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Baryons: 4 % 
Dark Matter: 26 % 
Dark Energy: 70 % 
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• Evidence for DM is found at all 
cosmological scales.

• Matter-energy density of the Universe:
Baryons: 4%
Dark Matter: 26%
Dark Energy: 70%
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 Galactic Rotation Curves (M31 and M33)



Detecting Dark Matter
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over the 15° × 15° region. The construction of each IEM
and its associated point-source list/model is a critical
improvement over earlier works because the residual
emission is strongly dependent on modeling both over
the region self-consistently.
The four distinct IEMs from Ref. [19] are labeled as

follows:
(i) Pulsars, intensity-scaled
(ii) Pulsars, index-scaled
(iii) OB stars, intensity-scaled
(iv) OB stars, index-scaled

The IEMs differ in the assumed distribution of the sources
of CRs as tracing either the distributions of pulsars or OB
stars; and in the procedure employed to scale the γ-ray
intensity of the fore/background components outside of the
15° × 15° region to the data, either by scaling the normali-
zation of the model templates for intensity-scaled IEMs, or
scaling the normalization and spectral index (the latter only
for gas-related templates interior to the solar circle) for the
index-scaled IEMs. Notably, it was found that the data are
compatible with a contribution from γ-rays from DM
annihilation, and that the agreement between the data
and the model significantly improves for all four IEMs
when an additional component with a DM annihilation
morphology is included in the fit.

C. Analysis procedure

We employ the procedure developed by the Fermi-LAT
Collaboration in [19], which performs a ML fit of a model
consisting of one of the four IEMs and its corresponding
list of point sources to the data in the 15° × 15° region. For
each model, we include a DM annihilation contribution
(described below) and perform the fit using the gtlike
package of the Fermi-LAT ScienceTools. The results of the
fit are the coefficients of the interstellar emission compo-
nents from within the innermost ∼1 kpc, as well as those
describing the DM model under consideration. All point
sources with a test statistic (defined as in [34]) TS > 9 are
included in the model. Their fluxes and spectra are
determined by iterative fits, with each iteration freeing
the spectral parameters for a subset of point sources in order
of decreasing TS.

III. MORPHOLOGY AND SPECTRAL
CHARACTERISTICS

The DM spatial distribution used in this paper is
described in this section. Because [19] tested spatial
templates fixed at the position of Sgr A* we investigate
the possibility of an offset from this location by refitting
the DM spatial distribution and scanning the ML grid
about the GC. If a large offset is found, it might
challenge a DM interpretation of the excess. For some
IEMs the DM spectrum obtained by [19] extended
beyond 10 GeV, but a dedicated study of the spatial

distribution > 10 GeV was not made; this is also
investigated in this section.

A. Dark matter component

The results of numerical simulations for galaxy forma-
tion can broadly be described by the Navarro, Frenk, and
White (NFW) profile [35]:
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For this analysis, we use a scale radius Rs ¼ 20 kpc and ρ0
corresponding to a local DM density ρ⊙ ¼ 0.4 GeV=cm3.
Two values for the inner slope γ of the DM distribution
are considered, γ ¼ 1, 1.2. The more cuspy distribution
γ ¼ 1.2 is motivated by the possibility of halo contraction
due to the influence of baryons, which are typically not
included in the simulations [36]. The square of the NFW
distribution is used as a template for DM annihilation, and
we refer to it as the “NFW profile” (for γ ¼ 1) or “NFW-c”
(for γ ¼ 1.2).

B. NFW centroid

The centroid of the Milky Way DM halo is convention-
ally centered at the location of Sgr A*. Because a large
offset from this location might disfavor a DM interpreta-
tion, we verify that the centroid of the excess is sufficiently
close. An offset between the centroid of the DM halo
and Sgr A* as large as approximately 2° is consistent with
numerical DM simulations, with the largest offsets tending
to correlate with flatter central profiles [37,38]. An offset in
the centroid position was previously reported in [14,39],
while other studies of the GC excess have found it to be
consistent with Sgr A*.
We investigate the centroid position of the excess by

scanning the ML for different locations near Sgr A*, for
each of the four IEMs. A power-law with exponential cutoff
is employed for the spectral model, following [19]. The
scan is performed by making the ML fit following Sec. II
with the DM template centered at each point of a grid with
spacing 0.2° centered on Sag A*. The results of the scan are
shown in Fig. 1, where the color scale shows the 2Δ log L
as a function of Galactic latitude and longitude. The
intersections of the dotted grid lines correspond to the
points where the likelihood is evaluated. The circle indi-
cates the position of Sgr A*, and the triangle is the most
likely position of the centroid for that IEM. We find that the
centroid position is offset from Sgr A* for all four IEMs,
with the Pulsars, index-scaled model displaying the largest
offset, both in longitude (0.6°) and latitude (0.2°). The other
three models prefer an offset only in longitude (within 0.4°
up to the grid accuracy). Based on the scan, Sgr A* is not
favored as the location of the NFW centroid for all four
IEMs, however its position is roughly consistent with a DM
interpretation for the GC excess and imperfections in the
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own right [48–56]. We leave exploration of such theories
for future work.
Both of our considered EFTs are chosen such that they

mediate s-wave (velocity-unsuppressed) annihilation,
because a p-wave annihilation mechanism would require
such strong interactions to overcome the innate v2 ∼ 10−4

suppression that it is likely to already be ruled out by direct
and/or collider searches. We further restrict them to follow
the principle of minimal flavor violation (MFV) [57], such
that the most stringent constraints from flavor-violating
observables are mitigated by small Yukawa interactions.
We consider models containing either pseudoscalar or
vector Lorentz structures described by Lagrangians Lps

and Lvec (respectively, in the fermion mass basis),

Lps¼ χ̄γ5χ
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X
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where i ¼ 1, 2, 3 is the sum over fermion flavor with the
indicated relative weighting of mfi (1) for the pseudoscalar
(vector) interaction types, as dictated by the leading
terms consistent with MFV. The Λu;d;l are parameters with
dimensions of energy which specify the separate interaction
strengths between the DM and up-type quarks, down-type
quarks, and charged leptons. Together with the DM mass,
mχ , these coefficients specify the point in parameter space
for the DM model. They represent generalizations (in that
they allow the couplings of up-type and down-type quarks
and leptons to vary independently) of the commonly
considered interactions D4 and D5 used in DM searches
via direct detection and at colliders [43].

B. γ-ray flux from dark matter annihilation

The interactions in both the pseudoscalar and vector
models defined in Eqs. (2), (3) lead to cross sections for a
pair of DM particles to annihilate χχ̄ → ff̄ (where f is any
SM fermion):
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where h·i indicates averaging over the DM velocity profile,
Nf ¼ 3 (1) for quarks (leptons) counts their color degrees

of freedom, and Λf is the appropriate Λu;d;l for the fermion
under consideration. The inclusive cross section for anni-
hilation into up-type quarks, down-type quarks, and
charged leptons is the sum of the individual cross sections
for all three flavors of each fermion type, and the total cross
section hσvi is the sum of the three inclusive cross sections.
In presenting results, we typically trade the three param-
eters Λu;d;l for hσvi and the fractional cross sections fu, fd,
and fl (with fu þ fd þ fl ¼ 1). It is easy to map these
back into the Λu;d;l parameters using the appropriate single
channel cross section from Eqs. (4) and (5).
The γ-ray intensity and spectrum from DM annihilation

is constructed by summing over all of the annihilation
channels:
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where dNf
γ =dE is the number of γ rays per annihilation into

the ff̄ channel, generated from the PPPC 4 DM ID package
[58] based on fits to Pythia 8.1 [59], and η ¼ 2ð4Þ for
Majorana (Dirac) DM. The integral is the J-factor, obtained
by integrating the DM density ρ2ðxÞ corresponding to
either an NFWor NFW-c distribution, Eq. (1), over the line
of sight (los) in direction ψ .
To determine the preferred DM model parameters for

each IEM, we fix the DM mass in the range from
10–250 GeV in 10 GeV increments. For each mass
hypothesis the analysis procedure of Sec. II determines
the fitted values of the DM model parameters fu, fd, and
fl, along with the coefficients of the interstellar emission
components from within the innermost ∼1 kpc and point
sources, as usual. We repeat this scan for both NFW and
NFW-c annihilation morphologies and for both the pseu-
doscalar and vector models described above. We find that
the DM component is detected with high statistical sig-
nificance for all IEMs, and for pseudoscalar as well as
vector interactions. The likelihood values for pseudoscalar
interactions are summarized in Table III.

TABLE III. Likelihood (log L) values for all IEMs for pseu-
doscalar interactions and for NFW and NFW-c templates.

IEM
log L

(null hypothesis)
log L
(NFW)

log L
(NFW-c)

Pulsars, index-scaled −82926 −82738 −82739
Pulsars,
intensity-scaled

−83292 −82965 −82956

OB stars,
index-scaled

−82993 −82779 −82806

OB stars,
intensity-scaled

−83429 −83081 −83117
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P.
• Historically, DM has been thought 

to likely be a particle.
• Discovering DM will require 

complementarity between different 
search methods and targets.  



WHERE TO SEARCH FOR DARK MATTER?

Potential targets are numerous (see right, also dark subhalos, normal galaxies 
M31, galaxy groups, etc.)

Tradeoffs of DM content, distance, background, etc…
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Conrad & Reimer (2017)

Milky Way dSphs

Nearby, w/in ~ a few hundred kpc

Low astrophysical backgrounds

High dark matter concentration

250 kpc

Inner Galaxy



DSPH SAMPLE SUMMARY
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Census of known dSphs collected in Drlica-Wagner+2020 (includes 57 confirmed or possible dSphs)
Discovered in a variety of optical surveys, e.g. DES, PanSTARRs, other DECam surverys, Gaia, etc (~75 % sky coverage)

Sample subsets: 
1. Inclusive: All dSphs, including special cases (50)
2. Benchmark: Confirmed and Candidate (42); Excluding Special cases
3. Measured: dSphs with measured J-factors (30); Excluding Special cases

*Special cases are the tidally disrupted 
systems and those near unresolved 

blazars or blazar candidates

https://ui.adsabs.harvard.edu/abs/2020ApJ...893...47D/abstract


INDIVIDUAL TARGETS

• 7 with local significance >2σ

• Some of these dSphs observed at marginal local significance in past studies, e.g.:

• Ret II (DiMauro+2021, Albert+2017, Geringer-Sameth+2015, Hooper & Linden (2015)) Tucana II, Willman 1, Horologium II, Bootes I (Di 
Mauro+2021)



STACKING ANALYSIS

• 2σ (local) benchmark sample, reduces to <0.5 global significance



COMBINED DSPH ANALYSIS - PREVIOUS RESULTS
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DiMauro+2021Albert+2017 McDaniel+24

6 years 11 years 14 years

<2𝜎 ≲2𝜎 ≳2𝜎



SENSITIVITY PROJECTIONS
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Fermi-LAT dSph sensitivity improves with greater 
exposure, larger sample size

Sensitivity projections were studied in depth in 
Charles+2016 for future dSph DM searches

Sensitivity improves with exposure time as σ ~ sqrt(t)

Additional Fermi exposure

https://arxiv.org/abs/1605.02016


Erin O'Flynn/The Daily Beast/Getty Images and 
Rubin Obs/NSF/AURA

DISCOVERY POTENTIAL
The Rubin telescope may provide ~100-200 new dSphs

10



KEEP FERMI FLYING



UPPER LIMITS



SUMMARY

• No definitive DM signal yet, but tantalizing low-σ signal in the latest study of MW dwarf galaxies 
(McDaniel+2024)

• The addition of 35 new dSphs and 10 more years of data could bring this signal above 4σ (if real)



EXTRA: SIGNIFICANCE

energy distribution yields a likelihood profile, LðdΦγ=
dE; EÞ, as a function of energy E and differential gamma-
ray flux,dΦγ=dE. Using the likelihood profile in flux-energy
space, a profile can be computed for any given spectral
model. To compute the likelihood as a function of DMmass
and cross section, we perform the conversion:

Lðhσvi;MχÞ ¼
X

Ei

L
!
dΦχ

dE
ðhσvi;Mχ ; EiÞ; Ei

"
; ð5Þ

where the sum is performed over the individual energy bins.
dΦχ=dE is the differential flux for the DM model under
consideration where the DM annihilation spectrum [dN=dE
ofEq. (1)] is provided byPPPC4DM3 [130]. TheTSvalue for
a given mass and cross section pair is given by

TSðhσvi;MχÞ ¼ 2

!
Lðhσvi;MχÞ

L0

"
; ð6Þ

where L0 is the null likelihood (i.e., no source present). We
construct TS profiles over the mass range 1 ≤ Mχ=GeV ≤
104 and cross sections 10−28 ≤ hσvi=ðcm3 s−1Þ ≤ 10−22,
which covers the relevant range of parameter space for
GeV–TeV scale thermal relic WIMP DM as well as the
constraining capability ofFermi-LATobservations (see, e.g.,
[131]). When converting the Poissonian likelihood in flux-
energy space to hσvi −Mχ , we also account for the uncer-
tainty in the J factor by multiplying the Fermi-LAT
likelihood function with a J factor likelihood function,
LJ. The J factor likelihood function takes the form of a
Gaussian in log J with width σJ,

LJðJÞ ¼
1

lnð10Þ
ffiffiffiffiffiffiffiffiffiffi
2πσJ

p
Jobs

× exp
!
−
$
log10ðJÞ − log10ðJobsÞffiffiffi

2
p

σJ

%
2
"
; ð7Þ

where Jobs is the J factor value determined either by
direct measurement or estimated from scaling relations
(cf. Sec. II A). This is the same J-factor likelihood that
has been adopted in some previous DM studies using Fermi-
LAT data [11,14,17]. Once the likelihood profile in hσvi −
Mχ space for each individual dSph is obtained, we sum the
individual profiles to obtain the likelihood for the full sample,
i.e., the “combined” TS profile.
To quantify the detection significance, we run an

analysis on “blank field” regions of the sky in which there
are no known or potential gamma-ray sources based on the
spatial coincidence with the Fermi-LAT and multiwave-
length catalogs. The blank-field analysis is used in order to
calibrate the null TS distribution and closely follows the
procedure of previous Fermi-LAT studies [10,11,14]. This
enables us to account for background effects due to unde-
tected sources in the Fermi-LAT data and imperfect model-
ing of the diffuse background emission. The blank-field
regions are randomly selected at high Galactic latitudes
ðjbj > 15°Þ consistent with the distribution of our dSph
sample and are subjected to the same selection criteria
applied to the dSph targets: i.e., the central coordinates must
not fallwithin the 95% radius of 4FGL-DR3sources and they
must be separated by> 0.1° from any sources in the BZCat,
CRATES, and WIBRaLS catalogs (see Sec. II) in order to
minimize potential impacts to unresolved gamma-ray pop-
ulations [132]. In total, we analyze 1000 blank fields. Sets of
combined blank fields can then be obtained by selecting
randomly and without replacement from the pool of 1000 a
set of analyzed fields of an equal number to the sample under

FIG. 2. TS distribution for combined blank fields corresponding to each of our subsamples. For reference, we show the distribution of
χ2=2 with two degrees of freedom, as well as vertical lines comparing the TS value corresponding to 3σ for the Chernoff’s theorem
approach (red dashed) vs the empirical method used in this analysis (blue dashed) for a given subsample.

3http://www.marcocirelli.net/PPPC4DMID.html.
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• Analyzed 1000 blank fields
• Sets of combined blank fields can then be obtained by 

randomly selecting (without replacement) from the pool of 
1000 a set of analyzed fields equal to the size of the sample 
under consideration.

• The likelihoods are then added together to calculate the TS 
value for the combined blank fields.

• This process is then repeated for 10,000 iterations to 
construct a sample of combined blank fields.

blank field set excludes fields that are spatially coincident
with multiwavelength catalog sources, which occurs at a
rate of about ∼2% for the random uniform sampling
at jbj > 15°.
While the local excesses above background are interest-

ing, wemust also consider the effect of scanning over several
mass values and testingmultiple annihilation channels—i.e.,
the “look elsewhere” effect. This is accounted for by
comparing the TS at the peak of the local significance of
the combined dSph samples with the relevant TS distribution
as shown in Fig. 2, which yields the global p values and
significances accounting for the mass and annihilation
channel trials. For the bb̄ annihilation channel, we find
global p values of 2.0 × 10−1 (0.9σ), 3.1 × 10−1 (0.5σ), and
1.1 × 10−1 (1.2σ) for the measured, benchmark, and

inclusive subsets, respectively. Similar values are found
for the τþτ− channel. The results for each subsample and
annihilation channel are summarized in Table III. When
accounting for the extra trials due to testing an ensemble of
different masses and annihilation channels, the global sig-
nificances drop to < 1σ.
We note that in general the peak of the local significance

does not necessarily correspond to the overall peak of
the TS, due to the mass-dependent TS profile of both the
combined dSphs and blank fields. For example, in the
benchmark sample there is a peak in the TS profile atMχ ∼
10 GeV for the bb̄ annihilation channel. This low-mass
peak has a lower local significance than that found at
∼180 GeV, as can be seen by comparison with the 97.5%
containment band of the combined blank fields in Fig. 5,

FIG. 5. Top: maximum TS as a function of Mχ over all cross section values for each dSph sample; shaded regions are the 97.5%
containment region for the combined blank fields. Bottom: 1 − p for each sample with respect to the combined blank fields. Solid lines
show the local values (1 − plocal) while dashed lines show the global values (1 − pglobal). Horizontal dotted lines indicate the 1, 2, and 3σ
levels.
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• Each mass has a corresponding TS 
distribution from the blank skies.

• From this a p-value can be 
calculated. 

• The p-value is interpretated as a 
significance level assuming a one-
sided standard distribution.

• Note that this is the peak TS at a 
given mass value, and for a specific 
annihilation channel, and thus it gives 
the local significance. 

• The global significance is obtained by 
comparing the peak TS to the global 
distribution, shown in Figure 2.  



SENSITIVITY PROJECTIONS
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the level of substructure within the dSph. However, for particular dSphs different authors have found a range of estimated
J factors that are larger than the quoted uncertainties of the individual studies, suggesting that the measurements are
potentially impacted by systematic biases (see, e.g., [167–170]).

Although each individual J factor is smaller than that of the Galactic center, kinematically determined J factors are
known for 19 dSphs, so far. The predicted annihilation signal from the population of dSphs is commensurately higher, and
analyzing dSphs as a group results in sensitivity competitive with other targets. Furthermore, systematic disagreements of
uncertainties of the J factors are peculiar to individual dSphs, rather than systematic across the set of dSphs. Decreasing
the J factor of a single dSph, or increasing the uncertainty of that J factor, will lessen the impact of that dSph on the joint
analysis, but will not greatly affect the overall result. The effect of the uncertainties in J factors in a joint likelihood analysis
was studied in detail in Ref. [5] (see in particular Fig. 7), and the overall limits changed by less that 40% for all of the scenarios
considered.

4.5.1. Known satellites: Current status
Since early in the Fermi mission, dSph analyses have provided cutting-edge constraints on h�vi [89–92,94,171]. Upper

limits using the new Pass 8 data set are some of themost constraining to date, ruling outWIMPswithmasses below 100 GeV
that annihilate through quark or ⌧ -lepton channels at the thermal relic cross section [5]. These limits are in mild tension
with the masses and cross-sections best-fit for DM interpretations of the Galactic center excess (Section 4.4), and provide
an essential cross-check for those claims.

In addition to the accumulation of � -ray data, dSph searches for DM are now benefiting from a rapid increase in the
number of known dSphs. Until recently, ultra-faint dSphs (those with luminosities .5 ⇥ 104L�) had only been discovered
by the Sloan Digital Sky Survey (SDSS), which primarily covered the northern hemisphere [172]. Over the past two years,
the Dark Energy Survey (DES) [173] has begun to explore the southern hemisphere, discovering 17 new dSph candidates
[174–177]. Over roughly the same time period, the PanSTARRS survey [178] contributed an additional 3 dSph
candidates [179,180]. Two more candidates were also discovered in other optical surveys. If all of these are confirmed as
dSphswith spectroscopic data, these surveyswill havemore than doubled the size of the ultra-faint dSphpopulation. Indeed,
Ref. [181] consider 28 kinematically confirmed dSphs galaxies, 13 candidates that are likely to be dSphs (based on their
optical properties), and 4 systems that may be either dSphs or globular clusters. The initial DES discoveries were promptly
investigated for � -ray emission [86,93,169], and yield results consistent with the previous studies of dSphs. A projection of
combined dSph sensitivity, including the future accumulation of both data and targets is discussed in Section 4.5.2.

Finally, searches have also targeted other DM-rich Milky Way satellites and structures, including the Large Magellanic
Cloud (LMC, [138]), the SmallMagellanic Cloud (SMC, [182]) and the Smith high-velocity cloud [183]. However, these targets
are spatially extended, and in the cases of the LMC and SMC have significant astrophysical � -ray emission. Therefore these
searches are limited by the systematic uncertainties of the background modeling.

4.5.2. Known satellites: Sensitivity projections
In the light of the active DES and PanSTARRS large-area optical surveys and the upcoming LSST survey [184], any

projection of future dSph DM search sensitivity must include an estimate of an expanded set of targets. After two years
(out of five) of operation, DES has contributed several new likely dSph candidates [174–177], including a few that have
already been confirmed as dSphs with spectroscopic followups [86,169].

Predictions about the number and J factor distribution of undiscovered dSphs are very uncertain. In particular, the faint
end of the dwarf galaxy luminosity function, the structural properties (and DM distributions) of the smallest satellites, and
the radial distribution of subhalos that would host dSphs are not well known.

The SDSS survey covered roughly 1/3 of the sky and discovered 15 ultra-faint dSphs; DES, PanSTARRS, and in particular
LSST, will cover complementary regions of the sky to significantly great depth. Combining the distribution of optical
luminosities of known dSphs with N-body DM simulations and the expanded depth and sky coverage of the new surveys,
we can anticipate 25–40 total dSphs to be discovered by DES, and possibly hundreds by LSST [185,186], however many of
these dSphs would be more distant and have correspondingly smaller J factors. Even so, LSST is still likely to contribute
many dSphs with J factors above 1019 GeV�2 cm�5, and is also likely to contribute at least some dSphs with larger J factors
than any discovered by DES [187].

In practice, the distribution of J factors for the DES dSphs has been similar to previously discovered dSphs, in spite of the
greater depth of the DES survey. This could reflect that the dwarf galaxy luminosity function continues below the faintest
objects discovered by SDSS, or it could simply be that the DES survey region has an excess of dSphs, because of the influence
of the nearby Magellanic clouds.

We will take 60 total dSphs as a conservative estimate of the total number of dSphs that can be used as targets for LAT
searches, i.e., having J factors that are large enough and well determined enough to contribute the sensitivity of a joint
analysis.

As an all-sky monitor, the LAT has already, and will continue to, observe the new targets for the duration of its lifetime.
All that is required to incorporate them into a joint analysis are locations and J factors and their uncertainties. To project
the increased sensitivity that will result, we simulated 200 realizations of our entire search using the ‘‘ROI-specific photon




