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Monoenergetic γ-ray spectral lines are among the cleanest signatures of dark matter annihilation. We
analyze 15 years of Fermi-LAT data, find no spectral lines, and place strong constraints on dark matter
annihilation to monoenergetic γ-rays. Additionally, we produce the first double-line analysis of the
coupled signals from γγ and Zγ lines, which proves particularly powerful for dark matter masses above
∼150 GeV. From our constraints on a double-line feature, we investigate and constrain some minimal
models where the Galactic Center Excess can be fit by dark matter annihilation through the Higgs boson
into Standard Model particles.
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Introduction.Models that generate the observed dark matter
(DM) abundance through thermal freeze-out provide one of
the most compelling explanations for the cosmological
evolution of our Universe [1–19]. Fortunately, scenarios
dominated by a 2 → 2 process (e.g., χχ → SM SM) also
provide us with a precise, testable target for DM annihilation
searches [20,21]. The thermal freeze-out mechanism does
not generically predict the Standard Model (SM) final states
or branching ratios, and thus, it is common to examine DM
models dominated by tree-level annihilations to different
Standard Model particle states, such as bb̄, τþτ−,WþW−, or
other leptonic and hadronic pairs.
However, these models are simplified for two reasons.

First, DM annihilation may include tree-level couplings to a
number of final states, with branching ratios that depend on
the decay widths of the intermediate particles. Second, in
addition to tree-level processes, there are guaranteed loop-
level processes. Some of these final states, like those that
produce γγ or Zγ lines, may be more detectable than
tree-level annihilation processes despite their subdominant
branching fractions.
While the two-photon channel leads to a monoenergetic

line at Eγγ ¼ mDM. The Zγ channel is kinematically

accessible at DM masses of mDM > mZ=2 and leads to
final state photons with energies centered around

EZγ ¼ Eγγ

�
1 −

�
mZ

2Eγγ

�
2
�
: ð1Þ

The spectrum has an intrinsic width due to the finite lifetime
of the Z boson, which is given by [22,23]

ΓZγ ≈
ΓZmZ

2
ffiffiffi
3

p
Eγγ

<
ΓZffiffiffi
3

p ≈ 1.2 GeV: ð2Þ

This width leads to an effectively monochromatic signal at
the current Fermi-LAT energy resolution. Therefore, one
expects that instruments like Fermi-LAT could observe or
constrain the presence of not only the monochromatic line
from the γγ channel, but also a second line produced from
the Zγ channel. Making use of this fact, we propose a
double-line search that further increases our experimental
sensitivity.
The relationship between the branching ratios to all

final states depends on the mediator choice. The simplest
and most predictive scenario is DM coupling though the
Higgs portal, a singlet operator H†H [26–33]. In this case,
the branching ratios to all SM final states are entirely fixed
by the well-known properties of the Higgs boson. Thus,
combining collider-grade accuracy with the freeze-out
condition entirely fixes our signal expectation for a given
DM mass.
In this work, we reanalyze existing Fermi-LAT data,

choosing CLEAN events from 180 months of the PASS8
data [34], and perform both single- and double-line searches
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for annihilating DM. We find that double-line analyses have
a superior constraining power, especially at large DM
masses. Furthermore, we show that our limits on Higgs-
mediated DM annihilation are in tension with Higgs portal
interpretations of the GCE at masses near the mH=2
resonance [33,35].
Figure 1 shows the limits of our single- and double-line

analyses on the hσviγγ annihilation cross section and
compares our results with previous work [24,25]. Our
analysis provides stronger constraints, particularly at large
γ-ray energies.

Methodology and analysis.

Gamma-ray datasets: The Fermi-LAT is a pair-conversion
telescope that measures γ-rays with energies between
∼20 MeV and ∼1 TeV [34]. In this paper, we use ∼180
months of data spanning from 2008–08–04 to 2023–07–20
selecting CLEAN events from the PASS8 data. We include
events from good quality time intervals and remove periods
when the LAT was operating at rocking angles θr > 52°
[(DATA QUAL > 0) && (LAT CONFIG ¼¼ 1) &&
ABSðROCK ANGLEÞ < 52)]. We also apply the zenith-
angle cut θz < 90°, to avoid contamination from the Earth
limb. We limit our analysis to EDISP3 events evtype ¼
512, which have the best energy reconstruction (hence, best
energy resolution), to minimize uncertainties relating to
instrumental energy dispersion. We employ the P8R3_
CLEAN_V3 version of the instrument response functions.
The extraction of Fermi-LAT data and calculation of
exposure maps are performed using the most up-to-date
version of the ScienceTools [36] (2.0.8; released on 01/20/
2021). In addition, we performed different consistency
checks of our analyses using PASS7 and PASS8 front-
and back-converted events, which allows us to compare

our results with those obtained by the Fermi-LAT
Collaboration [37].
We extract data spanning from 10 to 300 GeV in 130

logarithmically uniform energy bins, which constitute an
energy resolution ΔE=E ∼ 3% (which is better by at least a
factor of two than the intrinsic energy resolution of EDISP3
events). Closely following previous Fermi analyses, we
divide our data into three regions of interest (ROIs), which
are spherical regions of 3, 16, and 41° degrees around the
Galactic Center, focusing on the inner regions studied by the
Fermi collaboration in Refs. [24,37] (see also [38] for a
similar approach). For each ROI, the regions of 68%
containment around known sources are subtracted in every
dataset following the 4FGL_DR2 catalog, except for the
ROI3 region, where no source subtraction is done. In
particular, we exclude the regions that lie within the 95%
radius around the sources in the 4FGL catalog.We also mask
the Galactic plane in regions with jbj < 5° and jlj > 6° as in
Refs. [24,37].

Single- and double-line analyses: We closely follow the
strategy used by the Fermi Collaboration in Ref. [37] and
search for spectral lines by performing maximum likelihood
fits in each of our ROIs and in 88 sliding energy intervals
(the sliding window technique from Ref. [39]) from 10 to
300 GeV. For each interval, we fit the count spectrum in an
energy window that surrounds the central energy with a
width ofΔE ≥ 3 × σEðEÞ1 (where σEðEÞ is the half width of
the 68% exposure-weighted energy resolution of each
dataset (see [40]), assuming that the background is described
by a power law and adding a linelike signal of free
amplitude, which is smeared due to the energy resolution
of the Fermi-LAT (following [41]). We use a likelihood
function described by a Poisson distribution in the number of
events at every energy window,

LROI ¼
Y
i

e−nðEi;E0
iÞ × nðEi; E0

iÞNiðEiÞ

NðEiÞ!
; ð3Þ

where Ni is the observed number of events at energy Ei in
each dataset (ROI), and ni is the expected number of counts
at energy E0 that are reconstructed at energy E by the
instrument. Under the null hypothesis, there is no linelike
signal, and the expected number of counts is found by fitting
the data to a power law describing the background emission
(ni ¼ nbkg). In the alternative hypothesis, the number of
counts is described as ni ¼ nsigDeff þ nbkg, whereDeff is the
energy dispersion matrix that allow us to account for the
energy reconstruction of the events by the LAT, and which
was obtained using the GTDRM Fermitool.

FIG. 1. The results of our model-independent single-line (blue
solid) and Higgs portal double-line (red solid) analysis, given an
NFW profile in ROI41. Single-line analyses by the Fermi-LAT
Collaboration (2015) [24] (gray solid) and a recent result by
Ref. [25] (magenta dashed) are shown for comparison.

1We repeated the analysis for window sizes between 2 and
6 × σEðEÞ and found that the chosen width has almost no effect
on our results.
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It is important to remark that, within the energy range
where we perform this analysis, the systematic uncertain-
ties in the spectral reconstruction are expected to be
negligible compared to the statistical uncertainties in the
photon count, as reported by Refs. [24,37,42]. This
assumption does not hold at much lower energies, which
would require more complex modeling of Fermi-LAT
responses, as in Ref. [24]. The inclusion of systematic
uncertainties would only slightly weaken our bounds at low
energies, leaving the main conclusions of this manuscript
unchanged.
To perform the fits, we rely on the Markov Chain

Monte Carlo (MCMC) package EMCEE [43], since this
technique is more robust than conventional optimizers and
less prone to finding false local minima. This analysis
produces probability distribution functions for every
parameter in the fit, which are used to estimate the
credible intervals of each parameter and the DM limits.
Since the best-fit number of signal events that we obtain is
very low, we use the Feldman-Cousins (FC) method [44]2

to ensure that we are not mis-evaluating the confidence
intervals and, hence, the limits. Using the FC method
produces roughly the same upper limits as the MCMC
algorithm, except when the best-fit number of source
counts is very small. Concretely, we take the best-fit
values for the number of background events and number
of signal events obtained from the MCMC procedure and
apply the FC method with the likelihood functions defined
in Eq. (3). In this way, we reject unrealistically strong
upper limits, particularly for the downward fluctuations.
For the double-line analysis, we repeat the same pro-

cedure as the single-line analysis, but add a correlated
second line signal that accounts for DM annihilation through
the Higgs into a second Zγ line (χ þ χ → H → Z þ γ). The
relative amplitude of the γγ and Zγ signals is correlated by
the branching ratio of the Higgs boson to each channel.
Moreover, the energy of the line signal for Zγ production is
connected to the energy of the γγ signal as described by
Eq. (1), and we set Eγγ ¼ mχ for the annihilation process
that we are considering.
To account for the fact that the energy window in our

double-line analysis must accommodate both the γγ and Zγ
line energies, the lower edge of the energy window
considered in this analysis is set to be the minimum value
between EZγ and Eγγ − 3σE, to cover the double-line
feature. This results in a larger energy window for the
double-line analysis from 50 to ∼80 GeV, above which the
lower limit of the sliding energy window coincides with
the one used in the single-line analysis (i.e., the lower limit
is always the 3σE above 80 GeV).

Dm bounds from the line search. The expected γ-ray flux
from the annihilation of DM particle through the process
χ þ χ → γ þ γ in a region of the sky with angular sizeΔΩ is

dΦ
dE

¼ 1

8π

hσviγγ
m2

χ

�
dN
dE

�
γγ

× JROIðΔΩÞ; ð4Þ

whereJROIðΔΩÞ is the astrophysical J-factor that describes
the expected annihilation rate given a specific choice of ROI
and a DM distribution, ðdNdEÞγγ ¼ 2 × δðE − EγγÞ is the γ-ray
yield per annihilation, mχ ¼ Eγγ is the mass of the WIMP,
and hσviγγ is the annihilation rate to the γγ channel and is
related to the total annihilation rate via the mediator-
dependent branching fraction hσviγγ ¼ BRγγ × hσviann,
where hσviann is the total DM annihilation rate.
For the Zγ process, this same formula holds, but with

hσviZγ ¼ BRZγ × hσviann and ðdNdEÞZγ ¼ δðE − EZγÞ, where
the photon is produced at the energy given by Eq. (1). The
main uncertainty in deriving limits on the annihilation rate
is the J-factor, JROIðΔΩÞ, which directly depends on the
Milky Way DM distribution. Here, we assume a local DM
density of 0.4 GeVcm−3 [45] and a distance from the Solar
System to the GC of 8.5 kpc. We characterize two DM
distributions, the Navarro-Frenk-White (NFW) and a con-
tracted-NFW profile with an index γ ¼ 1.3 (motivated by
studies of the Galactic Center Excess (GCE) [46,47]), both
with a scale radius of rs ¼ 20 kpc.

Significance for lines in the gamma-ray spectrum: Figure 2
shows the test-statistic (TS) computed for the single-line
and double-line analyses as a function of the DM mass.
This produces an accurate calculation (assuming Wilks’

FIG. 2. Local significance obtained in the 10 to 300 GeV range.
We compare the result of the single-line analysis (solid lines) and
double-line analysis (dashed lines) for each ROI: 3° (upper), 16°
(middle), and 41° (lower) around the center of the Galaxy. For
those signals where there is no preference for a positive number
of counts over the background, the significance (σlocal) is set to 0.

2We acknowledge the use of the package from https://github
.com/usnistgov/FCpy/tree/main.
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theorem holds) for the local significance of any line signal
(σlocal ∼

nlineffiffiffiffiffiffi
nbck

p ), which can be calculated as

TS ¼ 2
Lðnsig ¼ nsig;BestÞ

Lðnsig ¼ 0Þ : ð5Þ

Although, the J-factor constitutes the largest uncertainty on
the expected annihilation signal from the GC region, we
remind the reader that the TS is independent of the J-factor
employed. We note no statistically significant peaks
(exceeding a 3σ local significance) in any dataset. The
most statistically significant peaks hardly exceed 2σ and are
not repeatedly present in the different ROIs (i.e., a fluc-
tuation not present in all the datasets). We have performed
an analogous analysis, without fixing the branching ratio
between the Zγ and γγ processes to the values predicted by
the Higgs portal. Also, in this general case, no significant
excess signals were observed, and the local significance is
roughly identical to the one obtained in the double-line
analysis.

Dm bounds from the single-line and double-line analyses:
Given the lack of significant excesses in the γ-ray
spectrum, we derive the confidence limits for both the
single- and double-line analyses. We produced the bands
depicting the 68% and 95% confidence intervals of the
observed limits by generating mock data following a
power-law distribution with spectral index of −2 and
Poissonian noise. We repeat the analysis for 750 iterations
(we find that the bands remain stable above ∼400
iterations), similar to the approach of Refs. [24,37].
Figure 3 shows the derived limits for ROI41, which

provide slightly stronger (but similar) limits than the other
ROIs. We show results for other ROIs in Fig. S2 in the
Supplemental Material [48]. We also include the observed
limits for the double-line analysis as a dashed line, finding

that these constraints become stronger at higher energies
when the Zγ cross section becomes larger than the γγ cross
section. The ratio BRZγ=BRγγ is derived from [49] and is
discussed in the Supplemental Material [48].
In Fig. 1, we compare our single-line limits with those

obtained by the Fermi-LAT Collaboration (using 5.8 yr of
data) [24] and those obtained by Foster et al. [50] (using
∼14 years of Fermi-LAT data). The main differences
between our analysis and Ref. [50] include (1) their analysis
employs a constant energy-window size (of ΔE=E ∼ 0.64),
while our analysis utilizes a variable window size based on
the local Fermi-LAT energy resolution, (2) their analysis
employs a single ROI focused on the inner 30° around the
GC and utilizes a different Galactic plane cut, (3) they
utilize SOURCE class photon events with energy recon-
structions spanning EDISP 1–3 (the top 75% of well-
reconstructed energy events), while we use only CLEAN
class photon events from EDISP3 (the 25% of recon-
structed events with the best energy resolution), and
(4) they do not subtract regions surrounding bright
γ-ray point sources, while we eliminate these back-
ground-dominated regions from our analysis in all ROIs
except for ROI3. Despite these differences, our single-line
results are in good agreement, as seen in Fig. 1. The
DAMPE Collaboration recently published the results of
their single-line analysis using 5 yr of data collected by the
DAMPE instrument [51], obtaining similar bounds to
those found in Ref. [24] (see also Ref. [52]).

Implication for higgs-mediatedannihilation.Higgs-mediated
annihilation is unique from the perspective that collider level
precision can be used in a DM framework. Since SM
processes govern the branching ratios for the annihilation
final states, and the DM coupling to the Higgs is fixed by the
freeze-out condition, the only unknown parameter is the
DM mass.
However, there are several model choices that affect the

relationship between the annihilation cross section and the
expected event rates in direct detection and collider experi-
ments [35,53]. Here, we mention two well-motivated
models:

(i) A singlet scalar model S, with mass mS, which after
the electroweak symmetry breaking has the follow-
ing relevant coupling to the Higgs boson, h,

−L ⊃
1

2
m2

SS
2 þ λpvH

2
hS2; ð6Þ

where λp is a dimensionless coupling, and vH is the
Higgs field vacuum expectation value [26–28]. In
this case, the spin-independent direct detection cross
section is not suppressed, and only λp < 10−3 values
are compatible with the current limits [32,54]. The
GCE signal can thus only be explained in a very
narrow mass range around the Higgs resonance [33].

FIG. 3. DM bounds for the ROI41 region assuming a NFW
Galactic DM profile, including the 68% and 95% confidence
intervals obtained from the single-line analysis, compared to
those obtained in the double-line analysis, as a solid line and a
dashed line, respectively.
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(ii) A Majorana fermion model χ, with mass mχ and the
following low-energy couplings:

−L ⊃
1

2
mχ χ̄χ þ i

yp
2
hχ̄γ5χ; ð7Þ

where yp is a dimensionless coupling parameter. In
this case, the direct detection cross section is sup-
pressed for real values of yp [25,35], which means
that we would not expect a signal in direct detection
searches. Therefore, this model is not constrained by
direct detection experiments, and only visible in
collider and indirect detection searches.

We note that both scenarios are subject to invisible Higgs
decay constraints, which limit BRðh → invÞ < 0.11 [55],
and difficult to avoid.
The total annihilation cross section in both scenarios is

given by

σannðsÞ ¼
fðmDM; λDMÞ

ðs −m2
h þ Γ2

hm
2
hÞ2

; ð8Þ

where s is the total s-channel four-momentum, mDM and
λDM are the DM mass and coupling strength to the Higgs,
and Γh is the total Higgs boson decay width. As discussed
in Ref. [56], the thermally averaged cross section at a
resonance needs to be performed without the nonrelativistic
expansion of the annihilation cross section. The fact that the
thermal average of the annihilation cross section in the
early universe is significantly different from the average at
late times leads to a strong late-time mass dependence of
the annihilation cross section around the resonance, as
discussed in detail in Ref. [32].
Figure 4 shows the Higgs portal parameter space with the

predicted total annihilation rate as a function of the DM
mass. It is intriguing that γ-ray line searches have the
strongest sensitivity around the Higgs resonance, a region
in parameter space that is typically challenging to test. We
make use of the fact that, given the Fermi-LAT energy
resolution, the line signatures can be well distinguished
from the continuum emission, such as final state radiation,
up to γ-ray energies of Eγγ ∼ 300 GeV, as discussed in
Refs. [31,33].

Implications for the galactic center excess. Observations of
γ-ray emission from the Milky Way Galactic Center have
long observed a γ-ray excess that has been named the GCE
[60–65]. While the origin of the GCE is disputed, the two
most compelling explanations involve DM annihilation or
the combined emission from a population of millisecond
pulsars [62,66–79]. Within the context of DM models, a
DM candidate that annihilates predominantly via χχ → bb̄
with a massmχ between 40 and 70 GeV is highly consistent
with the data [60,64].

Since this tree-level final state involves charged particles,
there is unavoidably a loop process leading to monoener-
getic γγ and, as dictated by electroweak symmetry, narrow
Zγ photon lines. However, the simple b-quark loop produces
a branching ratio of the order of BRγγ ∼ α2EM=ð4πÞ ∼ 10−6,
which falls far below current experimental sensitivities.
On the other hand, a dominant branching fraction into

b-quark states in this mass range is hard to explain unless
the interaction is related to the quark Yukawa couplings.
Thus, we are naturally led to the Higgs boson-mediated
scenario. Notably, a Higgs-motivated bb̄-annihilation rate
that fits the GCE unambiguously predicts bright γγ and Zγ
signals.
Figure 5 shows the 95% confidence interval for the GCE

signal predictions for the annihilation rates hσviγγ and
hσviZγ , as a red and magenta ellipses, respectively. Those
regions are derived from the best-fit region of Ref. [60].
We compare the predicted rates with our best limits from
the double-line analysis of 15 years of Fermi-LAT data,
and find that are results are beginning to be in tension with
minimal Higgs portal-mediated scenarios as an explana-
tion for the GCE. By minimal, we mean models based on
the interactions in Eqs. (6) and (7), in which the relic
density is determined by the s-channel Higgs annihilation

FIG. 4. The Higgs portal total annihilation rate as a function of
the DM mass. We superimpose our constraint from the double-
line analysis on the total annihilation rate using the branching
ratio Brðh → γ; γÞ for the conversion (red solid). Additionally, we
show the dwarf spheroidal limits from the Fermi-LAT Collabo-
ration [57] (green solid), which are dominated by the bb̄ channel
in the Higgs portal model in the relevant mass range [50]. The
constraints from invisible Higgs decay searches [55] are shown as
the gray contour. The rate factor predicted by the relic density
constraint is shown as a function of DM mass (black dashed).
Additionally, we include (gray dashed line) the relic density rate
as computed from the DRAKE code [58], taken from Ref. [59].
Two scenarios of the QCD phase transition are taken into account
indicated by the doubling of the relic density line in the resonant
region. Finally, the blue ellipse shows the 95% confidence
interval for the GCE from Ref. [60].
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(shown as black dashed line), and given the searches for
invisible Higgs decays apply. Note that other approaches
find best-fit parameter regions [80] that are only consistent
with the relic density predictions within the excluded
parameter range.

Discussion and conclusion. In this paper, we have rean-
alyzed 15 years of Fermi-LAT data and studied spectral
signatures stemming from DM annihilation to monoener-
getic lines. We find no evidence for any statistically
significant excesses and set strong limits on DM annihi-
lation to monoenergetic photons. Our results can be applied
to a broad range of DM scenarios, constraining DMmasses
up to (or beyond) the electroweak scale in many well-
motivated DM models. If nonperturbative effects, such as
bound-state formation, are taken into account [81–83], the
reach extends to even higher DM masses.

Additionally, we performed the first double-line analysis
of the full Fermi-LAT dataset, using 15 years of data. We
placed strong limits on thermal DM that is coupled to the
StandardModel through the Higgs portal, in a largely model
independent way. Our results are in moderate tension (but
do not entirely rule out), Higgs portal models of the GCE
with dark matter masses that sit near the mH=2 resonance.
This parameter space is of interest due to the fact that it is the
only portion of the Higgs portal parameter space that is
consistent with the GCE and constraints from the branching
ratios to invisible particles. Moreover, we note that our
constraints are roughly independent of the dark matter
density profile near the Galactic Center, as the cross sections
for both the GCE continuum and the line search shift in the
same way.
We emphasize, that the double-line technique can be

applied to other datasets and is particularly promising at
energies near the Higgs resonance. Furthermore, it has an
enhanced discovery potential for γ-ray signals that have a
limited sensitivity due to low photon counts, as it makes
use of additional information from photons in correlated
energy bins.
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[33] M. Duerr, P. Fileviez Pérez, and J. Smirnov, Gamma-ray
excess and the minimal dark matter model, J. High Energy
Phys. 06 (2016) 008.

[34] W. B. Atwood, A. A. Abdo, M. Ackermann, W. Althouse,
B. Anderson, M. Axelsson, L. Baldini, J. Ballet, D. L. Band,
G. Barbiellini et al., The Large Area Telescope on the Fermi
Gamma-Ray Space Telescope Mission, Astrophys. J. 697,
1071 (2009).

[35] K. Fraser, A. Parikh, and W. L. Xu, A closer look at
CP-violating Higgs portal dark matter as a candidate for
the GCE, J. High Energy Phys. 03 (2021) 123.

[36] Fermitools (v.2.0.8; released on 01/20/2021): https://fermi.gsfc
.nasa.gov/ssc/data/analysis/software/; https://github.com/fermi-
lat/Fermitools-conda/wiki/Installation-Instructions (2021).

[37] M. Ackermann et al. (Fermi-LAT Collaboration), Search for
gamma-ray spectral lines with the Fermi Large Area Tele-
scope and dark matter implications, Phys. Rev. D 88,
082002 (2013).

[38] C. Weniger, A tentative gamma-ray line from dark matter
annihilation at the Fermi Large Area Telescope, J. Cosmol.
Astropart. Phys. 08 (2012) 007.

[39] G. Vertongen and C. Weniger, Hunting dark matter gamma-
ray lines with the Fermi LAT, J. Cosmol. Astropart. Phys. 05
(2011) 027.

[40] Fermi-lat performance: https://www.slac.stanford.edu/exp/
glast/groups/canda/lat_Performance.htm (2021).

[41] Fermi-lat energy dispersion analysis: https://fermi.gsfc.nasa
.gov/ssc/data/analysis/documentation/Pass8_edisp_usage
.html, (2022).

[42] A. Albert, G. A. Gómez-Vargas, M. Grefe, C. Muñoz,
C. Weniger, E. D. Bloom, E. Charles, M. N. Mazziotta,
and A. Morselli, Search for 100 MeV to 10 GeV γ-ray lines
in the Fermi-LAT data and implications for gravitino dark
matter in the μνssm, J. Cosmol. Astropart. Phys. 10 (2014)
023.

[43] D. Foreman-Mackey, D.W. Hogg, D. Lang, and J. Goodman,
emcee: The MCMC Hammer, Publ. Astron. Soc. Pac. 125,
306 (2013).

[44] G. J. Feldman and R. D. Cousins, Unified approach to the
classical statistical analysis of small signals, Phys. Rev. D
57, 3873 (1998).

[45] F. Iocco, M. Pato, G. Bertone, and P. Jetzer, Dark matter
distribution in the milky way: Microlensing and dynamical
constraints, J. Cosmol. Astropart. Phys. 11 (2011) 029.

GAMMA-RAY LINES IN 15 YEARS OF FERMI-LAT DATA: … PHYS. REV. D 109, L041301 (2024)

L041301-7

https://doi.org/10.1088/1475-7516/2017/03/045
https://doi.org/10.1088/1475-7516/2017/03/045
https://doi.org/10.1103/PhysRevD.96.083521
https://arXiv.org/abs/1705.03689
https://doi.org/10.1140/epjc/s10052-018-5662-y
https://doi.org/10.1140/epjc/s10052-018-5662-y
https://doi.org/10.1088/1361-6633/aab913
https://doi.org/10.1103/PhysRevD.99.095025
https://doi.org/10.1088/1475-7516/2019/11/033
https://doi.org/10.1103/PhysRevLett.123.191801
https://doi.org/10.1103/PhysRevLett.125.131301
https://doi.org/10.1103/PhysRevLett.125.131301
https://doi.org/10.1103/PhysRevD.106.015012
https://doi.org/10.1007/JHEP08(2023)091
https://doi.org/10.1007/JHEP08(2023)091
https://doi.org/10.1103/PhysRevD.86.023506
https://doi.org/10.1016/j.physletb.2021.136341
https://doi.org/10.1007/BF01559728
https://doi.org/10.1103/PhysRevLett.63.2173
https://doi.org/10.1103/PhysRevLett.63.2173
https://doi.org/10.1103/PhysRevD.91.122002
https://doi.org/10.1103/PhysRevD.91.122002
https://doi.org/10.1103/PhysRevD.107.103047
https://doi.org/10.1103/PhysRevD.107.103047
https://doi.org/10.1016/0370-2693(85)90624-0
https://doi.org/10.1016/0370-2693(85)90624-0
https://doi.org/10.1103/PhysRevD.50.3637
https://doi.org/10.1016/S0550-3213(01)00513-2
https://doi.org/10.1103/PhysRevD.75.037701
https://doi.org/10.1103/PhysRevD.88.055025
https://doi.org/10.1103/PhysRevD.88.055025
https://doi.org/10.1103/PhysRevD.92.039906
https://doi.org/10.1016/j.physletb.2015.10.034
https://doi.org/10.1016/j.physletb.2015.10.034
https://doi.org/10.1007/JHEP06(2016)152
https://doi.org/10.1007/JHEP06(2016)152
https://doi.org/10.1007/JHEP06(2016)008
https://doi.org/10.1007/JHEP06(2016)008
https://doi.org/10.1088/0004-637X/697/2/1071
https://doi.org/10.1088/0004-637X/697/2/1071
https://doi.org/10.1007/JHEP03(2021)123
https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
https://github.com/fermi-lat/Fermitools-conda/wiki/Installation-Instructions
https://github.com/fermi-lat/Fermitools-conda/wiki/Installation-Instructions
https://doi.org/10.1103/PhysRevD.88.082002
https://doi.org/10.1103/PhysRevD.88.082002
https://doi.org/10.1088/1475-7516/2012/08/007
https://doi.org/10.1088/1475-7516/2012/08/007
https://doi.org/10.1088/1475-7516/2011/05/027
https://doi.org/10.1088/1475-7516/2011/05/027
https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass8_edisp_usage.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass8_edisp_usage.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass8_edisp_usage.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass8_edisp_usage.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass8_edisp_usage.html
https://doi.org/10.1088/1475-7516/2014/10/023
https://doi.org/10.1088/1475-7516/2014/10/023
https://doi.org/10.1086/670067
https://doi.org/10.1086/670067
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1088/1475-7516/2011/11/029


[46] M. Ackermann et al. (The Fermi LAT Collaboration), The
Fermi galactic center GeV excess and implications for dark
matter, Astrophys. J. 840, 43 (2017).

[47] M. Di Mauro, Characteristics of the galactic center excess
measured with 11 years of Fermi-LAT data, Phys. Rev. D
103, 063029 (2021).

[48] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevD.109.L041301 for addi-
tional discussion and figures for related to this article.

[49] S. Dittmaier et al. (LHC Higgs Cross Section Working
Group), Handbook of LHC Higgs Cross Sections: 1.
Inclusive Observables (2011), 10.5170/CERN-2011-002.

[50] J. W. Foster, Y. Park, B. R. Safdi, Y. Soreq, and W. L. Xu,
Search for dark matter lines at the galactic center
with 14 years of Fermi data, Phys. Rev. D 107, 103047
(2023).

[51] F. Alemanno et al., Search for gamma-ray spectral lines
with the dark matter particle explorer, Sci. Bull. 67, 679
(2022).

[52] J.-G. Cheng, Y.-F. Liang, and E.-W. Liang, Search for the
gamma-ray spectral lines with the DAMPE and the Fermi-
LAT observations, Phys. Rev. D 108, 063015 (2023).

[53] J. Abdallah et al., Simplified models for dark matter
searches at the LHC, Phys. Dark Universe 9–10, 8 (2015).

[54] J. Aalbers et al. (LZ Collaboration), First dark matter search
results from the LUX-ZEPLIN (LZ) experiment, Phys. Rev.
Lett. 131, 041002 (2023).

[55] G. Aad et al., Search for invisible Higgs-boson decays in
events with vector-boson fusion signatures using 139 fb-1 of
proton-proton data recorded by the atlas experiment, J. High
Energy Phys. 08 (2022) 104.

[56] P. Gondolo and G. Gelmini, Cosmic abundances of stable
particles: Improved analysis, Nucl. Phys. B360, 145 (1991).

[57] M. L. Ahnen et al. (MAGIC, Fermi-LAT Collaborations),
Limits to dark matter annihilation cross-section from a
combined analysis of MAGIC and Fermi-LAT observations
of dwarf satellite galaxies, J. Cosmol. Astropart. Phys. 02
(2016) 039.

[58] T.s Binder, T. Bringmann, M. Gustafsson, and A. Hryczuk,
Early kinetic decoupling of dark matter: When the standard
way of calculating the thermal relic density fails, Phys. Rev.
D 96, 115010 (2017).

[59] M. Di Mauro, C. Arina, N. Fornengo, J. Heisig, and
D. Massaro, Dark matter at the Higgs resonance, Phys.
Rev. D 108, 095008 (2023).

[60] F. Calore, I. Cholis, and C. Weniger, Background model
systematics for the Fermi GeVexcess, J. Cosmol. Astropart.
Phys. 03 (2015) 038.

[61] L. Goodenough and D. Hooper, Possible evidence for dark
matter annihilation in the inner milky way from the Fermi
Gamma Ray Space Telescope, arXiv:0910.2998.

[62] D. Hooper and T. Linden, On the origin of the gamma rays
from the galactic center, Phys. Rev. D 84, 123005 (2011).

[63] K. N. Abazajian and M. Kaplinghat, Detection of a gamma-
ray source in the galactic center consistent with extended
emission from dark matter annihilation and concentrated
astrophysical emission, Phys. Rev. D 86, 083511 (2012); 87,
129902(E) (2013).

[64] T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden, S. K. N.
Portillo, N. L. Rodd, and T. R. Slatyer, The characterization
of the gamma-ray signal from the central milky way: A case
for annihilating dark matter, Phys. Dark Universe 12, 1
(2016).

[65] M. Ackermann et al. (Fermi-LAT Collaboration), The Fermi
galactic center GeVexcess and implications for dark matter,
Astrophys. J. 840, 43 (2017).

[66] D. Hooper and L. Goodenough, Dark matter annihilation in
the galactic center as seen by the Fermi Gamma Ray Space
Telescope, Phys. Lett. B 697, 412 (2011).

[67] K. N. Abazajian, The consistency of Fermi-LAT observa-
tions of the galactic center with a millisecond pulsar
population in the central stellar cluster, J. Cosmol. Astro-
part. Phys. 03 (2011) 010.

[68] D. Hooper, I. Cholis, T. Linden, J. Siegal-Gaskins, and
T. Slatyer, Pulsars cannot account for the inner Galaxy’s
GeV excess, Phys. Rev. D 88, 083009 (2013).

[69] I. Cholis, D. Hooper, and T. Linden, Challenges in explain-
ing the galactic center gamma-ray excess with millisecond
pulsars, J. Cosmol. Astropart. Phys. 06 (2015) 043.

[70] S. K. Lee, M. Lisanti, B. R. Safdi, T. R. Slatyer, and W. Xue,
Evidence for unresolved γ-ray point sources in the inner
galaxy, Phys. Rev. Lett. 116, 051103 (2016).

[71] R. Bartels, S. Krishnamurthy, and C. Weniger, Strong
support for the millisecond pulsar origin of the Galactic
center GeV excess, Phys. Rev. Lett. 116, 051102 (2016).

[72] R. K. Leane and T. R. Slatyer, Revival of the dark matter
hypothesis for the galactic center gamma-ray excess, Phys.
Rev. Lett. 123, 241101 (2019).

[73] R. K. Leane and T. R. Slatyer, Spurious point source signals
in the galactic center excess, Phys. Rev. Lett. 125, 121105
(2020).

[74] R. K. Leane and T. R. Slatyer, The enigmatic galactic center
excess: Spurious point sources and signal mismodeling,
Phys. Rev. D 102, 063019 (2020).

[75] M. Buschmann, N. L. Rodd, B. R. Safdi, L. J. Chang, S.
Mishra-Sharma, M. Lisanti, and O. Macias, Foreground
mismodeling and the point source explanation of the Fermi
galactic center excess, Phys. Rev. D 102, 023023 (2020).

[76] O. Macias, C. Gordon, R. M. Crocker, B. Coleman, D.
Paterson, S. Horiuchi, and M. Pohl, Galactic bulge preferred
over dark matter for the Galactic centre gamma-ray excess,
Nat. Astron. 2, 387 (2018).

[77] O. Macias, S. Horiuchi, M. Kaplinghat, C. Gordon, R. M.
Crocker, and D. M. Nataf, Strong evidence that the galactic
bulge is shining in gamma rays, J. Cosmol. Astropart. Phys.
09 (2019) 042.

[78] I. Cholis, T. Linden, and D. Hooper, A robust excess in the
cosmic-ray antiproton spectrum: Implications for annihilat-
ing dark matter, Phys. Rev. D 99, 103026 (2019).

[79] I. Cholis, Y.-M. Zhong, S. D. McDermott, and J. P.
Surdutovich, Return of the templates: Revisiting the galactic
center excess with multimessenger observations, Phys. Rev.
D 105, 103023 (2022).

[80] M. Di Mauro and M.W. Winkler, Multimessenger con-
straints on the dark matter interpretation of the Fermi-LAT
galactic center excess, Phys. Rev. D 103, 123005 (2021).

DE LA TORRE LUQUE, SMIRNOV, and LINDEN PHYS. REV. D 109, L041301 (2024)

L041301-8

https://doi.org/10.3847/1538-4357/aa6cab
https://doi.org/10.1103/PhysRevD.103.063029
https://doi.org/10.1103/PhysRevD.103.063029
http://link.aps.org/supplemental/10.1103/PhysRevD.109.L041301
http://link.aps.org/supplemental/10.1103/PhysRevD.109.L041301
http://link.aps.org/supplemental/10.1103/PhysRevD.109.L041301
http://link.aps.org/supplemental/10.1103/PhysRevD.109.L041301
http://link.aps.org/supplemental/10.1103/PhysRevD.109.L041301
http://link.aps.org/supplemental/10.1103/PhysRevD.109.L041301
http://link.aps.org/supplemental/10.1103/PhysRevD.109.L041301
https://doi.org/10.5170/CERN-2011-002
https://doi.org/10.1103/PhysRevD.107.103047
https://doi.org/10.1103/PhysRevD.107.103047
https://doi.org/10.1016/j.scib.2021.12.015
https://doi.org/10.1016/j.scib.2021.12.015
https://doi.org/10.1103/PhysRevD.108.063015
https://doi.org/10.1016/j.dark.2015.08.001
https://doi.org/10.1103/PhysRevLett.131.041002
https://doi.org/10.1103/PhysRevLett.131.041002
https://doi.org/10.1007/JHEP08(2022)104
https://doi.org/10.1007/JHEP08(2022)104
https://doi.org/10.1016/0550-3213(91)90438-4
https://doi.org/10.1088/1475-7516/2016/02/039
https://doi.org/10.1088/1475-7516/2016/02/039
https://doi.org/10.1103/PhysRevD.96.115010
https://doi.org/10.1103/PhysRevD.96.115010
https://doi.org/10.1103/PhysRevD.108.095008
https://doi.org/10.1103/PhysRevD.108.095008
https://doi.org/10.1088/1475-7516/2015/03/038
https://doi.org/10.1088/1475-7516/2015/03/038
https://arXiv.org/abs/0910.2998
https://doi.org/10.1103/PhysRevD.84.123005
https://doi.org/10.1103/PhysRevD.86.083511
https://doi.org/10.1103/PhysRevD.87.129902
https://doi.org/10.1103/PhysRevD.87.129902
https://doi.org/10.1016/j.dark.2015.12.005
https://doi.org/10.1016/j.dark.2015.12.005
https://doi.org/10.3847/1538-4357/aa6cab
https://doi.org/10.1016/j.physletb.2011.02.029
https://doi.org/10.1088/1475-7516/2011/03/010
https://doi.org/10.1088/1475-7516/2011/03/010
https://doi.org/10.1103/PhysRevD.88.083009
https://doi.org/10.1088/1475-7516/2015/06/043
https://doi.org/10.1103/PhysRevLett.116.051103
https://doi.org/10.1103/PhysRevLett.116.051102
https://doi.org/10.1103/PhysRevLett.123.241101
https://doi.org/10.1103/PhysRevLett.123.241101
https://doi.org/10.1103/PhysRevLett.125.121105
https://doi.org/10.1103/PhysRevLett.125.121105
https://doi.org/10.1103/PhysRevD.102.063019
https://doi.org/10.1103/PhysRevD.102.023023
https://doi.org/10.1038/s41550-018-0414-3
https://doi.org/10.1088/1475-7516/2019/09/042
https://doi.org/10.1088/1475-7516/2019/09/042
https://doi.org/10.1103/PhysRevD.99.103026
https://doi.org/10.1103/PhysRevD.105.103023
https://doi.org/10.1103/PhysRevD.105.103023
https://doi.org/10.1103/PhysRevD.103.123005


[81] A. Mitridate, M. Redi, J. Smirnov, and A. Strumia,
Cosmological implications of dark matter bound states,
J. Cosmol. Astropart. Phys. 05 (2017) 006.

[82] J. Smirnov and J. F. Beacom, TeV-scale thermal WIMPs:
Unitarity and its consequences, Phys. Rev. D 100, 043029
(2019).

[83] M. Becker, E. Copello, J. Harz, K. A. Mohan, and
D. Sengupta, Impact of Sommerfeld effect and bound state
formation in simplified t-channel dark matter models,
J. High Energy Phys. 08 (2022) 145.

GAMMA-RAY LINES IN 15 YEARS OF FERMI-LAT DATA: … PHYS. REV. D 109, L041301 (2024)

L041301-9

https://doi.org/10.1088/1475-7516/2017/05/006
https://doi.org/10.1103/PhysRevD.100.043029
https://doi.org/10.1103/PhysRevD.100.043029
https://doi.org/10.1007/JHEP08(2022)145

