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The Signal:  
Gamma Rays from Dark Matter Annihilations 
The gamma-ray signal from dark matter 
annihilations is described by: 
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The Signal:  
Gamma Rays from Dark Matter Annihilations 
The gamma-ray signal from dark matter 
annihilations is described by: 

  
 
1) Distinctive “bump-like” spectrum 
 

  

 
 
 Figure 6. The gamma ray spectrum per WIMP annihilation for a 100 GeV (left) and 500

GeV (right) WIMP. Each curve denotes a different choice of the dominant annihilation
mode: bb̄ (solid cyan), ZZ (magenta dot-dashed), W+W− (blue dashed), τ+τ− (black
solid), e+e− (green dotted) and µ+µ− (red dashed).

quarks, leptons, Higgs bosons or gauge bosons, dark matter particles can
produce gamma rays directly, leading to monoenergetic spectral signatures.
If a gamma ray line could be identified, it would constitute a “smoking
gun” for dark matter annihilations. By definition, however, WIMPs do not
annihilate through tree level processes to final states containing photons
(if they did, they would be EMIMPs rather than WIMPs). On the other
hand, they may be able to produce final states such as γγ, γZ or γh through
loop diagrams. Neutralinos, for example, can annihilate directly to γγ [57]
or γZ [58] through a variety of charged loops. These final states lead to
gamma ray lines with energies of Eγ = mdm and Eγ = mdm(1−m2

Z/4m2
dm),

respectively. Such photons are produced in only a very small fraction of
neutralino annihilations, however. The largest neutralino annihilation cross
sections to γγ and γZ are about 10−28 cm3/s, and even smaller values are
more typical [59].

The Galactic Center has long been considered to be one of the most
promising regions of the sky in which to search for gamma rays from dark
matter annihilations [59, 60]. The prospects for this depend, however, on
a number of factors including the nature of the WIMP, the distribution of
dark matter in the region around the Galactic Center, and our ability to
understand the astrophysical backgrounds present.
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The Signal:  
Gamma Rays from Dark Matter Annihilations 
The gamma-ray signal from dark matter 
annihilations is described by: 

  
 
1) Distinctive “bump-like” spectrum 
 

2) Normalization of the signal is set by 
the dark matter’s mass and annihilation 
cross section (in the low-velocity limit) 
 

 

  

 
 
 

-To be produced with the observed dark matter abundance, a GeV-TeV thermal relic 
must annihilate at a rate equivalent to σv~2x10-26 cm3/s (at freeze-out) 
 

-Although many model-dependent factors can lead to a somewhat different 
annihilation cross section today (velocity dependence, co-annihilations, resonances), 
most models predict current annihilation rates that are not far from ~10-26 cm3/s 
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The Signal:  
Gamma Rays from Dark Matter Annihilations 
The gamma-ray signal from dark matter 
annihilations is described by: 

  
 
1) Distinctive “bump-like” spectrum 
 

2) Normalization of the signal is set by 
the dark matter’s mass and annihilation 
cross section (in the low-velocity limit) 
 

3) Signal concentrated around the 
Galactic Center (but not point-like) with 
approximate spherical symmetry; precise 
morphology determined by the dark 
matter distribution 
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Basic Analysis Approach 
 
 
 
 

1) Inner Galaxy Analysis: 

Sum spatial templates (diffuse+bubbles+isotropic+dark matter), and constrain 
the intensity of each component independently in each energy bin across the 
entire sky (except within 1° of the plane or within 2° of bright sources) 

2) Galactic Center Analysis: 

In the inner 10°x10° box around the GC,                   
fit the data to the sum of the diffuse model,                
all known point sources, 20 cm template,                           
isotropic template, and dark matter 
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FIG. 4: The spatial templates (in galactic coordinates) for the Galactic di↵use model (upper left), the Fermi bubbles (upper
right), and dark matter annihilation products (lower), as used in our Inner Galaxy analysis. The scale is logarithmic (base
10), normalized to the brightest point in each map. The di↵use model template is shown as evaluated at 2 GeV, and the dark
matter template corresponds to a generalized NFW profile with an inner slope of � = 1.3.

These cuts on CTBCORE have a substantial impact
on Fermi ’s PSF, especially at low energies. In Fig. 3,
we show the PSF for front-converting, Ultraclean events,
at three representative energies, for di↵erent cuts on
CTBCORE (all events, Q2, and Q1). Such a cut can
be used to mitigate the leakage of astrophysical emission
from the Galactic Plane and point sources into our re-
gions of interest. This leakage is most problematic at
low energies, where the PSF is quite broad and where
the CTBCORE cut has the greatest impact. These new
event classes and their characterization will be further
detailed in an upcoming paper, which will be accompa-
nied by a data release of all-sky maps for each class, and
the instrument response function files necessary for use
with the Fermi Science Tools [40].

Throughout the remainder of this study, we will em-
ploy the Q2 event class, corresponding to the top 50%
(by CTBCORE) of Fermi ’s front-converting, Ultraclean
photons, except at energies above 10 GeV, where we do
not apply any additional cuts to CTBCORE.

IV. THE INNER GALAXY

In this section, we follow the procedure previously pur-
sued in Ref. [8] (see also Refs. [41, 42]) to study the
gamma-ray emission from the Inner Galaxy. We use the
term “Inner Galaxy” to denote the region of the sky that
lies within several tens of degrees around the Galactic
Center, excepting the Galactic Plane itself (|b| < 1�),

which we mask in this portion of our analysis.

Throughout our analysis, we make use of the Pass 7
(V15) reprocessed data taken between August 4, 2008
and December 5, 2013, using only front-converting, Ul-
traclean class events which pass the Q2 CTBCORE cut
as described in Sec. III. We also apply standard cuts to
ensure data quality (zenith angle < 100�, instrumental
rocking angle < 52�, DATA QUAL = 1, LAT CONFIG=1).
Using this data set, we have generated a map of the
gamma-ray sky, smoothed to 2 degrees full-width-half-
maximum. We apply the point source subtraction
method described in Ref. [42], using the 1FGL catalogue
and masking out the 200 brightest sources. We then per-
formed a pixel-based maximum likelihood analysis on the
map, fitting the data in each energy bin to a sum of spa-
tial templates. These templates consist of: 1) the Fermi

Collaboration p6v11 Galactic di↵use model (which we
refer to as the Pass 6 Di↵use Model),1 2) an isotropic
map, intended to account for the extragalactic gamma-
ray background and residual cosmic-ray contamination,
and 3) a uniform-brightness spatial template coincident
with the features known as the Fermi Bubbles, as de-

1

Unlike more recently released Galactic di↵use models, the p6v11
di↵use model does not implicitly include a component corre-

sponding to the Fermi Bubbles. By using this model, we are

free to fit the Fermi Bubbles component independently. See Ap-

pendix D for a discussion of the impact of varying the di↵use

model.
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Basic Features of the GeV Excess 
 
 
 
 

  The excess is distributed around the 
Galactic Center with a flux that falls off 
approximately as r -2.5 (if interpreted as 
dark matter annihilation products, this 
implies ρDM ~ r -1.25 ) 

  The spectrum of this excess peaks at 
~1-3 GeV, and is in very good   
agreement with that predicted from           
a 30-40 GeV WIMP    
 (annihilating to b quarks) 

  To normalize the observed signal with 
annihilating dark matter, a cross     
section of σv ~ 2 x 10-26 cm^3/s is    
required (for ρlocal = 0.3 GeV/cm3) 
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FIG. 5: Left frame: The value of the formal statistical �2� lnL (referred to as ��2) extracted from the likelihood fit, as
a function of the inner slope of the dark matter halo profile, �. Results are shown using gamma-ray data from the full sky
(solid line) and only the southern sky (dashed line). Unlike in the analysis of Ref. [8], we do not find any large north-south
asymmetry in the preferred value of �. Right frame: The spectrum of the dark matter component, for a template corresponding
to a generalized NFW halo profile with an inner slope of � = 1.26 (normalized to the flux at an angle of 5� from the Galactic
Center). Shown for comparison (solid line) is the spectrum predicted from a 35.25 GeV dark matter particle annihilating to bb̄
with a cross section of �v = 1.7⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2.

ground templates, we include an additional dark matter
template, motivated by the hypothesis that the previ-
ously reported gamma-ray excess originates from annihi-
lating dark matter. In particular, our dark matter tem-
plate is taken to be proportional to the line-of-sight inte-
gral of the dark matter density squared, J( ), for a gen-
eralized NFW density profile (see Eqs. 2–3). The spatial
morphology of the Galactic di↵use model (as evaluated
at 2 GeV), Fermi Bubbles, and dark matter templates
are each shown in Fig. 4.

As found in previous studies [8, 9], the inclusion of the
dark matter template dramatically improves the quality
of the fit to the Fermi data. For the best-fit spectrum and
halo profile, we find that the inclusion of the dark matter
template improves the formal fit by ��2 ' 1672, cor-
responding to a statistical preference greater than 40�.
When considering this enormous statistical significance,
one should keep in mind that in addition to statistical er-
rors there is a degree of unavoidable and unaccounted-for
systematic error, in that neither model (with or without
a dark matter component) is a “good fit” in the sense
of describing the sky to the level of Poisson noise. That
being said, the data do very strongly prefer the presence
of a gamma-ray component with a morphology similar
to that predicted from annihilating dark matter (see Ap-
pendices B and D for further details).2

2 Previous studies [8, 9] have taken the approach of fitting for the
spectrum of the Fermi Bubbles as a function of latitude, and then
subtracting an estimated underlying spectrum for the Bubbles
(based on high-latitude data) in order to extract the few-GeV

As in Ref. [8], we vary the value of the inner slope of
the generalized NFW profile, �, and compare the change
in the log-likelihood, � lnL, between the resulting fits in
order to determine the preferred range for the value of
�.3 The results of this exercise (as performed over 0.5-
10 GeV) are shown in the left frame of Fig. 5. While
previous fits (which did not employ any additional cuts
on CTBCORE) preferred an inner slope of � ' 1.2 [8],
we find that a slightly steeper value of � ' 1.26 provides
the best fit to the data. Also, in contrast to Ref. [8],
we find no significant di↵erence in the slope preferred
by the fit over the entire sky, and by a fit only over the
southern sky (b < 0). This can be seen directly from
the left frame of Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons).

In the right frame of Fig. 5, we show the spectrum of
the emission correlated with the dark matter template,
for the best-fit value of � = 1.26. While no significant
emission is absorbed by this template at energies above
⇠10 GeV, a bright and robust component is present at
lower energies, peaking near ⇠1-3 GeV. Relative to the

excess. However, this approach discards information on the true
morphology of the signal, as well as requiring an assumption for
the Bubbles spectrum. It was shown in Ref. [8] (and also in this
work, see Appendices B and D) that the excess is not confined
to the Bubbles and the fit strongly prefers to correlate it with a
dark matter template if one is available.

3 Throughout, we denote the quantity �2 lnL by �2.
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of the fit to the Fermi data. For the best-fit spectrum and
halo profile, we find that the inclusion of the dark matter
template improves the formal fit by ��2 ' 1672, cor-
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When considering this enormous statistical significance,
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spectrum of the Fermi Bubbles as a function of latitude, and then
subtracting an estimated underlying spectrum for the Bubbles
(based on high-latitude data) in order to extract the few-GeV
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the generalized NFW profile, �, and compare the change
in the log-likelihood, � lnL, between the resulting fits in
order to determine the preferred range for the value of
�.3 The results of this exercise (as performed over 0.5-
10 GeV) are shown in the left frame of Fig. 5. While
previous fits (which did not employ any additional cuts
on CTBCORE) preferred an inner slope of � ' 1.2 [8],
we find that a slightly steeper value of � ' 1.26 provides
the best fit to the data. Also, in contrast to Ref. [8],
we find no significant di↵erence in the slope preferred
by the fit over the entire sky, and by a fit only over the
southern sky (b < 0). This can be seen directly from
the left frame of Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
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is broader than that for the full sky simply due to the
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In the right frame of Fig. 5, we show the spectrum of
the emission correlated with the dark matter template,
for the best-fit value of � = 1.26. While no significant
emission is absorbed by this template at energies above
⇠10 GeV, a bright and robust component is present at
lower energies, peaking near ⇠1-3 GeV. Relative to the

excess. However, this approach discards information on the true
morphology of the signal, as well as requiring an assumption for
the Bubbles spectrum. It was shown in Ref. [8] (and also in this
work, see Appendices B and D) that the excess is not confined
to the Bubbles and the fit strongly prefers to correlate it with a
dark matter template if one is available.

3 Throughout, we denote the quantity �2 lnL by �2.
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Skymaps of the Residuals
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Spectrum of the Residuals

!
Inner Galaxy - The DM template naturally picks up the following spectral 
shape - the normalization of the NFW template is allowed to float 
independently in every energy bin
!
Galactic Center - Various initial seeds for the dark matter spectrum, the 
best fit spectrum is then calculated and fed back into the fitting algorithm, 
the process is repeated iteratively until a best fit solution is reached. We 
find the final spectrum to be independent of the initial seed.

Spectrum of the Residuals

!
Inner Galaxy - The DM template naturally picks up the following spectral 
shape - the normalization of the NFW template is allowed to float 
independently in every energy bin
!
Galactic Center - Various initial seeds for the dark matter spectrum, the 
best fit spectrum is then calculated and fed back into the fitting algorithm, 
the process is repeated iteratively until a best fit solution is reached. We 
find the final spectrum to be independent of the initial seed.



 
 
 
 

As far as I am aware, no published analysis of this data has  
disagreed with these conclusions – the signal is there, and it has  
the basic features described on the previous slide 
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As far as I am aware, no published analysis of this data has 
disagreed with these conclusions – the signal is there, and it has  
the basic features described on the previous slide 

In our most recent paper, we set out to address questions such as: 
 

 - Are the more detailed characteristics of this signal consistent 
with the predictions for annihilating dark matter?   
 

 - Could this signal arise from plausible astrophysical sources or 
mechanisms?  Diffuse emission processes?  Unresolved pulsars? 
 

 - Are the characteristics of this signal robust to the details of the 
analysis procedure?  How confident are we that we have correctly 
characterized the properties of this excess?    
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In my opinion, this gamma-ray excess is – by a significant 
margin – the most compelling evidence for particle dark matter 
interactions reported to date 
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In my opinion, this gamma-ray excess is – by a significant 
margin – the most compelling evidence for particle dark matter 
interactions reported to date 
 
What makes this so different from prospective signals observed 
by INTEGRAL, PAMELA, ATIC, WMAP, DAMA/LIBRA, CoGeNT, 
CDMS, CRESST, Fermi’s 130 GeV line, etc? 
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Reason 1: Overwhelming Statistical 
Significance and Detailed Information   

 
 
 

  This excess consists of ~104 photons per square meter, 
per year (>1 GeV, within 10° of the Galactic Center)  
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-
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of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

Raw Map               Residual Map (x3)        
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Reason 1: Overwhelming Statistical 
Significance and Detailed Information   

 
 
 

  This excess consists of ~104 photons per square meter, 
per year (>1 GeV, within 10° of the Galactic Center)  

  In our Inner Galaxy analysis, the quality of the best-fit 
found with a dark matter component improves over the 
best-fit without a dark matter component by over 40 σ   
(the Galactic Center analysis “only” prefers a dark matter 
component at the level of 17 σ) 

  This huge data set allows us to really scrutinize the signal, 
extracting its characteristics in some detail 

  For example, we can ask (and address) questions such 
as “is the excess really spherically symmetric, or might it 
be elongated along the Galactic Plane?” (as we might 
expect for many hypothetical backgrounds) 
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The Detailed Morphology of the Excess 
 
 
 
 

  When we replace the spherically symmetric template (motivated by 
dark matter) with an elongated template, the fit uniformly worsens 

  The axis-ratio of the excess is strongly preferred to be within ~20% 
of unity 
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FIG. 10: The change in the quality of the fit, as performed in Sec. IV’s Inner Galaxy analysis (left frame) and Sec. V’s Galactic
Center analysis (right frame), when breaking our assumption of spherical symmetry for the dark matter template. The axis
ratio is defined such that values less than one are elongated along the Galactic Plane, whereas values greater than one are
elongated with Galactic latitude. The fit strongly prefers a morphology for the anomalous component that is approximately
spherically symmetric, with an axis ratio near unity.

FIG. 11: The change in the quality of the fit in our Galactic
Center analysis, for a dark matter template that is elongated
along an arbitrary orientation (x-axis) and with an arbitrary
axis ratio (y-axis). As shown in Fig. 10, the fit worsens if the
this template is significantly stretched either along or perpen-
dicular to the direction of the Galactic Plane (corresponding
to 0� or 90� on the x-axis, respectively). A mild statistical
preference, however, is found for a morphology with an axis
ratio of ⇠1.3-1.4 elongated along an axis rotated ⇠35� coun-
terclockwise from the Galactic Plane.

FIG. 12: To test whether the excess emission is centered
around the dynamical center of the Milky Way (Sgr A⇤), we
plot the ��2 of the fit found in our Galactic Center analysis,
as a function of the center of our dark matter template. The
fit clearly prefers this template to be centered within ⇠0.05�

degrees of the location of Sgr A⇤.
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The Detailed Morphology of the Excess 
 
 
 
 

  When we replace the spherically symmetric template (motivated by 
dark matter) with an elongated template, the fit uniformly worsens 

  The axis-ratio of the excess is strongly preferred to be within ~20% 
of unity 

  The excess is also very precisely            
centered around the dynamical             
 center of the Milky Way,           
 within ~0.03° (~5 pc) of Sgr A* 

!
Galactic Center Model: We can test models where the DM 
profile is spatially offset from the true position of the Galactic 
Center. We find the data to prefer a NFW profile centered on the 
position of Sgr A* to within 0.05o

The Morphology of the Gamma-Ray Excess
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A Robust Determination of the 
Signal’s Spectrum 

 
 
 
 

  In past studies of this signal (including my own), it was difficult 
to control systematic uncertainties at low energies (<1 GeV), 
where Fermi’s point spread function (PSF) is large, allowing 
astrophysical backgrounds from the Galactic Plane and bright 
point sources to bleed into other regions of interest 

  We largely avoid this problem in our analysis           
by cutting on the parameter CTBCORE,           
which strongly suppresses the PSF tails  
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FIG. 3: The point spread function (PSF) of the Fermi Gamma-Ray Space Telescope, for front-converting, Ultraclean class
events. The solid lines represent the PSF for the full dataset, using the Fermi Collaboration’s default cuts on the parameter
CTBCORE. The dotted and dashed lines, in contrast, denote the PSFs for the top two quartiles (Q2) and top quartile (Q1) of
these events, respectively, as ranked by CTBCORE. See text for details.

bremsstrahlung contribution. In estimating the contribu-
tion from bremsstrahlung, we neglect di↵usion, but oth-
erwise follow the calculation of Ref. [37]. In particular,
we consider representative values of hBi = 10µG for the
magnetic field, and 10 eV/cm3 for the radiation density
throughout the region of the Galactic Center. For the
distribution of gas, we adopt a density of 10 particles per
cm3 near the Galactic Plane (z = 0), with a dependence
on z given by exp(�|z|/0.15 kpc). Within ⇠1�– 2� of the
Galactic Plane, we find that bremsstrahlung could poten-
tially contribute non-negligibly to the low energy (<⇠ 1–2
GeV) gamma-ray spectrum from annihilating dark mat-
ter.

III. MAKING HIGHER RESOLUTION
GAMMA-RAY MAPS WITH CTBCORE

In most analyses of Fermi data, one makes use of all
of the events within a given class (Transient, Source,
Clean, or Ultraclean). Each of these event classes reflects
a di↵erent trade-o↵ between the e↵ective area and the
e�ciency of cosmic-ray rejection. Higher quality event
classes also allow for somewhat greater angular resolu-
tion (as quantified by the point spread function, PSF).
The optimal choice of event class for a given analysis
depends on the nature of the signal and background in
question. The Ultraclean event class, for example, is well
suited to the study of large angular regions, and to sit-
uations where the analysis is sensitive to spectral fea-
tures that might be caused by cosmic ray backgrounds.
The Transient event class, in contrast, is best suited for
analyses of short duration events, with little background.
Searches for dark matter annihilation products from the
MilkyWay’s halo significantly benefit from the high back-
ground rejection and (slightly) better angular resolution
of the Ultraclean class and thus can potentially fall into

the former category.

As a part of event reconstruction, the Fermi Collabora-
tion estimates the accuracy of the reconstructed direction
of each event. Ine�ciencies and inactive regions within
the detector reduce the quality of the information avail-
able for certain events. Factors such as whether an event
is front-converting or back-converting, whether there are
multiple tracks that can be combined into a vertex, and
the amount of energy deposited into the calorimeter each
impact the reliability of the reconstructed direction [38].

In their most recent public data releases, the Fermi

Collaboration has begun to include a greater body of
information about each event, including a value for the
parameter CTBCORE, which quantifies the reliability of
the directional reconstruction. By selecting only events
with a high value of CTBCORE, one can reduce the tails
of the PSF, although at the expense of e↵ective area [38].

For this study, we have created a set of new event
classes by increasing the CTBCORE cut from the de-
fault values used by the Fermi Collaboration. To ac-
complish this, we divided all front-converting, Ultraclean
events (Pass 7, Reprocessed) into quartiles, ranked by
CTBCORE. Those events in the top quartile make up
the event class Q1, while those in the top two quartiles
make up Q2, etc. For each new event class, we calibrate
the on-orbit PSF [39] using the Geminga pulsar. Taking
advantage of Geminga’s pulsation, we remove the back-
ground by taking the di↵erence between the on-phase and
o↵-phase images. We fit the PSF in each energy bin by
a single King function, and smooth the overall PSF with
energy. This procedure is e↵ective up to 10 GeV, above
which we become statistics limited and do not apply any
additional cuts to CTBCORE. We also rescale Fermi ’s
e↵ective area according to the fraction of events that are
removed by the CTBCORE cut, as a function of energy
and incidence angle.
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FIG. 18: The spectrum of the dark matter template found in our Inner Galaxy analysis when performing the fit over di↵erent
regions of the sky (|b| > 1�, b < �1�, |b| > 5�, and b < �5�). All fits employ a single template for the Bubbles, the p6v11
Fermi di↵use model, and a dark matter motivated signal template with an inner profile slope of � = 1.26. In the left frame,
we have applied our standard cuts on the Fermi event parameter CTBCORE (as described in Sec. III). In the right frame, no
such additional cuts have been applied. The CTBCORE cut substantially hardens the spectrum of the excess below 1 GeV
for the |b| > 1� fits, bringing the spectral shapes found in di↵erent regions of the sky into much better agreement, as well as
significantly reducing the north-south asymmetry that had been previously reported.

dark matter annihilating to tau leptons, or by pulsars –
can in large part be traced to the same uncertainties in
the di↵use background modeling. The CTBCORE cut
applied in this study, however, appears to have largely
removed this contamination, at least in our analysis of
the Inner Galaxy.

Appendix B: A Simple Test of Spherical Symmetry

Probing the morphology of the Inner Galaxy excess is
complicated by the bright emission correlated with the
Galactic Plane. In Ref. [8], it proved di�cult to ro-
bustly determine whether any signal was present outside
of the regions occupied by the Fermi Bubbles, as the re-
gions both close to the Galactic Center and outside of
the Bubbles were dominated by the bright emission from
the Galactic Plane. The improvement in angular resolu-
tion resulting from our CTBCORE cut, however, greatly
mitigates this issue.

In addition to the detailed study of morphology de-
scribed in Sec. VI, we perform here a fit dividing the sig-
nal template into two independent templates, one with
|l| > |b| and the other with |b| > |l|. The former tem-
plate favors the Galactic Plane, while the latter contains
the Fermi Bubbles. As previously, the fit also includes a
single template for the Bubbles in addition to the Fermi

di↵use model and a isotropic o↵set. The extracted spec-
tra of the signal templates are shown in Fig. 19. For en-
ergies below 10 GeV, where the claimed signal is present,
they both show a clear spectral feature with consistent
shape and normalization.

Appendix C: Sensitivity of the Spectral Shape to
the Assumed Morphology

In our main analyses, we have derived spectra for the
component associated with the dark matter template as-
suming a dark matter density profile with a given inner
slope, �. One might ask, however, to what degree uncer-
tainties in the morphology of the template might bias the
spectral shape extracted from our analysis. In Fig. 20,
we plot the (central values of the) spectrum found for
the dark matter template in our Inner Galaxy analysis,
for a number of values of �. The shapes of the spectra
are highly consistent, almost entirely independent of this
choice, for energies above 600 MeV, although they di-
verge at lower energies. For the range of slopes favored
by our fits (� = 1.2 � 1.3), however, the extracted spec-
tra are always consistent within the 1� error bars. We
note that this conclusion is also true for the data with-
out additional cuts on CTBCORE, although the degree
of variation in the spectra below 600 MeV is considerably
greater in that case.

Appendix D: Modeling of Background Emission in
the Inner Galaxy

1. The Fermi Bubbles

The fit described in Sec. IV is a simplified version of
the analysis performed in Ref. [8], where the spectrum
of the Bubbles was allowed to vary with latitude. From
the results in Ref. [8], it appears that this freedom is
not necessary – the spectrum and normalization of the
Bubbles varies only slightly with Galactic latitude.

Without additional CTBCORE Cuts 
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FIG. 18: The spectrum of the dark matter template found in our Inner Galaxy analysis when performing the fit over di↵erent
regions of the sky (|b| > 1�, b < �1�, |b| > 5�, and b < �5�). All fits employ a single template for the Bubbles, the p6v11
Fermi di↵use model, and a dark matter motivated signal template with an inner profile slope of � = 1.26. In the left frame,
we have applied our standard cuts on the Fermi event parameter CTBCORE (as described in Sec. III). In the right frame, no
such additional cuts have been applied. The CTBCORE cut substantially hardens the spectrum of the excess below 1 GeV
for the |b| > 1� fits, bringing the spectral shapes found in di↵erent regions of the sky into much better agreement, as well as
significantly reducing the north-south asymmetry that had been previously reported.

dark matter annihilating to tau leptons, or by pulsars –
can in large part be traced to the same uncertainties in
the di↵use background modeling. The CTBCORE cut
applied in this study, however, appears to have largely
removed this contamination, at least in our analysis of
the Inner Galaxy.

Appendix B: A Simple Test of Spherical Symmetry

Probing the morphology of the Inner Galaxy excess is
complicated by the bright emission correlated with the
Galactic Plane. In Ref. [8], it proved di�cult to ro-
bustly determine whether any signal was present outside
of the regions occupied by the Fermi Bubbles, as the re-
gions both close to the Galactic Center and outside of
the Bubbles were dominated by the bright emission from
the Galactic Plane. The improvement in angular resolu-
tion resulting from our CTBCORE cut, however, greatly
mitigates this issue.

In addition to the detailed study of morphology de-
scribed in Sec. VI, we perform here a fit dividing the sig-
nal template into two independent templates, one with
|l| > |b| and the other with |b| > |l|. The former tem-
plate favors the Galactic Plane, while the latter contains
the Fermi Bubbles. As previously, the fit also includes a
single template for the Bubbles in addition to the Fermi

di↵use model and a isotropic o↵set. The extracted spec-
tra of the signal templates are shown in Fig. 19. For en-
ergies below 10 GeV, where the claimed signal is present,
they both show a clear spectral feature with consistent
shape and normalization.

Appendix C: Sensitivity of the Spectral Shape to
the Assumed Morphology

In our main analyses, we have derived spectra for the
component associated with the dark matter template as-
suming a dark matter density profile with a given inner
slope, �. One might ask, however, to what degree uncer-
tainties in the morphology of the template might bias the
spectral shape extracted from our analysis. In Fig. 20,
we plot the (central values of the) spectrum found for
the dark matter template in our Inner Galaxy analysis,
for a number of values of �. The shapes of the spectra
are highly consistent, almost entirely independent of this
choice, for energies above 600 MeV, although they di-
verge at lower energies. For the range of slopes favored
by our fits (� = 1.2 � 1.3), however, the extracted spec-
tra are always consistent within the 1� error bars. We
note that this conclusion is also true for the data with-
out additional cuts on CTBCORE, although the degree
of variation in the spectra below 600 MeV is considerably
greater in that case.

Appendix D: Modeling of Background Emission in
the Inner Galaxy

1. The Fermi Bubbles

The fit described in Sec. IV is a simplified version of
the analysis performed in Ref. [8], where the spectrum
of the Bubbles was allowed to vary with latitude. From
the results in Ref. [8], it appears that this freedom is
not necessary – the spectrum and normalization of the
Bubbles varies only slightly with Galactic latitude.
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Reason 2: The Signal is Well-Fit by 
Simple, Predictive Dark Matter Models  

 
 
 

The gamma-ray excess can be easily fit by very simple and predictive 
dark matter models.   
We tune only 1) the halo profile’s slope, 2) the dark matter’s mass, 
and 3) the dark matter’s annihilation cross section and final state 
 

No other astrophysical or model                  
parameters are required                 
(gamma rays are simple)  
 
 

Also, the required cross section                 
is remarkably well-matched to the                    
value predicted for a simple                
(s-wave dominated) thermal relic   
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Reason 3: The Lack of a Plausible 
Alternative Interpretation  

 
 
 

This signal does not correlate with the distribution of gas, dust, 
magnetic fields, cosmic rays, star formation, or radiation 
(It does, however, trace quite well the square of the dark matter 
density, for a profile slightly steeper than NFW)  
 

No known diffuse emission mechanisms can account for this excess 
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The most often discussed astrophysical interpretation for this signal is 
a population of several thousand millisecond pulsars (MSPs) 
associated with the Milky Way’s central stellar cluster – such a 
population could plausibly account for much of the excess observed 
within the innermost ~1-2° of the Galaxy 
 

But we observe this excess to extend out                      
to at least ~10° from the Galactic Center 
 

If MSPs were distributed in a way that                   
could account for this extended excess,            
Fermi should have resolved many more             
as individual point sources than they did 
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FIG. 13: To constrain the degree to which the gamma-ray ex-
cess is spatially extended, we have repeated our Inner Galaxy
analysis, replacing the dark matter template with a series of
concentric ring templates centered around the Galactic Cen-
ter. The dark-matter-like emission is clearly and consistently
present in each ring template out to ⇠12�, beyond which sys-
tematic and statistical limitations make such determinations
di�cult. For comparison, we also show the predictions for a
generalized NFW profile with � = 1.4.

tical fluctuation, or the product of imperfect background
templates, it could also potentially reflect a degree of tri-
axiality in the underlying dark matter distribution.

We have also tested whether the excess emission is, in
fact, centered around the dynamical center of the Milky
Way (Sgr A⇤), as we have thus far assumed. In Fig. 12,
we plot the ��2 of the fit found in our Galactic Center
analysis, as a function of the center of our dark matter-
motivated template. The fit clearly prefers this template
to be centered within ⇠0.05� degrees of the location of
Sgr A⇤.

An important question to address is to what degree the
gamma-ray excess is spatially extended, and over what
range of angles from the Galactic Center can it be de-
tected? To address this issue, we have repeated our Inner
Galaxy analysis, replacing the dark matter template with
a series of concentric ring templates, each 1� wide, and
centered around the Galactic Center. We smooth the ring
templates to a 1� Gaussian (full-width-half-max), and fit
the normalization of each ring template independently.
Instead of allowing the spectrum of the ring templates
to each vary freely (which would have introduced an un-
tenable number of free parameters), we fix their spectral
shape to that found for the dark matter component in the
single template fit. We also break the template associ-
ated with the Fermi Bubbles into five templates, in 10�

latitude slices (each with the same spectrum, but with
independent normalizations).

The results of this fit are shown in Fig. 13. The dark-
matter-like emission is clearly and consistently present in
each ring template out to ⇠12�, beyond which system-

atic and statistical limitations make such determinations
di�cult. For comparison, we also show the predictions
for a generalized NFW profile with � = 1.4 (after appro-
priate smoothing). While this value for the profile slope
is slightly steeper that that found in Secs IV and V, we
caution that systematic uncertainties associated with the
di↵use model template may be biasing this fit toward
somewhat steeper values of �. This is consistent with
results from the inner Galaxy analysis when the Galactic
plane is masked at 2 degrees, which also suggest a slightly
steeper profile slope.

To address the same question within the context of
our Galactic Center analysis, we have re-performed our
fit using dark matter templates which are based on den-
sity profiles which are set to zero beyond a given radius.
We find that templates corresponding to density profiles
set to zero outside of 800 pc (600 pc, 400 pc) provide
a fit that is worse relative to that found using an un-
truncated template at the level of ��2=10.7 (57.6,108,
respectively).

We have also tested our Galactic Center fit to see if
a cored dark matter profile could also provide a good
fit to the data. We find, however, that the inclusion
of even a fairly small core is disfavored. Marginalizing
over the inner slope of the dark matter profile, we find
that flattening the density profile within a radius of 10
pc (30 pc, 50 pc, 70 pc, 90 pc) worsens the overall fit
by ��2=3.6 (12.2, 22.4, 30.6, 39.2, respectively). The
fit thus strongly disfavors any dark matter profile with a
core larger than a few tens of parsecs.

Lastly, we confirm that the morphology of the anoma-
lous emission does not significantly vary with energy. If
we fit the inner slope of the dark matter template in our
Inner Galaxy analysis one energy bin at a time, we find a
similar value of � ⇠1.2-1.3 for all bins between 0.5 and 10
GeV. At energies below 0.5 GeV, the fit prefers somewhat
steeper slopes (� ⇠ 1.6) and a corresponding spectrum
with a very soft spectral index, probably reflecting con-
tamination from the Galactic Plane. At energies above
10 GeV, the fit prefers a lower value for the inner slope
(� ⇠ 1.0), suggesting that the residual emission found
above 10 GeV is most likely associated with other resid-
ual structures, and not with the steepened NFW-like pro-
file consistently preferred in the 0.5-10 GeV range.

The results described in this section indicate that the
gamma-ray excess exhibits a morphology which is both
approximately spherically symmetric and steeply falling
(yet detectable) over two orders of magnitude in galacto-
centric distance (between ⇠20 pc and ⇠2 kpc from Sgr
A*). This result is to be expected if the emission is pro-
duced by annihilating dark matter particles, but is not
anticipated for any proposed astrophysical mechanisms
or sources of this emission.
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We find that no more than ~5-10% of the                       
excess beyond ~ 5° can come from MSPs   
(Hooper, Cholis, Linden, Siegal-Gaskins, 
Slatyer, PRD, arXiv:1305.0830) 
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FIG. 11: Top: As in Fig. 10, but now also showing the bulge, disk, and bulge+disk contributions from millisecond pulsars.
Here, we have adopted �R =1 kpc and h|z|i = 0.5 kpc. We have normalized the bulge contribution such that the number of
millisecond pulsars per stellar mass is the same in the bulge as in disk (solid blue and solid red) and by a factor that is 2 times
larger (dashed red). Bottom: As in the lower frames of Fig. 9, but for the sum of disk and bulge contributions. The total
di↵use emission from millisecond pulsars is in each case found to be much less than that needed to account for the observed
GeV excess.

average stellar density in the bulge is significantly higher
than in the disk, but much lower than that found in the
cores of globular clusters (only in the innermost tens of
parsecs around the Galactic Center is the stellar density
comparable to that found in globular clusters). As a re-
sult, we naively expect only a modest enhancement in
the number of MSP per stellar mass found in the bulge
relative to that in the disk (likely on the order of a few
or less) [9, 30]. This conclusion is further supported by
the observed distribution of low mass X-ray binaries in
the Galactic Bulge [31].

In Fig. 11 we show the distribution of sources (top) and
flux of di↵use gamma-ray emission (as a function of lati-
tude) from MSPs, including contributions from the disk
and bulge. Here we have chosen a bulge distribution de-

scribed by �R = 1 kpc because significantly smaller val-
ues lead to a negligible contribution to the di↵use emis-
sion, while much larger values predict numbers of ⇠10�9

cm�2 s�1 sources that exceed those observed by Fermi.
Furthermore, we find that our conclusions are not sensi-
tive to the precise value of this parameter. We have also
taken here a disk width of h|z|i = 0.5 kpc, which approxi-
mately maximizes the allowed contribution to the di↵use
emission from MSPs in the bulge. In the lower frames of
this figure, we show the gamma-ray flux at 1.9-3.2 GeV
(the approximate peak of the observed excess) observed
by Fermi from various latitude ranges of the Fermi bub-
bles [11], and compare this to the predicted flux in these
disk+bulge MSP population models. Again, we find that
the predicted contribution from MSPs cannot account for
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We find that no more than ~5-10% of the                       
excess beyond ~ 5° can come from MSPs   
(Hooper, Cholis, Linden, Siegal-Gaskins, 
Slatyer, PRD, arXiv:1305.0830) 
 
To evade this conclusion: 
1) The luminosity function of bulge MSPs 
would have to be very different from the 
luminosity function of observed MSPs,   
consistently less bright than ~1037 GeV/s   
                        and 
2) The distribution of MSPs in the Inner 
Galaxy would have to be much more 
extended than dynamical models predict 
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FIG. 11: Top: As in Fig. 10, but now also showing the bulge, disk, and bulge+disk contributions from millisecond pulsars.
Here, we have adopted �R =1 kpc and h|z|i = 0.5 kpc. We have normalized the bulge contribution such that the number of
millisecond pulsars per stellar mass is the same in the bulge as in disk (solid blue and solid red) and by a factor that is 2 times
larger (dashed red). Bottom: As in the lower frames of Fig. 9, but for the sum of disk and bulge contributions. The total
di↵use emission from millisecond pulsars is in each case found to be much less than that needed to account for the observed
GeV excess.

average stellar density in the bulge is significantly higher
than in the disk, but much lower than that found in the
cores of globular clusters (only in the innermost tens of
parsecs around the Galactic Center is the stellar density
comparable to that found in globular clusters). As a re-
sult, we naively expect only a modest enhancement in
the number of MSP per stellar mass found in the bulge
relative to that in the disk (likely on the order of a few
or less) [9, 30]. This conclusion is further supported by
the observed distribution of low mass X-ray binaries in
the Galactic Bulge [31].

In Fig. 11 we show the distribution of sources (top) and
flux of di↵use gamma-ray emission (as a function of lati-
tude) from MSPs, including contributions from the disk
and bulge. Here we have chosen a bulge distribution de-

scribed by �R = 1 kpc because significantly smaller val-
ues lead to a negligible contribution to the di↵use emis-
sion, while much larger values predict numbers of ⇠10�9

cm�2 s�1 sources that exceed those observed by Fermi.
Furthermore, we find that our conclusions are not sensi-
tive to the precise value of this parameter. We have also
taken here a disk width of h|z|i = 0.5 kpc, which approxi-
mately maximizes the allowed contribution to the di↵use
emission from MSPs in the bulge. In the lower frames of
this figure, we show the gamma-ray flux at 1.9-3.2 GeV
(the approximate peak of the observed excess) observed
by Fermi from various latitude ranges of the Fermi bub-
bles [11], and compare this to the predicted flux in these
disk+bulge MSP population models. Again, we find that
the predicted contribution from MSPs cannot account for
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What kind of WIMP could produce 
this signal? 



A simple approach: 
For each tree-level process for dark matter 
annihilation (specifying the spins and 
interactions), and fixing the couplings to obtain 
the desired relic abundance, we ask: 
 

1) Can we get a gamma-ray signal that is   
compatible the observed excess?  
2) Is the related diagram compatible with direct 
detection constraints? 
3) Is the model compatible with constraints     
from colliders (including the LHC)? 
 
 
 
 
 
 
 
 
 
 

What kind of WIMP could produce 
this signal? 

Berlin, DH, McDermott,1404.0022  
(see also Alves et al. 1403.5027; Izaguirre et al. 1404.2018)    
 



For example, consider fermionic (Majorana or Dirac) dark matter, 
annihilating through the exchange of a spin-0 or spin-1 mediator: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

What kind of WIMP could produce 
this signal? 

Berlin, DH, McDermott,1404.0022 

3

DM bilinear SM fermion bilinear

fermion DM f̄f f̄�5f f̄�µf f̄�µ�5f

�̄� �v ⇠ v2, �SI ⇠ 1 �v ⇠ v2, �SD ⇠ q2 � �
�̄�5� �v ⇠ 1, �SI ⇠ q2 �v ⇠ 1, �SD ⇠ q4 � �

�̄�µ� (Dirac only) � � �v ⇠ 1, �SI ⇠ 1 �v ⇠ 1, �SD ⇠ v2
?

�̄�µ�5� � � �v ⇠ v2, �SI ⇠ v2? �v ⇠ 1, �SD ⇠ 1

TABLE II. A summary of the annihilation and elastic scattering behavior for all tree-level, s-channel annihilation
diagrams, for cases in which the DM is a fermion (see Eqs. 2 and 3). Because Majorana DM cannot couple to a
vector current, this table encodes 14 (rather than 16) possible simplified models. Only those scenarios in which the
low-velocity annihilation cross section is not suppressed (�v ⇠ 1) can the DM potentially account for the observed
gamma-ray excess. For elastic scattering, we indicate whether the constraint on the spin-independent (SI) or spin-
dependent (SD) cross section is currently more restrictive, and whether that cross section is unsuppressed (⇠1), or
is suppressed by powers of momentum or velocity. Any entry with a “�” symbol indicates that there is no particle
representation that at tree-level can mediate the interaction indicated. We use green to indicate a model that satisfies
all of our criteria, and blue to indicate a model that allows for unsuppressed annihilation, but is ruled out by direct
detection constraints. Models presented in black cannot account for the observed gamma-ray excess.

or through the s-channel exchange of a spin-1 medi-
ator, V

µ

:

L � ⇥
a �̄�µ(g

�v

+ g
�a

�5)�+ f̄�µ(g
fv

+ g
fa

�5)f
⇤
V
µ

.
(3)

In each case, the couplings are defined such that
a = 1 (1/2) for DM in the form of a Dirac (Majorana)
fermion. For Majorana fermions, g

�v

is required to
be zero. We will return to the case of t-channel an-
nihilations in Sec. IV.

The basic results of this section are summarized in
Table II. Of the fourteen linearly independent combi-
nations that link the DM with SM fermions (counting
Dirac and Majorana DM separately), there are eight
in which the low-velocity annihilation cross section is
not suppressed. We denote these models in the table
with the shorthand �v ⇠ 1. These models are capable
of accounting for the observed gamma-ray excess.

In Figs. 1 and 2, we show additional information
for each of these eight interaction combinations. In
the lower portion of each frame, we show as a function
of the mediator mass the product of the couplings
that is required in order to produce a thermal relic
density in agreement with the measured cosmologi-
cal DM abundance (for the relevant cross sections,
see Appendices B 1 through B4). In the upper por-
tion of each frame, we show the low-velocity annihi-
lation cross section that is predicted for that choice
of couplings. If the solid curve falls between the two
horizontal dashed lines, the model in question can
account for the overall normalization of the Galac-
tic Center’s gamma-ray excess. In generating these
plots we have assumed that spin-1 mediators couple
equally to all SM fermions, and that spin-0 media-

tors couple to SM fermions proportionally to their
mass (as motivated by minimal flavor violation [42]).
Unless otherwise stated, we will maintain these as-
sumptions throughout this paper.

We also assume that all DM annihilations proceed
to pairs of SM fermions. If the mass of the mediator
is less than that of the DM particles, however, anni-
hilations could potentially be dominated instead by
the production of mediator pairs. The fraction of DM
annihilations that yield non-SM particles depends on
the ratio of the mediator’s couplings to the DM and
to SM fermions. While we consider the exploration of
such scenarios to be beyond the scope of the present
study, we acknowledge that such models provide an
additional degree of freedom that could allow them to
account for the Galactic Center’s gamma-ray excess.

Also shown in Figs. 1 and 2 are the current con-
straints from direct detection experiments (shown as
dotted lines). For the details of the calculation of
the DM’s elastic scattering cross section with nuclei,
see Appendix A 2. For the instances in which the
spin-independent cross section provides the dominant
constraint, we apply the results of the LUX Collorab-
oration [41]. For those in which spin-dependent scat-
tering with neutrons is more restrictive, we compare
our results to the constraints of XENON100 [86].3 At
present, the most stringent of these constraints only
rules out one of the eight scenarios shown, in which
the DM is a Dirac fermion annihilating through a

3 In cases in which the DM’s spin-dependent cross section with
protons is much greater than that with neutrons, COUPP
could potentially provide the most stringent limit [84].



For example, consider fermionic (Majorana or Dirac) dark matter, 
annihilating through the exchange of a spin-0 or spin-1 mediator: 
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TABLE II. A summary of the annihilation and elastic scattering behavior for all tree-level, s-channel annihilation
diagrams, for cases in which the DM is a fermion (see Eqs. 2 and 3). Because Majorana DM cannot couple to a
vector current, this table encodes 14 (rather than 16) possible simplified models. Only those scenarios in which the
low-velocity annihilation cross section is not suppressed (�v ⇠ 1) can the DM potentially account for the observed
gamma-ray excess. For elastic scattering, we indicate whether the constraint on the spin-independent (SI) or spin-
dependent (SD) cross section is currently more restrictive, and whether that cross section is unsuppressed (⇠1), or
is suppressed by powers of momentum or velocity. Any entry with a “�” symbol indicates that there is no particle
representation that at tree-level can mediate the interaction indicated. We use green to indicate a model that satisfies
all of our criteria, and blue to indicate a model that allows for unsuppressed annihilation, but is ruled out by direct
detection constraints. Models presented in black cannot account for the observed gamma-ray excess.
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In each case, the couplings are defined such that
a = 1 (1/2) for DM in the form of a Dirac (Majorana)
fermion. For Majorana fermions, g

�v

is required to
be zero. We will return to the case of t-channel an-
nihilations in Sec. IV.

The basic results of this section are summarized in
Table II. Of the fourteen linearly independent combi-
nations that link the DM with SM fermions (counting
Dirac and Majorana DM separately), there are eight
in which the low-velocity annihilation cross section is
not suppressed. We denote these models in the table
with the shorthand �v ⇠ 1. These models are capable
of accounting for the observed gamma-ray excess.

In Figs. 1 and 2, we show additional information
for each of these eight interaction combinations. In
the lower portion of each frame, we show as a function
of the mediator mass the product of the couplings
that is required in order to produce a thermal relic
density in agreement with the measured cosmologi-
cal DM abundance (for the relevant cross sections,
see Appendices B 1 through B4). In the upper por-
tion of each frame, we show the low-velocity annihi-
lation cross section that is predicted for that choice
of couplings. If the solid curve falls between the two
horizontal dashed lines, the model in question can
account for the overall normalization of the Galac-
tic Center’s gamma-ray excess. In generating these
plots we have assumed that spin-1 mediators couple
equally to all SM fermions, and that spin-0 media-

tors couple to SM fermions proportionally to their
mass (as motivated by minimal flavor violation [42]).
Unless otherwise stated, we will maintain these as-
sumptions throughout this paper.

We also assume that all DM annihilations proceed
to pairs of SM fermions. If the mass of the mediator
is less than that of the DM particles, however, anni-
hilations could potentially be dominated instead by
the production of mediator pairs. The fraction of DM
annihilations that yield non-SM particles depends on
the ratio of the mediator’s couplings to the DM and
to SM fermions. While we consider the exploration of
such scenarios to be beyond the scope of the present
study, we acknowledge that such models provide an
additional degree of freedom that could allow them to
account for the Galactic Center’s gamma-ray excess.

Also shown in Figs. 1 and 2 are the current con-
straints from direct detection experiments (shown as
dotted lines). For the details of the calculation of
the DM’s elastic scattering cross section with nuclei,
see Appendix A 2. For the instances in which the
spin-independent cross section provides the dominant
constraint, we apply the results of the LUX Collorab-
oration [41]. For those in which spin-dependent scat-
tering with neutrons is more restrictive, we compare
our results to the constraints of XENON100 [86].3 At
present, the most stringent of these constraints only
rules out one of the eight scenarios shown, in which
the DM is a Dirac fermion annihilating through a

3 In cases in which the DM’s spin-dependent cross section with
protons is much greater than that with neutrons, COUPP
could potentially provide the most stringent limit [84].
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plots we have assumed that spin-1 mediators couple
equally to all SM fermions, and that spin-0 media-

tors couple to SM fermions proportionally to their
mass (as motivated by minimal flavor violation [42]).
Unless otherwise stated, we will maintain these as-
sumptions throughout this paper.

We also assume that all DM annihilations proceed
to pairs of SM fermions. If the mass of the mediator
is less than that of the DM particles, however, anni-
hilations could potentially be dominated instead by
the production of mediator pairs. The fraction of DM
annihilations that yield non-SM particles depends on
the ratio of the mediator’s couplings to the DM and
to SM fermions. While we consider the exploration of
such scenarios to be beyond the scope of the present
study, we acknowledge that such models provide an
additional degree of freedom that could allow them to
account for the Galactic Center’s gamma-ray excess.

Also shown in Figs. 1 and 2 are the current con-
straints from direct detection experiments (shown as
dotted lines). For the details of the calculation of
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see Appendix A 2. For the instances in which the
spin-independent cross section provides the dominant
constraint, we apply the results of the LUX Collorab-
oration [41]. For those in which spin-dependent scat-
tering with neutrons is more restrictive, we compare
our results to the constraints of XENON100 [86].3 At
present, the most stringent of these constraints only
rules out one of the eight scenarios shown, in which
the DM is a Dirac fermion annihilating through a
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In general, we find: 
 

It is not difficult to write down dark matter models with a ~30 GeV 
thermal relic that can produce the gamma-ray signal in question 
(satisfied for a wide range of models with s-wave interactions) 
 

Direct detection constraints rule out models with unsuppressed 
scalar or vector interactions with quarks 
 

Somewhat contrary to conventional wisdom, the LHC does not yet 
exclude many of these models (although the 14 TeV reach is 
expected to be much more expansive) 
 
 
 
 
 
 
 
 
 
 

What kind of WIMP could produce 
this signal? 



All together, we identified 16 scenarios that could account for the 
gamma-ray signal without conflicting with current constraints: 
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Model

DM Mediator Interactions

Elastic Near Future Reach?

Number Scattering Direct LHC

1 Dirac Fermion Spin-0 �̄�5�, f̄f �SI ⇠ (q/2m�)2 (scalar) No Maybe

1 Majorana Fermion Spin-0 �̄�5�, f̄f �SI ⇠ (q/2m�)2 (scalar) No Maybe

2 Dirac Fermion Spin-0 �̄�5�, f̄�5f �SD ⇠ (q2/4mnm�)2 Never Maybe

2 Majorana Fermion Spin-0 �̄�5�, f̄�5f �SD ⇠ (q2/4mnm�)2 Never Maybe

3 Dirac Fermion Spin-1 �̄�µ�, b̄�µb �SI ⇠ loop (vector) Yes Maybe

4 Dirac Fermion Spin-1 �̄�µ�, f̄�µ�5f
�SD ⇠ (q/2mn)2 or

Never Maybe
�SD ⇠ (q/2m�)2

5 Dirac Fermion Spin-1 �̄�µ�5�, f̄�µ�5f �SD ⇠ 1 Yes Maybe

5 Majorana Fermion Spin-1 �̄�µ�5�, f̄�µ�5f �SD ⇠ 1 Yes Maybe

6 Complex Scalar Spin-0 �†�, f̄�5f �SD ⇠ (q/2mn)2 No Maybe

6 Real Scalar Spin-0 �2, f̄�5f �SD ⇠ (q/2mn)2 No Maybe

6 Complex Vector Spin-0 B†
µB

µ, f̄�5f �SD ⇠ (q/2mn)2 No Maybe

6 Real Vector Spin-0 BµB
µ, f̄�5f �SD ⇠ (q/2mn)2 No Maybe

7 Dirac Fermion Spin-0 (t-ch.) �̄(1± �5)b �SI ⇠ loop (vector) Yes Yes

7 Dirac Fermion Spin-1 (t-ch.) �̄�µ(1± �5)b �SI ⇠ loop (vector) Yes Yes

8 Complex Vector Spin-1/2 (t-ch.) X†
µ�

µ(1± �5)b �SI ⇠ loop (vector) Yes Yes

8 Real Vector Spin-1/2 (t-ch.) Xµ�
µ(1± �5)b �SI ⇠ loop (vector) Yes Yes

TABLE V. A summary of the simplified models identified in our study as capable of generating the observed gamma-
ray excess without violating the constraints from colliders or direct detection experiments. In the last two columns,
we indicate whether the model in question will be within the reach of near future direct detection experiments (LUX,
XENON1T) or of the LHC. Models with an entry of “Never” predict an elastic scattering cross section with nuclei that
is below the irreducible background known as the “neutrino floor”. The “Model Number” given in the first column
provides the key for the model points shown in Fig. 9.

eventually be detected, but would require extremely
large detectors, beyond the next generation currently
being planned (LZ, PICO250, etc.). Fermionic DM
annihilating through a combination of pseudoscalar
and scalar couplings could also be detected on this
timescale. Extending direct detection sensitivity be-
yond that level, however, will be limited by the ir-
reducible background induced by coherent neutrino
scattering (known as the “neutrino floor”). Due to
this background, direct detection experiments would
be unlikely to be able to detect fermionic DM annihi-
lating through the exchange of a mediator with only
pseudoscalar interactions, or through a spin-1 medi-
ator with vector and axial couplings to the DM and
SM fermions, respectively.

VII. CONCLUSIONS

In this study, we have taken a “simplified model”
approach to determine which classes of dark matter
models are capable of producing the gamma-ray ex-

cess observed from the region surrounding the Galac-
tic Center. In doing so, we have identified 16 di↵erent
models that can generate the observed excess without
exceeding any of the constraints from direct detection
experiments or from colliders (see Table V). These 16
models can be divided into the following three groups:

• Models in which the dark matter (which could
be spin-0, 1/2, or 1) annihilates through the
exchange of a spin-0 particle with pseudoscalar
interactions. Such a mediator could potentially
be observed in future searches for heavy neutral
Higgs bosons at the LHC.

• Models in which the dark matter is a fermion
that annihilates through the exchange of a
spin-1 particle with axial couplings to stan-
dard model fermions, or with vector couplings
to third generation standard model fermions.
Assuming perturbative couplings, LHC con-
straints from dijet searches require that the
mass of the mediator be less than ⇠1 TeV.

Berlin, DH, McDermott,1404.0022  
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TABLE V. A summary of the simplified models identified in our study as capable of generating the observed gamma-
ray excess without violating the constraints from colliders or direct detection experiments. In the last two columns,
we indicate whether the model in question will be within the reach of near future direct detection experiments (LUX,
XENON1T) or of the LHC. Models with an entry of “Never” predict an elastic scattering cross section with nuclei that
is below the irreducible background known as the “neutrino floor”. The “Model Number” given in the first column
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eventually be detected, but would require extremely
large detectors, beyond the next generation currently
being planned (LZ, PICO250, etc.). Fermionic DM
annihilating through a combination of pseudoscalar
and scalar couplings could also be detected on this
timescale. Extending direct detection sensitivity be-
yond that level, however, will be limited by the ir-
reducible background induced by coherent neutrino
scattering (known as the “neutrino floor”). Due to
this background, direct detection experiments would
be unlikely to be able to detect fermionic DM annihi-
lating through the exchange of a mediator with only
pseudoscalar interactions, or through a spin-1 medi-
ator with vector and axial couplings to the DM and
SM fermions, respectively.

VII. CONCLUSIONS

In this study, we have taken a “simplified model”
approach to determine which classes of dark matter
models are capable of producing the gamma-ray ex-

cess observed from the region surrounding the Galac-
tic Center. In doing so, we have identified 16 di↵erent
models that can generate the observed excess without
exceeding any of the constraints from direct detection
experiments or from colliders (see Table V). These 16
models can be divided into the following three groups:

• Models in which the dark matter (which could
be spin-0, 1/2, or 1) annihilates through the
exchange of a spin-0 particle with pseudoscalar
interactions. Such a mediator could potentially
be observed in future searches for heavy neutral
Higgs bosons at the LHC.

• Models in which the dark matter is a fermion
that annihilates through the exchange of a
spin-1 particle with axial couplings to stan-
dard model fermions, or with vector couplings
to third generation standard model fermions.
Assuming perturbative couplings, LHC con-
straints from dijet searches require that the
mass of the mediator be less than ⇠1 TeV.
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TABLE V. A summary of the simplified models identified in our study as capable of generating the observed gamma-
ray excess without violating the constraints from colliders or direct detection experiments. In the last two columns,
we indicate whether the model in question will be within the reach of near future direct detection experiments (LUX,
XENON1T) or of the LHC. Models with an entry of “Never” predict an elastic scattering cross section with nuclei that
is below the irreducible background known as the “neutrino floor”. The “Model Number” given in the first column
provides the key for the model points shown in Fig. 9.

eventually be detected, but would require extremely
large detectors, beyond the next generation currently
being planned (LZ, PICO250, etc.). Fermionic DM
annihilating through a combination of pseudoscalar
and scalar couplings could also be detected on this
timescale. Extending direct detection sensitivity be-
yond that level, however, will be limited by the ir-
reducible background induced by coherent neutrino
scattering (known as the “neutrino floor”). Due to
this background, direct detection experiments would
be unlikely to be able to detect fermionic DM annihi-
lating through the exchange of a mediator with only
pseudoscalar interactions, or through a spin-1 medi-
ator with vector and axial couplings to the DM and
SM fermions, respectively.

VII. CONCLUSIONS

In this study, we have taken a “simplified model”
approach to determine which classes of dark matter
models are capable of producing the gamma-ray ex-

cess observed from the region surrounding the Galac-
tic Center. In doing so, we have identified 16 di↵erent
models that can generate the observed excess without
exceeding any of the constraints from direct detection
experiments or from colliders (see Table V). These 16
models can be divided into the following three groups:

• Models in which the dark matter (which could
be spin-0, 1/2, or 1) annihilates through the
exchange of a spin-0 particle with pseudoscalar
interactions. Such a mediator could potentially
be observed in future searches for heavy neutral
Higgs bosons at the LHC.

• Models in which the dark matter is a fermion
that annihilates through the exchange of a
spin-1 particle with axial couplings to stan-
dard model fermions, or with vector couplings
to third generation standard model fermions.
Assuming perturbative couplings, LHC con-
straints from dijet searches require that the
mass of the mediator be less than ⇠1 TeV.

Berlin, DH, McDermott,1404.0022  
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TABLE V. A summary of the simplified models identified in our study as capable of generating the observed gamma-
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eventually be detected, but would require extremely
large detectors, beyond the next generation currently
being planned (LZ, PICO250, etc.). Fermionic DM
annihilating through a combination of pseudoscalar
and scalar couplings could also be detected on this
timescale. Extending direct detection sensitivity be-
yond that level, however, will be limited by the ir-
reducible background induced by coherent neutrino
scattering (known as the “neutrino floor”). Due to
this background, direct detection experiments would
be unlikely to be able to detect fermionic DM annihi-
lating through the exchange of a mediator with only
pseudoscalar interactions, or through a spin-1 medi-
ator with vector and axial couplings to the DM and
SM fermions, respectively.

VII. CONCLUSIONS

In this study, we have taken a “simplified model”
approach to determine which classes of dark matter
models are capable of producing the gamma-ray ex-

cess observed from the region surrounding the Galac-
tic Center. In doing so, we have identified 16 di↵erent
models that can generate the observed excess without
exceeding any of the constraints from direct detection
experiments or from colliders (see Table V). These 16
models can be divided into the following three groups:

• Models in which the dark matter (which could
be spin-0, 1/2, or 1) annihilates through the
exchange of a spin-0 particle with pseudoscalar
interactions. Such a mediator could potentially
be observed in future searches for heavy neutral
Higgs bosons at the LHC.

• Models in which the dark matter is a fermion
that annihilates through the exchange of a
spin-1 particle with axial couplings to stan-
dard model fermions, or with vector couplings
to third generation standard model fermions.
Assuming perturbative couplings, LHC con-
straints from dijet searches require that the
mass of the mediator be less than ⇠1 TeV.
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cess observed from the region surrounding the Galac-
tic Center. In doing so, we have identified 16 di↵erent
models that can generate the observed excess without
exceeding any of the constraints from direct detection
experiments or from colliders (see Table V). These 16
models can be divided into the following three groups:

• Models in which the dark matter (which could
be spin-0, 1/2, or 1) annihilates through the
exchange of a spin-0 particle with pseudoscalar
interactions. Such a mediator could potentially
be observed in future searches for heavy neutral
Higgs bosons at the LHC.

• Models in which the dark matter is a fermion
that annihilates through the exchange of a
spin-1 particle with axial couplings to stan-
dard model fermions, or with vector couplings
to third generation standard model fermions.
Assuming perturbative couplings, LHC con-
straints from dijet searches require that the
mass of the mediator be less than ⇠1 TeV.
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FIG. 9. The most stringent constraints on the DM elastic scattering cross-section [70–87] from the past 14 years.
We also shown an extrapolation of their future sensitivity. All of the models in which the DM annihilates through
a t-channel Feynman diagram should be well within the reach of LUX [51] and XENON1T [52]. Fermionic DM
that annihilates through a mediator with purely axial interactions is also expected to be within the reach of these
experiments. In the more distant future, direct detection experiments also could become sensitive to several models
in which the DM interacts via pseudoscalar couplings. See text for further details.

• Models in which the dark matter annihilates
into b-quark pairs through the t-channel ex-
change of a colored and charged particle. Con-
straints from sbottom searches at the LHC re-
strict the mediator mass be greater than ⇠600
GeV. Both LUX and the LHC should be able
to conclusively test this class of models in the
near future.

Upon reviewing this list of possibilities, it is clear
that a wide range of simple dark matter models could
be responsible for the Galactic Center’s gamma-ray
excess without running afoul of existing constraints.
Moreover, the prospects for detecting the dark mat-
ter in these scenarios at either direct detection ex-
periments or at the LHC appear to be quite promis-
ing. Of the 16 viable models identified in our study,
LUX and XENON1T are expected to be sensitive to
7. Only 3 of these 16 models predict an elastic scat-
tering cross section that will remain beyond the reach
of future direct detection experiments due to the ir-
reducible neutrino floor. Mono-jet searches, sbottom
searches, and searches for heavy Higgs bosons at the
LHC will further restrict the range of model parame-
ters that remains viable. With 13-14 TeV data from
the LHC, it will be possible to conclusively test sev-

eral of the scenarios presented here.
Many of the results presented in this study nicely

illustrate the complementarity between indirect, di-
rect, and collider searches for dark matter. Although
future astrophysical observations (such as gamma-
ray searches for dark matter annihilating in dwarf
galaxies [88] or future cosmic-ray anti-proton mea-
surements [89, 90]) may provide additional support
for a dark matter interpretation of the Galactic Cen-
ter gamma-ray excess, indirect detection signals alone
are expected to determine little more than the mass
and annihilation cross section of the particles that
make up the dark matter, leaving many questions
unanswered. Information from a combination of
direct detection experiments and colliders will be
needed if one is to identify the underlying interac-
tions and particle content of the dark sector.
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tering cross section that will remain beyond the reach
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reducible neutrino floor. Mono-jet searches, sbottom
searches, and searches for heavy Higgs bosons at the
LHC will further restrict the range of model parame-
ters that remains viable. With 13-14 TeV data from
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ray searches for dark matter annihilating in dwarf
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Hidden Sector Models  

 
Alternatively (to tree-level annihilation models), one could consider 
dark matter that does not couple directly to the Standard Model, but 
instead annihilates into other particles that subsequently decay into 
Standard Model fermions:  
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FIG. 3. Annihilation of dark matter into two hidden photons
via (A) t- and (B) u-channel diagrams. The hidden photons
decay into Standard Model particles through kinetic mixing
with the Standard Model photon.

through dark matter annihilations, however, is propor-
tional to �v/mX . As a result, the higher dark matter
masses required in the case of cascade annihilations re-
duces the intensity of the predicted gamma-ray signal.

We also point out that if the intermediate particles are
nearly degenerate in mass to the dark matter, this can
lead to a phase space suppression of the annihilation cross
section that is more pronounced in the Galaxy today than
it was at the time and temperature of thermal freeze-out,
reducing the annihilation rate in the Galactic Center by
a factor of:

h�vitoday
h�vifreeze�out

'
p

✏ + v20(1 � ✏)p
✏ + v2FO(1 � ✏)

, (3)

where vFO ' 0.3, v0 ' 10�3, and ✏ ⌘ (m2
X � m2

�)/m2
X .

For a mass splitting of order 1% (5%), the present-day
annihilation rate will be suppressed by a factor of a few
(a few percent).

While these factors impacting the normalization of the
gamma-ray signal are not insignificant, they can be com-
pensated by adjusting the mass of the Milky Way’s dark
matter profile, which is uncertain at the level of a factor
of a few [39].

III. A HIDDEN PHOTON MODEL

In this section, we consider a simple model in which
the dark matter, X, is a Dirac fermion charged under a
new U(1)X . This gauge group is broken by some dark
Higgs field, which provides a massive vector boson, �,
sometimes called a hidden or dark photon. Together,
the dark matter and vector boson reside within a hidden
sector, with no direct couplings to the Standard Model.
Dark matter interacting through hidden sector forces has
been widely discussed within a variety of contexts [40–
52].

If the hidden photon is lighter than the dark matter
candidate, then dark matter annihilations will be domi-
nated by the t- and u-channel exchange of an X into a
pair of � particles, as shown in Fig. 3. The cross section
for this process is fully determined by the masses mX

and m�, and the U(1)X charge, gX , and is given by:

h�viXX!�� ' ⇡↵2
X

m2
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(1 � m2
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�/2m2
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,

where ↵X ⌘ g2X/4⇡ is the fine structure constant of
U(1)X . Throughout the remainder of this section, we
will set gX such that �v = 2.2 ⇥ 10�26 cm3/s, thus gen-
erating a thermal relic abundance in agreement with the
cosmological dark matter density [53]. This cross section
also leads to a gamma-ray signal that, within uncertain-
ties in the normalization of the Milky Way’s dark matter
halo profile, is in agreement with that observed from the
Galactic Center [10].

The size of the coupling, gX , has no direct implication
for the strength with which the dark matter couples to
the Standard Model. If the photon and the � undergo
kinetic mixing, however, this can induce a coupling be-
tween the hidden sector and the Standard Model (alter-
natively, one could also consider mixing between the �
and the Z). This kinetic mixing can be described by a La-
grangian of the form L = 1

2✏F 0
µ⌫F

µ⌫ [54], which is allowed
by all symmetries of the theory. Kinetic mixing with the
photon then allows for suppressed couplings between the
� and the particles of the Standard Model, proportional
to their electric charge. Although there is no robust pre-
diction for the size of this coupling (any value is tech-
nically natural [55]), arguments can be made in support
of some values. For example, if the Standard Model is
embedded within a Grand Unified Theory (GUT), a non-
zero value of ✏ can only be generated after GUT breaking
at the loop level. Such a loop of heavy states carrying
both hypercharge and X gauge charge naturally leads to
kinetic mixing of the following order [49, 54, 56]:

✏ ⇠ gXgY cos ✓W
16⇡2

ln

✓
M 02

M2
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0.1
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ln
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M 02

M2

◆
,

(5)

where M 0 and M are the masses of the particles in the
loop. Thus we expect the kinetic mixing to occur at a
level of ✏ ⇠ 10�3 or less, modulo the possibility of a large
hierarchy between M 0 and M . If the splitting between
the di↵erent components of the GUT multiplet is instead
generated at loop order, then ✏ will be suppressed by two
loops, further reducing the expected value of ✏. Through-
out this section, we will assume that ✏ is large enough to
have kept the hidden sector in thermal equilibrium with
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through dark matter annihilations, however, is propor-
tional to �v/mX . As a result, the higher dark matter
masses required in the case of cascade annihilations re-
duces the intensity of the predicted gamma-ray signal.

We also point out that if the intermediate particles are
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annihilation rate will be suppressed by a factor of a few
(a few percent).

While these factors impacting the normalization of the
gamma-ray signal are not insignificant, they can be com-
pensated by adjusting the mass of the Milky Way’s dark
matter profile, which is uncertain at the level of a factor
of a few [39].
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In this section, we consider a simple model in which
the dark matter, X, is a Dirac fermion charged under a
new U(1)X . This gauge group is broken by some dark
Higgs field, which provides a massive vector boson, �,
sometimes called a hidden or dark photon. Together,
the dark matter and vector boson reside within a hidden
sector, with no direct couplings to the Standard Model.
Dark matter interacting through hidden sector forces has
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where ↵X ⌘ g2X/4⇡ is the fine structure constant of
U(1)X . Throughout the remainder of this section, we
will set gX such that �v = 2.2 ⇥ 10�26 cm3/s, thus gen-
erating a thermal relic abundance in agreement with the
cosmological dark matter density [53]. This cross section
also leads to a gamma-ray signal that, within uncertain-
ties in the normalization of the Milky Way’s dark matter
halo profile, is in agreement with that observed from the
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The size of the coupling, gX , has no direct implication
for the strength with which the dark matter couples to
the Standard Model. If the photon and the � undergo
kinetic mixing, however, this can induce a coupling be-
tween the hidden sector and the Standard Model (alter-
natively, one could also consider mixing between the �
and the Z). This kinetic mixing can be described by a La-
grangian of the form L = 1
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µ⌫ [54], which is allowed
by all symmetries of the theory. Kinetic mixing with the
photon then allows for suppressed couplings between the
� and the particles of the Standard Model, proportional
to their electric charge. Although there is no robust pre-
diction for the size of this coupling (any value is tech-
nically natural [55]), arguments can be made in support
of some values. For example, if the Standard Model is
embedded within a Grand Unified Theory (GUT), a non-
zero value of ✏ can only be generated after GUT breaking
at the loop level. Such a loop of heavy states carrying
both hypercharge and X gauge charge naturally leads to
kinetic mixing of the following order [49, 54, 56]:
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where M 0 and M are the masses of the particles in the
loop. Thus we expect the kinetic mixing to occur at a
level of ✏ ⇠ 10�3 or less, modulo the possibility of a large
hierarchy between M 0 and M . If the splitting between
the di↵erent components of the GUT multiplet is instead
generated at loop order, then ✏ will be suppressed by two
loops, further reducing the expected value of ✏. Through-
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through dark matter annihilations, however, is propor-
tional to �v/mX . As a result, the higher dark matter
masses required in the case of cascade annihilations re-
duces the intensity of the predicted gamma-ray signal.

We also point out that if the intermediate particles are
nearly degenerate in mass to the dark matter, this can
lead to a phase space suppression of the annihilation cross
section that is more pronounced in the Galaxy today than
it was at the time and temperature of thermal freeze-out,
reducing the annihilation rate in the Galactic Center by
a factor of:
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For a mass splitting of order 1% (5%), the present-day
annihilation rate will be suppressed by a factor of a few
(a few percent).

While these factors impacting the normalization of the
gamma-ray signal are not insignificant, they can be com-
pensated by adjusting the mass of the Milky Way’s dark
matter profile, which is uncertain at the level of a factor
of a few [39].

III. A HIDDEN PHOTON MODEL

In this section, we consider a simple model in which
the dark matter, X, is a Dirac fermion charged under a
new U(1)X . This gauge group is broken by some dark
Higgs field, which provides a massive vector boson, �,
sometimes called a hidden or dark photon. Together,
the dark matter and vector boson reside within a hidden
sector, with no direct couplings to the Standard Model.
Dark matter interacting through hidden sector forces has
been widely discussed within a variety of contexts [40–
52].

If the hidden photon is lighter than the dark matter
candidate, then dark matter annihilations will be domi-
nated by the t- and u-channel exchange of an X into a
pair of � particles, as shown in Fig. 3. The cross section
for this process is fully determined by the masses mX

and m�, and the U(1)X charge, gX , and is given by:

h�viXX!�� ' ⇡↵2
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�/m2

X)3/2

(1 � m2
�/2m2

X)2
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where ↵X ⌘ g2X/4⇡ is the fine structure constant of
U(1)X . Throughout the remainder of this section, we
will set gX such that �v = 2.2 ⇥ 10�26 cm3/s, thus gen-
erating a thermal relic abundance in agreement with the
cosmological dark matter density [53]. This cross section
also leads to a gamma-ray signal that, within uncertain-
ties in the normalization of the Milky Way’s dark matter
halo profile, is in agreement with that observed from the
Galactic Center [10].

The size of the coupling, gX , has no direct implication
for the strength with which the dark matter couples to
the Standard Model. If the photon and the � undergo
kinetic mixing, however, this can induce a coupling be-
tween the hidden sector and the Standard Model (alter-
natively, one could also consider mixing between the �
and the Z). This kinetic mixing can be described by a La-
grangian of the form L = 1

2✏F 0
µ⌫F

µ⌫ [54], which is allowed
by all symmetries of the theory. Kinetic mixing with the
photon then allows for suppressed couplings between the
� and the particles of the Standard Model, proportional
to their electric charge. Although there is no robust pre-
diction for the size of this coupling (any value is tech-
nically natural [55]), arguments can be made in support
of some values. For example, if the Standard Model is
embedded within a Grand Unified Theory (GUT), a non-
zero value of ✏ can only be generated after GUT breaking
at the loop level. Such a loop of heavy states carrying
both hypercharge and X gauge charge naturally leads to
kinetic mixing of the following order [49, 54, 56]:

✏ ⇠ gXgY cos ✓W
16⇡2

ln

✓
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◆

⇠ 2 ⇥ 10�4
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M 02
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◆
,

(5)

where M 0 and M are the masses of the particles in the
loop. Thus we expect the kinetic mixing to occur at a
level of ✏ ⇠ 10�3 or less, modulo the possibility of a large
hierarchy between M 0 and M . If the splitting between
the di↵erent components of the GUT multiplet is instead
generated at loop order, then ✏ will be suppressed by two
loops, further reducing the expected value of ✏. Through-
out this section, we will assume that ✏ is large enough to
have kept the hidden sector in thermal equilibrium with
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FIG. 3. Annihilation of dark matter into two hidden photons
via (A) t- and (B) u-channel diagrams. The hidden photons
decay into Standard Model particles through kinetic mixing
with the Standard Model photon.

through dark matter annihilations, however, is propor-
tional to �v/mX .1 As a result, the higher dark matter
masses required in the case of cascade annihilations re-
duces the intensity of the predicted gamma-ray signal.

We also point out that if the intermediate particles are
nearly degenerate in mass to the dark matter, this can
lead to a phase space suppression of the annihilation cross
section that is more pronounced in the Galaxy today than
it was at the time and temperature of thermal freeze-out,
reducing the annihilation rate in the Galactic Center by
a factor of:

h�vitoday
h�vifreeze�out

'
p

✏ + v20(1 � ✏)p
✏ + v2FO(1 � ✏)

, (3)

where vFO ' 0.3, v0 ' 10�3, and ✏ ⌘ (m2
X � m2

�)/m2
X .

For a mass splitting of order 1% (5%), the present-day
annihilation rate will be suppressed by a factor of a few
(a few percent).

While these factors impacting the normalization of the
gamma-ray signal are not insignificant, they can be com-
pensated by adjusting the mass of the Milky Way’s dark
matter profile, which is uncertain at the level of a factor
of a few [39].

III. A HIDDEN PHOTON MODEL

In this section, we consider a simple model in which
the dark matter, X, is a Dirac fermion charged under a
new U(1)X . This gauge group is broken by some dark
Higgs field, which provides a massive vector boson, �,
sometimes called a hidden or dark photon. Together,

1
The annihilation rate and power per annihilation scale as �v/m2

X
and mX , respectively.

the dark matter and vector boson reside within a hidden
sector, with no direct couplings to the Standard Model.
Dark matter interacting through hidden sector forces has
been widely discussed within a variety of contexts [40–
52].

If the hidden photon is lighter than the dark matter
candidate, then dark matter annihilations will be domi-
nated by the t- and u-channel exchange of an X into a
pair of � particles, as shown in Fig. 3. The cross section
for this process is fully determined by the masses mX

and m�, and the U(1)X charge, gX , and is given by:
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X
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where ↵X ⌘ g2X/4⇡ is the fine structure constant of
U(1)X . Throughout the remainder of this section, we
will set gX such that �v = 2.2 ⇥ 10�26 cm3/s, thus gen-
erating a thermal relic abundance in agreement with the
cosmological dark matter density [53]. This cross section
also leads to a gamma-ray signal that, within uncertain-
ties in the normalization of the Milky Way’s dark matter
halo profile, is in agreement with that observed from the
Galactic Center [10].

The size of the coupling, gX , has no direct implication
for the strength with which the dark matter couples to
the Standard Model. If the photon and the � undergo
kinetic mixing, however, this can induce a coupling be-
tween the hidden sector and the Standard Model (alter-
natively, one could also consider mixing between the �
and the Z). This kinetic mixing can be described by a La-
grangian of the form L = 1

2✏F 0
µ⌫F

µ⌫ [54], which is allowed
by all symmetries of the theory. Kinetic mixing with the
photon then allows for suppressed couplings between the
� and the particles of the Standard Model, proportional
to their electric charge. Although there is no robust pre-
diction for the size of this coupling (any value is tech-
nically natural [55]), arguments can be made in support
of some values. For example, if the Standard Model is
embedded within a Grand Unified Theory (GUT), a non-
zero value of ✏ can only be generated after GUT breaking
at the loop level. Such a loop of heavy states carrying
both hypercharge and X gauge charge naturally leads to
kinetic mixing of the following order [49, 54, 56]:
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(5)

where M 0 and M are the masses of the particles in the
loop. Thus we expect the kinetic mixing to occur at a
level of ✏ ⇠ 10�3 or less, modulo the possibility of a large
hierarchy between M 0 and M . If the splitting between
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FIG. 3. Annihilation of dark matter into two hidden photons
via (A) t- and (B) u-channel diagrams. The hidden photons
decay into Standard Model particles through kinetic mixing
with the Standard Model photon.

through dark matter annihilations, however, is propor-
tional to �v/mX .1 As a result, the higher dark matter
masses required in the case of cascade annihilations re-
duces the intensity of the predicted gamma-ray signal.

We also point out that if the intermediate particles are
nearly degenerate in mass to the dark matter, this can
lead to a phase space suppression of the annihilation cross
section that is more pronounced in the Galaxy today than
it was at the time and temperature of thermal freeze-out,
reducing the annihilation rate in the Galactic Center by
a factor of:

h�vitoday
h�vifreeze�out

'
p

✏ + v20(1 � ✏)p
✏ + v2FO(1 � ✏)

, (3)

where vFO ' 0.3, v0 ' 10�3, and ✏ ⌘ (m2
X � m2

�)/m2
X .

For a mass splitting of order 1% (5%), the present-day
annihilation rate will be suppressed by a factor of a few
(a few percent).

While these factors impacting the normalization of the
gamma-ray signal are not insignificant, they can be com-
pensated by adjusting the mass of the Milky Way’s dark
matter profile, which is uncertain at the level of a factor
of a few [39].

III. A HIDDEN PHOTON MODEL

In this section, we consider a simple model in which
the dark matter, X, is a Dirac fermion charged under a
new U(1)X . This gauge group is broken by some dark
Higgs field, which provides a massive vector boson, �,
sometimes called a hidden or dark photon. Together,

1
The annihilation rate and power per annihilation scale as �v/m2

X
and mX , respectively.

the dark matter and vector boson reside within a hidden
sector, with no direct couplings to the Standard Model.
Dark matter interacting through hidden sector forces has
been widely discussed within a variety of contexts [40–
52].

If the hidden photon is lighter than the dark matter
candidate, then dark matter annihilations will be domi-
nated by the t- and u-channel exchange of an X into a
pair of � particles, as shown in Fig. 3. The cross section
for this process is fully determined by the masses mX

and m�, and the U(1)X charge, gX , and is given by:
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where ↵X ⌘ g2X/4⇡ is the fine structure constant of
U(1)X . Throughout the remainder of this section, we
will set gX such that �v = 2.2 ⇥ 10�26 cm3/s, thus gen-
erating a thermal relic abundance in agreement with the
cosmological dark matter density [53]. This cross section
also leads to a gamma-ray signal that, within uncertain-
ties in the normalization of the Milky Way’s dark matter
halo profile, is in agreement with that observed from the
Galactic Center [10].

The size of the coupling, gX , has no direct implication
for the strength with which the dark matter couples to
the Standard Model. If the photon and the � undergo
kinetic mixing, however, this can induce a coupling be-
tween the hidden sector and the Standard Model (alter-
natively, one could also consider mixing between the �
and the Z). This kinetic mixing can be described by a La-
grangian of the form L = 1

2✏F 0
µ⌫F

µ⌫ [54], which is allowed
by all symmetries of the theory. Kinetic mixing with the
photon then allows for suppressed couplings between the
� and the particles of the Standard Model, proportional
to their electric charge. Although there is no robust pre-
diction for the size of this coupling (any value is tech-
nically natural [55]), arguments can be made in support
of some values. For example, if the Standard Model is
embedded within a Grand Unified Theory (GUT), a non-
zero value of ✏ can only be generated after GUT breaking
at the loop level. Such a loop of heavy states carrying
both hypercharge and X gauge charge naturally leads to
kinetic mixing of the following order [49, 54, 56]:
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where M 0 and M are the masses of the particles in the
loop. Thus we expect the kinetic mixing to occur at a
level of ✏ ⇠ 10�3 or less, modulo the possibility of a large
hierarchy between M 0 and M . If the splitting between
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FIG. 4. The shape of the gamma-ray spectrum produced by the annihilations of dark matter in the hidden photon model
described in Sec. III, for two choices of parameters. This is compared to the spectrum of the observed gamma-ray excess, as
reported in Ref. [10].

the di↵erent components of the GUT multiplet is instead
generated at loop order, then ✏ will be suppressed by two
loops, further reducing the expected value of ✏. Through-
out this section, we will assume that ✏ is large enough to
have kept the hidden sector in thermal equilibrium with
the Standard Model throughout the process of dark mat-
ter freeze-out. In particular, for values of ✏ >⇠ 10�7, the
rate of f� $ f� is su�cient to ensure that the system
will be thermalized before the temperature of decoupling.

The gamma-ray spectrum from dark matter annihila-
tions in this model depends on the dominant decay chan-
nels of the �. For m� greater than a few GeV, the �
decays directly to pairs of quarks and charged leptons.
Since these decays are mediated by the Standard Model
photon, the branching fractions are determined only by
their electric charge and phase space factors. In Fig. 4
we show examples of the gamma-ray spectrum from dark
matter annihilation in this model. As noted above, we see
that producing the �’s near rest (m� ⇠ mX) yields the
best-fit. Much lighter hidden photons lead to a broader
spectrum, in some conflict with the shape of the observed
gamma-ray excess. Small mass splittings within the hid-
den sector are not di�cult to achieve, and can be realized
in a variety of concrete models [47, 52, 57].

In Fig. 5, we show the regions of the mX � m� plane
that are capable of providing a good fit to the observed
Galactic Center gamma-ray excess. The best-fit point
(shown as a blue star) provides a reasonable fit to the
data, corresponding to �2 = 34.9 over 24 degrees-of-
freedom. At the 2� level, there is a strong preference
for mX ' m�, with 30 GeV <⇠ mX <⇠ 40 GeV. At 3�,
lower values of m� are also allowed. After setting the an-
nihilation cross section to the value required to generate
the desired relic abundance (�v ' 2.2 ⇥ 10�26 cm3/s),
we find that the overall normalization of the gamma-ray
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FIG. 5. The regions of the parameter space in the hidden
photon model that provide a good fit to the spectral shape of
the gamma-ray excess. The blue dot represents the best-fit
point, and is surrounded by 1, 2 and 3� contours.

excess can be accommodated for local dark matter den-
sity of ⇢local ' 0.3 GeV/cm3, in good agreement with
dynamical measurements [39].

Although interactions between the hidden sector and
the Standard Model are suppressed in this model, kinetic
mixing between the � and the photon leads to vector-
mediated spin-independent elastic scattering between the
dark matter and protons. The cross section for this pro-
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After rotating the basis and dropping the Goldstone
mode, the CP-odd mass squared matrix in the (A, as)
basis is given by:

M2
P,11 = 2

h
Bµ + �vs(A� + µ0 + vs) + �⇠F

i 1

sin 2�

M2
P,12 = �v(A� � µ0 � 2vs)
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� 2B0µ0 � 4⇠F � 1

vs
(µ0⇠F + ⇠S + �µv2). (11)

As was the case for the neutralinos, the scalar singlet-
sector particles decouple from the MSSM for small values
of �. In the limit of small �, the CP-even and CP-odd
mass eigenstates hs, as have masses approximately given
by the square roots of the 33 and 22 entries in Eqs. 10
and 11, respectively. We point out that all of the terms
not proportional to � in the 22 entry of Eq. 11 are nega-
tive. Since we are assuming that � is very small in order
to suppress the o↵-diagonal entries, we have to assume
that B0 is large and negative to prevent a tachyonic as.
Since B0 does not enter the other mass matrices, we have
the parameter freedom to tune B0 as needed. Since A

controls m2
hs

but does not enter M�̃0 , this further im-
plies that mas , mhs , and m� are e↵ectively independent
and observe no special mass relations.

Assuming that the sum of the singlet-like scalar and
pseudoscalar Higgs boson masses is smaller than twice
the singlino mass (mhs +mas < 2m�), dark matter anni-
hilations will proceed dominantly to the ashs final state
through a combination of t/u-channel singlino exchange
and s-channel as exchange diagrams, as shown in Fig. 6.
In the low-velocity limit, the cross section for this process
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FIG. 6. Annihilation of singlino-like neutralino dark matter
into a higgs singlet scalar (hs) and pseudoscalar (as) via (A)
t- and (B) s-channel diagrams. The hs and as each decay
into Standard Model fermions via mass mixing with the Higgs
bosons of the MSSM. The u-channel diagram is not shown.

is given by [67]:
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Although singlinos can also annihilate into hshs and/or
asas final states, these processes are additionally sup-
pressed by two powers of velocity. In the case that anni-
hilations proceed largely through the first term in Eq. 12,
corresponding to the t/u-channel process, the cross sec-
tion yields:

h�vi��!ashs ⇠ 2.2 ⇥ 10�26 cm3/s

⇥
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0.10

◆4 ✓
m�

67 GeV

◆�2

vout. (14)

After annihilation to ashs, these particles decay to
Standard Model fermions with branching ratios propor-
tional to mass, and thus are typically dominated by the
heaviest kinematically available quarks or leptons. Other
decays are possible in extreme ranges of parameter space,
however. For instance, the branching ratio for hs ! asas

is expected to be large if mhs > 2mas . Alternatively, if
mhs > mas + mZ , one might expect the hs to decay into
a asZ final state. This coupling, however, is suppressed
by cos(� �↵) and is negligible in the limit under consid-
eration [68].

In Fig. 7, we plot the gamma-ray spectrum from
singlino annihilation, for two choices of parameters. In
Fig. 8, we show the regions of the parameter space which
allow for a good fit to the gamma-ray excess, for four
choices of the singlino mass: m� = 35, 50, 67, and 85

A. Berlin, S. McDermott, DH, 1405.5204 
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FIG. 8. The regions of the parameter space in the generalized NMSSM that provide a good fit to the spectral shape of the
gamma-ray excess. The blue dot represents the best-fit point, and is surrounded by 1, 2 and 3� contours.

are the observational consequences that can be used to
distinguish between these models.

The possibility explored in this paper is that the dark
matter is part of a hidden sector which is imperfectly se-
cluded from the Standard Model. If there is a hidden sec-
tor force, then the gauge boson that communicates that
force may kinetically mix with the photon of electromag-
netism, thereby attaining small couplings to those Stan-
dard Model fields that carry electric charge. Alternately,
if the hidden sector masses are generated by a new Higgs
field, then the hidden sector Higgs gauge eigenstate may
undergo mass mixing with the Standard Model Higgs,
and thus could communicate to the Standard Model via
yukawa couplings. Regardless of how the mixing occurs,
dark matter annihilation in these models proceeds in two
steps: first, two dark matter particles annihilate into on-
shell intermediate hidden sector states, followed by the

decay of those states into Standard Model particles. This
two step annihilation setup makes it possible for the dark
matter to annihilate at the rate required to produce the
observed gamma-ray excess, while possessing almost ar-
bitrarily small couplings to the Standard Model.

In this paper, we have explored two distinct theoret-
ical settings that can accommodate this kind of model
building. Within the context of a hidden sector endowed
with a new abelian force, we can fit the gamma-ray excess
when the hidden gauge boson kinetically mixes with the
Standard Model photon. This model remains compatible
with direct detection constraints as long as this kinetic
mixing is small, ✏ <⇠ O(10�4). The range of kinetic mix-
ing anticipated to be induced by one-loop processes will
be probed by operating and upcoming direct detection
experiments, such as LUX and XENON1T. We have also
considered the gamma-ray excess within the context of

The hs, as decay through mass  
mixing with the MSSM h, A  
 

Direct direct constraints require 
λ ~ 10-3 or less      

               
 

 
  



What Next?  

Although the Galactic Center is almost certainly the brightest 
source of dark matter annihilation products in the sky, a dark matter 
candidate able to generate the observed excess would also be 
expected to be potentially observable in other Fermi analyses as 
well (although probably marginally) 
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Dwarf Spheroidal Galaxies 
 
 The Fermi Collaboration has recently presented their analysis of 25 dwarf 
spheroidal galaxies, making use of 4 years of data 
 They find a modest excess, ~2-3σ (local) 
 If interpreted as a signal of dark matter, this would imply a mass and cross 
section that is very similar to that required to account for the Galactic Center 
and Inner Galaxy excess 
 

 With more data from Fermi,                                
this hint could potentially                   
become statistically significant 
 

 For 10 years of data, we very                   
naively estimate: 
(2-3) σ x (10/4)1/2 (3.2-4.7) σ  
 

(not including transition to pass 8)    
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Summary  
 

 In revisiting and scrutinizing the gamma-ray emission from the Central 
Milky Way, we confirm a highly statistically significant and robust excess 

 The spectrum and angular distribution of this signal is very well fit by a 
31-40 GeV WIMP (annihilating to b quarks), distributed as ρ ~ r -1.25  

 The normalization of this signal requires a dark matter annihilation cross 
section of σv ~ (1.7-2.3) x 10-26 cm^3/s (for ρlocal = 0.3 GeV/cm3);       
in remarkable agreement with the value predicted for a simple thermal relic 

 The excess is distributed with approximate spherical symmetry and 
extends out to at least 10° from the Galactic Center 

 Many simple dark matter models can account for the observed emission 
without conflicting with constraints from direct detection experiments or 
colliders – future prospects are encouraging   

 Future observations (dwarfs, clusters, cosmic-ray antiprotons, etc.) will be 
important to confirm a dark matter origin of this signal 
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How Big Is This Excess?



The Distribution of Dark Matter in the 
Inner Milky Way 

 Dark matter only simulations (Via Lactea, Aquarius, etc.) produce halos that 
possess inner profiles of ρ α r -γ  where γ ~ 1.0 to 1.2  

 The inner volume (~10 kpc) of the Milky Way is dominated by baryons, not 
dark matter – significant departures from the results of dark matter-only 
simulations may be expected 
 

 Existing microlensing and dynamical data                                  
are not capable of determining the inner                                        
slope, although γ~1.3 provides the best fit 
 

 Although hydrodynamical simulations have                          
begun to converge in favor of a moderate                 
degree of contraction in Milky Way-like halos             (    
(favoring γ~1.2-1.5), other groups find that                    
cusps may be flattened if baryonic feedback           
processes are very efficient (γ < 1)   

 We keep an open mind and adopt a                          
generalized profile with an inner slope, γ 
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FIG. 5: Constraints on the Dark Matter distribution parameters ⇥0 and � for a generalised NFW (left) and an Einasto (right)
profile using the baryonic model 5. The thick dot-dashed curve is the 2⇤ constraint already shown in Figure 3, while the
contours show the parameter space producing a good fit to the rotation curve (�⌅2 = 2.30, 6.18) with the best-fit configuration
indicated by the cross. The shadowed rectangle encompasses the ranges of profile slopes found in numerical simulations and the
values of ⇥0 found in the recent literature (see Section II), while the red filled circle in the left frame marks the parameter set
(⇥0 = 0.4 GeV/cm3,� = 1.0) used to produce Figure 2. The empty up-triangle, circle and down-triangle in the left frame show
the local density and shape of the DM profile upon adiabatic contraction of the initial profile indicated by the corresponding
filled symbols. The adiabatic contraction was applied using model 5 to fix the baryonic distribution Mb(< r), that entails
fb = 5.2%, 4.0%, 3.0% for the up-triangle, circle and down-triangle, respectively. In both frames we have fixed rs = 20 kpc,
R0 = 8.0 kpc and v0 = 230 km/s.

5 for the baryonic component, we have contracted the
initial profiles indicated in Figure 5 (left) by the filled
up-triangle, circle and down-triangle with fb = Mb(<
200 kpc)/Mtot(< 200 kpc) = 5.2%, 4.0%, 3.0%, respec-
tively. The final DM profile turns out to be well fitted by
a generalised NFW function with parameters marked by
the empty symbols in the same Figure (the contracted
profile corresponding to the filled circle is indicated by
the red long-dashed line in the bottom right frame of
Figure 2). In particular, we find enhanced local DM den-
sities and slopes � ⇥ 1.6 � 1.7, which are slightly above
the value � = 1.5 found elsewhere [73] (see also refer-
ences therein) but note that we are using the original
adiabatic contraction model [57] and not one of its refine-
ments [58, 59]. Although our analysis cannot rule out the
presence of adiabatically compressed profiles since they
depend on the initial total mass distribution and on the
specific baryonic model adopted, it definitely allows us to
claim that if the present-day DM profile is steeply rising
towards the centre, then the local DM density must be
small. For the specific case of � = 1.5 (1.7) we find an
1⇤ range ⇥0 ⇥ 0.25� 0.35 (0.22� 0.30) GeV/cm3. Some
of the extreme models discussed in the literature, e.g. in
the context of indirect DM searches [73, 74], are therefore
found to be ruled out by a combination of microlensing
and dynamical observations.

VI. CONCLUSIONS

We have studied the constraints that microlensing and
dynamical observations can set on the distribution of
Dark Matter in the Galaxy, keeping into account all
experimental uncertainties. Starting from state-of-the-
art models for the galactic baryonic component, we have
rescaled them to match the observed microlensing optical
depth towards the galactic bulge, and compared the re-
sulting rotation curve with the one inferred from terminal
velocities of gas clouds and other kinematical probes.

This allowed us to revisit the compatibility of di⇥erent
observational probes with the results that emerge from
numerical simulation in �CDM cosmologies. We have
followed two di⇥erent approaches. In the first one, we
have set conservative upper limits on the Dark Matter
local density and profile shape towards the centre of the
Galaxy, working with generalised NFW and Einasto pro-
files. The fiducial parameters usually adopted in the lit-
erature for both profiles have been found to be safely
within the allowed regions set by our analysis, contrary
to earlier claims of inconsistency between observations
and cuspy Dark Matter profiles.

In our second approach, we focussed on the only bary-
onic model among those discussed here that also contains

Iocco, et al., arXiv:1107.5810; 
Gnedin, et al., arXiv:1108.5736 

γ 



Shown another way (for a couple of examples): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

What kind of WIMP could produce 
this signal? 
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FIG. 2. Similar to as shown in Fig. 1, but for fermionic DM annihilating through the s-channel exchange of a spin-1
mediator. The upper frames correspond to the case of a Dirac fermion with either vector-vector (left) or vector-axial
interactions (right). The lower frames denote the cases of a Dirac (left) or Majorana (right) fermion interacting through
axial-axial interactions. In the lower portion of each frame, the dashed lines denote the constraint from LHC mono-jet
searches [46], under the (possibly tenuous) assumption that e↵ective field theory is valid in this application. Only in
the case of a Dirac fermion with vector-vector interactions (upper left) do direct detection constraints rule out any of
the models shown (although XENON100 does restrict mV >⇠ 20 GeV in the case of axial-axial interactions).

plus missing energy searches at the LHC (dashed
lines).4 Although these constraints do not rule out
any of the models under consideration, it is possible

4 The ATLAS Collaboration’s search for hadronically decaying
mono-W and mono-Z plus missing energy events has a sensi-
tivity that is comparable to that of their monojet search [47].
We do not additionally plot these limits here.

that data taken after the upcoming energy upgrade
could be sensitive to such scenarios. We caution,
however, that these constraints are derived under the
assumptions of e↵ective field theory, whose applica-
bility to the problem at hand is far from clear [34–36].
In particular, these constraints are calculated under
the assumption that the mass of the mediator is well
above that of the parton-level center-of-mass energy



Constraints from Mono-X   

We considered constraints (and projected constraints) from mono-jet, 
mono-b, and mono-W/Z searches 

-Such searches constrain the                 
coefficients of effective operators,               
roughly corresponding to (gf gX)1/2/Mmed

 
 

-Reality, however, is only imperfectly              
described by effective operators 
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FIG. 2. Similar to as shown in Fig. 1, but for fermionic DM annihilating through the s-channel exchange of a spin-1
mediator. The upper frames correspond to the case of a Dirac fermion with either vector-vector (left) or vector-axial
interactions (right). The lower frames denote the cases of a Dirac (left) or Majorana (right) fermion interacting through
axial-axial interactions. In the lower portion of each frame, the dashed lines denote the constraint from LHC mono-jet
searches [46], under the (possibly tenuous) assumption that e↵ective field theory is valid in this application. Only in
the case of a Dirac fermion with vector-vector interactions (upper left) do direct detection constraints rule out any of
the models shown (although XENON100 does restrict mV >⇠ 20 GeV in the case of axial-axial interactions).

plus missing energy searches at the LHC (dashed
lines).4 Although these constraints do not rule out
any of the models under consideration, it is possible

4 The ATLAS Collaboration’s search for hadronically decaying
mono-W and mono-Z plus missing energy events has a sensi-
tivity that is comparable to that of their monojet search [47].
We do not additionally plot these limits here.

that data taken after the upcoming energy upgrade
could be sensitive to such scenarios. We caution,
however, that these constraints are derived under the
assumptions of e↵ective field theory, whose applica-
bility to the problem at hand is far from clear [34–36].
In particular, these constraints are calculated under
the assumption that the mass of the mediator is well
above that of the parton-level center-of-mass energy



Sidebar: The Validity of 
Effective Field Theory   

When one derives a constraint on the coefficient of an effective operator, 
they are implicitly assuming that all of the particles being exchanged are 
much heavier than the center-of-mass energy of the interaction 

This assumption can either overestimate or underestimate the actual 
constraint on the mediator mass and couplings: 
 
 

Mmed >> ECM, the correct limit is obtained 
 

Mmed ~ ECM, the limit is underestimated           
Mmed << ECM, the limit is overestimated            
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Figure 3. Left panel: The 90% CL limit on ⇤ as a function of mmed for our axial-vector simplified
model with mDM = 250 GeV. Right panel: The ratio of the inclusive cross-sections in the EFT
to the simplified model. In both panels, three distinct regions of parameter space are marked: In
Region I, the EFT and simplified model calculation agree at the level of 20% or better; in Region
II, the simplified model cross-section is larger than the EFT cross-section owing to a resonant
enhancement; and in Region III, the simplified model cross-section is smaller than the EFT cross-
section. In the left panel we consider two mediator widths �. The grey shaded regions indicate
that the boundary between the regions is weakly dependent on �.

comparison between the monojet limits and direct detection searches is more interesting

in this case (we consider this further in section 4).

If the axial-vector mediator is suitably heavy (to be quantified more carefully below) it

can be integrated out to obtain the e↵ective axial-vector contact operator in eq. (2.2). In

this case, the contact interaction scale is related to the parameters entering the Lagrangian

eq. (3.1) by

⇤ ⌘ mmedp
g

q

g

�

. (3.2)

In fact, even when we study the e↵ects beyond the EFT framework, we will still use this

as our definition of ⇤.

Now that we have completed the definition of the simplified model, we examine the

di↵erences between the EFT and simplified model. We first consider the specific case with

mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a function of

mmed. Three distinct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%

or better (this region was studied in [45] for the scalar interaction). The measure of 20%

corresponds to the uncertainty on the signal cross-sections in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where

the EFT limit on ⇤ can be applied to the simplified model and requires mmed & 3 TeV. In

Region II, the limit on ⇤ in the simplified model is larger than the EFT limit owing to a

resonant enhancement. Finally, we define Region III to be the region where the limit on ⇤

in the simplified model is smaller than the EFT limit.
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Sidebar: The Validity of 
Effective Field Theory   

For LHC 8 TeV, typical dark matter models do not lie in the “Region I”  
where EFT is valid 
 

This provides strong motivation to move beyond EFT and toward 
simplified models  
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in this case (we consider this further in section 4).

If the axial-vector mediator is suitably heavy (to be quantified more carefully below) it

can be integrated out to obtain the e↵ective axial-vector contact operator in eq. (2.2). In

this case, the contact interaction scale is related to the parameters entering the Lagrangian

eq. (3.1) by
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In fact, even when we study the e↵ects beyond the EFT framework, we will still use this

as our definition of ⇤.

Now that we have completed the definition of the simplified model, we examine the

di↵erences between the EFT and simplified model. We first consider the specific case with

mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a function of

mmed. Three distinct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%

or better (this region was studied in [45] for the scalar interaction). The measure of 20%

corresponds to the uncertainty on the signal cross-sections in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where
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FIG. 2. Similar to as shown in Fig. 1, but for fermionic DM annihilating through the s-channel exchange of a spin-1
mediator. The upper frames correspond to the case of a Dirac fermion with either vector-vector (left) or vector-axial
interactions (right). The lower frames denote the cases of a Dirac (left) or Majorana (right) fermion interacting through
axial-axial interactions. In the lower portion of each frame, the dashed lines denote the constraint from LHC mono-jet
searches [46], under the (possibly tenuous) assumption that e↵ective field theory is valid in this application. Only in
the case of a Dirac fermion with vector-vector interactions (upper left) do direct detection constraints rule out any of
the models shown (although XENON100 does restrict mV >⇠ 20 GeV in the case of axial-axial interactions).

plus missing energy searches at the LHC (dashed
lines).4 Although these constraints do not rule out
any of the models under consideration, it is possible

4 The ATLAS Collaboration’s search for hadronically decaying
mono-W and mono-Z plus missing energy events has a sensi-
tivity that is comparable to that of their monojet search [47].
We do not additionally plot these limits here.

that data taken after the upcoming energy upgrade
could be sensitive to such scenarios. We caution,
however, that these constraints are derived under the
assumptions of e↵ective field theory, whose applica-
bility to the problem at hand is far from clear [34–36].
In particular, these constraints are calculated under
the assumption that the mass of the mediator is well
above that of the parton-level center-of-mass energy
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interactions (right). The lower frames denote the cases of a Dirac (left) or Majorana (right) fermion interacting through
axial-axial interactions. In the lower portion of each frame, the dashed lines denote the constraint from LHC mono-jet
searches [46], under the (possibly tenuous) assumption that e↵ective field theory is valid in this application. Only in
the case of a Dirac fermion with vector-vector interactions (upper left) do direct detection constraints rule out any of
the models shown (although XENON100 does restrict mV >⇠ 20 GeV in the case of axial-axial interactions).

plus missing energy searches at the LHC (dashed
lines).4 Although these constraints do not rule out
any of the models under consideration, it is possible

4 The ATLAS Collaboration’s search for hadronically decaying
mono-W and mono-Z plus missing energy events has a sensi-
tivity that is comparable to that of their monojet search [47].
We do not additionally plot these limits here.

that data taken after the upcoming energy upgrade
could be sensitive to such scenarios. We caution,
however, that these constraints are derived under the
assumptions of e↵ective field theory, whose applica-
bility to the problem at hand is far from clear [34–36].
In particular, these constraints are calculated under
the assumption that the mass of the mediator is well
above that of the parton-level center-of-mass energy



Constraints from Mono-X   

In general, we found that the current ATLAS mono-jet constraint is within 
a factor of a few of that required to test dark matter models for the 
Galactic Center gamma-ray excess, so long as: 
 
1) The mediating particles couple to light                    
quarks (if couple only to heavy quarks,              
mono-b constraints are more important) 
Data at 13-14 TeV should be able to  
reach this target! 
 
2) The mass of the mediator is not less           
than a few hundred GeV                
(where EFT breaks down) 
A simplified model analysis would help  
to clarify this considerably! 
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FIG. 2. Similar to as shown in Fig. 1, but for fermionic DM annihilating through the s-channel exchange of a spin-1
mediator. The upper frames correspond to the case of a Dirac fermion with either vector-vector (left) or vector-axial
interactions (right). The lower frames denote the cases of a Dirac (left) or Majorana (right) fermion interacting through
axial-axial interactions. In the lower portion of each frame, the dashed lines denote the constraint from LHC mono-jet
searches [46], under the (possibly tenuous) assumption that e↵ective field theory is valid in this application. Only in
the case of a Dirac fermion with vector-vector interactions (upper left) do direct detection constraints rule out any of
the models shown (although XENON100 does restrict mV >⇠ 20 GeV in the case of axial-axial interactions).

plus missing energy searches at the LHC (dashed
lines).4 Although these constraints do not rule out
any of the models under consideration, it is possible

4 The ATLAS Collaboration’s search for hadronically decaying
mono-W and mono-Z plus missing energy events has a sensi-
tivity that is comparable to that of their monojet search [47].
We do not additionally plot these limits here.

that data taken after the upcoming energy upgrade
could be sensitive to such scenarios. We caution,
however, that these constraints are derived under the
assumptions of e↵ective field theory, whose applica-
bility to the problem at hand is far from clear [34–36].
In particular, these constraints are calculated under
the assumption that the mass of the mediator is well
above that of the parton-level center-of-mass energy



Mediator Constraints  

The LHC (and other colliders) can also place direct constraints on the 
production of particles that might mediate the dark matter’s interactions 
 
1) Spin-1 mediators with the required             
couplings are all but ruled out by Z’                 
searches if their mass is greater than               
~1 TeV (lighter and less coupled              
mediators are more easily hidden)  

2) Constraints on MSSM-like Higgs                       
Bosons can be applied to other spin-0             
mediators, ruling out some ranges of              
couplings  
 
3) Searches for sbottom pair production            
rule out t-channel mediators lighter than                
~600 GeV 
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FIG. 8. Constraints from the LHC and other colliders on the couplings of spin-0 or spin-1 particles that mediate the
interactions of the DM. In the left frame, we plot the LHC’s constraints on a spin-0 mediator [61–64], whereas in the
right frame, we show the constraints on a spin-1 mediator from UA2 [65] (dashes), CDF [66] (dotted), and CMS at 7
TeV [67] (solid blue) and 8 TeV [68] (solid red). In each frame, the black solid line represents the couplings required
to generate a thermal relic abundance in agreement with the measured cosmological DM density.

constraints are shown in the left frame of Fig. 8. For
DM couplings of �

�

>⇠ 1, these searches do not yet
rule out any values of m

A

. For smaller values of �
�

(corresponding to larger values of �
f

), however, we
can place an upper limit on m

A

. For example, for
couplings of �

�

⇠ 0.3, this bound constrains the me-
diator mass to be below ⇠O(250GeV). We also point
out that these constraints are dominated by the me-
diator’s couplings to ⌧ leptons. If we were to consider
a model in which our spin-0 mediator coupled only to
quarks, these constraints would be further weakened.

The LHC and other hadron colliders also pro-
vide constraints on spin-1 mediators through dijet
searches. These constraints are summarized in the
right frame of Fig. 8, including limits from UA2 [65],
CDF [66], and CMS at both 7 TeV [67] and 8
TeV [68]. Again, these constraints do not rule out
any of the scenarios considered in this paper. How-
ever, maintaining perturbativity in the dark sector
does restrict the mass of any spin-1 mediator to be
less than ⇠1 TeV, with increasingly strong bounds
for smaller DM couplings. We note that if this spin-1
mediator also couples to electrons, then dilepton con-
straints could be somewhat more restrictive [69]. As
couplings to electrons do not play a significant role
in the other aspects of this model, we do not directly
consider these constraints here.

VI. PROSPECTS FOR DIRECT DETECTION

In this paper, we have identified sixteen simplified
models for DM annihilation that are capable of ac-

counting for the observed gamma-ray excess without
violating the constraints of colliders or direct detec-
tion experiments (these models are summarized in
Table V). In this section, we discuss the prospects
for future direct detection experiments to constrain
or detect the DM particles associated with these mod-
els.

Roughly speaking, direct detection experiments
are most sensitive to DM particles with a mass sim-
ilar to that of the target nuclei. Such experiments
are thus well suited to studying DM particles with
masses in the range being considered here. In Fig. 9,
we plot how the most stringent constraints on the
DM elastic scattering cross section (+’s and ⇥’s) have
evolved over the past 14 years, consistently improving
at an exponential rate. Assuming that a similar rate
of progress continues (as represented by the dashed
line), we expect several of the models described in this
study to be tested by direct detection experiments
in the near future. In particular, all of the mod-
els in which the DM annihilates through a t-channel
Feynman diagram should be well within the reach of
LUX and XENON1T. Fermionic DM that annihilates
through a mediator with purely axial interactions, or
through a mediator with purely vector interactions
with third generation quarks, is also expected to be
probed by these ongoing and upcoming experiments.

In the more distant future, direct detection ex-
periments could become sensitive to many more of
the models listed in Table V. In particular, scalar or
vector DM which annihilates through a spin-0 media-
tor with pseudoscalar couplings to SM fermions could
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diator mass to be below ⇠O(250GeV). We also point
out that these constraints are dominated by the me-
diator’s couplings to ⌧ leptons. If we were to consider
a model in which our spin-0 mediator coupled only to
quarks, these constraints would be further weakened.

The LHC and other hadron colliders also pro-
vide constraints on spin-1 mediators through dijet
searches. These constraints are summarized in the
right frame of Fig. 8, including limits from UA2 [65],
CDF [66], and CMS at both 7 TeV [67] and 8
TeV [68]. Again, these constraints do not rule out
any of the scenarios considered in this paper. How-
ever, maintaining perturbativity in the dark sector
does restrict the mass of any spin-1 mediator to be
less than ⇠1 TeV, with increasingly strong bounds
for smaller DM couplings. We note that if this spin-1
mediator also couples to electrons, then dilepton con-
straints could be somewhat more restrictive [69]. As
couplings to electrons do not play a significant role
in the other aspects of this model, we do not directly
consider these constraints here.

VI. PROSPECTS FOR DIRECT DETECTION

In this paper, we have identified sixteen simplified
models for DM annihilation that are capable of ac-

counting for the observed gamma-ray excess without
violating the constraints of colliders or direct detec-
tion experiments (these models are summarized in
Table V). In this section, we discuss the prospects
for future direct detection experiments to constrain
or detect the DM particles associated with these mod-
els.

Roughly speaking, direct detection experiments
are most sensitive to DM particles with a mass sim-
ilar to that of the target nuclei. Such experiments
are thus well suited to studying DM particles with
masses in the range being considered here. In Fig. 9,
we plot how the most stringent constraints on the
DM elastic scattering cross section (+’s and ⇥’s) have
evolved over the past 14 years, consistently improving
at an exponential rate. Assuming that a similar rate
of progress continues (as represented by the dashed
line), we expect several of the models described in this
study to be tested by direct detection experiments
in the near future. In particular, all of the mod-
els in which the DM annihilates through a t-channel
Feynman diagram should be well within the reach of
LUX and XENON1T. Fermionic DM that annihilates
through a mediator with purely axial interactions, or
through a mediator with purely vector interactions
with third generation quarks, is also expected to be
probed by these ongoing and upcoming experiments.

In the more distant future, direct detection ex-
periments could become sensitive to many more of
the models listed in Table V. In particular, scalar or
vector DM which annihilates through a spin-0 media-
tor with pseudoscalar couplings to SM fermions could



Galaxy Clusters 
 
 Galaxy clusters are also promising targets for indirect 
dark matter searches, competitive with dwarfs galaxies 
 

 Two groups have reported a gamma-ray excess from 
the Virgo cluster, at the level of ~2-3σ 
 

 The results of these analyses depend critically on the 
treatment of point sources and diffuse cosmic ray 
induced emission, making it difficult to know                                          
how seriously one should take this result 
 If the excess from Virgo arises from dark              
matter annihilation, it also suggests a             
similar mass and cross section that that        
implied by the Galactic Center excess          
(up to uncertainties in the boost factor) 
 Again, more data should help to clarify 
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FIG. 4. Fit to the spectrum of the BG model. Red
(dotted) and blue (dash-dotted) lines correspond to Galac-
tic and isotropic extragalactic background respectively. The
green dashed lines show the contribution of the new point
sources and the black lines stand for the 2FGL catalogue point
sources. Counts are read from a Fermi-data period of 3.8 years
in the full energy range of 100 MeV−100 GeV.

grounds; (iii) a model conservatively including all the new
sources from Table I plus the 2FGL sources and diffuse
backgrounds.
We use the high resolution extended DM halo profile

obtained in Ref. [10] and model the WIMP spectrum with
the DMFit package [22] as implemented in the Science

Tools analysis software. Since our case study is the
self-annihilation of WIMP particles in the bb̄ channel we
do not take into account Inverse Compton (IC) effects.
There is also the issue of whether it is possible to success-
fully account for the significant point source at the center
of Virgo (M87). HFEGW found that their DM signal was
spatially extended and so concluded that it could not be
due to the M87 point source. We also checked that M87
did not have a significantly curved or time-varying spec-
trum and found no vidence of extended emission from
M87 using the 3.8-year data set [18]. Based on these
checks, we model M87 as a point-source with a power-
law spectrum. Any deviation from this may erroneously
enhance an apparent DM signal, but given we find that
the addition of the new point sources makes the appar-
ent DM signal not significant, this is unlikely to be an
important factor for our study.
A new fit to the LAT data period of 3.8 years corre-

sponding to the NO-CR model (see HFEGW for details)
is shown in Fig. 5. Interestingly, we note that if only
the 2FGL sources plus galactic and extragalactic back-
grounds are included (case (i)), the significance detec-
tion for extended DM radiation exceeds 5σ. However,
and the main point of this paper, all significant point
sources must be included in the background model for
such studies. Indeed when we included in the template
model the seven new point sources with TS >

∼ 25 Table I
(case(ii)) the significance of detection decreased substan-
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FIG. 5. TS values for DM radiation in the bb̄ channel, an
extended DM density profile and source class of Fermi-LAT
data taken between 2008 August 4 and 2012 June 26. The fit
is made by considering three distinct background models. The
red dashed line is obtained by assuming the same background
model used in HFEGW. For the yellow (dotted) and blue
(solid) lines shown, the fit is obtained by using a modified
background which considers 7 additional new point sources,
and 9 additional point sources respectively (see text).

tially to 3.6σ. And for case (iii) when we included all of
the new point sources found with TS-values larger than
15 the significance of detection decreased to 3.0σ. Here
we should also stress that if a detailed CR component is
added to the model, the significance of detection for DM
would decrease further.
As can be seen in Fig. 2, the data favor additional local-

ized point sources rather than a more diffuse signal that
would be expected from annihilating DM. In introducing
seven new point sources we should however consider that
we are introducing 28 new parameters (seven times the
positions, the amplitudes and the spectral indices), while
adding DM corresponds to only two new parameters (the
cross-section and the mass). We can statistically compare
the two alternatives by evaluating the p-values for each
case using Wilks’ theorem [19, 20]. As the p-values are
quite small we can convert to “σ’s of detection” by com-
paring the p-values to the one parameter case. The TS
for including seven new point sources is 192 which corre-
sponds to a 11 σ detection. While the TS for including
DM with no new point sources corresponds to a TS of
28.9 which for two degrees of freedom is only a 5 σ de-
tection. So clearly the 7 new point source case is a much
better fit to the data despite requiring more parameters.
We found that the new point sources did not have sig-

nificant curvature in their spectrum or time variation on a
monthly scale [18]. There are detections of point sources
at other wavelengths in areas consistent with the posi-
tions we found for the new point sources. It would be in-
teresting in future work to evaluate statistically whether
they can be associated with the new point sources, as was
done for the 2FGL point sources [18], but it is beyond the

bb 



Cosmic Ray Antiprotons 
 
 Although PAMELA wasn’t sensitive to the dark model models in 
question, AMS might be (depending on the details of diffusion and 
other astrophysical assumptions)  
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Figure 4: Annihilating and decaying Dark Matter: future sensitivities. Left panel: the
sensitivity of early Ams-02 antiproton measurements for di↵erent channels. The solid lines assume 1
year of data taking and a realistic acceptance, the dotted lines assume 3 years of data taking and an
optimized acceptance. The rest of the notations are like in fig. 2. Right panel: the same for the case
of decaying DM.

N m
DM

= 85GeV h�vi = 2.7⇥ 10�26 cm3 s�1,

F m
DM

= 300GeV h�vi = 1.5⇥ 10�25 cm3 s�1,

⌅ m
DM

= 1TeV h�vi = 5⇥ 10�25 cm3 s�1,

which are denoted by the corresponding symbols in Fig.s 2, 4 and 5. Each of these models
represents a di↵erent region of interest in the (m

DM

,h�vi)-plane:

N The cross-section corresponds to the thermal annihilation cross-section, favored by cos-
mological observations. Because of the relatively small mass, the DM signal a↵ects mainly
energies below 10 GeV (which are not considered for the analysis).

F The p̄ signal sits squarely in the energy range probed by Ams-02 . For the given mass,
the cross-section is chosen at the limit of the exclusion contour of PAMELA. The analysis
of this model should be the most straightforward.

⌅ The DM signal starts to have an important contribution for energies around 100 GeV,
where larger uncertainties are present. The lack of data for high energies should pose
problem for the reconstruction of this model.

We assume an Einasto halo profile and we fix ‘MED’ propagation parameters. We sum the p̄ flux
resulting from these DM models to the ‘fixed background’ and we generate the corresponding
mock data, plotted in Fig. 1, right. We thus determine a posteriori the regions of the parameter
space which would be identified, at a given C.L., by a blind analysis of such data.
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Figure 14. Projected sensitivity for AMS-02, for annihilating (left panel) and decaying (right panel)
DM, compared to the current bounds from PAMELA. The representative case reported here refers to
DM annihilation/decay into uū, an Einasto density profile and the MED set of propagation parameters
in the Galaxy. In the derivation of these bounds, it has been assumed a low-energy threshold (due
to the geomagnetic cut-off) for AMS-02 of Tmin

p̄ = 1 GeV. Each set of curves (in the left panel the
“upper” blue band refers to PAMELA, the “lower” red band refers to AMS-02; the reverse occurs in the
right panel: the ‘’lower” blue band refers to PAMELA, the “upper” red band refers to AMS-02) show
the current PAMELA bound or the projected AMS-02 sensitivity, under three different assumptions
on the size of the theoretical uncertainties on the secondary antiproton production: solid, dashed and
dot-dashed lines refer to 40%, 20% and 5%, respectively. The solid lines for PAMELA reproduce the
bounds reported in Fig. 6. The horizontal (green) line in the left panel denotes the “thermal” value
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Figure 15. The same as in Fig. 14, for the b¯b annihilation/decay channel.
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