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1. Introduction

According to the recent observation of cosmic microwave background, the current mean energy
density of matter is around 6.4 times that of baryons [1].The discrepancy is usually explained with an
extra cold matter component – the dark matter (DM). Weakly interacting massive particle (WIMP)
is a favorable DM candidate, since it provides a natural explanation of the DM relic density [2].
And peaked spectral features may also arise due to the virtual internal bremsstrahlung process in the
DM annihilation [3] or the decay of low-mass intermediate particles generated by the annihilating
or decaying DM [4]. Since the line-like spectrum is hard to be produced in known astrophysical
processes, a robust detection would be a smoking-gun signature of WIMPs. 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 [5]. Given the high energy resolution of DAMPE among the
detectors of similar kind, it has a unique advantage in the search of a 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 underlying the line structure is proportional 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 resolution. We have developed a standard gamma-ray data sample before [6, 7], 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 acceptance and energy resolution in the photon selection
algorithm. We therefore developed a photon sample specifically 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 𝑒+𝑒− pairs in the BGO calorimeter. With only BGO track but
no STK track, these photons of poor angular resolution are but the statistics can be increased. The
selection of these BGO-only photons is also introduced. And at the end, we perform a line search
using the latest DAMPE gamma-ray observation of inner Galaxy and then derive the constraints on
the DM parameters.

2. Sensitivity for linelike structures

We use the ratio of acceptance (A) to the half width of 68% energy containment (Δ𝐸/𝐸)
as the optimized target for the line-search sample, since this quantity is positively correlated to
the signal-to-noise ratio of lines. Qualitatively, the local significance of a line structure can be
written as 𝑛line/

√
𝑛bkg,eff , where 𝑛line and 𝑛bkg,eff represent the photon counts from the line and

from the background emission, respectively. The line counts from given targets are proportional
to the acceptance and the observing time 𝑇 , and the 𝑇 is related to the field of view proportionally
when the satellite orbit is given, therefore we have 𝑛line ∝ A. Concerning 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 𝑛bkg,eff , i.e. the “effective background” in previous works [8, 9]. The effective background
counts can be approximated using the counts integrated around the line energy 𝐸 ,
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𝑛bkg,eff ≈
∫ 𝐸+Δ𝐸

𝐸−Δ𝐸
𝐹bkg(𝐸 ′)𝜖 (𝐸 ′)𝑇d𝐸 ′

≈ 𝐹bkg(𝐸)𝜖 (𝐸)𝑇 · 2Δ𝐸, (1)

where 𝐹bkg(𝐸) is the spectrum of background emission, and Δ𝐸 is the half width of the line. Based
on the same argument above, 𝑛bkg,eff ∝ A × Δ𝐸/𝐸 . Therefore the significance of a line improves
when the quantity

√︁
A/(Δ𝐸/𝐸) increases. On the other hand, when no line signal exists, the

95% confidence level upper limit of the counts is 1.64𝜎 deviated from the null model, so we have
𝑛line,UL = 1.64√𝑛bkg,eff . The upper limit on the line spectrum is 𝐹line,UL = 𝑛line,UL/(𝜖𝑇) 𝛿(𝐸 −
𝐸line) ∝

√︁
(Δ𝐸/𝐸)/A.

3. Data selection

In the last section, we show that a larger ratio (𝑅) between the acceptance and the energy
resolution is required to improve the sensitivity of gamma-ray line search. In practice, however,
there is a trade-off between these two quantities. A smaller 𝑍 value in the BGO through which the
particle 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. And we
use the polynomial 𝑍

mm = 97.78+ 102.17× 𝐸
GeV − 11.96×

(
𝐸

GeV
)2 to fit the 𝑍 value corresponding to

the maximum 𝑅 in different energy, and we can get the analytical relationship between the optimal
𝑍 value and energy in different energies.As shown in Fig. 1, 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.

Only about 50% of the photons have electron pair 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 direction 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
necessary 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 calorimeter, and then the
BGO track is reconstructed. Finally, PSD is used as an anti coincidence detector to distinguish
photons from 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 centroids determined on
more layers result into a track of higher quality. Here we choose the photons passing through more
than 8 layers of BGO.

As shown in Fig. 2, at present, the acceptance of photons 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 between the two data. The reason of the small acceptance of the photons with
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Figure 1: The 𝑅 value at different 𝑍 values and energy.
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Figure 2: The acceptance of photons with only BGO track and the photons with STK track.

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 [10].

4. Line search in the Galactic center

DM density profile 𝜌DM is uncertain particularly in the inner Galaxy, so we consider three
reference profiles: the Navarro-Frenk-White (NFW) profile 𝜌NFW(𝑟) = 𝜌𝑠/[(𝑟/𝑟𝑠) (1+𝑟/𝑟𝑠)2] with
𝑟𝑠 = 20 kpc [11]; the Einasto profile 𝜌Ein(𝑟) = 𝜌𝑠 exp{−(2/𝛼) [(𝑟/𝑟𝑠)𝛼 − 1]} with 𝑟𝑠 = 20 kpc and
𝛼 = 0.17 [12, 13]; the isothermal profile 𝜌iso(𝑟) = 𝜌𝑠/[1 + (𝑟/𝑟𝑠)2] with 𝑟𝑠 = 5 kpc [14]. The
normalization 𝜌𝑠 can be found with 𝜌DM(𝑅0) = 0.4 GeV cm−3 and 𝑅0 = 8.5 kpc.
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For either the annihilating or decaying DM, we make regions of interest (ROIs) optimized for
the sensitivity considering different DM density profiles. The ROIs are circular regions with radius
𝑅GC centering at the Galactic center but with the rectangular region |𝑙 | ≥ Δ𝑙 and |𝑏 | ≤ 5 deg masked.
For the annihilating DM, the optimal (𝑅GC,Δ𝑙) is (86 deg, 0 deg) for the isothermal profiles. For
the decaying DM, all the optimal (𝑅GC,Δ𝑙) for different profiles are close to (150 deg, 0 deg), so
this parameter set is adopted as a representative.

We perform an unbinned likelihood analysis with the sliding windows technique to quantify
the significance of the hypothesized lines, which will mitigate the bias caused by the background
spectral shape and energy binning. For a line at 𝐸line, only the photons in the window from 0.5𝐸line

to 1.5𝐸line are used in the fit. The energy difference between two adjacent lines is 0.5𝜎𝐸 , where
𝜎𝐸 is the half width of the 68% exposure weighted energy dispersion containment in the Galactic
center for LineSearch data set [15, 16]. The unbinned likelihood function 𝐿𝑘 (Θ) for the data set 𝑘
in the energy window of [𝐸min, 𝐸max] is defined as

ln 𝐿𝑘 (Θ) =
𝑛𝑘∑︁
𝑖=1

ln[𝜆̄𝑘 (𝐸𝑖;Θ)] −
∫ 𝐸max

𝐸min

𝜆̄𝑘 (𝐸 ;Θ) d𝐸. (2)

𝑛𝑘 is the number of observed photons in the given energy range, 𝜆̄𝑘 (𝐸 ;Θ) is the expected counts
in model per energy range with the parameter Θ, which is calculated with the exposure 𝜖𝑘 (𝐸) at
energy 𝐸 averaged over the ROI. The likelihood to be fitted is 𝐿 (Θ) = 𝐿1(Θ) × 𝐿2(Θ), where the
subscript indices represent two data sets.

In each energy window, a likelihood ratio test [17] is performed. The null hypothesis con-
sists of a power-law background, i.e. 𝜆̄null,𝑘 (𝐸 ;Θ) = 𝐹b(𝐸) 𝜖𝑘 (𝐸), while the signal hypothesis
contains a monochromatic line and a power-law background, i.e. 𝜆̄sig,𝑘 (𝐸) = 𝐹b(𝐸) 𝜖𝑘 (𝐸) +
𝐹̄s,𝑘 (𝐸) 𝜖𝑘 (𝐸line). The power-law spectrum and the line structure are defined as 𝐹b(𝐸 ; 𝑁b, Γ) =

𝑁b 𝐸
−Γ and 𝐹̄s,𝑘 (𝐸 ; 𝑁s, 𝐸line) = 𝑁s 𝐷̄eff,𝑘 (𝐸 ; 𝐸line) (i.e. 𝑆line(𝐸) = 𝑁s 𝛿(𝐸 − 𝐸line) before convolu-

tion) respectively. 𝐷̄eff is the exposure weighted energy dispersion function averaged over the ROI
and is given by

𝐷̄eff,𝑘 (𝐸 ; 𝐸line) =
∑

𝑖 𝑗 𝐷𝑘 (𝐸 ; 𝐸line, 𝜃 𝑗) 𝜖𝑘 (𝐸line, 𝜃 𝑗 , r𝑖)∑
𝑖 𝑗 𝜖𝑘 (𝐸line, 𝜃 𝑗 , r𝑖)

, (3)

where 𝜃 is the incident angle with respect to the boresight, r is the pixel coordinate within the ROI,
and 𝐷 (𝐸) is the energy dispersion function of DAMPE [7]. We fit both the models to the data using
the MINUIT [18] and then calculate the test statistic (TS) value TS ≡ −2 ln( 𝐿̂null/𝐿̂sig), where 𝐿̂null

and 𝐿̂sig are the maximum likelihood values of the null and alternative model respectively.
We do not find any gamma-ray line signal or candidate (TS ≥ 9) in all the ROIs (Fig. 3),

including the 133 GeV and 43 GeV candidates suggested in the Fermi-LAT data. Therefore we
calculate the 95% confidence level constraints on the DM parameter space.

For annihilating DM, the gamma-ray spectrum is given by

𝑆line(𝐸) =
1

4𝜋
𝐽DM × ⟨𝜎𝑣⟩𝛾𝛾

2𝑚2
𝜒

2𝛿(𝐸 − 𝐸line), (4)

where ⟨𝜎𝑣⟩𝛾𝛾 is the velocity-averaged annihilation cross section for 𝜒𝜒 → 𝛾𝛾, and 𝑚𝜒 is the rest
mass of a DM particle which satisfies 𝐸line = 𝑚𝜒𝑐

2. For the decaying DM, the spectrum can be
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Figure 3: TS values of line candidates at various energies in the signal optimized ROIs and the Galactic
plane region (|𝑙 | > 30 deg and |𝑏 | < 5 deg). The local significance can be calculated with 𝑠local =

√
TS [8].

Dashed gray lines correspond to the line candidates at 43 GeV [16] and 133 GeV [19]. The highest line
energy for R16 ROI is 211 GeV which is limited by the minimum photon counts we required in a window.

written as
𝑆line(𝐸) =

1
4𝜋

𝐷DM
𝑚𝜒 𝜏𝛾𝜈

𝛿(𝐸 − 𝐸line), (5)

where 𝜏𝛾𝜈 is the particle lifetime of a DM particle through the 𝜒 → 𝛾𝜈 process and 𝐸line = 0.5𝑚𝜒𝑐
2.

We increase (decrease) the cross section (lifetime) from its best-fit value until the log-likelihood
changes by 1.35 to achieve the constraints.

Purple dotted lines in the Fig. 4 show the ⟨𝜎𝑣⟩𝛾𝛾 and 𝜏𝛾𝜈 constraints for various DM density
profiles without the systematic uncertainties. The cuspy profiles show better constraints since they
have larger 𝐽-factors and better background-to-noise ratios. Because of smaller energy dispersion
and low statistics of DAMPE data, more fluctuations appear in the constraints.

5. Summary

DAMPE has an excellent energy resolution due to its thick BGO calorimeter, and therefore
has an advantage in detecting sharp structures. In this work, we use 5.0 years of DAMPE data to
search for spectral lines from 10 GeV to 300 GeV. To improve the sensitivity to line signals, two
types of gamma-ray data sets, the LineSearch and BgoOnly data sets, are developed. We also make
two ROIs optimized for DM density profiles for signals originating from the DM annihilation or
decay in the Galaxy. We use the summed unbinned likelihood function to combine two data sets
and the sliding windows technique to reduce the uncertainty from the spectral shape of background
emission.

No line signals or candidates with TS value ≥ 9 are detected, including those suggested at
133 GeV and 43 GeV. We therefore present the 95% confidence level constraints on the annihilation

6
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Figure 4: The 95% confidence level constraints for different DM density profiles. The left panel show
the ⟨𝜎𝑣⟩𝛾𝛾 upper limits of annihilating DM assuming the Isothermal profile. The right panel presents the
𝜏𝛾𝜈 lower limit of decaying DM assuming the NFW profile. Yellow (green) bands show the 68% (95%)
expected containment obtained from 1000 simulations of background emission with systematic uncertainties
involved. The red solid and purple dotted lines are the results with and without the systematic uncertainties
respectively. The blue dot-dashed lines show the 5.8-year Fermi-LAT constraints [15].

cross section or decay lifetime with systematic uncertainties included. And most our constraints are
comparable to the 5.8-year results of Fermi-LAT thanks to better energy resolution and the smaller
influence of the systematic uncertainty. For the decaying DM, our lower limits on the decay lifetime
are stronger for DM with mass ≲ 100 GeV.
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