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Weakly interacting massive particles, as a major candidate of dark matter (DM), may directly annihilate
or decay into high-energy photons, producing monochromatic spectral lines in the gamma-ray band. These
spectral lines, if detected, are smoking-gun signatures for the existence of new physics. Using the 5 years of
Dark Matter Particle Explorer (DAMPE) data and 13 years of Fermi Large Area Telescope (Fermi-LAT)
data, we search for linelike signals in the energy range of 3 GeV-1 TeV from the Galactic Halo. Different
regions of interest are considered to accommodate different DM density profiles. We do not find any
significant line structure, and the previously reported linelike feature at ~133 GeV is also not detected in
our analysis. Adopting a local DM density of pjyeu = 0.4 GeV cm™3, we derive 95% confidence level
S 4 10728 cm?®s~! and the decay lifetime of
T, 25X 10% s at 100 GeV, achieving the strongest constraints to date for the line energies of 6-660 GeV.
The improvement stems from the longer Fermi-LAT dataset used and the inclusion of DAMPE data in the

analysis. The simultaneous use of two independent datasets could also reduce the systematic uncertainty of

constraints on the velocity-averaged cross section of (ov)

the search.
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I. INTRODUCTION

Dark matter (DM) [1,2] dominates the matter component
in the Universe. As suggested by the cosmic microwave
background anisotropies, DM energy density is ~6.4 times
that of baryon [3]. Despite being abundant in the Universe,
the nature of DM remains unknown. Many DM candidates
have been proposed theoretically [4]. As one group
of the most widely studied DM candidates, weakly inter-
acting massive particles (WIMPs) can be found in many
particle physics theories [5]. They may produce mono-
chromatic spectral lines in the gamma-ray band via
annihilation or decay, e.g., yy — yy of supersymmetric
particles [6] and y — yv of gravitinos [7]. Normal astro-
physical processes are not expected to produce such
sharp spectral lines. Therefore, the detection of line signals
would be a smoking-gun signature for the existence
of WIMPs.

Many research works have been carried out to search for
spectral lines using gamma-ray observations from the
Energetic Gamma-Ray Experiment Telescope, Fermi
Large Area Telescope (Fermi-LAT), Dark Matter Particle
Explorer (DAMPE), HESS, and MAGIC [8-29]. Among
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these works, several line candidates were temporarily
reported, such as the ~133 GeV line signals detected from
the Galactic Center and galaxy clusters [11-17] and the
~43 GeV tentative line signal found in the joint analysis of
16 nearby galaxy clusters [20,26]. However, these line
candidates are absent in the subsequent searches or do
not have large enough significance [19,26,27]. So far, no
robust detection of a gamma-ray line has been claimed.
Consequently, upper limits on the velocity-averaged cross
section (ov),, and lower limits on the decay lifetime 7,, are
placed for WIMPs. As reported in [19], constraints of
(ov),, 1072 cm*s™! and 7,, 2 10% s at 100 GeV can

v~
be derived from the 5.8-yr Fermi-LAT observation of the
Galactic Halo.

Similarly, the DAMPE Collaboration has conducted a
systematic search for linelike signals targeting the Galactic
Halo region with five years of accumulated data [27].
DAMPE is very suitable for searching for sharp gamma-ray
structures in the GeV-TeV range. It has an excellent energy
resolution (~1.0% at 100 GeV [30]), which helps reduce
the systematic uncertainty associated with background
modeling. Reference [27] has shown that, although having
a much smaller effective area, the constraints on the DM
parameters of producing gamma-ray lines based on
DAMPE observations are comparable to that of [19].
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Inspired by the previous studies, in this paper, we
analyze the 5 years of DAMPE [31] and 13 years of

Fermi-LAT [32] publicly available data from the Galactic
Halo to perform the line signal searches. The improvements
of this work with respect to previous studies include the
following: (1) we update the previous Fermi-LAT analysis
(5.8 yr) with a longer dataset (13 yr); (2) we perform
searches for line signals with the DAMPE and Fermi-LAT
data jointly, which may reduce the uncertainties due to
instrumental effects.

II. DATA REDUCTION

The Fermi-LAT is a wide field-of-view imaging gamma-
ray telescope launched in 2008 [33]. So far, over 14 years
of observation data have been accumulated. In this work,
we analyze the Fermi-LAT PASS 8 data ranging from
August 4, 2008 to September 24, 2021 (mission elapsed
time: 239557417-654145676) to search for gamma-ray
line signals. The latest (version 2.2.0) FERMITOOLS soft-
ware is used to process the data in the energy range
3-1000 GeV. We use the instrument response functions
PSR3_CLEAN_V3 and corresponding LAT events
(evclass = 256 and evtype = 3) in our analysis. A maxi-
mum zenith angle of 100° is set to eliminate the contami-
nation from the bright Earth limb. To ensure the data
quality, the data quality cut (DATA_QUAL > 0) & &
(LAT_CONFIC == 1) is applied.

We adopt four different regions of interest (ROIs) with
radii of 16°, 40°, 86°, and 150° (denoted as R16, R40, R86,
and R150, respectively) centering at the Sagittarius A*
(right ascension, 266.415° declination, —29.006°). The
four ROIs are devised to optimize sensitivity for different
DM density profiles [27]. Since the Galactic plane is
expected to be dominated by standard astrophysical
processes, the region of (|/| < Al and |b| < 5°) is masked
from the ROIs to obtain a better line search sensitivity,
where the Al takes 5°, 9°, 0°, and 0° for R16, R40, R86,
and R150, respectively [27]. We do not mask the photons
from any detected point sources, since they only slightly
affect the results (see Supplemental Material [34], Sec. A
for details).

DAMPE is a space-based telescope launched in 2015
aiming to detect charged cosmic rays and gamma rays. It
has great potential in searching for line signals owing to its
excellent energy resolution [30]. In this work, we use five
years of DAMPE publicly available data [31] (from
January 1, 2016 to January 1, 2021) to perform the line
signal search. The DmpST package [35] is employed to
analyze the data. For DAMPE data, the same ROIs are
adopted as that used in the Fermi-LAT data reduction.
Events belonging to both the low- and high-energy
triggers [35] in the energy range of 3 GeV-1 TeV are
used. The events’ incidence angles are restricted to 0.5 <
cos(8) < 1.0 to ensure the data quality.

III. LIKELIHOOD FITTING

We perform an unbinned likelihood analysis in sliding
energy windows to search for spectral lines [11,12,17-20].
The analysis procedure is briefly described below. We
choose a series of line energies FEy,. with step lengths
determined by the 68% instrument energy resolution op.
The window width is defined as [0.5Ej,., 1.5E,.]. We
ignore the energy windows with event counts 7., < 30 to
guarantee sufficient statistics. Within each window, the
maximum likelihood estimation is conducted by assuming
a power-law background. The small width of the energy
window warrants the power law is a good approximation to
the background spectrum (see Supplemental Material [34],
Sec. B for the spectra of the four ROIs). Effects caused by
the power-law approximation will be corrected by a
systematic uncertainty term in the likelihood (see below).

For the null and signal models, the log-likelihood
functions are, respectively, written as

N
ln[-"null gb Z Fb Eweb ( ))

- / Fy(E: 0,)é(E)dE (1)
and

In [:sig(NwEline’ eb)
= Zln[(Fb(Eveb)é(El)) + Fs(Ei)é(Elim:)]

- / Fo(E: 00)e(E) + Fy(E)e(EwldE.  (2)

In the above equations, E; is the energy of each detected
photon, Fy, is the background flux, F is the line component
expressed as Fy = N(D(E; Ejie), with D(E; Ey,e) the
exposure-averaged instrument energy dispersion, and € is
the average instrument exposure over the ROI. For details
of our calculation of the energy dispersion D(E; Eje),
please see Refs. [20,28] for the Fermi-LAT and DAMPE,
respectively. The 6, represents the nuisance parameters of
the background. For a joint analysis of multiple datasets,
the joint log-likelihood is the sum of individual log-
likelihood values of each dataset,

In 'Cjoint(Ns’ Elines Oy 1 Hb,z)
= In Lg(Ny, Ejipe. 0,1) +In Lp(Ny, Ejipe. 02).  (3)

During the analysis, the fitting is implemented by the
PYTHON package IMINUIT [36].

The local significance of a line signal can be approxi-
mated as the square root of the test statistic (TS) value,

where TS= Z(In Lo —1In Lyyy). If no signal with TS > 25
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is found, the upper limit of N, can be derived by varying
the best-fit log-likelihood value In L, by 1.35.

It has been discussed that systematic uncertainties
may induce a false line signal or mask a true one in the
fitting [17]. To account for such uncertainties, we adopt the
same methodology as in [19] to reform the likelihood
equations. By replacing N with N, + N, the systematic
uncertainty term

In Lol =1n (b e ) (0

1
V270

is added into Egs. (1) and (2). In the above equation, the
fractional signal is defined as f = ny/bes SO that 5f s can
be obtained in the fitting of control regions (5f s < 1.5%
or 2.0% for the Fermi-LAT and the DAMPE, respectively,
referring to [19,27]), and the effective background b is
the number of background photon counts under the signal
peak [19]. More details on the effective background and the
fitting of control regions are given in Supplemental
Material [34], Secs. C and D, respectively.

IV. PREDICTED FLUX OF DM SPECTRAL LINE

Following previous studies of line signal searches
[19,27], we consider three commonly used DM density
profiles, which are (1) the Navarro-Frenk-White (NFW)
profile [37]

_ Ps
prrw (1) = (r/r)(1 + r/rs)z’ (5)

with r, = 20 kpc; (2) the Einasto profile [38,39]

pEn(r) = psexp{=(2/a)[(r/r)* = 1]}, (6)

with r; =20 kpc and @ = 0.17; and (3) the isothermal
profile [40]

_ Ps
R 7

P iso(r )
with r; =5 kpc. The local DM density pj,.q 1S set to
pom(Ry) = 0.4 GeVem™ with Ry = 8.5 kpc. Note that
this value of pj,., is intermediate among the ones reported
in the literature [41]. A higher or lower value would
strengthen or weaken the constraints on the DM parameters.

For each DM density profile, the J factor and D factor
are calculated through Jpy = [por dQ [ dlpfy and Dpy =
Jrord€ [ dlppyi, respectively. The ROIs and the J/D
factors are paired into (R16, Jg;,), (R40, Jxrw), (R86,
Jiso), and (R150, Dygw) with corresponding values refer-
ring to Table 1 of Ref. [27].

The expected flux from DM annihilation yy — yy is
expressed as

1 (ov)
Siine (E) = e ng 26(E — Ejne) % Jpm
= Nsigé(E - Eline)? (8)

in which (6v),, is the velocity-averaged annihilation cross
section, m, is the DM mass, and the energy of line photons
is Ejine = m,,. The expected flux from DM decay y — yv is
given by

1 1
Siine(E) = y—— S(E = Ejine) X Dpum
= Nsigﬁ(E - Eline)7 (9)
where 7, is the decay lifetime, and the energy of the line

signal is Eyjpe = m, /2.

V. RESULTS AND DISCUSSION

Assuming DM annihilates or decays through yy — yy
and y — yv channels, respectively, we perform line
searches with the DAMPE and the Fermi-LAT data. The
search results of our joint analysis of DAMPE and Fermi
data are shown in Fig. 1, where we show the TS values of
potential line signals as a function of the line energy for the
four selected ROIs. In total, there are 721 energy windows
according to DAMPE’s energy resolution in the energy
range from 3 to 1000 GeV. In these windows, we find that
no line signals have TS > 25 (corresponding to a local
significance of 2 5¢) for the DM mass range from m, ~ 6 to
660 GeV.' For R86 and R150, the highest TS values are
<10, while for R16 and R40, the highest TS is merely ~6.
The previously reported tentative line signal at ~133 GeV
is not favored by the current joint analysis.

Since no line signal is found, we derive upper limits on
N, and then convert them into the upper limits on (¢v),,
or lower limits on 7, via Egs. (8) and (9), respectively.
As is shown in Fig. 2, the five years of DAMPE data
lead to constraints of {(ov),, <9.0x 10726 cm®s~! and

1y~
7, 2 3.0 X 102 s at m, = 100 GeV (denoted as DS),
consistent with the previous results by the DAMPE
Collaboration [27]. Constraints derived from the 13 years
of Fermi-LAT data (denoted as F13), on the other hand, are
generally stronger than the D5 results, (6v),, 100 Gev S
50x 107 cm*s™' and 7,100 gev 2 5.0 x 103 5. We
note that the constraints from the joint analysis of the
Fermi-LAT and DAMPE data (black line) are influenced by
both the Fermi-LAT and DAMPE data and are stronger than
both single constraints. Also, the joint constraints are
more stringent than those from the 5.8 yrs of Fermi-LAT
data [19] (denoted as F5.8) and the five years of DAMPE

"The range is a little narrower than that of our entire datasets
(i.e., 3-1000 GeV) to allow for the spectral sidebands.
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FIG. 1. TS values of putative gamma-ray lines as a function of
line energies obtained in the joint likelihood analysis. From top to
bottom, the panels are for 16°, 40°, 86°, and 150° ROIs centered
on the Galactic Center, respectively. No line candidate is found
with TSjqi, > 25. The two vertical dashed lines represent the
tentative line signals at ~43 [20] and ~133 GeV [11,12],
respectively.

R16: Einasto (annihilation)

— Joint
107%7¢ o>
— F13

F5.8

10—28 L

10—29 b
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10! 102
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R86: Isothermal (annihilation)

— Joint
10-26f — D5
— F13

10—27 L

10—23 L

95% C.L. Upper Limit of {ov),y (cm3s71)

data [27]. Our joint analysis, therefore, places the currently
strongest constraints on gamma-ray lines from DM at
6-660 GeV energies to date.

The above results have accounted for systematic uncer-
tainties by including an additional Gaussian term [Eq. (4)]
in the likelihood. Figure 3 presents the results that ignore
the systematic uncertainties, which can help us to under-
stand the contributions of the two datasets in the joint
analysis. It can be seen that the inclusion of systematic
uncertainty prevents the Fermi-LAT results from improving
with the data accumulation at the low-energy end. This is
reasonable, because when the photon statistics is high
enough, the detection sensitivity is dominated by the
systematic uncertainty and will not change with the
accumulation of data (see Supplemental Material [34],
Sec. E for a detailed discussion). In contrast, although
the DAMPE data are statistically subdominant, including
DAMPE data can effectively reduce the sensitivity loss
owing to the consideration of systematic uncertainty
because of its better energy resolution.

To further validate the improved results achieved through
better energy resolution, we conduct tests using the

R40: NFW (annihilation)
1072%F — Joint
— D5
— F13

10727 b

10-28}

95% C.L. Upper Limit of {(ov),, (cm3s~1)

1029}

10t 107
my (GeV)

R150: NFW (decay)

— Joint

— D5

— F13
F5.8

1031 b

1030 b

1029 b

95% C.L. Lower Limit of Ty, (s)

102 103
my (GeV)

FIG. 2. The 95% confidence level constraints on (6v),, and z,, for different ROIs and DM density profiles. The D5 and F13 are the
constraints based on 5 years of DAMPE data and 13 years of Fermi-LAT data, respectively. The joint constraints are derived by
combining the likelihood of D5 and F13 in the unbinned likelihood analysis. The limits reported in [19] based on 5.8 yrs of Fermi-LAT
data are also shown for comparison (denoted as F5.8).

063015-4



SEARCH FOR THE GAMMA-RAY SPECTRAL LINES WITH THE ...

PHYS. REV. D 108, 063015 (2023)

R86: Isothermal (annihilation)

— Joint
107%°F — F13 ;
~—- D5 stat-only h l":\'
—=- F13 stat-only
—=—- Joint stat-only

10—27 b

10-28}

95% C.L. Upper Limit of (ov)yy (cm3s~1)

)
1072°F 1
]
I

161 162
my (GeV)

FIG. 3. Constraints on (ov),, from the analysis ignoring
systematic uncertainties and comparisons to our nominal results,
which take systematic effects into account. Only the results of the
R86 ROI are shown here as a demonstration; see Supplemental
Material [34], Sec. G for other ROIs.

EDISP3 data of Fermi-LAT (a subgroup of data that have
the best energy reconstruction quality, see Supplemental
Material [34], Sec. F for details) to derive the constraints.
We find that, in the low-energy range, better results are
obtained from the EDISP3 analysis, indicating the better
energy resolution [which reduces b and 61y in Eq. (4)]
does help to improve the analysis results. In the high-
energy range, the EDISP3 constraints are slightly weaker
than our nominal results because the EDISP3 data lose 3/4
of the statistics. Note that this paper does not separately
consider the four EDISP event types of Fermi-LAT data to
perform a summed likelihood analysis. If so, the good
energy resolution of EDISP3 can be utilized without loss of
statistics, and the results could be further improved.
Previous analyses pointed out that it could improve
~15% for the Fermi-LAT only analysis [17,19].

This work combines the DAMPE and Fermi-LAT data to
perform spectral line searches, which to our knowledge is
the first work that combines data from different gamma-ray
detectors to search for DM signals. Although the 130 GeV
tentative signal is not supported by subsequent analyses
[19,27,42], the approach we show here is not limited to the
searches of spectral lines. Our work reveals the great
potential of combining different instruments in improving
the sensitivity of DM indirect search, demonstrating a new
means to enhance the sensitivity. In the future, with more
and more gamma-ray detectors (such as HERD [43] and
VLAST [44]) starting observations, and with the increasing
accumulation of Fermi-LAT and DAMPE data, such a joint
analysis will become even more important.

VI. SUMMARY

In this work, we jointly analyze the Fermi-LAT and
DAMPE data to search for linelike signals from the DM
annihilation or decay in the Galactic Halo. Using the
sliding energy window method and unbinned likelihood
analysis, we find no evidence for a gamma-ray line having a
local significance of > 5¢. Assuming DM particles anni-
hilate through the yy — yy channel or decay through the
x — yv channel and adopting a local DM density of
Procal = 0.4 GeVem™, we derive the upper limits on
(ov),, and the lower limits on z,, for different ROIs and
DM density profiles. We improve the previous constraints

on these parameters by a factor of ~v/2.

The improvement is due in part to the use of a larger
Fermi-LAT dataset and in part to the combined analysis of
data from two independent instruments. The simultaneous
use of the Fermi-LAT and DAMPE data makes the obtained
constraints stronger than the ones based on Fermi-LAT or
DAMPE data alone. Further, since two independent instru-
ments are employed, the systematic effects from individual
instruments could also be reduced.

Although line signals are still absent and the constraints
are getting more stringent, WIMP is still one of the most
promising DM models. Recently, two experiments at
Fermilab, E989 and CDF II, reported anomalies for muon
anomalous magnetic moment (g —2) [45] and W-boson
mass [46], deviating from the prediction of the Standard
Model by about 4.2¢ and 70, respectively. Such results may
indicate the existence of new physics and can be well
explained by introducing WIMPs [47-49], which motivates
us to keep searching for the annihilation or decay signals
from WIMPs (e.g., gamma-ray lines).

The supporting data for this article are publicly available
from [31,32].
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