R90 ROI thanks to the excellent

energy resolution.

4. Line search in nearby galaxy clusters

GCls are the largest gravitational bound system in the Universe and most of their mass is
contributed by dark matter [9]. Also since lots of subhalos are expected in the smooth dark matter
halo of the clusters (e.g. [21]), the dark matter signal can be boosted by a factor of ~ 30 — 1000 [22,
23]. Therefore, GCls are also good targets for the dark matter indirect search.

Galactic Coordinate ©o 16 GCls

29(-16) GCls
preliminary

Figure 3: The galaxy cluster (GCI) samples we used in the analysis. The blue circles show the 16 GCls the
same as that of [9]. All the markers (both circles and triangles) represent the 29 GCls with large J-factors in
the HIFLUGCS.
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Figure 4: The TS values of a series of line energies in the sliding window analysis of the 16 GCls (left
panel) and 29 GCls (right panel).

In this work, we use two GCI samples selected from the HIFLUGCS catalog [24, 25] as
shown in Fig. 3. One first sample is the same as that of [9], which contains 16 GCls with large
J-factors including 3C 129, A1060, A1367, A2877, A3526, A3627, AWM 7, Coma, Fornax, M49,
NGC 4636, NGC 5813, Ophiuchus, Perseus, S 636 and Virgo. We also create another GCI sam-
ple by adding A0119, A0262, A0576, A0754, A2256, A2319, A2634, A3266, A3376, A3395s,
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NGC 1550, NGC 5044 and Triangulum to the above sample to increase statistics.” We use 2.6°
and 1.7° as the radii of Virgo and M49 respectively to avoid overlapping [10] and define the ROIs
of other sources according to their Rygg radii.

By stacking the photons in each GCI sample and performing the unbinned sliding window
analysis similar to that introduced in Sec. 3, we derived the TS values of line structures as shown
in Fig. 4. Still no lines are significantly found in the energy range of 10 — 300 GeV.

5. Conclusions

Thanks to the excellent energy resolution, DAMPE has an advantage in line searches. In this
work, we perform unbinned analyses in both the GC and nearby GCls, which potentially have DM
annihilation signals, using 3 years of DAMPE photons. No statistically significant line structures
are found between 10 GeV and 300 GeV in these sources, therefore the 95% upper limits of DM
annihilation cross section to a pair of photons based on the analysis of GC are derived. We find the
upper limits using a large ROI have a similar constraint as that derived from 5.8 years of Fermi-
LAT data in [8]. However since Fermi-LAT has more exposure in the GC, our constraints for the
small ROIs (e.g. R3 and R16) are still weaker than that of Fermi-LAT. More gamma-ray photons
and a data set optimized for the energy resolution are needed for further improvements.
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