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Dark matter (DM) in the Milky Way may annihilate or decay directly into gamma rays, producing
a monoenergetic line-like excess in the energy spectra. If detected, such features would provide a
clear DM signature. In this work, we present an update on line search with 13.75 years of Fermi
Large Area Telescope (LAT) data from 1 GeV to 1 TeV in five sky regions centered on the Galactic
Center, optimized for different DM density profiles and annihilation or decay channels. We
improve the fitting procedure by combining the likelihood profiles for different energy dispersion
event types (EDISP). To account for systematic uncertainties, we include the data from the control
region along the Galactic plane in the fit procedure. We find no statistically significant evidence
of features in our data, and set constraints on the velocity-averaged DM annihilation cross sections
and on the DM decay time. Compared to the previous Fermi-LAT results, the limits on the DM
parameters at 95% confidence level in the low energy band are even stronger up to 1-2 orders of
magnitude depending on the sky region, thanks to the improved analysis method.
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1. Introduction

While the existence of Dark Matter (DM) is very well established by the scientific community,
the debate on its nature is still open. Weakly Interacting Massive Particles (WIMPs), whose
existence is predicted by several theories beyond the Standard Model (SM), are among the most
credited DM candidates, since their properties fit with observational constraints [1]. Indirect DM
searches with gamma rays aim at the detection of photons eventually produced in processes involving
DM particles, which are expected to exhibit characteristic spectral features. These searches are
performed looking at astrophysical targets where DM is most expected to exist.

Our Galaxy is thought to be embedded in a spherical DM halo and is therefore a favorable target
for DM searches. A possible DM signature in gamma rays would be the detection of a spectral line,
which would result from WIMP self-annihilations (𝜒𝜒 → 𝛾𝛾) or decays (𝜒 → 𝛾𝛾), as WIMPs in
the Milky Way are assumed to be non-relativistic (𝑣/𝑐 ∼ 10−3). In the first case, the gamma-ray
line would appear at the WIMP mass 𝑚𝜒, while in the second case the line would appear at a mass
𝑚𝜒/2. This line-like feature would stand out prominently and would be a smoking gun for DM
annihilation and decay processes, since no other astrophysical mechanisms are known to produce
such a sharp feature in the gamma-ray spectrum from our Galaxy.

The expected gamma-ray differential flux from a sky region covering a solid angle ΔΩ centered
on a DM source can be calculated, for the self-annihilation1 and decay processes, as [2]:(
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where ⟨𝜎𝑎𝑛𝑛𝑣⟩𝛾𝛾 is the velocity-averaged WIMP annihilation cross section into gamma rays and 𝜏

is the WIMP decay time, the so-called J-factors, 𝐽𝑎𝑛𝑛 (ΔΩ) and 𝐽𝑑𝑒𝑐𝑎𝑦 (ΔΩ), depend on the amount
of DM along the line of sight.

In this work, we search for possible gamma-ray spectral lines from our Galaxy using the data
collected by the Large Area Telescope (LAT) on board the Fermi Gamma ray Space Telescope [3].
In the present work we update the results from previous Fermi-LAT line searches [4–8] using a
13.75 years data sample processed with the newest Pass 8 event selection [2]. Our analysis covers
over three decades in energy and accounts for systematic uncertainties, which are estimated using
the Galactic Plane (GP) as control region. In Sec. 2 we illustrate the event selection implemented
in this work; in Sec. 3 we describe the data analysis procedure ; finally, the results of the analysis
are shown in Sec. 4 and are discussed in Sec.5.

2. Event selection

The dataset used in this analysis consists of 165 months of Pass 8 data from August 4𝑡ℎ, 2008
to April 30𝑡ℎ, 2022, with photons of the CLEAN event class in the energy range from 100 MeV to
2 TeV, converting either in the front or in the back sections of the Tracker (F+B) [2].

1The annihilation yield of DM is evaluated under the assumption that the particle 𝜒 is of Majorana type, i.e. coincides
with its antiparticle; otherwise, an additional factor of 1/2 should be included in Eq. 1.
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We select events with zenith angle less than 100◦, in order to reject photons from the bright
Earth’s limb. We also restrict the time intervals (“Good Time Intervals”, GTIs) to the periods when
the LAT was operating in its standard science operation configuration and was outside the South
Atlantic Anomaly (SAA).

Within the selected event sample, the subsamples corresponding to different event types
(EDISP0, EDISP1, EDISP2, EDISP3) in which the class is partitioned are also selected, to perform
individual analysis on each subsample and a combined analysis of all the four subsamples.

Following the approach of Ref. [6], we select five different Regions of Interest (ROIs),
corresponding to cones with the axis pointing towards the Galactic Center (GC) and with different
apertures, which in the following will be labeled as R3 (3◦ aperture), R16 (16◦), R41 (41◦), R90
(90◦), and R180 (180◦, corresponding to the whole sky). A mask, corresponding to the region
with Galactic latitude |𝑏 | < 5◦ and Galactic longitude |𝑙 | > 6◦, is applied to all ROIs (with the
exception of R3). Each ROI is optimized to enhance the signal-to-noise ratio for different DM
density profiles, derived from both simulation studies and mass mapping measurements. While
R3, R16, R41 and R90 are all optimized for annihilation processes, R180, which encompasses the
entire sky, is optimized for possible decay events.

3. Data analysis

A maximum likelihood fit procedure in sliding energy windows has been implemented to
search for possible line-like features in the gamma-ray spectra of the various ROIs. The analysis is
performed in the energy interval from 1 GeV to 1 TeV. For each ROI, we analyze the whole event
samples, separate analyses are also performed on the subsamples corresponding to the different
event types EDISP0, EDISP1, EDISP2 and EDISP3. In addition, a combined analysis of the four
event types is also implemented.

The sliding window corresponding to a given energy 𝐸 is defined as the interval [𝐸 (1 −
𝑤), 𝐸 (1 + 𝑤)], where 𝑤𝐸 is the width of the window. The results in the this work are obtained by
setting 𝑤 = 0.50, which corresponds to a window size larger than the energy resolution of the LAT,
which is at most 30% in the worst case (energies around 30 MeV). A possible gamma-ray line at
energy 𝐸 is expected to yield a signal spread over an energy interval with the size of the energy
resolution. This signal will, therefore, lie within one of the sliding windows.

The energy interval from 1 GeV to 1 TeV is divided into 32 bins per decade, equally spaced
on a logarithmic scale. For each ROI, given the width of the energy windows, we perform up to
96 fits. If less than 10 counts were found in a given energy window, the corresponding fit was not
performed because of the poor statistics.

In a given energy window, the photon flux from any of the ROIs can be written as:
Φ𝑡𝑜𝑡 (𝐸𝑡 | ®\) = Φ𝑏𝑘𝑔 (𝐸𝑡 | ®\𝑏) + Φ𝑠𝑖𝑔 (𝐸𝑡 | ®\𝑠) where Φ𝑠𝑖𝑔 (𝐸𝑡 | ®\𝑠) and Φ𝑏𝑘𝑔 (𝐸𝑡 | ®\𝑏) are the signal and
background fluxes respectively, while ®\ = ( ®\𝑏, ®\𝑠) are the parameters of the model. The signal flux
is the possible line-like feature originated from DM and is given by Φ𝑠𝑖𝑔 (𝐸𝑡 |𝑠) = 𝑠𝛿(𝐸𝑡 − 𝐸𝑙𝑖𝑛𝑒),
where the parameter 𝑠 ≥ 0 represents the line intensity and 𝛿 is the Dirac delta function. The
background flux can be seen as the sum of a “smooth” contribution Φ𝑏𝑘𝑔,𝑠𝑚𝑜𝑜𝑡ℎ (𝐸𝑡 ), originated
from the steady gamma-ray emission from known astrophysical processes, and from a possible
additional line-like contribution Φ𝑏𝑘𝑔,𝑙𝑖𝑛𝑒 (𝐸𝑡 ), which could mimic a DM feature, and is originated
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from instrumental (systematic) effects. The smooth component of the background flux is described
with a simple power law in the energy region above 10 GeV (Φ𝑏𝑘𝑔,𝑠𝑚𝑜𝑜𝑡ℎ (𝐸𝑡 ) = 𝑘 (𝐸𝑡/𝐸0)−Γ
where 𝐸0 = 1 GeV is a scale energy), and with a log-parabola in the region below 10 GeV
(Φ𝑏𝑘𝑔,𝑠𝑚𝑜𝑜𝑡ℎ (𝐸𝑡 ) = 𝑘 (𝐸𝑡/𝐸0)−Γ−𝛽 log(𝐸/𝐸0 ) ) . The log-parabola accommodates the presence
of a curvature in the gamma-ray fluxes at low energies, which cannot be accounted for by the
simple power law. Finally, the line-like background component is given by Φ𝑏𝑘𝑔,𝑙𝑖𝑛𝑒 (𝐸𝑡 |𝑏) =

𝑏𝛿(𝐸𝑡 − 𝐸𝑙𝑖𝑛𝑒) where 𝑏 is the line intensity, which can be either positive or negative, since the
background line is associated to any instrumental effects (systematic uncertainties).

To disentangle the possible line contribution due to the systematic effects from that of a potential
DM signal, we also fit the counts in a control region, corresponding to the part of the GP which was
masked (see Sec. 2). The photon flux in the control region is only due to background and is given
by Φ𝐺𝑃 (𝐸𝑡 | ®\𝑏) = Φ𝐺𝑃,𝑠𝑚𝑜𝑜𝑡ℎ (𝐸𝑡 ) + Φ𝑏𝑘𝑔,𝑙𝑖𝑛𝑒 (𝐸𝑡 ), where Φ𝐺𝑃,𝑠𝑚𝑜𝑜𝑡ℎ is the smooth component
of the flux, modeled in a similar way as the smooth component of the background flux.

The expected photon counts in each energy bin for each ROI (or in the control
region) can be evaluated by folding the flux models with the exposures, and are given by
` 𝑗 =

∫
𝑑𝐸𝑡 E𝑅𝑂𝐼 (𝐸 𝑗 |𝐸𝑡 ) Φ(𝐸𝑡 ), where E𝑅𝑂𝐼 (𝐸 𝑗 |𝐸𝑡 ) is the exposure of the ROI (control region),

which depends on true (𝐸𝑡 ) and observed (𝐸 𝑗) energies, and Φ(𝐸𝑡 ) is the appropriate photon flux.
In the null hypothesis, a background-only model is assumed, i.e., Φ𝑠𝑖𝑔 = 0, which

corresponds to 𝑠 = 0; in the alternative hypothesis, the presence of a signal is assumed, i.e.,
Φ𝑠𝑖𝑔 > 0, which corresponds to 𝑠 > 0. For each of the two hypotheses, it is possible
to define a Poisson likelihood function. In particular, we define the log-likelihood ratios as
−2 ln_( ®\) = −2

∑
𝑗

[
− ` 𝑗 + 𝑛 𝑗 − 𝑛 𝑗 𝑙𝑛

(
𝑛 𝑗

` 𝑗

)]
, where ®𝑛 = (𝑛1, 𝑛2, . . .) is the vector of the observed

counts in each energy bin, while ®̀( ®\) = (`1( ®\), `2( ®\), . . .) is the corresponding vector of the
expected counts, which depends on the set of parameters ®\ in the model. The index 𝑗 runs over
the energy bins belonging to the fit window of the signal ROI and of the control region. The fit
parameters are ®\ = (𝑘𝑅𝑂𝐼 , Γ𝑅𝑂𝐼 , 𝛽𝑅𝑂𝐼 , 𝑘𝐺𝑃 , Γ𝐺𝑃 , 𝛽𝐺𝑃, 𝑏, 𝑠). The null hypothesis is nested in the
alternative hypothesis, since its model can be obtained from the general model by setting 𝑠 = 0.

We also implement a procedure to combine the likelihood functions for the subsamples with
EDISP0, EDISP1, EDISP2 and EDISP3. The "combined likelihood" is defined as the product
of individual likelihood functions associated to the different event types in a given ROI, i.e.:
_𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 =

∏
𝑖 _𝑖 (𝑠), where 𝑖 is the index referred to the event types. Also in this case, the

function −2 ln_𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 is studied.
Figure 1 shows a comparison among the profiles of the likelihood functions for the different

event types EDISP0, EDISP1, EDISP2, EDISP3 and for the combined analysis, for a line at energy
𝐸𝑙𝑖𝑛𝑒 = 4.8 GeV. The curve obtained from the combined analysis decreases more quickly than
those obtained from individual analyses of different event types, thus yielding stronger constraints
on the line intensity.

The alternative hypothesis, 𝐻1, is tested against the null hypothesis, 𝐻0, using the likelihood
functions _1 and _0. The fitted signal line strength is the value of 𝑠 corresponding to the maximum
of _1. The test statistics is defined as 𝑇𝑆 = 2[ln_1,𝑚𝑎𝑥 − ln_0,𝑚𝑎𝑥] where _1,𝑚𝑎𝑥 and _0,𝑚𝑎𝑥

are the maximum likelihood ratios for the hypothesis 𝐻1 and 𝐻0 respectively. Since _1 contains
one additional parameter with respect to _0, the 𝑇𝑆 is expected to follow a 𝜒2 distribution with
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Figure 1: Profile of −2Δ𝑙𝑛L, evaluated for the different event types as a function of the line intensity 𝑠 at
𝐸𝑙𝑖𝑛𝑒 = 4.8 GeV. The ULs at 95% CL are determined by the intersection of the curves with the horizontal
black line at −2Δ𝑙𝑛L = −2.71. The combined procedure yields stronger constraints (purple line) than the
analyses of individual event types.

1 degree of freedom. A feature is considered (locally) significant if the TS exceeds a threshold
value corresponding to the required level of significance (the significance level in 𝜎 units is given
by

√
𝑇𝑆). If a line is not significant, the upper limits (UL) at 95% confidence level (CL) on its

intensity 𝑠 can be evaluated by searching the value of 𝑠 for which 𝑇𝑆 = 𝑇𝑆𝑚𝑖𝑛 + 2.71, where
𝑇𝑆𝑚𝑖𝑛 = 𝑇𝑆(𝑠𝑚𝑖𝑛) is the 𝑇𝑆 of the fit.

A set of 1000 background-only Monte Carlo simulations (pseudoexperiments) is performed
to study the sensitivity of the present analysis to the null hypothesis. Each pseudoexperiment is
generated starting from a template of the count distributions corresponding to the null hypothesis.
The counts in each energy bin are extracted from a Poisson distribution with its average value taken
from the template model. The same analysis chain as for real data is then been to the simulated
data. The distributions of the TS values and of the ULs on the line intensities obtained from the
pseudoexperiments for each value of the line energy are then studied.

4. Results

Figure 2 shows the TS obtained in the combined analysis of the different event types EDISP0,
EDISP1, EDISP2 and EDISP3 compared to the expectations from the pseudoexperiments in each
of the 5 ROIs. The 68% and 95% containment bands are evaluated from the quantiles of the
TS distributions. Almost all the measured TS values lie within the expectation bands from the
pseudoexperiments, with a few outliers. In R3, R16 and R41, a feature with 𝑇𝑆 ∼ 7.5 at ∼ 4 GeV
is found. The features with the highest 𝑇𝑆 (∼ 12.5− 14) are found at the lower edge of the fit range
(∼ 1 GeV) in R90 and R180.

The data analysis has been implemented in sliding energy windows, which are correlated.
To verify whether the outliers in Fig. 2 correspond to significant features, a global significance
indicator is needed, which takes into account the effective number of trials. To evaluate the
global significance, we analyze the results of the pseudoexperiments discussed in Sec. 3. For
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Figure 2: Local TS as a function of energy in R3, R16, R41 and R180 for the combined analysis. The green
and yellow bands show the 68% and 95% expected containment bands derived from 1000 background-only
pseudoexperiments.

Figure 3: Global significance 𝑠𝑔𝑙𝑜𝑏𝑎𝑙 as a function of the local TS in R3, R16, R41 and R180. The black
dots represent the maximum TS values coming from our data set analysis.

each ROI, we build therefore the distribution of the maximum 𝑇𝑆 values 𝑇𝑆𝑚𝑎𝑥 obtained in the
pseudoexperiments, and we evaluate its quantiles. Assuming that the global significance obeys a
half-normal distribution, we associate a global significance to each value of 𝑇𝑆, obtaining the plots
shown in Fig. 3. We see that the potential feature with the highest global significance is found in
R41, but its global significance is ∼ 1.5𝜎, deeming the signal globally insignificant.

Since all potential features are not globally significant, we evaluate ULs on the line intensities.
Fig. 4 shows the ULs at 95% CL on the line intensity as a function of the line energy for the
combined analysis. Figure 4 also shows the 68% and 95% containment bands, evaluated from
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Figure 4: ULs on the line intensity at 95% CL in R3, R16, R41 and R180 for the combined analysis. The
green and yellow bands show the 68% and 95% expected containment bands derived from 1000 background-
only pseudoexperiments. The limit obtained in ref. [8] in the same ROIs are also shown (grey line).

the distributions of the ULs obtained in the pseudoexperiments. The measured ULs lie within the
containment bands, and are therefore consistent with the expectations for the null hypothesis.

Figure 5: Left panel: Upper limit at 95% CL on the ⟨𝜎𝑎𝑛𝑛𝑣⟩ as a function of DM mass from the analysis of
R3, R16, R41 and R90. Right panel: Lower limit at 95% CL on the decay time 𝜏 as a function of DM mass
from the analysis of R180. The green and yellow bands show the 68% and 95% expected containment bands
derived from 1000 background-only pseudoexperiments. The limits in Ref. [8] are also shown.

5. Discussion and conclusions

The ULs on the parameter 𝑠 can be converted into ULs on the velocity-averaged annihilation
cross section ⟨𝜎𝑎𝑛𝑛𝑣⟩ or into lower limits on the DM decay time 𝜏 (in the case of R180).
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These constraints are shown in Figure 5, where the containment bands obtained from the pseudo-
experiments are also shown. The limits are compared with the results of Ref. [8]. At low energies
(1-10 GeV), the limits obtained in this analysis are a factor ∼ 100 stronger than those obtained in
ref. [8] (grey line), while at higher energies this work’s limits are slightly better. The improvement
at low energies is due to not only the use of the combined likelihood analysis technique, but also to
the use of a more accurate model of the smooth component of the background flux.
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