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What is the excess? 

Is it astrophysics or DM?

If  DM, what kind?

Can the LHC teach us more?

Overview



The Fermi Excess 

2009: Goodenough & Hooper spot feature in FGST data near ~1-3 GeV 

2009-2014: Several groups analyzing same data agree on basic features

Localized to few deg. near GC w/ very large statistical significance

Can be resolved at large angles above galactic plane 

(Abazajian et al,  Dayan et. al., Linden et. al, Boyarski et. al., Macias et. al., Kaplinghat et. al.) 

Appears to be good evidence for some striking phenomena despite 
our incomplete knowledge of  GC emission



What’s observed?

Dayan et. al.  1402.6703
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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-

Based on Fermi Pass 7 data (2008-2013)
Including CTBCORE cuts to improve angular reconstruction

Remove galactic plane, known pt. srcs, dust maps
subtract gamma spectrum from Fermi’s Galactic Diffuse BG Model
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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.



Shape and Location
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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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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⇤.Shape is uncorrelated with galactic gas profile

Center of  excess is within ~0.03 deg. of  GC

Axes of  residual emission appear spherical to good approx



Millisecond Pulsars?
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systematic errors for the di↵use Galactic background
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where i runs over all bands with TS > 10, F fit

i

is the flux
predicted in that band from the spectral fit to the full
band and the denominator contains a sum of the squares
of the statistical error, the Galactic di↵use background
spatial systematic error, the Galactic di↵use background
spectral systematic error, and the e↵ective area system-
atic error. Also, �2

i area

= (f rel

i

F

fit

i

)2 where f rel

i

represents
the systematic uncertainty in the e↵ective area [6]. The
f

i

were set to 0.05 for the first seven bands and 0.08
from band eight to twelve. The first energy band situ-
ated in the range 300 MeV�400 MeV was found to have
a TS < 10, therefore it was not included in our analy-
sis. We will assume that C

syst

has a �

2 distribution with
the number of degrees of freedom equal to the number
of bands (11) minus the number of parameters used to
determine F

fit

i

. Assuming that the systematic errors can
be treated as independent and Gaussian distributed, this
is a good approximation as we have a large number of
counts for each band.

The goodness of fit can be evaluated from the p-value
which is the probability of C

syst

taken on a value larger
than the observed value. We can evaluate the p-value asR 1
C

syst

p(x) dx where p(x) is a �

2 distribution with degrees

of freedom equal to 11 minus the number of parameters.
In Ref. [6] they take a good fit to be one with a p-value
greater than 10�3. For a 2 parameter fit with 11 bands
this corresponds to C

syst

< 27.9. For the 3 parameter
case this corresponds to C

syst

< 26.1.
In the first row of Fig (7) we show examples of spec-

tra with high TS values and significant curved spectral
shapes for two well motivated hypothesis; an unresolved
population of MSPs in the GC and dark matter self-
annihilating into a mixture of bb̄ quarks and leptons.
While Figure (7)-(c) shows examples of DM spectra pro-
posed in the literature as good-fitting models for the GC
gamma ray excess. However, our analysis demonstrates
that DM particles of M

DM

= 10 GeV annihilating into
⌧

+

⌧

� or bb̄ only do not fit the LAT data correctly, since
they have C

syst

� 27.9.

IV. RESULTS

A. Millisecond Pulsars

It has been suggested [17, 18] that a population of
⇠ 103 Millisecond Pulsars (MSPs) constitutes a reason-
able explanation for the gamma ray excess seen in the
GC. The main physical reasons that support this claim
are: MSPs can emit gamma rays over large time scales,

their binary companions could prevent them from free-
streaming out the GC and estimates of the spatial distri-
bution of M31 low mass X-ray binary population indicate
that the number of MSPs located in the GC could scale
as steeply as 1/r2.4 (with r the two-dimensional projected
radius).
To compare the spectral shape of the gamma ray excess

seen in the GC with that of typical LAT MSPs in the sec-
ond year pulsar catalogue [6], we fit the LAT spectrum of
the GC extended source by a power law with exponential
cuto↵:

dN

dE

= K
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exp
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� E

E
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◆
, (11)

where photon index �, a cut-o↵ energy E

cut

and a nor-
malization factor K are free parameters. The best fit pa-
rameters, with E

0

= 1176 MeV, were K = 2.5⇥ 10�10 ±
4⇥10�11 ph cm�2 s�1 MeV�1, E

cut

= 4000±1500 MeV,
and � = 1.6 ± 0.2. The confidence regions are shown in
the lower right panel of Fig. (8). It has been found in
Ref. [45] that the sum of the spectra of the 37 MSPs
reported in the 2FGL catalogue are well described by
Eq. (11) with � = 1.46 and E

cut

= 3.3 GeV (see the
red cross in Fig. (8)-(d) ). Therefore the LAT spectrum
of the extended source in the GC agrees within 1� with
what has been observed from the 37 resolved MSPs of
the 2FGL.
The best fit and confidence intervals were performed

with the tool Minuit [46]. Eq. (10) was used as the good-
ness of fit statistic. Note that the 1� contours, for our
two dimensional plots, corresponds to the 68.3% profile
likelihood [33] confidence region and are defined by all ar-
eas of the two dimensional parameter space which have a
�C

syst

 2.3 where�C

syst

is the di↵erence between C

syst

at the best fit point in the plot and C

syst

at the point
considered for inclusion within the confidence interval.
All other parameters not shown in a plot are chosen to
minimize C

syst

at each point in the plot. The correspond-
ing �C

syst

thresholds for 2, 3, 4, and 5 � are 6.2, 11.8,
19.3, and 28.7 respectively (see for example the Statis-
tics section of the “The Review of Particle Physics” [47]).
For any one parameter confidence intervals, we quote the
68.3% level which corresponds to a �C

syst

= 1 threshold.
Frames shown in the upper panel and left lower panel

of Fig. (8) describe the results of a spectral fit to the
LAT data using a Log Parabola formula (7) instead of an
exponential cut-o↵. As it can be seen, the full parameter
space is shown in three two-dimensional plots. The model
parameter E

0

in Eq. (7), kept fixed during the fit and set
to E

0

= 1176 MeV, was calculated as the energy at which
the relative uncertainty on the di↵erential flux N

0

was
minimal. This was done with a damping procedure that
made use of the covariance matrix between parameters
as obtained from the MIGRAD algorithm in Minuit [46].
The best-fit parameters shown with black crosses in the
corresponding frames of Fig. (8) are N

0

= 1.96+0.18

�0.17

⇥
10�10 ph cm�2 s�1 sr�1, ↵ = 1.92+0.13

�0.15

and � = 0.32+0.10

�0.09

Macias, Gordon 1306.5725

Confirm basic features of  excess
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FIG. 7. Spectrum of the extended source measured with the Fermi-LAT. As shown in the legends, the model for the spatial
distribution of the source is a NFW profile with inner slope � = 1.2. The red and black error bars show the (1�) systematic and
statistical errors, respectively. The upper limit is 2�. The fit over the full range is overlaid over the twelve band energy fluxes
on each figure as follows: (a) The continuous blue line and dashed black line represent the best fit spectrum for a population of
MSPs resembling a NFW spatial distribution, two typical curved spectra of these sources have been used. See text for details
on goodness of the fit. (b) Shown is the best fit DM spectrum. M

DM

, Bf and h�vi were treated as free parameters in the fit.
The black continuous line represents WIMP particles of 23.5 GeV self-annihilating 55% and 45% of the times into quarks bb̄
and leptons (here “leptons” denotes an unweighted mixture of e+e�, µ+µ� and ⌧+⌧�), respectively. (c) The figure shows 3
di↵erent examples of DM spectra with high TS values as obtained with Fermi Tools, where just h�vi was allowed to vary in
the fit. Although WIMPs of 10 GeV annihilating all the times into ⌧+⌧� or bb̄ only satisfy the TS > 25 criteria, they in fact
do not pass the goodness of fit threshold, see details in Sec. (IVB). As it can be seen, M

DM

= 30 GeV, 100% bb̄ exemplifies a
good fitting model with significant curved spectra.

tematics which is explained below Eq. (10). In Figure (7)
we show the SED of the extended source with the best
fit over the full range overlaid. The red error bars indi-
cate the total systematic errors and black error bars the
statistical uncertainties. We also list the SED and errors
in Table V of Appendix A so that the reader may try fit
other spectral models.

In order to study the validity of the distinct types of

spectral shapes found with high TS values in our Fermi
Tools runs, we used the same spectral fit quality estima-
tor introduced in Ref. [6] except that we also added our

Fix spectrum using known ~ 30-40 MSP src. (now ~60 )

Assume ~ 1000 MSPs in NFW profile

Empirical model of  MSP spectrum

“exponential cutoff  model”



Millisecond Pulsars?

Estimate unresolved pulsar population from X-ray binaries

If  MSP, FGST should have seen more point sources 
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FIG. 2: In the left frame, we show the location in the sky of the millisecond pulsars currently detected by Fermi, in Aitoff
projection. The circle around the Galactic Center represents the 12

� extent to which the gamma-ray excess is currently
detected [1]. In the right frame, we show the morphology of the diffuse gamma-ray emission predicted from millisecond pulsars
in the field of the Milky Way (solid) and from annihilating dark matter (dashes). For millisecond pulsars, we adopt a spatial
distribution in cylindrical coordinates given by: n / exp(�R/5 kpc) exp(�|z|/1 kpc), as supported by the catalog of such
sources observed by radio and/or gamma-ray wavelengths [55]. For dark matter, we show here the result for a generalized
NFW profile with an inner slope of � = 1.2. In each case, the lines are contours of constant flux, separated by factors of 2.
Given the limits of Fermi ’s angular resolution, we do not include any contours within the inner 1� around the Galactic Center.

provide a reasonable fit to the much more spherical mor-
phology of the observed excess.

As it is clear that the MSPs distributed throughout the
disk of the Milky Way cannot account for the observed
gamma-ray excess, we are instead forced to hypothesize
a new (and currently unobserved) population confined to
the region surrounding the Galactic Center. The exis-
tence of such a population can be motivated by the fact
that the abundance of MSPs (per stellar mass) is much
higher in globular clusters than in the disk of the Galaxy.
This is generally interpreted as evidence that this MSP
population is the result of dynamical interactions, made
possible by the high stellar densities found in globular
clusters. Given that the number density of stars in the
innermost parsec of the Milky Way are comparable to
that found in the cores of globular clusters, one expects
that a sizable MSP population may be present in the
Galactic Center as well.

Using Low-Mass X-Ray Binaries To Estimate the
Number and Distribution of MSPs in the Galactic Cen-
ter: Most MSPs evolved from low-mass X-ray binaries
(LMXBs) which consist of a compact object that is pow-
ered by accreting matter from a low mass companion.
Unlike MSPs, however, the X-ray emission from bright
LMXBs can be readily observed in the Inner Galaxy,
making it possible to study the distribution of these ob-
jects in this region. As different stellar populations of
a similar age are expected to contain a similar ratio of
MSPs-to-LMXBs, we can use the numbers of LMXBs
observed in globular clusters and in the Inner Galaxy to
estimate the size of the MSP population in the region

surrounding the Galactic Center.

Focusing on the 16 globular clusters detected as
gamma-ray sources by Fermi and reported in Ref. [54],
there are only five “bright” (L > 1036 erg/s) LMXBs that
reside within these systems (in total, 12 bright LMXBs
have been detected within all globular clusters).3 The
sum of these 16 globular clusters is observed by Fermi to
have a total gamma-ray luminosity (above 0.1 GeV) of
6.1⇥ 1035 erg/s, which corresponds to 4.8% of the lumi-
nosity of the Galactic Center excess from within in the
innermost 5�. If we take these 16 globular clusters to rep-
resent a fair sample of both MSPs and LMXBs, we can
use the observed gamma-ray emission to calculate how
many bright LMXBs should be present within the Inner
Galaxy if MSPs are the source of the excess GeV emis-
sion. This calculation finds that if MSPs are to account
for the GeV excess, there should also be 103.0+69.7

�44.5 bright
LMXBs within 5� of the Galactic Center. In contrast, IN-
TEGRAL (which has sensitivity in the direction of the
Galactic Bulge well beyond the level required to detect
such bright sources) has detected only 6 bright LMXB
candidates in this region of the sky [58], suggesting that
only ⇠6% of the GeV excess originates from MSPs. This
is likely to be an overestimate for two reasons, however.
First, by using only the subset of globular clusters de-
tected by Fermi, we have biased our sample towards those

3 Here and throughout, luminosities denote isotropic equivalent
values.

Cholis, Hooper, Linden 1407.5625

(correlated precursors of  MSPs)

Stacked MSP spectra from known sources bad fit for E < 1 GeV

Must be unusual population

Existing spectra should have radically different spatial extent 



Cosmic Rays, SN Remnants?
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FIG. 4. Best-fit �-ray spectra for various analyses for the excess emission in the Galactic center region. In each panel we show three models of
the underlying proton spectrum: Solid lines show the hadronic �-ray emission for a broken power law proton injection spectrum where both
indices and the energy of the spectral break are varied. Dot-dashed lines employ the same functional form, but with the break in the spectral
index fixed to �� = 1. The dotted lines represent an exponentially cutoff proton spectrum. In clockwise order and from the top left, the panels
show data from Daylan et al Pass 6V11 [19], Daylan et al Pass 7V6 [19], Gordan & Macı́as [17], and Abazajian et al [18]. Note that the top
row is normalized by the solid angle, while the bottom rows are integrated over the respective regions of interest.

by the asymmetrically small number of data points above the
bump.

Finally, in the lower-right panel we show data from Gordan
& Macı́as (2013) which we found, again, to be well fit by all
models, with a preference for a slightly hardened low-energy
index of �1=1.73 for the BPLFix model and a break energy of
13.7 GeV.

Collectively, our results reveal two characteristic features:
Firstly, in most cases there is a slight preference for the PLExp
model; the BPL with free indices typically tend to converge
towards a PLExp form. One exception is the P7v6 fit from
Daylan where the BPLFix model is actually preferred. The
BPLFix models provide a reasonable fit throughout, with the
exception of Daylan et al’s P6v11 which, however, does not
include any treatment of systematic uncertainties. Second, for
a flat p�2

p proton spectrum, the �-radiation from ⇡0 decays
naturally peaks at ⇡1.25 GeV, slightly below the observed ex-
cess peak at 1.5 � 2GeV. In order to shift the peak to these

higher energies we prefer a slightly harder initial spectral in-
dex �1 between approximately 1.6 to 2, although there is low
sensitivity to this parameter. The placement of the spectral
break is typically near pbr = 10 � 50 GeV and provides an
effective control of the width of the spectral peak while the
second index �2 controls the cutoff rate as is expected from
the nearly flat ⇡0 production cross-section above 1 GeV given
in Eq. (12). The preference for a slightly hardened spectral
index could arise naturally if the emission is a combination of
e.g. SNR accelerated protons with index ⇡ 2 and MSP emis-
sion which can easily have Inverse-Compton spectra harder
than 1.5.

As an additional cautionary note, we reiterate that the the-
oretical predictions for the �-ray spectra from proton-proton
collisions are affected by significant systematic uncertainties
associated to the modeling of the pp ! ⇡0

+ anything pro-
duction cross section. Such uncertainty feeds into the inferred
spectral properties for the cosmic-ray populations associated

⇠ 1052 erg bursts of  CR from SN ~ 1,000,000 yr. timescales

Gamma rays from CR proton emission spectra provide good fit

Recent injection ~ 1 kyr ago accounts for inner GC intensity



Cosmic Rays, SN Remnants?

However: 
*Requires CR protons with monochromatic spectrum

*claims from Cholis, Hooper, Linden 1407.5625

Incompatible with more realistic “broken power law” model 

*If  dominated by protons?
Scatter off  galactic gas distribution, profile becomes less spherical

*If  dominated by electrons?
Gamma emission more spherical, but Bremsstrahlung is not 

Verdict: Astrophysical mechanisms may be 
viable, but it’s currently unclear 
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is by selecting photons based on the value of the Fermi

event parameter CTBCORE. Through the application of
this cut, we select only those events with more reliable
directional reconstruction, allowing us to better separate
the various gamma-ray components, and to better limit
the degree to which emission from the Galactic Disk leaks
into the regions studied in our Inner Galaxy analysis. Af-
ter applying this cut, we are able to produce a much more
robust determination of the spectrum and morphology of
the Inner Galaxy and the Galactic Center signals. We
go on to apply a number of tests to this data, and deter-
mine that the anomalous emission in question agrees well
with that predicted from the annihilations of a 31-40 GeV
WIMP annihilating mostly to b quarks (or a somewhat
lower mass WIMP if its annihilations proceed to first or
second generation quarks). Our results now appear to
disfavor the previously considered 7-10 GeV mass win-
dow in which the dark matter annihilates significantly
to tau leptons [2, 4, 6–8] (the analysis of Ref. [6] also
disfavored this scenario). The morphology of the signal
is consistent with spherical symmetry, and strongly dis-
favors any significant elongation along or perpendicular
to the Galactic Plane. The emission decreases with the
distance to the Galactic Center at a rate consistent with
a dark matter halo profile which scales as ⇢ / r�� , with
� ⇡ 1.1�1.3. The signal can be identified out to angles of
' 10� from the Galactic Center, beyond which system-
atic uncertainties related to the Galactic di↵use model
become significant. The annihilation cross section re-
quired to normalize the observed signal is �v ⇠ 2⇥10�26

cm3/s, in good agreement with that predicted for dark
matter in the form of a simple thermal relic.

The remainder of this article is structured as follows.
In the following section, we review the calculation of the
spectrum and angular distribution of gamma rays pre-
dicted from annihilating dark matter. In Sec. III, we
describe the event selection used in our analysis, includ-
ing the application of cuts on the Fermi event parameter
CTBCORE. In Secs. IV and V, we describe our analyses
of the Inner Galaxy and Galactic Center regions, respec-
tively. In each of these analyses, we observe a significant
gamma-ray excess, with a spectrum and morphology in
good agreement with that predicted from annihilating
dark matter. We further investigate the angular distribu-
tion of this emission in Sec. VI, and discuss the dark mat-
ter interpretation of this signal in Sec. VII. In Sec. VIII
we discuss the implications of these observations, and of-
fer predictions for other upcoming observations. Finally,
we summarize our results and conclusions in Sec. IX. In
the paper’s appendices, we include supplemental mate-
rial intended for those interested in further details of our
analysis.

II. GAMMA RAYS FROM DARK MATTER
ANNIHILATIONS IN THE HALO OF THE

MILKY WAY

Dark matter searches using gamma-ray telescopes have
a number of advantages over other indirect detection
strategies. Unlike signals associated with cosmic rays
(electrons, positrons, antiprotons, etc.), gamma rays are
not deflected by magnetic fields. Furthermore, gamma-
ray energy losses are negligible on galactic scales. As
a result, gamma-ray telescopes can potentially acquire
both spectral and spatial information, unmolested by as-
trophysical e↵ects.
The flux of gamma rays generated by annihilating dark

matter particles, as a function of the direction observed,
 , is given by:

�(E� , ) =
�v

8⇡m2

X

dN�

dE�

Z

los

⇢2(r) dl, (1)

where mX is the mass of the dark matter particle, �v is
the annihilation cross section (times the relative velocity
of the particles), dN�/dE� is the gamma-ray spectrum
produced per annihilation, and the integral of the den-
sity squared is performed over the line-of-sight (los). Al-
though N-body simulations lead us to expect dark matter
halos to exhibit some degree of triaxiality (see [14] and
references therein), the Milky Way’s dark matter distri-
bution is generally assumed to be approximately spheri-
cally symmetric, allowing us to describe the density as a
function of only the distance from the Galactic Center,
r. Throughout this study, we will consider dark matter
distributions described by a generalized Navarro-Frenk-
White (NFW) halo profile [15, 16]:

⇢(r) = ⇢
0

(r/rs)��

(1 + r/rs)3��
. (2)

Throughout this paper, we adopt a scale radius of rs = 20
kpc, and select ⇢

0

such that the local dark matter density
(at 8.5 kpc from the Galactic Center) is 0.3 GeV/cm3,
consistent with dynamical constraints [17, 18]. Although
dark matter-only simulations generally favor inner slopes
near the canonical NFW value (� = 1) [19, 20], baryonic
e↵ects are expected to have a non-negligible impact on
the dark matter distribution within the inner ⇠10 kilo-
parsecs of the Milky Way [21–31]. The magnitude and
direction of such baryonic e↵ects, however, are currently
a topic of debate. With this in mind, we remain agnostic
as to the value of the inner slope, and take � to be a free
parameter.
In the left frame of Fig. 1, we plot the density of dark

matter as a function of r for several choices of the halo
profile. Along with generalized NFW profiles using three
values of the inner slope (�=1.0, 1.2, 1.4), we also show
for comparison the results for an Einasto profile (with
↵ = 0.17) [32]. In the right frame, we plot the value of
the integral in Eq. 1 for the same halo profiles, denoted

2

is by selecting photons based on the value of the Fermi

event parameter CTBCORE. Through the application of
this cut, we select only those events with more reliable
directional reconstruction, allowing us to better separate
the various gamma-ray components, and to better limit
the degree to which emission from the Galactic Disk leaks
into the regions studied in our Inner Galaxy analysis. Af-
ter applying this cut, we are able to produce a much more
robust determination of the spectrum and morphology of
the Inner Galaxy and the Galactic Center signals. We
go on to apply a number of tests to this data, and deter-
mine that the anomalous emission in question agrees well
with that predicted from the annihilations of a 31-40 GeV
WIMP annihilating mostly to b quarks (or a somewhat
lower mass WIMP if its annihilations proceed to first or
second generation quarks). Our results now appear to
disfavor the previously considered 7-10 GeV mass win-
dow in which the dark matter annihilates significantly
to tau leptons [2, 4, 6–8] (the analysis of Ref. [6] also
disfavored this scenario). The morphology of the signal
is consistent with spherical symmetry, and strongly dis-
favors any significant elongation along or perpendicular
to the Galactic Plane. The emission decreases with the
distance to the Galactic Center at a rate consistent with
a dark matter halo profile which scales as ⇢ / r�� , with
� ⇡ 1.1�1.3. The signal can be identified out to angles of
' 10� from the Galactic Center, beyond which system-
atic uncertainties related to the Galactic di↵use model
become significant. The annihilation cross section re-
quired to normalize the observed signal is �v ⇠ 2⇥10�26

cm3/s, in good agreement with that predicted for dark
matter in the form of a simple thermal relic.

The remainder of this article is structured as follows.
In the following section, we review the calculation of the
spectrum and angular distribution of gamma rays pre-
dicted from annihilating dark matter. In Sec. III, we
describe the event selection used in our analysis, includ-
ing the application of cuts on the Fermi event parameter
CTBCORE. In Secs. IV and V, we describe our analyses
of the Inner Galaxy and Galactic Center regions, respec-
tively. In each of these analyses, we observe a significant
gamma-ray excess, with a spectrum and morphology in
good agreement with that predicted from annihilating
dark matter. We further investigate the angular distribu-
tion of this emission in Sec. VI, and discuss the dark mat-
ter interpretation of this signal in Sec. VII. In Sec. VIII
we discuss the implications of these observations, and of-
fer predictions for other upcoming observations. Finally,
we summarize our results and conclusions in Sec. IX. In
the paper’s appendices, we include supplemental mate-
rial intended for those interested in further details of our
analysis.

II. GAMMA RAYS FROM DARK MATTER
ANNIHILATIONS IN THE HALO OF THE

MILKY WAY

Dark matter searches using gamma-ray telescopes have
a number of advantages over other indirect detection
strategies. Unlike signals associated with cosmic rays
(electrons, positrons, antiprotons, etc.), gamma rays are
not deflected by magnetic fields. Furthermore, gamma-
ray energy losses are negligible on galactic scales. As
a result, gamma-ray telescopes can potentially acquire
both spectral and spatial information, unmolested by as-
trophysical e↵ects.
The flux of gamma rays generated by annihilating dark

matter particles, as a function of the direction observed,
 , is given by:
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where mX is the mass of the dark matter particle, �v is
the annihilation cross section (times the relative velocity
of the particles), dN�/dE� is the gamma-ray spectrum
produced per annihilation, and the integral of the den-
sity squared is performed over the line-of-sight (los). Al-
though N-body simulations lead us to expect dark matter
halos to exhibit some degree of triaxiality (see [14] and
references therein), the Milky Way’s dark matter distri-
bution is generally assumed to be approximately spheri-
cally symmetric, allowing us to describe the density as a
function of only the distance from the Galactic Center,
r. Throughout this study, we will consider dark matter
distributions described by a generalized Navarro-Frenk-
White (NFW) halo profile [15, 16]:
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Throughout this paper, we adopt a scale radius of rs = 20
kpc, and select ⇢

0

such that the local dark matter density
(at 8.5 kpc from the Galactic Center) is 0.3 GeV/cm3,
consistent with dynamical constraints [17, 18]. Although
dark matter-only simulations generally favor inner slopes
near the canonical NFW value (� = 1) [19, 20], baryonic
e↵ects are expected to have a non-negligible impact on
the dark matter distribution within the inner ⇠10 kilo-
parsecs of the Milky Way [21–31]. The magnitude and
direction of such baryonic e↵ects, however, are currently
a topic of debate. With this in mind, we remain agnostic
as to the value of the inner slope, and take � to be a free
parameter.
In the left frame of Fig. 1, we plot the density of dark

matter as a function of r for several choices of the halo
profile. Along with generalized NFW profiles using three
values of the inner slope (�=1.0, 1.2, 1.4), we also show
for comparison the results for an Einasto profile (with
↵ = 0.17) [32]. In the right frame, we plot the value of
the integral in Eq. 1 for the same halo profiles, denoted

2

ered in Ref. [47] do not yield spectra that are compat-
ible with the observed emission) [3, 4, 6]. In the case
of a burst dominated by high-energy cosmic ray elec-
trons, in contrast, such an event could potentially yield
a somewhat more spherically symmetric distribution of
gamma-rays (due to their inverse Compton scattering
with radiation rather than with the disk-like distribution
of gas) [50], although the accompanying bremsstrahlung
emission would be disk-like. It is very difficult, however,
to simultaneously account for the observed spectrum and
morphology of the gamma-ray excess in such a scenario.
Furthermore, the energy-dependance of diffusion would
lead to a more spatially extended distribution at higher
energies, in contrast to the energy-indepenent morphol-
ogy reported in Ref. [1].2

The second category of proposed astrophysical expla-
nations for the gamma-ray excess are scenarios involving
a large population of unresolved gamma-ray sources. Mil-
lisecond pulsars (MSPs) are known to exhibit a spectral
shape that is similar to that of the observed excess, and
have thus received some attention within this context [3–
8, 53]. In this letter, we discuss what is known about
the spectrum, luminosity function, and spatial distribu-
tion of millisecond pulsars in the Milky Way, and use
this information to evaluate whether they might be able
to account for the observed gamma-ray excess.

The Measured Spectra of Millisecond Pulsars: We have
recently reported measurements of the gamma-ray spec-
tra of 61 MSPs observed by the Fermi Gamma-Ray
Space Telescope, using data collected over a period of
5.6 years [54]. The best-fit spectrum of this collection
of (stacked) sources is shown in Fig. 1, and compared to
the spectrum of the observed gamma-ray excess. Over-
all, the spectral shape of the gamma-ray excess is fairly
similar to that observed from MSPs, and this comparison
has motivated an unresolved population of such sources
as a possible source of the Galactic Center gamma-ray
excess. At energies below ⇠1 GeV, however, the spec-
trum observed from MSPs is significantly softer than is
exhibited by the excess.

At this time, a few comments are in order. First, if
the observed catalog of gamma-ray MSPs is not repre-
sentative of the overall population, it is possible that
the stacked spectrum could differ from that produced
by a large and unbiased collection of such objects. The
gamma-ray emission from globular clusters is dominated
by MSPs, and their spectra has often been presented as

2 When considering models which invoke extreme physical condi-
tions to account for the excess at the Galactic Center, it may be
necessary to reevaluate the contributions from pion production,
bremsstrahlung, and inverse Compton emission. In the forthcom-
ing study of Calore et al. [51], a wide range of diffuse emission
models are considered, accounting for a wide variety of physi-
cal conditions in the inner region of the Galaxy, finding that a
spherical excess with a profile similar to that predicted by dark
matter annihilations is preferred by the data in all models (see
also Ref. [52]).

FIG. 1: The measured spectral shape (blue error bars) and
best fit parameterizaation (blue dashed) of the stacked emis-
sion from 61 millisecond pulsars observed by Fermi [54] (black
dashed) compared to that of the observed gamma-ray ex-
cess [1] (black error bars). Also shown is the spectral shape
from the stacked emission from 36 globular clusters (red er-
ror bars) [54], and the spectrum predicted from a 35.5 GeV
WIMP annihilating to b¯b (black solid).

that of an unbiased sample of MSPs. The spectra ob-
served from Fermi’s globular clusters (shown in Fig. 1
as red error bars [54]) is even softer than that from
MSPs [54], however, and provides a very poor fit to the
observed excess.

Prior to the study of Ref. [1] and their application
of cuts to CTBCORE [46], significant systematic uncer-
tainties complicated the determination of the low-energy
spectrum of the gamma-ray excess (for an illustrative ex-
ample, see Fig. 10 of Ref. [8]). After cutting on CTB-
CORE, however, the shape of the low-energy spectrum
is much more robust to variations in analysis procedure.
And while imperfections in the diffuse emission model
used may impact the spectral shape of the excess, the
variations considered in Ref. [51] do not favor the possi-
bility of a significantly softer low-energy spectrum than
was found in Ref. [1].

The Observed Distribution of MSPs in the Milky Way:
Along with many MSP detections made at radio wave-
lengths, Fermi has reported the observation of gamma-
rays from 62 MSPs. While most of these objects have
been found in or around the disk of the Milky Way, some
have also been observed to reside within globular clus-
ters. In the left frame of Fig. 2, we plot the distribu-
tion of Fermi’s MSPs on the sky. This population has
been shown to be well described by a thick disk-like dis-
tribution, with an exponential scale height of ⇠0.5-1.0
kpc [56, 57]. In the right frame of Fig. 2, we use a MSP
thick-disk distribution model fit to this population to
estimate the morphology predicted from the unresolved
members of this population (solid contours). This pre-
diction is very elongated along the disk, and does not
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Figure 2: dm complimentarity for on-shell mediators; compare to Fig. 1. (a) The annihilation rate is
independent of the mediator coupling to the Standard Model. (b) Direct detection remains 2-to-2, here
N is a target nucleon. (c) Colliders can search for the presence of the mediator independently of its dm
coupling.

1.3 Annihilation to On-shell Mediators

In this paper we focus on a di↵erent region in the space of simplified models where mediators are
light enough that they can be produced on-shell in dark matter annihilation, henceforth referred to
as the on-shell mediator scenario. This annihilation mode is largely independent of the mediator’s
coupling to the sm so long the latter is non-zero. Lower limits on the sm coupling—that is, upper
limits on the mediator lifetimes—are negligible since the mediator may propagate astrophysical
distances before decaying to the bb̄ pairs that subsequently yield the �-ray excess. The sm coupling
can be parametrically small whic suppresses the o↵-shell s-channel annihilation mode as well as
the direct detection and collider signals. This is shown in Fig. 2.

Because on-shell annihilation into mediators requires at least two final states, the resulting
annihilation produces at least four b quarks, as shown in Fig. 2a. This, in turn, requires a heavier
dark matter mass in order to eject ⇡ 40 gev b quarks from each annihilation to fit the �-ray
excess. This avoids the conventional wisdom that this excess requires 10 – 40 gev dark matter. In
the limit on-shell annihilation dominates, the total excess �-ray flux is fit by a single parameter,
the mediator coupling to dark matter. Once fit, this parameter determines whether the dm may
be a thermal relic. We remark that the spectrum is slightly boosted by the on-shell mediator; we
address this below and explore possibilities where the mediator mass can be used as a handle to
change the spectral features.

The on-shell mediator limit thus separates the physics of mediators sm and dm couplings. The
former can be made parametrically small to hide dm from direct detection and collider experiments,
while the latter can be used to independently fit indirect detection signals such as the galactic center
�-ray excess. Observe that these simplified models modify the standard picture of complementary
dm searches for contact interactions shown schematically in Fig. 2. Annihilation now occurs
through multiple mediator particles and is independent of the mediator coupling to the sm. Direct
detection proceeds as usual through single mediator exchange between dm and sm. Collider
bounds, on the other hand, needn’t depend on the dm coupling at all and can focus on detecting
the mediator rather than the dark matter missing energy.

In this paper we explore the phenomenology of on-shell mediator simplified models for the
galactic center. This paper is organized as follows. In the following two sections we present the
on-shell simplified models that generate the �-ray excess and determine the range of dark sector
parameters. We then assess in Section 4 the extent to which the on-shell mediators must be
parametrically hidden from direct detection and colliders. In Section 5 we discuss the viability
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Figure 3: Dark matter annihilates to on-shell mediators, which in turn decay into bb̄ pairs. Each step is
controlled be a separate coupling, �. See text for details.

of this scenario for thermal relics. We comment on the lessons for uv models of dark matter
in Section 6. Appendix A briefly describes plausible variants for generating �-ray spectra from
on-shell mediators.

2 On-Shell Simplified Models

Fig. 3 schematically represents the class of simplified models that we consider. We assume the
existence of a single sm neutral spin-0 or spin-1 mediator which couples to Dirac fermion dm with
coupling �dm and bb̄ pairs with coupling �dm. Majorana fermions do not di↵er qualitatively in this
regime. We focus on the case where mediators couple to the Dirac dm fermion with coupling �dm
and to bb̄ pairs with coupling �sm.

2.1 Parity Versus Chirality

Before describing the mediator interactions, we remark on the utility of the parity and chirality
bases for four-component fermion interactions. In the parity basis, one uses explicit factors of the
�5 matrix to parameterize

scalar ( ), pseudoscalar (�5), vector (�µ), and axial (�µ�5). (2.1)

interactions. This basis is most suited for non-relativistic interactions. Equivalently, in the a
chirality basis, one inserts chiral projection operators PL,R = 1

2
(1⌥ �5) into fermion bilinears.

This is the natural description of sm gauge invariants. The spin-0 fermion bilinears are

 ̄( , �5) =  ̄PL ±  ̄PR =  �⌥ h.c. (2.2)

where we have written the Dirac spinor in terms of two-component left-handed Weyl spinors
 = ( ,�†)T , see e.g. [107]. Similarly, the spin-1 bilinears are

 ̄�µ( , �5) =  ̄�µPL ±  ̄�µPR =  †�̄µ ⌥ �†�̄µ�. (2.3)

The �5 appears as a phase in the spin-0 coupling and a relative sign in the spin-1 couplings of
opposite chirality fermions.

The phenomenology of the �-ray excess suggests the use of both descriptions. dm annihilation
and direct detection occur non-relativistically so the choice of a scalar (vector) versus a pseudoscalar
(axial) can dramatically a↵ect the rate for these processes. It is thus useful to parameterize these
in the language of (2.1), whether or not the dm interactions are chiral. On the other hand,
electroweak gauge invariance mandates chiral interactions for the mediator’s sm coupling.

5

(a) Comparison (b) Spin-1 (c) Spin-0

Figure 5: Predicted spectra for the galactic center �-ray excess (gce) for (a) the best fit models categorized
by the number of final state b quarks, (b) a range of spin-1 mediator masses, (c) a range of spin-0 mediator
masses. Overlayed is the measured �-ray spectrum from [12], bars demonstrate an arbitrary measure of
goodness-of-fit. See Sec. 3.3 for details.

For spin-1 mediators, it is well known that the final states of a ��̄ ! V V ! 4b cascade has
box-like energy spectrum over the kinematically allowed range; see, for example, [115, 116]. The
V spectrum is monochromatic in the lab frame and the bb̄ spectrum is monochromatic in the V
rest frame. The b energies in the lab frame depend on the angle of the bb̄ axis relative to the
direction of the V boost. Isotropy of the V boost washes out the angular dependence and gives a
flat b spectrum over the kinematically allowed region. This is demonstrated in Fig. 4(a). The box
becomes more sharply peaked as mV ! m� = 40 gev. The case of annihilation into three spin-0
mediators is more complicated since the mediators have a non-trivial energy spectrum and it is
no longer simple to derive the b spectrum from kinematics alone. Monte Carlo energy spectra for
��̄ ! 3' and the subsequent decay in to 6b are shown in Fig. 4(b,c) using MadGraph 5 [117].

3.2 Generating �-Ray Spectra

�-ray spectra for our simplified models are generated using PPPC 4 DM ID (henceforth pppc) [118–
120], aMathematica [121] package that generates indirect detection spectra based on data extracted
from pythia 8 [122]. Presently, pppc only generates signals for dm annihilation into pairs of sm
particles. In order to include the e↵ects of the on-shell mediators, one must account for the boost
by convolving the pppc photon spectrum dN�(Eb)/dE� with a distribution of b energies Eb which
may be taken as a box for the case of two on-shell mediators or interpolated from Monte Carlo
simulations such as Fig. 4(c).

For on-shell annihilation into spin-0 and spin-1 mediators, the shape of the photon spectrum
is completely determined by the masses of the dm particle m� and the mediator m',V while the
overall normalization is fit to the necessary cross section by fixing �dm, as estimated in (2.10 –
2.11). The e↵ect of the mediator mass is fairly modest, as demonstrated in the E2

� dN�/dE� spectra
in Fig. 5. The reason for this is that the requirement that the mediator is massive enough to decay
into bb̄ pairs (2.4d) limits the extent to which the mediators are boosted.

3.3 Fitting the �-Ray Excess

We use the ��̄ ! bb̄ �-ray excess spectrum assuming a ��̄ ! bb̄ template from Figure 8 of [12].
We note, however, that this is an approximation since the on-shell mediator scenario predicts a
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Figure 2: dm complimentarity for on-shell mediators; compare to Fig. 1. (a) The annihilation rate is
independent of the mediator coupling to the Standard Model. (b) Direct detection remains 2-to-2, here
N is a target nucleon. (c) Colliders can search for the presence of the mediator independently of its dm
coupling.

1.3 Annihilation to On-shell Mediators

In this paper we focus on a di↵erent region in the space of simplified models where mediators are
light enough that they can be produced on-shell in dark matter annihilation, henceforth referred to
as the on-shell mediator scenario. This annihilation mode is largely independent of the mediator’s
coupling to the sm so long the latter is non-zero. Lower limits on the sm coupling—that is, upper
limits on the mediator lifetimes—are negligible since the mediator may propagate astrophysical
distances before decaying to the bb̄ pairs that subsequently yield the �-ray excess. The sm coupling
can be parametrically small whic suppresses the o↵-shell s-channel annihilation mode as well as
the direct detection and collider signals. This is shown in Fig. 2.

Because on-shell annihilation into mediators requires at least two final states, the resulting
annihilation produces at least four b quarks, as shown in Fig. 2a. This, in turn, requires a heavier
dark matter mass in order to eject ⇡ 40 gev b quarks from each annihilation to fit the �-ray
excess. This avoids the conventional wisdom that this excess requires 10 – 40 gev dark matter. In
the limit on-shell annihilation dominates, the total excess �-ray flux is fit by a single parameter,
the mediator coupling to dark matter. Once fit, this parameter determines whether the dm may
be a thermal relic. We remark that the spectrum is slightly boosted by the on-shell mediator; we
address this below and explore possibilities where the mediator mass can be used as a handle to
change the spectral features.

The on-shell mediator limit thus separates the physics of mediators sm and dm couplings. The
former can be made parametrically small to hide dm from direct detection and collider experiments,
while the latter can be used to independently fit indirect detection signals such as the galactic center
�-ray excess. Observe that these simplified models modify the standard picture of complementary
dm searches for contact interactions shown schematically in Fig. 2. Annihilation now occurs
through multiple mediator particles and is independent of the mediator coupling to the sm. Direct
detection proceeds as usual through single mediator exchange between dm and sm. Collider
bounds, on the other hand, needn’t depend on the dm coupling at all and can focus on detecting
the mediator rather than the dark matter missing energy.

In this paper we explore the phenomenology of on-shell mediator simplified models for the
galactic center. This paper is organized as follows. In the following two sections we present the
on-shell simplified models that generate the �-ray excess and determine the range of dark sector
parameters. We then assess in Section 4 the extent to which the on-shell mediators must be
parametrically hidden from direct detection and colliders. In Section 5 we discuss the viability
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II. THE EXTENDED GAMMA-RAY EXCESS

Owing to the large dark matter number density there,
one of the most promising places to look for dark mat-
ter annihilation products is a small (⇠ 0.1 kpc) region
centred on the galactic centre. Evidence for a spatially
extended excess of gamma-rays in this region was ini-
tially found in [10] and subsequently confirmed by several
independent analyses [11–17]. A spectrally and morpho-
logically similar excess has also been reported at more
extended distances from the galactic plane [43, 44].

In addition to dark matter annihilation, it has been
suggested that interactions between cosmic rays and
gas [45–47] or an unresolved population of millisecond
pulsars [12, 14, 15, 48] can explain the excess. However,
more detailed studies have raised problems with both of
these explanations [16, 49]. It is also possible that a new
mechanism not proposed is responsible, since the galactic
centre is a complex astrophysical environment [50]. For
the purpose of this work, we assume that all of the excess
is a result of dark matter annihilation. We use the results
from the analysis of [16] (listed in their Appendix A),
who considered all events within a 7� ⇥ 7� region cen-
tred on the galactic centre (the position of Sgr A⇤). The
extended emission component that they find is shown in
fig. 1, where the red and black error bars correspond to
systematic and statistical uncertainties respectively.

To proceed with the dark matter interpretation, it is
necessary to specify the dark matter halo profile. While
it is well determined far from the galactic centre, the
slope is uncertain at small radii; typically there are no
observations below 1 kpc and the resolution of numerical
simulations is ⇠ 0.1 kpc. The Einasto [51] and Navarro,
Frenk and White (NFW) [52] profiles are traditionally
used as benchmark profiles as they provide good fits to
dark matter numerical simulations [53]. However, it is
possible that the dark matter halo profile remains diver-
gent close to the centre such that profiles may behave as
⇢ / r�� with � > 1 (� = 1 in the NFW profile). As an
example, the Via Lactea II simulation favours a profile
with � = 1.24 [54]. Given that the �-ray emission traces
the morphology of the profile, the consequence of a more
strongly peaked profile in terms of indirect detection is a
much brighter gamma-ray emission relative to the case of
an Einasto or NFW profile. For the extended gamma-ray
excess, it is found that a generalised NFW profile
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with � = 1.2 gives the best fit [16].
The following simplified model gives a good fit to the

extended gamma-ray excess shown in fig. 1. We take
the dark matter � to be a Dirac fermion with mass
m

DM

which interacts with a pseudoscalar a with mass
ma through the coupling g
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FIG. 1. The data points show the extended gamma-ray excess
from a 7�⇥7� region centred on the galactic centre (from [16]).
The red and black error bars show the systematic and sta-
tistical uncertainties respectively. The blue solid line shows
the photon spectrum corresponding to 30 GeV dark matter
with an annihilation cross-section that gives the observed relic
density. The branching ratios are determined by the Yukawa
couplings yf .

The pseudoscalar couples to the Standard Model
fermions with gf , which we assume is equal to the Stan-
dard model Yukawa coupling gf = yf ⌘ mf/174 GeV.
This relation is common for pseudoscalars, motivated
from the minimal flavour violation (MFV) ansatz [42].
The photon flux � at Earth from a region �⌦, assum-

ing prompt photon emission arising from annihilation of
Dirac dark matter, is [55]
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where r� = 8.25 kpc is the distance from the galactic
centre to the Earth, ⇢� = 0.42 GeVcm�3 is the local
dark matter density [56], h�vif is the annihilation cross-
section to f̄f and dNf

� /dE� is the energy spectrum of
photons produced per annihilation to f̄f . We use the
tabulated values of dNf

� /dE� from [55, 57], which are
generated with PYTHIA 8.135 [58] and disregard any con-
tribution to the flux that is not prompt i.e. we neglect
all photons generated by the propagation of cosmic rays.
The average J factor over a region of size �⌦ is

hJi = 1

�⌦

Z
cos b J(b, l) db dl , (4)

where

J(b, l) =

Z

l.o.s

ds

r�

✓
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◆
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�����
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p
r2�+s2�2r�s cos b cos l

(5)
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II. THE EXTENDED GAMMA-RAY EXCESS

Owing to the large dark matter number density there,
one of the most promising places to look for dark mat-
ter annihilation products is a small (⇠ 0.1 kpc) region
centred on the galactic centre. Evidence for a spatially
extended excess of gamma-rays in this region was ini-
tially found in [10] and subsequently confirmed by several
independent analyses [11–17]. A spectrally and morpho-
logically similar excess has also been reported at more
extended distances from the galactic plane [43, 44].

In addition to dark matter annihilation, it has been
suggested that interactions between cosmic rays and
gas [45–47] or an unresolved population of millisecond
pulsars [12, 14, 15, 48] can explain the excess. However,
more detailed studies have raised problems with both of
these explanations [16, 49]. It is also possible that a new
mechanism not proposed is responsible, since the galactic
centre is a complex astrophysical environment [50]. For
the purpose of this work, we assume that all of the excess
is a result of dark matter annihilation. We use the results
from the analysis of [16] (listed in their Appendix A),
who considered all events within a 7� ⇥ 7� region cen-
tred on the galactic centre (the position of Sgr A⇤). The
extended emission component that they find is shown in
fig. 1, where the red and black error bars correspond to
systematic and statistical uncertainties respectively.

To proceed with the dark matter interpretation, it is
necessary to specify the dark matter halo profile. While
it is well determined far from the galactic centre, the
slope is uncertain at small radii; typically there are no
observations below 1 kpc and the resolution of numerical
simulations is ⇠ 0.1 kpc. The Einasto [51] and Navarro,
Frenk and White (NFW) [52] profiles are traditionally
used as benchmark profiles as they provide good fits to
dark matter numerical simulations [53]. However, it is
possible that the dark matter halo profile remains diver-
gent close to the centre such that profiles may behave as
⇢ / r�� with � > 1 (� = 1 in the NFW profile). As an
example, the Via Lactea II simulation favours a profile
with � = 1.24 [54]. Given that the �-ray emission traces
the morphology of the profile, the consequence of a more
strongly peaked profile in terms of indirect detection is a
much brighter gamma-ray emission relative to the case of
an Einasto or NFW profile. For the extended gamma-ray
excess, it is found that a generalised NFW profile

⇢(r) = ⇢s

✓
r

rs

◆�� 
1 +

✓
r

rs

◆���3

. (1)

with � = 1.2 gives the best fit [16].
The following simplified model gives a good fit to the

extended gamma-ray excess shown in fig. 1. We take
the dark matter � to be a Dirac fermion with mass
m

DM

which interacts with a pseudoscalar a with mass
ma through the coupling g

DM

:

L � �i
g
DMp
2
a�̄�5�� i

X

f
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FIG. 1. The data points show the extended gamma-ray excess
from a 7�⇥7� region centred on the galactic centre (from [16]).
The red and black error bars show the systematic and sta-
tistical uncertainties respectively. The blue solid line shows
the photon spectrum corresponding to 30 GeV dark matter
with an annihilation cross-section that gives the observed relic
density. The branching ratios are determined by the Yukawa
couplings yf .

The pseudoscalar couples to the Standard Model
fermions with gf , which we assume is equal to the Stan-
dard model Yukawa coupling gf = yf ⌘ mf/174 GeV.
This relation is common for pseudoscalars, motivated
from the minimal flavour violation (MFV) ansatz [42].
The photon flux � at Earth from a region �⌦, assum-

ing prompt photon emission arising from annihilation of
Dirac dark matter, is [55]

d�

dE�
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4
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◆
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where r� = 8.25 kpc is the distance from the galactic
centre to the Earth, ⇢� = 0.42 GeVcm�3 is the local
dark matter density [56], h�vif is the annihilation cross-
section to f̄f and dNf

� /dE� is the energy spectrum of
photons produced per annihilation to f̄f . We use the
tabulated values of dNf

� /dE� from [55, 57], which are
generated with PYTHIA 8.135 [58] and disregard any con-
tribution to the flux that is not prompt i.e. we neglect
all photons generated by the propagation of cosmic rays.
The average J factor over a region of size �⌦ is

hJi = 1

�⌦

Z
cos b J(b, l) db dl , (4)

where

J(b, l) =

Z

l.o.s

ds

r�
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Annihilates mainly to  

ma < 2m�

10

� e

e �

�̄ f

� f̄

FIG. 11: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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FIG. 2. The solid, dashed and dotted contours show the 1, 2
and 3� favoured regions in the mDM-h�vi plane, along with
the best fit point, shown by the dot. The branching ratios
are determined by the Yukawa couplings yf . The excess is
consistent with an annihilation cross-section that gives the
observed dark matter relic density.

and s varies over the line of sight. We use the form of
⇢(r) in eq. (1) with � = 1.2, rs = 23.1 kpc and ⇢s is
chosen so that ⇢(r�) = ⇢�. Following [16], we calculate
hJi in the 7� ⇥ 7� region by summing over pixels of size
0.1� ⇥ 0.1�.

For the simplified model in eq. (2), the s-wave annihi-
lation cross-section for �̄� ! f̄f is

h�vif =
NC

8⇡

y2f g
2

DM

m2

DM

(m2

a � 4m2

DM

)2 +m2

a�
2

a

s

1� m2

f

m2

DM

(6)

where NC = 3 (1) for coloured (colour-neutral) particles
and �a is the pseudoscalar width. Among the possible
final states, the dominant annihilation channel is to b
quarks; the branching ratio to a particular final state is
determined by yf , for which yb is the largest.

An example of the resulting gamma-ray spectrum for
m

DM

= 30 GeV, h�vi ⌘ P
f h�vif = 3 ⇥ 10�26 cm3 s�1

and the astrophysical parameter choices above is shown
by the solid blue curve in fig. 1. This gives a good fit to
the data. Being more quantitive, fig. 2 shows the result of
a fit in them

DM

- h�vi plane assuming that the branching
ratio into the final state f̄f is determined by the Yukawa
couplings yf . The black dot shows the best fit point and
the solid, dashed and dotted lines show the 1, 2 and 3 �
regions respectively. These regions are determined by
minimising a �2 distribution as described in [16]. We see
that the cross-section is consistent with that required for
a thermal relic, i.e. h�vi ' 3 ⇥ 10�26 cm3 s�1, for m

DM

around 30 GeV. In addition, one should not discount the
possibility that h�vi � 3 ⇥ 10�26 cm3 s�1 in the pri-
mordial Universe since regeneration mechanisms, such as

Fermi H3sL

LHC 8 TeV

LHC 14 TeV

mDM
=30
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0.1
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10.0
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g D
M

FIG. 3. The red shaded region shows the values of gDM

and ma that fit the galactic excess at 3� (marginalising over
mDM). The red dashed line shows the values of gDM and ma

that give h�vi = 3⇥ 10�26 cm3 s�1 for mDM = 30 GeV. The
solid blue line shows the constraint from the current 8 TeV
CMS monojet search, and the blue dashed line our extrapo-
lation of a similar search at 14 TeV with 40 fb�1.

those proposed in [59, 60], may maintain the would-be
candidate as the main dark matter component.
The red shaded region in fig. 3 shows the values of

the pseudoscalar-dark matter coupling g
DM

and mass
ma that fit the galactic excess at 3�. In this region
we have marginalised over m

DM

. The red dashed line
shows the values of g

DM

and ma that result in h�vi =
3 ⇥ 10�26 cm3 s�1 for m

DM

= 30 GeV. Typically, a
coupling of order one or less is required to fit the ex-
cess. The annihilation is resonantly enhanced when
ma ⇡ 2m

DM

, explaining the ‘funnel’ that extends to
small values of g

DM

.

III. COLLIDER SEARCHES

In general, it is hard to find evidence for this model
at a collider, particularly for a pseudoscalar that satis-
fies ma > mh/2 so that constraints from h ! aa de-
cays are forbidden. We have implemented our model of
Dirac fermion dark matter with a pseudoscalar media-
tor using FeynRules [61] with the UFO output [62] to
generate events in MadGraph5 [63]. We include the di-
mension five Gµ⌫G̃µ⌫a operator, which is obtained from
integrating out the top-quark loop. To check our im-
plementation, we compare our cross-section for tt̄a and
the inclusive pp ! a cross-section with those available
for pseudoscalar Higgs bosons in the literature. We find
good agreement with the results of the LHC Higgs Cross-
Section Working Group [64].

We find that the greatest sensitivity comes from the
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It has recently been shown that dark-matter annihilation to bottom quarks provides a good fit to
the galactic-center gamma-ray excess identified in the Fermi-LAT data. In the favored dark matter
mass range m ⇠ 30� 40 GeV, achieving the best-fit annihilation rate �v ⇠ 5⇥ 10�26 cm3 s�1 with
perturbative couplings requires a sub-TeV mediator particle that interacts with both dark matter
and bottom quarks. In this paper, we consider the minimal viable scenarios in which a Standard
Model singlet mediates s-channel interactions only between dark matter and bottom quarks, focusing
on axial-vector, vector, and pseudoscalar couplings. Using simulations that include on-shell mediator
production, we show that existing sbottom searches currently o↵er the strongest sensitivity over a
large region of the favored parameter space explaining the gamma-ray excess, particularly for axial-
vector interactions. The 13 TeV LHC will be even more sensitive; however, it may not be su�cient
to fully cover the favored parameter space, and the pseudoscalar scenario will remain unconstrained
by these searches. We also find that direct-detection constraints, induced through loops of bottom
quarks, complement collider bounds to disfavor the vector-current interaction when the mediator
is heavier than twice the dark matter mass. We also present some simple models that generate
pseudoscalar-mediated annihilation predominantly to bottom quarks.

I. INTRODUCTION

Although dark matter (DM) constitutes roughly 85%
of the matter in our universe, its identity and interactions
are currently unknown [1]. If DM annihilates to visible
states, existing space-based telescopes may be sensitive
to the flux of annihilation byproducts arising from regions
of high DM density, including the galactic center (GC).

Several groups have confirmed a statistically-
significant excess in the Fermi-LAT gamma-ray spectrum
[2–11], originally identified in [12]. The excess is largely
confined to an angular size of ⇠< 10� with respect to the
GC, exhibits spherical symmetry, and is uncorrelated
with the galactic disk or Fermi bubbles [9]. While this
excess may still be astrophysical in origin, potentially
due to an unusual population of millisecond pulsars [7],
its energy spectrum and spatial distribution are well
modeled by an Navarro-Frenk-White profile [13] of dark
matter particles ��̄ annihilating to bb̄ with mass and
cross section [8]

h�vi = (5.1 ± 2.4) ⇥ 10�26 cm3s�1 , (1)

m� = 39.4 (+3.7
�2.9 stat.)(±7.9 sys.) GeV , (2)

which are compatible with a DM abundance from ther-
mal freeze-out.

Recent work has presented the collider and direct-
detection constraints on this interpretation assuming
flavor-universal and mass-proportional couplings to SM
fermions [14, 15]; these analyses apply collider bounds
on DM production assuming a contact interaction be-
tween dark and visible matter. The analyses in [15–17]
also study simplified models of DM annihilation medi-
ated by color-charged t-channel mediators. For perturba-
tive interactions, Eq. (1) implies that the mediator mass
is below a TeV, so it can be produced on-shell at the
Large Hadron Collider (LHC) and decay to distinctive

final states with a mixture of b-jets and missing energy
( 6ET ). At direct-detection experiments, this mediator can
also be integrated out to induce dark matter scattering
through loops of b quarks that exchange photons or glu-
ons with nuclei. Up to di↵erences in Lorentz structure,
these processes are generic predictions of any model that
explains the Fermi anomaly; however for light mediators
(< 2m�), it is possible to evade collider searches [18].

In this paper, we study the scenario with an s-channel
mediator that predominantly couples to b quarks and fo-
cus on the regime in which the mediator is ⇠> 100 GeV
and can decay to pairs of DM particles. The mediator
can be produced in processes involving b quarks, and its
decays yield final states with b jets and/or missing en-
ergy. We extract constraints from LHC searches for new
physics in the bb̄+ 6ET final state and explore the sensitiv-
ity of a proposed mono-b+ 6ET analysis [19]. We find that
large regions of favored parameter space are excluded by
existing 8 TeV sbottom searches, whose sensitivity is pro-
jected to improve at 13 TeV. The mono-b analysis is ex-
pected to be comparable at 8 TeV and set stronger con-
straints at 13 TeV. We also clarify the LUX limits [20]
on scattering through loops of b quarks and find strong
bounds on the parameter space of vector-mediators that
explain the Fermi excess.

The organization of the paper is as follows: in section
II we discuss a set of possible minimal interactions that
can explain the GC excess. In section III, we consider
direct-detection, resonance, and Higgs search constraints
on these scenarios. In section IV, we show the constraints
on these DM interpretations from sbottom LHC searches,
which allow for a possible independent, complementary
confirmation of the GC excess. We also estimate the
reach of a mono-b search at 8, and extend our results
for both searches to 13 TeV. In section V, we outline
concrete models that generate a pseudoscalar mediated
annihilation, which is the least constrained of all possible
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operators that can explain the gamma-ray anomaly.

II. ANNIHILATION OPERATORS

In the simplest models, dark matter can consist of
fermions, scalars, or vector bosons. To narrow the scope
of our investigation without essential loss of generality,
we consider only parity-conserving interactions between
dark and visible matter. For scalar DM, the leading-order
interaction with bb̄ is either ruled out by direct detection
bounds or the annihilation is p-wave suppressed [15], so
achieving the rate in Eq. (1) in the latter case requires
non-perturbative couplings. For vectors, protecting the
DM from prompt decays requires nontrivial model build-
ing, so for simplicity we omit this possibility. Thus, for
the remainder of this paper we focus exclusively on Dirac
fermion DM candidates; Majorana particles are qualita-
tively similar and the collider bounds are expected to be
comparable.

We separately consider the following interactions

LU =
�
g��̄�

µ�5� + gbb̄�
µ�5b

�
Uµ , (3)

LV =
�
g��̄�

µ� + gbb̄�
µb
�
Vµ , (4)

La = i
�
g��̄�

5� + gbb̄�
5b
�
a , (5)

where U, V and a are axial-vector, vector, and pseu-
doscalar fields that mediate s-channel � and b interac-
tions. We assume the mediator is a singlet under SM
gauge interactions, and thus we do not address t-channel
mediators in this article (see Ref. [15] for constraints on
the latter). Our collider and direct-detection constraints
assume only these interactions between the SM and DM.
To leading order in velocity, the annihilation cross sec-
tions are

h�viU ' Nc

2⇡

(g�gb)2m2
b(1 � 4m2

�/m
2
U )2

q
1 �m2

b/m
2
�

�
m2

U � 4m2
�

�2
+ m2

U�2
U

, (6)

h�viV ' Nc

⇡

(g�gb)2 m2
�(1 + m2

b/2m
2
�)
q

1 �m2
b/m

2
�

�
m2

V � 4m2
�

�2
+ m2

V �2
V

, (7)

h�via ' Nc

2⇡

(g�gb)2 m2
�

q
1 �m2

b/m
2
�

�
m2

a � 4m2
�

�2
+ m2

a�
2
a

, (8)

where Nc = 3 is the number of colors. For gbg� = 1,
the best fit values from Eq. (1) imply mediator masses in
the few-hundred GeV range, which are light enough to
be accessible with a combination of experimental strate-
gies. For lighter mediators, the constraints due to direct-
detection and collider experiments are quite weak and
consistent with a DM interpretation of the gamma-ray
excess [18]. In sections III and IV, we discuss the various
constraints on the three sets of interactions (Eqs. 3,4,5)
from direct-detection experiments and collider searches.

III. DIRECT DETECTION AND RESONANCE
SEARCHES

A. Direct Detection

The LUX experiment currently places the strongest
limit on spin-independent �-nucleon interactions over the
m� ⇠ 10� 100 GeV range, at �SI ⇠< 10�46 cm2 [20]. Al-
though we assume that none of a, U , or V couple directly
to light quarks, it is still possible for DM to induce elastic
nuclear scattering through a loop of b quarks as depicted
in Fig. 1. The cross section for the vector-mediated pro-
cess in the leading-log approximation is [21]

d�

dE
=

(gbg�)2 mT

18⇡v2 m4
V

✓
↵Z

⇡

◆2

F 2(E)


log

✓
m2

b

m2
V

◆�2
, (9)

where E is the nuclear recoil energy, mT is the mass of a
target nucleus, Z is the target’s electric charge, v is the
relative velocity, and F is the Helm form factor [22]. The
scattering rate in units of counts/day/keV/kg detector-
mass is

dR

dE
=

⇢�
m�mT

Z vesc

vmin(E)
d3vf�(~v, v0) v

d�

dE
, (10)

where ⇢� = 0.3 GeV/cm3 is the local DM mass den-
sity, vmin(E) =

p
mTE/2µ is the minimum DM ve-

locity required to induce a nuclear recoil of energy E,
µ = m�mT/(m� + mT) is the reduced mass, vesc ⇡ 550
km/s is the halo escape velocity, and v0 = 220 km/s is
the mean local DM velocity. Here, f�(~v, v0) is the local
DM velocity distribution in the detector frame, which is
obtained from a Maxwellian distribution in the galactic
rest frame boosted by the Earth’s velocity with respect
to the halo.

Using the LUX limits and detection e�ciencies [20], we
find the (�̄�µ�)(b̄�µb) interaction is disfavored over much
of the mV > 2m� range as shown in Figure 3. For the
pseudoscalar and axial-vector interactions in Eq. (3) and
Eq. (5), LUX places no relevant constraint since the one
loop diagram depicted in Fig. 1 vanishes and the leading
process is spin-dependent1.

B. Resonance Searches

We consider constraints on non-standard b-jet produc-
tion in the context of dijet resonances and non-SM Higgs

1 Our LUX limit on the (�̄�µ�)(b̄�µb) interaction (green curve
in Figure 3, color online) disagrees with the bounds on spin-1
s-channel interactions in Figure 3 of [15], which cites [23] for the
loop induced scattering cross section. However, the diagrams
calculated in Appendix A of [23] feature a t-channel �b inter-
action, whereas the vector-vector interaction with an s-channel
mediator arises from the process depicted in Figure 1, which sets
a stronger bound on this process.
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FIG. 11: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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FIG. 11: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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FIG. 12: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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while the other curves show projections of potential fu-
ture sensitivities. For clarity of presentation, we empha-
size the CMS sbottom search [58], which already con-
strains a large region of parameter space for several sce-
narios, though comparable sensitivity is achieved with
the corresponding ATLAS analysis [57]. The LHC is ex-
pected to have already put strong constraints on vector
and axial-vector interactions for a range of parameter
space that can explain the Fermi gamma-ray excess. In
the pseudoscalar scenario, however, the LHC constraints
on the UV completion of this operator are not expected
to robustly test the gamma-ray excess preferred param-
eter space.

In Figures 3, 4, and 5, we also show our estimated
sensitivity of future sbottom searches at 13 TeV, assum-
ing the same selection criteria from the analysis at 8
TeV, with the addition of an optimization over missing
transverse energy, 6ET . The expected bounds that we
draw at 13 TeV assume a systematic uncertainty of 10%.
At 20 fb�1, the signal regions we consider are already
systematics-dominated, and longer running will not nec-
essarily improve the bounds.

We also show the sensitivity of a mono-b+ 6ET analysis
proposed in [16], using the b-tagging working point from
the CMS sbottom search [58]. This analysis o↵ers more
optimal coverage at high mediator masses, where the sig-
nal benefits from a hard radiated jet whose recoil boosts
the ��̄ system and consequently enhances the missing
energy spectrum [59].

In Figs. 3, 4 and 5, we show how the bounds compare
for g� = gb and g� = 10gb. As we show in Section V, the
gb coupling is typically smaller than the g� coupling. For
g� � gb, the bounds from LHC searches are weakened,
as the rate for radiating o↵ an on-shell mediator gets
smaller.

In summary, we find that LHC searches with b jets and
missing energy are excellent probes of interactions re-
sponsible for the GC excess, particularly for interactions
mediated by axial-vectors and vectors. In such scenarios,
most of the parameter space with mU,V > 2m� is already
excluded or will be in early 13 TeV running. However,
pseudoscalars currently evade all such constraints and
will be challenging to probe at 13 TeV with heavy flavor
+ DM searches.

V. BEYOND THE MINIMAL INTERACTION

A. Pseudoscalar Mediated Models

In this section, we study concrete models that give rise
to �̄� ! b̄b annihilation with pseudoscalar mediators.
Our emphasis is motivated both by the larger allowed pa-
rameter space that remains for this scenario, and the dif-
ficulty of constructing viable vector and axial-vector in-
teractions that give rise to appreciable annihilation rates.
Note that the interactions in Eq. (5) are not permitted
prior to electroweak symmetry breaking as the left- and
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FIG. 9: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A� on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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FIG. 2: Example diagrams for pp ! bb̄ ��̄. If kinematically
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right-handed bottom quarks have di↵erent gauge charges.
Therefore, we generically find that g� � gb, as the cou-
pling to the visible sector is often accompanied by some
source of suppression (mixing angles, higher-dimensional
operators, etc.).

1. Two-Higgs Doublet Model with a Singlet

A pseudoscalar with the interactions in Eq. (5) can
arise in a two-Higgs doublet model (2HDM) with an ad-
ditional complex-scalar singlet. Two-Higgs doublet mod-
els typically induce flavor-changing neutral currents (FC-
NCs) that are strongly constrained unless each set of
fermions couple predominantly to only one of the Higgs
doublets [60]. We consider a scenario analogous to [61],
where one of the Higgs doublets, which we refer to as
Hu, couples to the up-type quarks and the leptons, while
the other doublet, which we refer to as Hd, couples to
the down-type quarks. The Lagrangian for this scenario
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searches. Mediator production at hadron colliders pro-
ceeds via

pp ! U/V/a ! bb̄, (11)

and yields dijet resonances. The best limits are from UA2
and Tevatron dijet searches [24], which bound a univer-
sal Z 0 coupling by ⇠< 0.5 over the mZ0 2 100-1000 GeV
range. In our scenarios of interest, the mediators couple
only to b quarks, so the production rate is suppressed by
parton distribution functions and there is no constraint
for perturbative mediator couplings to b.

Similarly, the CMS search for non-standard Higgs sec-
tors is sensitive to final states with 3 or more jets [25],
which can arise in our scenarios of interest via

pp ! (U/V/a ! bb̄) + b jets. (12)

Simulating inclusive U, V, and a, production using
Madgraph 5 [26], and applying the CMS limits from [25],
we find this bound to be comparable to the sbottom
and mono-b searches considered in Section IV for pseu-
doscalars when gb = g� (see Fig. 5). A similar bound is
expected for axial-vector and vector mediators; however,
the di↵erent kinematics of the (axial-)vector final states
prevent a direct application of the bound, and the Higgs
searches are anyway subdominant to the sbottom con-
straints for these mediators. In the |g�| ⌧ |gb| limit, the
multi-b Higgs search no longer applies, as the coupling to
b quarks is relatively suppressed.

IV. COLLIDER DM SEARCHES

Collider studies of DM production in association with
SM particles have proliferated vastly in recent years
[17, 27–51]. In this section, we consider interactions in
which DM couples predominantly to b quarks through
the axial-vector, vector, and pseudoscalar interactions
(Eqs. 3-5). Although DM annihilation in the GC is
well approximated by the contact-interaction limit for
m� ⌧ ma,V,U , the preferred mediator-masses are of order
a few-hundred GeV for perturbative couplings. There-
fore, due to the high partonic center-of-mass energies at
the LHC, the e↵ective theory description [15, 48, 52] is

not applicable. In this section, we show the LHC’s sensi-
tivity to on shell production of pseudoscalar, vector, and
axial-vector mediators, highlighting the parameter space
suggested by the Fermi excess. The generic DM produc-
tion process at the LHC is

pp ! (U/V/a ! ��̄) + Xsm, (13)

where Xsm can be any multiplicity of SM final states and
the U/V/a ! ��̄ decay yields missing energy in the final
state. There are several scenarios to consider, depending
on the nature of the additional SM final states, Xsm,
produced in association with U/V/a. For Xsm = W±,
Xsm = Z0, or Xsm = j( 6= b), the signal could appear in
the mono-Xsm + 6ET searches [14].

However, the best sensitivity to these signals utilizes
the power of b-tagging, since mediator production is al-
most always accompanied by at least one associated b-
quark. Fig. 2 depicts representative Feynman diagrams
that give rise to b quarks and missing energy from DM
production processes. Ref. [19] proposed a mono-b anal-
ysis which can set strong constraints on the topologies
considered in this article by looking for a b-tagged jet
and significant missing energy. To date, this analysis has
not yet been performed.

A central result of our paper is that strong bounds can
already be set with existing LHC sbottom searches in
the 2b + 6ET channel. We note that this final state was
considered by [15] in the context of the pair-production
of a colored t-channel mediator between b quarks and
DM. Here, we show that the sbottom searches also place
constraints on s-channel mediators that are uncharged
under the SM and are produced only through the inter-
action responsible for ��̄ ! U/V/a ! bb̄ annihilation.

Our Monte Carlo calculations of the SM backgrounds
for the mono-b + 6ET and 2b + 6ET final states were done
in Madgraph 5 [26]. We include samples of the domi-
nant SM processes, namely V + jets, and tt̄+ jets, which
are matched with the k?-shower scheme [53]. Next-to-
leading-order (NLO) k-factors for the backgrounds are
calculated with MCFM [54, 55]. The pseudoscalar and axial
vector operators are also simulated in Madgraph 5 with a
user-defined model. Showering and additional jets from
initial- and final-state radiation are generated in Pythia
6.4 [56], with a detector simulation done in PGS 4 [57].
The PGS version used in this study is modified from the
standard version [58]; in this modified PGS, the truth b
and c tagging was improved, and the anti-kT clustering
was incorporated from [59]. This study uses an R = 0.4
clustering radius. We validated the backgrounds simu-
lated in this study by reproducing the expected back-
ground yield in the signal regions of the ATLAS sbottom
search [60] to within 20%-30%.

Our main results are encapsulated in Figures 3, 4, and
5, which present the constraints on the vector, axial-
vector, and pseudoscalar operators, respectively. All
three Figures show constraints from collider production
and direct detection for g� = gb and g� = 10gb; the
gray region in each plot is ruled out by existing searches,
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searches. Mediator production at hadron colliders pro-
ceeds via

pp ! U/V/a ! bb̄, (11)

and yields dijet resonances. The best limits are from UA2
and Tevatron dijet searches [24], which bound a univer-
sal Z 0 coupling by ⇠< 0.5 over the mZ0 2 100-1000 GeV
range. In our scenarios of interest, the mediators couple
only to b quarks, so the production rate is suppressed by
parton distribution functions and there is no constraint
for perturbative mediator couplings to b.

Similarly, the CMS search for non-standard Higgs sec-
tors is sensitive to final states with 3 or more jets [25],
which can arise in our scenarios of interest via

pp ! (U/V/a ! bb̄) + b jets. (12)

Simulating inclusive U, V, and a, production using
Madgraph 5 [26], and applying the CMS limits from [25],
we find this bound to be comparable to the sbottom
and mono-b searches considered in Section IV for pseu-
doscalars when gb = g� (see Fig. 5). A similar bound is
expected for axial-vector and vector mediators; however,
the di↵erent kinematics of the (axial-)vector final states
prevent a direct application of the bound, and the Higgs
searches are anyway subdominant to the sbottom con-
straints for these mediators. In the |g�| ⌧ |gb| limit, the
multi-b Higgs search no longer applies, as the coupling to
b quarks is relatively suppressed.

IV. COLLIDER DM SEARCHES

Collider studies of DM production in association with
SM particles have proliferated vastly in recent years
[17, 27–51]. In this section, we consider interactions in
which DM couples predominantly to b quarks through
the axial-vector, vector, and pseudoscalar interactions
(Eqs. 3-5). Although DM annihilation in the GC is
well approximated by the contact-interaction limit for
m� ⌧ ma,V,U , the preferred mediator-masses are of order
a few-hundred GeV for perturbative couplings. There-
fore, due to the high partonic center-of-mass energies at
the LHC, the e↵ective theory description [15, 48, 52] is

not applicable. In this section, we show the LHC’s sensi-
tivity to on shell production of pseudoscalar, vector, and
axial-vector mediators, highlighting the parameter space
suggested by the Fermi excess. The generic DM produc-
tion process at the LHC is

pp ! (U/V/a ! ��̄) + Xsm, (13)

where Xsm can be any multiplicity of SM final states and
the U/V/a ! ��̄ decay yields missing energy in the final
state. There are several scenarios to consider, depending
on the nature of the additional SM final states, Xsm,
produced in association with U/V/a. For Xsm = W±,
Xsm = Z0, or Xsm = j( 6= b), the signal could appear in
the mono-Xsm + 6ET searches [14].

However, the best sensitivity to these signals utilizes
the power of b-tagging, since mediator production is al-
most always accompanied by at least one associated b-
quark. Fig. 2 depicts representative Feynman diagrams
that give rise to b quarks and missing energy from DM
production processes. Ref. [19] proposed a mono-b anal-
ysis which can set strong constraints on the topologies
considered in this article by looking for a b-tagged jet
and significant missing energy. To date, this analysis has
not yet been performed.

A central result of our paper is that strong bounds can
already be set with existing LHC sbottom searches in
the 2b + 6ET channel. We note that this final state was
considered by [15] in the context of the pair-production
of a colored t-channel mediator between b quarks and
DM. Here, we show that the sbottom searches also place
constraints on s-channel mediators that are uncharged
under the SM and are produced only through the inter-
action responsible for ��̄ ! U/V/a ! bb̄ annihilation.

Our Monte Carlo calculations of the SM backgrounds
for the mono-b + 6ET and 2b + 6ET final states were done
in Madgraph 5 [26]. We include samples of the domi-
nant SM processes, namely V + jets, and tt̄+ jets, which
are matched with the k?-shower scheme [53]. Next-to-
leading-order (NLO) k-factors for the backgrounds are
calculated with MCFM [54, 55]. The pseudoscalar and axial
vector operators are also simulated in Madgraph 5 with a
user-defined model. Showering and additional jets from
initial- and final-state radiation are generated in Pythia
6.4 [56], with a detector simulation done in PGS 4 [57].
The PGS version used in this study is modified from the
standard version [58]; in this modified PGS, the truth b
and c tagging was improved, and the anti-kT clustering
was incorporated from [59]. This study uses an R = 0.4
clustering radius. We validated the backgrounds simu-
lated in this study by reproducing the expected back-
ground yield in the signal regions of the ATLAS sbottom
search [60] to within 20%-30%.

Our main results are encapsulated in Figures 3, 4, and
5, which present the constraints on the vector, axial-
vector, and pseudoscalar operators, respectively. All
three Figures show constraints from collider production
and direct detection for g� = gb and g� = 10gb; the
gray region in each plot is ruled out by existing searches,
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plane for the sbottom pair production scenario considered. The signal region providing

the best expected CLs exclusion limit is chosen at each point. The dashed (solid) lines

show the expected (observed) limits, including all uncertainties except for the theoretical

signal cross-section uncertainty (PDF and scale). The bands around the expected limits

show the ±1! uncertainties. The dotted lines around the observed limits represent the

results obtained when moving the nominal signal cross section up or down by the ±1!

theoretical uncertainty. Previous limits published by ATLAS [22], CDF [31] and D0 [32]

are also shown.

In the case of stop pair production with the stop decaying only into b!̃±

1 , the
model depends on the masses of the three SUSY particles involved in the decay,

mt̃
1
, m!̃±

1

and m!̃0
1
. Limits are derived using the same procedure adopted for the

sbottom pair production scenario and are presented in Figure 6 under the additional
assumptions that mt̃

1
=300 GeV (upper left), m!̃±

1

=150 GeV (upper right), or for a

fixed value of the mass di!erence "m = m!̃±
1

!m!̃0
1
of 5 GeV (lower left) and 20 GeV

(lower right). Stop masses up to 580 GeV (440 GeV) are excluded for "m = 5 GeV

(20 GeV) and for m!̃0
1
= 100 GeV. For "m = 5 GeV (20 GeV), neutralino masses

up to 270 GeV (220 GeV) are excluded for mt̃
1
= 420 GeV. In the "m = 20 GeV,

a smaller fraction of the (mt̃
1
, m!̃0

1
) plane is excluded since this scenario has a lower

e#ciency given that electrons and muons often have a pT above the reconstruction
threshold.
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Description
Signal Regions

SRA SRB

Event cleaning Common to all SR

Lepton veto No e/µ after overlap removal with pT > 7(6) GeV for e(µ)

Emiss
T > 150 GeV > 250 GeV

Leading jet pT(j1) > 130 GeV > 150 GeV

Second jet pT(j2) > 50 GeV, > 30 GeV

Third jet pT(j3) veto if > 50 GeV > 30 GeV

!!(pmiss
T , j1) - > 2.5

b-tagging leading 2 jets 2nd- and 3rd-leading jets

(pT > 50 GeV, |"| < 2.5) (pT > 30 GeV, |"| < 2.5)

nb-jets = 2

!!min > 0.4 > 0.4

Emiss
T /me!(k) Emiss

T /me!(2) > 0.25 Emiss
T /me!(3) > 0.25

mCT > 150, 200, 250, 300, 350 GeV -

HT,3 - < 50 GeV

mbb > 200 GeV -

Table 1. Summary of the event selection in each signal region.

are found with pT > 50 GeV. Multijet background is suppressed by selecting events

with large !!min and Emiss
T /me! . The requirement mbb > 200 GeV is added to reduce

backgrounds from production of top-quark (including top-quark pairs and single top-

quark production processes), and Z-bosons in association with heavy-flavour jets. As
a final selection criterion, five di"erent thresholds on mCT ranging from 150 GeV to
350 GeV are applied. For a signal point corresponding to mb̃

1

= 500 GeV and

m!̃0
1
= 1 GeV, 3% of the simulated events are retained by the SRA selection with

mCT > 250 GeV.

Signal region B (SRB) is defined to enhance the sensitivity for a small squark–
neutralino mass di"erence by explicitly selecting events with a high-pT jet, which is

likely to have been produced as initial state radiation, recoiling against the squark-
pair system. High thresholds on the leading jet pT and on the missing transverse
momentum, which are required to be almost back-to-back in !, are imposed. The

leading jet is required to be not b-tagged, and two additional jets are required to
be b-tagged. As for SRA, the multi-jet background is suppressed with appropriate
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4

while the other curves show projections of potential fu-
ture sensitivities. For clarity of presentation, we empha-
size the CMS sbottom search [61], which already con-
strains a large region of parameter space for several sce-
narios, though comparable sensitivity is achieved with
the corresponding ATLAS analysis [60]. The LHC is ex-
pected to have already put strong constraints on vector
and axial-vector interactions for a range of parameter
space that can explain the Fermi gamma-ray excess. In
the pseudoscalar scenario, however, the LHC constraints
on the UV completion of this operator are not expected
to robustly test the gamma-ray excess preferred param-
eter space.

In Figures 3, 4, and 5, we also show our estimated
sensitivity for 95% confidence level (CL) exclusion from
future sbottom searches at 13 TeV, assuming the same
selection criteria from the analysis at 8 TeV, with the
addition of an optimization over missing transverse en-
ergy, 6ET . The expected bounds that we draw at 13 TeV
assume a systematic uncertainty of 10%. At 20 fb�1,
the signal regions we consider are already systematics-
dominated, and longer running will not necessarily im-
prove the bounds.

We also show the sensitivity for 95% CL exclusion from
a mono-b + 6ET analysis proposed in [19] using the b-
tagging working point from the CMS sbottom search [61].
This analysis o↵ers more optimal coverage at high media-
tor masses, where the signal benefits from a hard radiated
jet whose recoil boosts the ��̄ system and consequently
enhances the missing energy spectrum [62].

In Figs. 3, 4 and 5, we show how the bounds compare
for g� = gb and g� = 10gb. As we show in Section V, the
gb coupling is typically smaller than the g� coupling. For
g� � gb, the bounds from LHC searches are weakened,
as the rate for radiating o↵ an on-shell mediator gets
smaller.

In summary, we find that LHC searches with b jets and
missing energy are excellent probes of interactions re-
sponsible for the GC excess, particularly for interactions
mediated by axial-vectors and vectors. In such scenarios,
most of the parameter space with mU,V > 2m� is already
excluded or will be in early 13 TeV running. However,
pseudoscalars currently evade all such constraints and
will be challenging to probe at 13 TeV with heavy flavor
+ DM searches.

V. BEYOND THE MINIMAL INTERACTION

A. Pseudoscalar Mediated Models

In this section, we study concrete models that give rise
to �̄� ! b̄b annihilation with pseudoscalar mediators.
Our emphasis is motivated both by the larger allowed pa-
rameter space that remains for this scenario, and the dif-
ficulty of constructing viable vector and axial-vector in-
teractions that give rise to appreciable annihilation rates.
Note that the interactions in Eq. (5) are not permitted
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FIG. 2: Example diagrams for pp ! bb̄ ��̄. If kinematically
allowed, the dominant process is pp ! bb̄ (a ! ��̄) which
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prior to electroweak symmetry breaking as the left- and
right-handed bottom quarks have di↵erent gauge charges.
Therefore, we generically find that g� � gb for a singlet
mediator, as the coupling to the visible sector is often ac-
companied by some source of suppression (mixing angles,
higher-dimensional operators, etc.).

1. Two-Higgs Doublet Model with a Singlet

A pseudoscalar with the interactions in Eq. (5) can
arise in a two-Higgs doublet model (2HDM) with an ad-
ditional complex-scalar singlet. Two-Higgs doublet mod-
els typically induce flavor-changing neutral currents (FC-
NCs) that are strongly constrained unless each set of
fermions couple predominantly to only one of the Higgs
doublets [63]. We consider a scenario analogous to [64],
where one of the Higgs doublets, which we refer to as
Hu, couples to the up-type quarks and the leptons, while
the other doublet, which we refer to as Hd, couples to
the down-type quarks. The Lagrangian for this scenario

hep-ex/1308.2631

– me! is defined as the scalar sum of the pT of the k leading jets and the Emiss
T

me!(k) =
k

!

i=1

(pjetT )i + Emiss
T ,

where the index refers to the pT-ordered list of jets;

– HT,3 is defined as the scalar sum of the pT of the n jets, without including the

three leading jets

HT,3 =
n

!

i=4

(pjetT )i,

where the index refers to the pT-ordered list of jets;

– mbb is defined as the invariant mass of the two b-tagged jets in the event;

– mCT is the contransverse mass [65] and is a kinematic variable that can be used

to measure the masses of pair-produced semi-invisibly decaying heavy particles.
For two identical decays of heavy particles into two visible particles (or particle
aggregates) v1 and v2, and two invisible particles, mCT is defined as:

m2
CT(v1, v2) = [ET(v1) + ET(v2)]

2 ! [pT(v1)! pT(v2)]
2 ,

where ET =
"

p2T +m2. In this analysis, v1 and v2 are the two b-jets from the
squark decays and the invisible particles are the two !̃0

1 particles or chargino

decay products, depending on the assumption considered. The contransverse
mass is an invariant under equal and opposite boosts of the parent particles

in the transverse plane. For parent particles produced with small transverse
boosts, mCT is bounded from above by an analytical combination of particle

masses. This bound is saturated when the two visible objects are co-linear.
For tt̄ events this kinematic bound is at 135 GeV. For production of sbottom
pairs the bound is given by:

mmax
CT =

m2(b̃)!m2(!̃0
1)

m(b̃)
.

A similar equation can be written for production of stop pairs in terms of mt̃
1

and m!̃±
1

. A correction to mCT for the transverse boost due to ISR is also

applied [66].

The definition of the two signal regions is summarised in table 1. Signal region

A (SRA) targets signal events with large mass splitting between the squark and
the neutralino, identifying two b-tagged high-pT leading jets as products of the two
sbottom or stop decays. Events are rejected if any other central (|"| < 2.8) jets
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while the other curves show projections of potential fu-
ture sensitivities. For clarity of presentation, we empha-
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strains a large region of parameter space for several sce-
narios, though comparable sensitivity is achieved with
the corresponding ATLAS analysis [60]. The LHC is ex-
pected to have already put strong constraints on vector
and axial-vector interactions for a range of parameter
space that can explain the Fermi gamma-ray excess. In
the pseudoscalar scenario, however, the LHC constraints
on the UV completion of this operator are not expected
to robustly test the gamma-ray excess preferred param-
eter space.
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future sbottom searches at 13 TeV, assuming the same
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tagging working point from the CMS sbottom search [61].
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gb coupling is typically smaller than the g� coupling. For
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as the rate for radiating o↵ an on-shell mediator gets
smaller.

In summary, we find that LHC searches with b jets and
missing energy are excellent probes of interactions re-
sponsible for the GC excess, particularly for interactions
mediated by axial-vectors and vectors. In such scenarios,
most of the parameter space with mU,V > 2m� is already
excluded or will be in early 13 TeV running. However,
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ficulty of constructing viable vector and axial-vector in-
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Note that the interactions in Eq. (5) are not permitted

8

�(p�) e(pR)

e(pT ) �(p�)

�(p�) �(p�)

e(pT ) e(pR)

FIG. 9: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A� on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

g

g

g

b̄

b

a
�

�̄

g

g

b̄

b

�

�̄

a

g

b

b

�

�̄

a

FIG. 2: Example diagrams for pp ! bb̄ ��̄. If kinematically
allowed, the dominant process is pp ! bb̄ (a ! ��̄) which
su↵ers less phase space suppression.

prior to electroweak symmetry breaking as the left- and
right-handed bottom quarks have di↵erent gauge charges.
Therefore, we generically find that g� � gb for a singlet
mediator, as the coupling to the visible sector is often ac-
companied by some source of suppression (mixing angles,
higher-dimensional operators, etc.).

1. Two-Higgs Doublet Model with a Singlet

A pseudoscalar with the interactions in Eq. (5) can
arise in a two-Higgs doublet model (2HDM) with an ad-
ditional complex-scalar singlet. Two-Higgs doublet mod-
els typically induce flavor-changing neutral currents (FC-
NCs) that are strongly constrained unless each set of
fermions couple predominantly to only one of the Higgs
doublets [63]. We consider a scenario analogous to [64],
where one of the Higgs doublets, which we refer to as
Hu, couples to the up-type quarks and the leptons, while
the other doublet, which we refer to as Hd, couples to
the down-type quarks. The Lagrangian for this scenario
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while the other curves show projections of potential fu-
ture sensitivities. For clarity of presentation, we empha-
size the CMS sbottom search [61], which already con-
strains a large region of parameter space for several sce-
narios, though comparable sensitivity is achieved with
the corresponding ATLAS analysis [60]. The LHC is ex-
pected to have already put strong constraints on vector
and axial-vector interactions for a range of parameter
space that can explain the Fermi gamma-ray excess. In
the pseudoscalar scenario, however, the LHC constraints
on the UV completion of this operator are not expected
to robustly test the gamma-ray excess preferred param-
eter space.

In Figures 3, 4, and 5, we also show our estimated
sensitivity for 95% confidence level (CL) exclusion from
future sbottom searches at 13 TeV, assuming the same
selection criteria from the analysis at 8 TeV, with the
addition of an optimization over missing transverse en-
ergy, 6ET . The expected bounds that we draw at 13 TeV
assume a systematic uncertainty of 10%. At 20 fb�1,
the signal regions we consider are already systematics-
dominated, and longer running will not necessarily im-
prove the bounds.

We also show the sensitivity for 95% CL exclusion from
a mono-b + 6ET analysis proposed in [19] using the b-
tagging working point from the CMS sbottom search [61].
This analysis o↵ers more optimal coverage at high media-
tor masses, where the signal benefits from a hard radiated
jet whose recoil boosts the ��̄ system and consequently
enhances the missing energy spectrum [62].

In Figs. 3, 4 and 5, we show how the bounds compare
for g� = gb and g� = 10gb. As we show in Section V, the
gb coupling is typically smaller than the g� coupling. For
g� � gb, the bounds from LHC searches are weakened,
as the rate for radiating o↵ an on-shell mediator gets
smaller.

In summary, we find that LHC searches with b jets and
missing energy are excellent probes of interactions re-
sponsible for the GC excess, particularly for interactions
mediated by axial-vectors and vectors. In such scenarios,
most of the parameter space with mU,V > 2m� is already
excluded or will be in early 13 TeV running. However,
pseudoscalars currently evade all such constraints and
will be challenging to probe at 13 TeV with heavy flavor
+ DM searches.

V. BEYOND THE MINIMAL INTERACTION

A. Pseudoscalar Mediated Models

In this section, we study concrete models that give rise
to �̄� ! b̄b annihilation with pseudoscalar mediators.
Our emphasis is motivated both by the larger allowed pa-
rameter space that remains for this scenario, and the dif-
ficulty of constructing viable vector and axial-vector in-
teractions that give rise to appreciable annihilation rates.
Note that the interactions in Eq. (5) are not permitted
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FIG. 9: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A� on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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FIG. 2: Example diagrams for pp ! bb̄ ��̄. If kinematically
allowed, the dominant process is pp ! bb̄ (a ! ��̄) which
su↵ers less phase space suppression.

prior to electroweak symmetry breaking as the left- and
right-handed bottom quarks have di↵erent gauge charges.
Therefore, we generically find that g� � gb for a singlet
mediator, as the coupling to the visible sector is often ac-
companied by some source of suppression (mixing angles,
higher-dimensional operators, etc.).

1. Two-Higgs Doublet Model with a Singlet

A pseudoscalar with the interactions in Eq. (5) can
arise in a two-Higgs doublet model (2HDM) with an ad-
ditional complex-scalar singlet. Two-Higgs doublet mod-
els typically induce flavor-changing neutral currents (FC-
NCs) that are strongly constrained unless each set of
fermions couple predominantly to only one of the Higgs
doublets [63]. We consider a scenario analogous to [64],
where one of the Higgs doublets, which we refer to as
Hu, couples to the up-type quarks and the leptons, while
the other doublet, which we refer to as Hd, couples to
the down-type quarks. The Lagrangian for this scenario
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nario [39, 40], which is designed to maximize the theoretical upper bound on Mh for a given
tan b and fixed MSUSY. Even though its parameters are under tension with the latest experimen-
tal results [41], it is currently still the most suitable benchmark scenario to compare the sensi-
tivity of different analyses channels. The definition of theory parameters in the mmax

h bench-
mark scenario is the following: MSUSY = 1 TeV; Xt = 2MSUSY; µ = 200 GeV; Meg = 800 GeV;
M2 = 200 GeV; and Ab = At; M3 = 800 GeV. Here, MSUSY denotes the common soft-SUSY-
breaking squark mass of the third generation; Xt = At �µ/ tan b2 is the stop mixing parameter;
At and Ab are the stop and sbottom trilinear couplings, respectively; µ is the Higgsino mass
parameter; Meg is the gluino mass; and M2 is the SU(2)-gaugino mass parameter. The value
of M1 is fixed via the unification relation M1 = (5/3)M2 sin qW/ cos qW. The expected cross
section and branching fraction, in the MSSM framework, are calculated by BBH@NNLO [42], in
the 5-flavor scheme, and FEYNHIGGS [43–46], respectively. Exclusion plots for two values of
µ = ±200 GeV are shown.

Figure 7 shows the results in the scenario with µ = �200 GeV, together with previous limits
set by Tevatron [12] in the multi-b jet final state, and by LEP [8]. In particular, no excess over
the expected SM background is found for high values of tan b and for a resonance in the 100–
150 GeV mass range, as previously reported by CDF and D0. The result of this work extends
the sensitivity for MSSM searches in the f ! bb decay mode to much lower values of tan b,
excluding the region where the excess was reported.

The combined results reported in this Letter, using only the data collected at the LHC with a
center-of-mass of

p
s = 7 TeV, provides the most stringent limits on neutral Higgs boson decay

in the bb mode, produced in association with b quarks.
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Figure 5: Observed and expected upper limits for the cross section times branching fraction
at 95% CL, with linear (left) and logarithmic (right) scales, including statistical and systematic
uncertainties for the combined all-hadronic and semileptonic results. One- and two-standard
deviation ranges for the expected upper limit are also shown.

8 Summary and conclusions

We searched for a Higgs boson decaying into a pair of b quarks, produced in association with
one or more additional b-quark jets. We used data samples corresponding to an integrated lu-
minosity of 2.7–4.8 fb�1 collected in 2011 in proton-proton collisions at a center-of-mass energy
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Monojet searches are a powerful way to place model-independent constraints on e!ective oper-
ators coupling dark matter to the standard model. For operators generated by the exchange of a
scalar mediator, however, couplings to light quarks are suppressed and the prospect of probing such
interactions through the inclusive monojet channel at the LHC is limited. We propose dedicated
searches, focusing on bottom and top quark final states, to constrain this class of operators. We show
that a search in mono b-jets can significantly improve current limits. The mono-b signal arises partly
from direct production of b-quarks in association with dark matter, but the dominant component
is from top quark pair production in the kinematic regime where one top is boosted. A search for
tops plus missing energy can strengthen the bounds even more; in this case signal and background
have very di!erent missing energy distributions. We find an overall improvement by several orders
of magnitude in the bound on the direct detection cross section for scalar or pseudoscalar couplings.

PACS numbers: 98.70.Cq

I. INTRODUCTION

Production and detection of dark matter is one of the
most exciting new physics opportunities at the Large
Hadron Collider (LHC). The strategy to search for dark
matter (DM) depends on the physics in the yet-to-be
fully explored energy range of the LHC. In the maver-
ick scenario [1], the DM is the only new particle pro-
duced and all other new particles are beyond the scale of
the LHC. Then the interaction of the DM with standard
model (SM) particles at these energies can be described
in terms of an e!ective field theory (EFT).
In this case the DM signal at the LHC is missing

transverse energy (!ET ) signals such as monojets [1–6] or
monophotons [4, 7]. With an EFT description, one can
classify all relevant interactions at the LHC in a straight-
forward way. This scenario also has the advantage that
the connection between DM annihilation, direct detec-
tion, and collider signals is simple.
The ATLAS [8, 9] and CMS [10, 11] collaborations

have published monojet constraints on the scale of new
interactions in the EFT, which are then used to place
constraints on the DM-nucleon scattering cross section.
These constraints are most e!ective for DM masses be-
low 100 GeV. Meanwhile, there has been rapid progress
in the direct detection of dark matter [12, 13], with
the strongest bounds on DM-nucleon scattering at DM
mass of around 50 GeV and for spin-independent scat-
tering. These two approaches are complementary, and
connecting them has been the focus of many recent stud-
ies [14, 15].

A. Scalar Operator

While the monojet search is extremely e!ective for
many of the possible operators, it is not necessarily the
optimal way to study all of them. In particular, it is

challenging to constrain the scalar operator, where inter-
actions between dark matter and quarks are mediated by
a heavy scalar mediator:

O =
mq

M3
!

q̄qX̄X, (1)

summing over all quarks.1 The form of the interac-
tion is fixed by minimal flavor violation (MFV) [16].
Scalar interactions with SM quarks are typically strongly
constrained by flavor changing neutral current measure-
ments, but in MFV these dangerous flavor violating ef-
fects are automatically suppressed.
Because the interactions are proportional to quark

mass, however, the monojet+!ET signal rate appears to
be suppressed by the light quark masses. The ATLAS
monojet search based on 4.7 fb"1 at 7 TeV sets a limit
of M! > 30 GeV [8], including only couplings to charm
and lighter quarks. This bound is much weaker than
constraints on operators mediated by vector or axial in-
teractions.
In this paper, we point out that the direct search for

production of dark matter in association with third gen-
eration quarks can enhance the reach of the LHC for
dark matter coupled to quarks through a scalar interac-
tion. Direct b production gives rise to a mono b-jet sig-
nal. We also show that the kinematics of top quark pairs
plus dark matter is such that boosted tops may form the
dominant contribution to the mono-b signal. However,
monojet searches veto on more than 2 hard jets, so a

1 There are closely related operators, for example the pseudoscalar
operator

mq

M3
!

q̄!5qX̄!5X, which will have almost identical collider

constraints. The direct detection cross section for these operators
is velocity suppressed, however, so the best limits will come from
the LHC. It should be understood that our limits apply to both
scalar and pseudoscalar operators.

EFT proof  of  principle 
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while the other curves show projections of potential fu-
ture sensitivities. For clarity of presentation, we empha-
size the CMS sbottom search [61], which already con-
strains a large region of parameter space for several sce-
narios, though comparable sensitivity is achieved with
the corresponding ATLAS analysis [60]. The LHC is ex-
pected to have already put strong constraints on vector
and axial-vector interactions for a range of parameter
space that can explain the Fermi gamma-ray excess. In
the pseudoscalar scenario, however, the LHC constraints
on the UV completion of this operator are not expected
to robustly test the gamma-ray excess preferred param-
eter space.

In Figures 3, 4, and 5, we also show our estimated
sensitivity for 95% confidence level (CL) exclusion from
future sbottom searches at 13 TeV, assuming the same
selection criteria from the analysis at 8 TeV, with the
addition of an optimization over missing transverse en-
ergy, 6ET . The expected bounds that we draw at 13 TeV
assume a systematic uncertainty of 10%. At 20 fb�1,
the signal regions we consider are already systematics-
dominated, and longer running will not necessarily im-
prove the bounds.

We also show the sensitivity for 95% CL exclusion from
a mono-b + 6ET analysis proposed in [19] using the b-
tagging working point from the CMS sbottom search [61].
This analysis o↵ers more optimal coverage at high media-
tor masses, where the signal benefits from a hard radiated
jet whose recoil boosts the ��̄ system and consequently
enhances the missing energy spectrum [62].

In Figs. 3, 4 and 5, we show how the bounds compare
for g� = gb and g� = 10gb. As we show in Section V, the
gb coupling is typically smaller than the g� coupling. For
g� � gb, the bounds from LHC searches are weakened,
as the rate for radiating o↵ an on-shell mediator gets
smaller.

In summary, we find that LHC searches with b jets and
missing energy are excellent probes of interactions re-
sponsible for the GC excess, particularly for interactions
mediated by axial-vectors and vectors. In such scenarios,
most of the parameter space with mU,V > 2m� is already
excluded or will be in early 13 TeV running. However,
pseudoscalars currently evade all such constraints and
will be challenging to probe at 13 TeV with heavy flavor
+ DM searches.

V. BEYOND THE MINIMAL INTERACTION

A. Pseudoscalar Mediated Models

In this section, we study concrete models that give rise
to �̄� ! b̄b annihilation with pseudoscalar mediators.
Our emphasis is motivated both by the larger allowed pa-
rameter space that remains for this scenario, and the dif-
ficulty of constructing viable vector and axial-vector in-
teractions that give rise to appreciable annihilation rates.
Note that the interactions in Eq. (5) are not permitted
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FIG. 9: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A� on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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FIG. 2: Example diagrams for pp ! bb̄ ��̄. If kinematically
allowed, the dominant process is pp ! bb̄ (a ! ��̄) which
su↵ers less phase space suppression.

prior to electroweak symmetry breaking as the left- and
right-handed bottom quarks have di↵erent gauge charges.
Therefore, we generically find that g� � gb for a singlet
mediator, as the coupling to the visible sector is often ac-
companied by some source of suppression (mixing angles,
higher-dimensional operators, etc.).

1. Two-Higgs Doublet Model with a Singlet

A pseudoscalar with the interactions in Eq. (5) can
arise in a two-Higgs doublet model (2HDM) with an ad-
ditional complex-scalar singlet. Two-Higgs doublet mod-
els typically induce flavor-changing neutral currents (FC-
NCs) that are strongly constrained unless each set of
fermions couple predominantly to only one of the Higgs
doublets [63]. We consider a scenario analogous to [64],
where one of the Higgs doublets, which we refer to as
Hu, couples to the up-type quarks and the leptons, while
the other doublet, which we refer to as Hd, couples to
the down-type quarks. The Lagrangian for this scenario

2

b

g b

X

X

g

g

b

b

X

X

g

g

t

t

X

X

FIG. 1: Some of the dominant diagrams contributing to associated production of DM with bottom and top quarks.

better strategy to probe the couplings to top quarks is
the study of tt̄+!ET final states.
The scalar interaction has also been studied recently

in Ref. [17], which showed that heavy quarks in loops can
significantly enhance inclusive monojet production. We
focus instead on direct identification of the heavy quarks
in the final state. Mono-b final states from dark matter
have also been studied in Refs. [18, 19], although not in
the context of MFV, so the top quark contribution to the
mono-b signal was not considered.
In Section II we study the mono b-jet signal where the

leading jet is b-tagged. This search can improve con-
straints on the DM-nucleon cross section, !n, by several
orders of magnitude compared to current ATLAS limits.
In Section III we show an even stronger limit can be ob-
tained from a search for dark matter in association with
top quarks, tt̄+!ET . This is also the final state studied in
searches for stops, supersymmetric partners to tops, and
we use published results to derive limits. We find that
the limit on !n is stronger by another factor of approxi-
mately 2 compared to the mono b-jet search.

II. MONO b-JET SEARCH

The scalar operator gives rise to b-jets plus !ET via
direct b production, as well as from production of top
quarks which then decay. Direct b production occurs
through b and gluon-initiated processes, such as bg !
X̄X + b; several example diagrams are shown in Fig. 1.
In comparison to the light quark initial states, these
processes are suppressed by the b-quark parton density.
However, the enhancement due to the MFV form for the
coupling is more than enough to compensate this.
Furthermore, gg ! X̄X + tt̄ turns out to be the dom-

inant contribution to the monojet signal. Thus, the fi-
nal states are highly b-enriched. At the same time, fo-
cusing on exclusive b-tagged final state reduces the SM
backgrounds significantly. Therefore, we expect an im-
provement in the LHC reach for the scalar operator by
requiring a b-tagged monojet.
Before presenting our results, we summarize our event

simulation methods. We use MadGraph 5 [20] for parton-
level cross sections, interfaced to Pythia 6 [21] for show-

ering and hadronization, and Delphes 2 [22] for detector
simulation. For Delphes, we set a 60% tagging e!ciency
for b, 10% mistag for c, and 0.2% mistag rate for light
quarks and gluons [23]. Jets are clustered into R = 0.4
anti-kT jets.
Up to two hard jets are allowed in the monojet and

mono-b searches, so we must consider Next-to-Leading-
Order (NLO) corrections in our simulation of the signal.
We generate matched samples with kT -jet MLM match-
ing. For SM backgrounds, we generate W/Z and tt̄ with
up to 2 jets. For the signal, we generate XX̄+jets, in-
cluding up to 2 jets, for all flavors other than tops. We
separately include XX̄ + tt̄ at leading order. Finally, we
normalize all matched samples with NLO cross sections
computed using MCFM [24].
For the signal region we require !ET > 350 GeV, a

leading b-tagged jet with pT > 100 GeV, |"| < 2.5, and
no isolated leptons. We also allow an additional softer
jet, but no more than two jets with pT > 50 GeV. There
is a cut on the azimuthal separation between !ET and
the second jet, "#(!ET , p

j2
T ) > 0.4, in order to suppress

the mismeasured dijet background. This signal region
overlaps well with those used in previous studies, and
furthermore the dependence on the cut values appears to
be mild.
The resulting cross sections at 8 TeV are given in Ta-

ble I. We have split the signal into three contributions:
coupling to charm and light quarks, direct b and bb̄ pro-
duction from coupling to b, and tt̄ production.
Associated production of DM with tt̄ constitutes the

dominant signal for both monojet and mono-b signals
because of the enhancement from the top mass and be-
cause of the production of boosted tops which can be
tagged as b-jets. Events where only one top is boosted,
and where the other top gives rise to low pT jets, can
pass the mono-b cuts. Of the events that pass the !ET

requirement and lepton veto, 17% of events survive the
veto based on the pT of the third jet. In comparison,
80% of events from direct b production survive the jet
veto. In both b and top production, about 50% of those
events then have a leading jet which is b-tagged. Note
that this assumes the same b-tagging e!ciencies for the
b-jets inside the boosted tops. Without dedicated study
by the experimental collaborations, this is an idealized

Proposed selection criteria:
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FIG. 1: Some of the dominant diagrams contributing to associated production of DM with bottom and top quarks.

better strategy to probe the couplings to top quarks is
the study of tt̄+!ET final states.
The scalar interaction has also been studied recently

in Ref. [17], which showed that heavy quarks in loops can
significantly enhance inclusive monojet production. We
focus instead on direct identification of the heavy quarks
in the final state. Mono-b final states from dark matter
have also been studied in Refs. [18, 19], although not in
the context of MFV, so the top quark contribution to the
mono-b signal was not considered.
In Section II we study the mono b-jet signal where the

leading jet is b-tagged. This search can improve con-
straints on the DM-nucleon cross section, !n, by several
orders of magnitude compared to current ATLAS limits.
In Section III we show an even stronger limit can be ob-
tained from a search for dark matter in association with
top quarks, tt̄+!ET . This is also the final state studied in
searches for stops, supersymmetric partners to tops, and
we use published results to derive limits. We find that
the limit on !n is stronger by another factor of approxi-
mately 2 compared to the mono b-jet search.

II. MONO b-JET SEARCH

The scalar operator gives rise to b-jets plus !ET via
direct b production, as well as from production of top
quarks which then decay. Direct b production occurs
through b and gluon-initiated processes, such as bg !
X̄X + b; several example diagrams are shown in Fig. 1.
In comparison to the light quark initial states, these
processes are suppressed by the b-quark parton density.
However, the enhancement due to the MFV form for the
coupling is more than enough to compensate this.
Furthermore, gg ! X̄X + tt̄ turns out to be the dom-

inant contribution to the monojet signal. Thus, the fi-
nal states are highly b-enriched. At the same time, fo-
cusing on exclusive b-tagged final state reduces the SM
backgrounds significantly. Therefore, we expect an im-
provement in the LHC reach for the scalar operator by
requiring a b-tagged monojet.
Before presenting our results, we summarize our event

simulation methods. We use MadGraph 5 [20] for parton-
level cross sections, interfaced to Pythia 6 [21] for show-

ering and hadronization, and Delphes 2 [22] for detector
simulation. For Delphes, we set a 60% tagging e!ciency
for b, 10% mistag for c, and 0.2% mistag rate for light
quarks and gluons [23]. Jets are clustered into R = 0.4
anti-kT jets.
Up to two hard jets are allowed in the monojet and

mono-b searches, so we must consider Next-to-Leading-
Order (NLO) corrections in our simulation of the signal.
We generate matched samples with kT -jet MLM match-
ing. For SM backgrounds, we generate W/Z and tt̄ with
up to 2 jets. For the signal, we generate XX̄+jets, in-
cluding up to 2 jets, for all flavors other than tops. We
separately include XX̄ + tt̄ at leading order. Finally, we
normalize all matched samples with NLO cross sections
computed using MCFM [24].
For the signal region we require !ET > 350 GeV, a

leading b-tagged jet with pT > 100 GeV, |"| < 2.5, and
no isolated leptons. We also allow an additional softer
jet, but no more than two jets with pT > 50 GeV. There
is a cut on the azimuthal separation between !ET and
the second jet, "#(!ET , p

j2
T ) > 0.4, in order to suppress

the mismeasured dijet background. This signal region
overlaps well with those used in previous studies, and
furthermore the dependence on the cut values appears to
be mild.
The resulting cross sections at 8 TeV are given in Ta-

ble I. We have split the signal into three contributions:
coupling to charm and light quarks, direct b and bb̄ pro-
duction from coupling to b, and tt̄ production.
Associated production of DM with tt̄ constitutes the

dominant signal for both monojet and mono-b signals
because of the enhancement from the top mass and be-
cause of the production of boosted tops which can be
tagged as b-jets. Events where only one top is boosted,
and where the other top gives rise to low pT jets, can
pass the mono-b cuts. Of the events that pass the !ET

requirement and lepton veto, 17% of events survive the
veto based on the pT of the third jet. In comparison,
80% of events from direct b production survive the jet
veto. In both b and top production, about 50% of those
events then have a leading jet which is b-tagged. Note
that this assumes the same b-tagging e!ciencies for the
b-jets inside the boosted tops. Without dedicated study
by the experimental collaborations, this is an idealized
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FIG. 1: Some of the dominant diagrams contributing to associated production of DM with bottom and top quarks.

better strategy to probe the couplings to top quarks is
the study of tt̄+!ET final states.
The scalar interaction has also been studied recently

in Ref. [17], which showed that heavy quarks in loops can
significantly enhance inclusive monojet production. We
focus instead on direct identification of the heavy quarks
in the final state. Mono-b final states from dark matter
have also been studied in Refs. [18, 19], although not in
the context of MFV, so the top quark contribution to the
mono-b signal was not considered.
In Section II we study the mono b-jet signal where the

leading jet is b-tagged. This search can improve con-
straints on the DM-nucleon cross section, !n, by several
orders of magnitude compared to current ATLAS limits.
In Section III we show an even stronger limit can be ob-
tained from a search for dark matter in association with
top quarks, tt̄+!ET . This is also the final state studied in
searches for stops, supersymmetric partners to tops, and
we use published results to derive limits. We find that
the limit on !n is stronger by another factor of approxi-
mately 2 compared to the mono b-jet search.

II. MONO b-JET SEARCH

The scalar operator gives rise to b-jets plus !ET via
direct b production, as well as from production of top
quarks which then decay. Direct b production occurs
through b and gluon-initiated processes, such as bg !
X̄X + b; several example diagrams are shown in Fig. 1.
In comparison to the light quark initial states, these
processes are suppressed by the b-quark parton density.
However, the enhancement due to the MFV form for the
coupling is more than enough to compensate this.
Furthermore, gg ! X̄X + tt̄ turns out to be the dom-

inant contribution to the monojet signal. Thus, the fi-
nal states are highly b-enriched. At the same time, fo-
cusing on exclusive b-tagged final state reduces the SM
backgrounds significantly. Therefore, we expect an im-
provement in the LHC reach for the scalar operator by
requiring a b-tagged monojet.
Before presenting our results, we summarize our event

simulation methods. We use MadGraph 5 [20] for parton-
level cross sections, interfaced to Pythia 6 [21] for show-

ering and hadronization, and Delphes 2 [22] for detector
simulation. For Delphes, we set a 60% tagging e!ciency
for b, 10% mistag for c, and 0.2% mistag rate for light
quarks and gluons [23]. Jets are clustered into R = 0.4
anti-kT jets.
Up to two hard jets are allowed in the monojet and

mono-b searches, so we must consider Next-to-Leading-
Order (NLO) corrections in our simulation of the signal.
We generate matched samples with kT -jet MLM match-
ing. For SM backgrounds, we generate W/Z and tt̄ with
up to 2 jets. For the signal, we generate XX̄+jets, in-
cluding up to 2 jets, for all flavors other than tops. We
separately include XX̄ + tt̄ at leading order. Finally, we
normalize all matched samples with NLO cross sections
computed using MCFM [24].
For the signal region we require !ET > 350 GeV, a

leading b-tagged jet with pT > 100 GeV, |"| < 2.5, and
no isolated leptons. We also allow an additional softer
jet, but no more than two jets with pT > 50 GeV. There
is a cut on the azimuthal separation between !ET and
the second jet, "#(!ET , p

j2
T ) > 0.4, in order to suppress

the mismeasured dijet background. This signal region
overlaps well with those used in previous studies, and
furthermore the dependence on the cut values appears to
be mild.
The resulting cross sections at 8 TeV are given in Ta-

ble I. We have split the signal into three contributions:
coupling to charm and light quarks, direct b and bb̄ pro-
duction from coupling to b, and tt̄ production.
Associated production of DM with tt̄ constitutes the

dominant signal for both monojet and mono-b signals
because of the enhancement from the top mass and be-
cause of the production of boosted tops which can be
tagged as b-jets. Events where only one top is boosted,
and where the other top gives rise to low pT jets, can
pass the mono-b cuts. Of the events that pass the !ET

requirement and lepton veto, 17% of events survive the
veto based on the pT of the third jet. In comparison,
80% of events from direct b production survive the jet
veto. In both b and top production, about 50% of those
events then have a leading jet which is b-tagged. Note
that this assumes the same b-tagging e!ciencies for the
b-jets inside the boosted tops. Without dedicated study
by the experimental collaborations, this is an idealized
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FIG. 1: Some of the dominant diagrams contributing to associated production of DM with bottom and top quarks.
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FIG. 3: (Left) Expected 90% CL limits on the scalar operator from a mono-b search, including couplings to tops and bottoms.
For the mono-b search at 8 TeV we also show the limit if b-jets from top production are not included (dotted line). For
comparison we include limits for an inclusive monojet search with no b-tag, and current ATLAS limits from [8]. (Right)
Corresponding constraints on the spin-independent nucleon scattering cross section, along with XENON100 limits [12], and
projected sensitivity for XENON1T [25].

III. TOPS PLUS MISSING ENERGY SEARCH

As shown in the previous section, the process gg !
XX̄ + tt̄ contributes the dominant component of the
monojet and the mono-b signals. The monojet and mono-
b searches veto on more than two high-pT jets, however,
cutting out a large fraction of tt̄ events. A stronger con-
straint on this coupling can be obtained from dedicated
searches.

Models of supersymmetry also have a signature of top
pairs plus missing transverse energy. We apply the recent
ATLAS 8 TeV search for top-quark superpartners with
1-lepton final states [26] using 13 fb!1 of data to these
scalar dark-matter couplings.2 The signal regions require
1 isolated lepton,!ET > 150 GeV, transverse mass3 mT >
120 GeV, 4 jets with pT > (80, 60, 40, 25) GeV and at
least 1 b-tag.

Fig. 4 shows the !ET and mT distributions of the sig-
nal and the dominant background, tt̄. The DM signal
is significantly harder in the !ET spectrum, whereas the
background is highly peaked towards low!ET because the
primary source of!ET is from the neutrinos in the top de-
cay. Meanwhile, it is unlikely that stronger cuts on mT

above 120 GeV would substantially improve the ratio of
signal to background.

2 We have also calculated constraints using the CMS 1-lepton fi-
nal state search [27] and obtain limits that are similar although
slightly weaker.

3 The transverse mass is defined as (mT )2 = 2plepT "ET (1! cos!!)
with !! the azimuthal separation between lepton and missing
momentum directions.

We find the best constraints come from the signal re-
gion D (SRD) of the ATLAS study, with!ET > 225 GeV.
Although there is another signal region with !ET > 275
GeV, the systematic uncertainties increase significantly.
We thus apply the ATLAS SRD cuts to simulated data
to derive our 13 fb!1 limits. The signal cross section with
these cuts is

!signal = 173 fb (3)

assuming M" = 50 GeV and mX = 10 GeV. We give
limits on M" and !n in Fig. 5. Because uncertainties are
systematics dominated for this signal region, we do not
expect a significant improvement of limits with 20 fb!1

of data.
Fig. 5 also shows limits for 14 TeV with 100 fb!1

of data, keeping the same cuts as above. We simulate
W+jets in addition to tt̄ for our background estimate,
and assume the systematic error on the background is
the same as in the 8 TeV analysis. We also calculated
constraints for a search with an all-hadronic final state
[28, 29]; in this case it may be possible to improve the
bounds on M" by 10-20%, depending on the detector ac-
ceptances and systematic uncertainties.

IV. DISCUSSION

We have shown that limits on scalar (and pseudoscalar)
interactions of dark matter with quarks can be improved
significantly by directly searching for final states with b-
jets and tops. Compared to an analysis including only
light quarks, we find a factor of 400 improvement in lim-
its on !n, and compared to an inclusive monojet search
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FIG. 5: Parameter space for the pseudoscalar-mediated sce-
nario with constraints from the same searches and simulation
details described in Fig. 3. As with the axial-vector mediator,
scattering at direct-detection experiments through a b loop is
not constraining as the leading interaction is spin-dependent.
Here we also include a constraint from the CMS Higgs search
from [25]

which yield tree-level scalar and pseudoscalar mass-terms

m2
a = µ2

1 � µ2
2, (18)

m2
� = µ2

1 + µ2
2. (19)

These masses can be split, given a degeneracy of µ1 and
µ2. To quantify the necessary hierarchy, let ma = xm�,
where

x ⌘

s
(µ1 � µ2)(µ1 + µ2)

(µ2
1 + µ2

2)
. (20)

Thus, the splitting has to be tuned by a factor x2. For
large pseudoscalar mixings µv ⇠ ma ⇠ few hundred GeV,
the mass ratio ma/m� & 10 is required to evade LUX
bounds on �-mediated scattering. This corresponds to a
tuning of order x2 ⇠ 1%.

2. Vectorlike Quarks

It is also possible to induce the pseudoscalar couplings
in Eq (5) without extending the Higgs sector. Consider
the SM with an additional singlet pseudoscalar, a, and
three generations of vectorlike quarks,  i, with charge
(3, 2) 1

6
under SU(3)c ⇥ SU(2)L ⇥ U(1)Y . Up to field re-

definitions, the most general renormalizable interactions
are

L � y1kia ̄k�
5Qi + y2kj ̄kHdjR + M ,k ̄k k , (21)

where H is the SM Higgs doublet. Integrating out  
yields the e↵ective interaction

Leff =
yij
M 

Q̄i�5djRHa ! yijvp
2M 

Q̄i�5djRa , (22)

where we define yij ⌘
P

k y1kiy
⇤
2kj . The e↵ective Yukawa

coupling must be aligned with the down-type Yukawa
matrix to avoid FCNCs.

Since v/
p

2 ⇡ 174 GeV, and with vectorlike quarks
with SM-sized couplings constrained by the LHC to
masses ⇠> 700 GeV [65, 66], requiring yij ⇠< 2 implies
an upper bound of the e↵ective yb . 0.5.

B. Vector and Axial-Vector Mediators

The simple models with vector or axial-vector media-
tors between dark matter and the SM are already under
considerable tension from collider searches and, in the
case of a vector mediator, direct-detection bounds. These
constraints involve only the minimal interaction; how-
ever, more complete models will typically feature cou-
plings between the (axial-)vector mediator and other SM
fields. For instance, vector and axial-vector currents cou-
ple to both left- and right-handed fermions, and since
left-handed bottom quarks are included in a weak doublet
with left-handed top quarks, a coupling to tops is gener-
ically expected as well. We consider vector and axial-
vector interactions that couple preferentially to third gen-
eration quarks; such couplings must align with the mass
eigenstates to avoid FCNCs, and there must be addi-
tional spectator fields to cancel anomalies. We defer
a discussion of such extra model-components, however,
and instead focus on how the constraints in Section IV
change if the (axial-)vector mediator additionally couples
to tops, since this is the most model-independent exten-
sion of the coupling to b-quarks in Eq. (3)-(4).

For mU,V & 350 GeV, the collider constraints from
sbottom and mono-b searches are modified; the decay
mode U, V ! tt̄ suppresses the DM production rate. For
gb = g�, this weakens all bounds on

p
g�gb by approxi-

mately
p

2. This does not qualitatively change our con-
clusions, although some regions of parameter space may
not be excluded until the 13 TeV running. For g� = 10gb,
however, there is no change in the bound because the me-
diator decays nearly always into ��̄.
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It has recently been shown that dark-matter annihilation to bottom quarks provides a good fit to
the galactic-center gamma-ray excess identified in the Fermi-LAT data. In the favored dark matter
mass range m ⇠ 30� 40 GeV, achieving the best-fit annihilation rate �v ⇠ 5⇥ 10�26 cm3 s�1 with
perturbative couplings requires a sub-TeV mediator particle that interacts with both dark matter
and bottom quarks. In this paper, we consider the minimal viable scenarios in which a Standard
Model singlet mediates s-channel interactions only between dark matter and bottom quarks, focusing
on axial-vector, vector, and pseudoscalar couplings. Using simulations that include on-shell mediator
production, we show that existing sbottom searches currently o↵er the strongest sensitivity over a
large region of the favored parameter space explaining the gamma-ray excess, particularly for axial-
vector interactions. The 13 TeV LHC will be even more sensitive; however, it may not be su�cient
to fully cover the favored parameter space, and the pseudoscalar scenario will remain unconstrained
by these searches. We also find that direct-detection constraints, induced through loops of bottom
quarks, complement collider bounds to disfavor the vector-current interaction when the mediator
is heavier than twice the dark matter mass. We also present some simple models that generate
pseudoscalar-mediated annihilation predominantly to bottom quarks.

I. INTRODUCTION

Although dark matter (DM) constitutes roughly 85%
of the matter in our universe, its identity and interactions
are currently unknown [1]. If DM annihilates to visible
states, existing space-based telescopes may be sensitive
to the flux of annihilation byproducts arising from regions
of high DM density, including the galactic center (GC).

Several groups have confirmed a statistically-
significant excess in the Fermi-LAT gamma-ray spectrum
[2–11], originally identified in [12]. The excess is largely
confined to an angular size of ⇠< 10� with respect to the
GC, exhibits spherical symmetry, and is uncorrelated
with the galactic disk or Fermi bubbles [9]. While this
excess may still be astrophysical in origin, potentially
due to an unusual population of millisecond pulsars [7],
its energy spectrum and spatial distribution are well
modeled by an Navarro-Frenk-White profile [13] of dark
matter particles ��̄ annihilating to bb̄ with mass and
cross section [8]

h�vi = (5.1 ± 2.4) ⇥ 10�26 cm3s�1 , (1)

m� = 39.4 (+3.7
�2.9 stat.)(±7.9 sys.) GeV , (2)

which are compatible with a DM abundance from ther-
mal freeze-out.

Recent work has presented the collider and direct-
detection constraints on this interpretation assuming
flavor-universal and mass-proportional couplings to SM
fermions [14, 15]; these analyses apply collider bounds
on DM production assuming a contact interaction be-
tween dark and visible matter. The analyses in [15–17]
also study simplified models of DM annihilation medi-
ated by color-charged t-channel mediators. For perturba-
tive interactions, Eq. (1) implies that the mediator mass
is below a TeV, so it can be produced on-shell at the
Large Hadron Collider (LHC) and decay to distinctive

final states with a mixture of b-jets and missing energy
( 6ET ). At direct-detection experiments, this mediator can
also be integrated out to induce dark matter scattering
through loops of b quarks that exchange photons or glu-
ons with nuclei. Up to di↵erences in Lorentz structure,
these processes are generic predictions of any model that
explains the Fermi anomaly; however for light mediators
(< 2m�), it is possible to evade collider searches [18].

In this paper, we study the scenario with an s-channel
mediator that predominantly couples to b quarks and fo-
cus on the regime in which the mediator is ⇠> 100 GeV
and can decay to pairs of DM particles. The mediator
can be produced in processes involving b quarks, and its
decays yield final states with b jets and/or missing en-
ergy. We extract constraints from LHC searches for new
physics in the bb̄+ 6ET final state and explore the sensitiv-
ity of a proposed mono-b+ 6ET analysis [19]. We find that
large regions of favored parameter space are excluded by
existing 8 TeV sbottom searches, whose sensitivity is pro-
jected to improve at 13 TeV. The mono-b analysis is ex-
pected to be comparable at 8 TeV and set stronger con-
straints at 13 TeV. We also clarify the LUX limits [20]
on scattering through loops of b quarks and find strong
bounds on the parameter space of vector-mediators that
explain the Fermi excess.

The organization of the paper is as follows: in section
II we discuss a set of possible minimal interactions that
can explain the GC excess. In section III, we consider
direct-detection, resonance, and Higgs search constraints
on these scenarios. In section IV, we show the constraints
on these DM interpretations from sbottom LHC searches,
which allow for a possible independent, complementary
confirmation of the GC excess. We also estimate the
reach of a mono-b search at 8, and extend our results
for both searches to 13 TeV. In section V, we outline
concrete models that generate a pseudoscalar mediated
annihilation, which is the least constrained of all possible
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operators that can explain the gamma-ray anomaly.

II. ANNIHILATION OPERATORS

In the simplest models, dark matter can consist of
fermions, scalars, or vector bosons. To narrow the scope
of our investigation without essential loss of generality,
we consider only parity-conserving interactions between
dark and visible matter. For scalar DM, the leading-order
interaction with bb̄ is either ruled out by direct detection
bounds or the annihilation is p-wave suppressed [15], so
achieving the rate in Eq. (1) in the latter case requires
non-perturbative couplings. For vectors, protecting the
DM from prompt decays requires nontrivial model build-
ing, so for simplicity we omit this possibility. Thus, for
the remainder of this paper we focus exclusively on Dirac
fermion DM candidates; Majorana particles are qualita-
tively similar and the collider bounds are expected to be
comparable.

We separately consider the following interactions

LU =
�
g��̄�

µ�5� + gbb̄�
µ�5b

�
Uµ , (3)

LV =
�
g��̄�

µ� + gbb̄�
µb
�
Vµ , (4)

La = i
�
g��̄�

5� + gbb̄�
5b
�
a , (5)

where U, V and a are axial-vector, vector, and pseu-
doscalar fields that mediate s-channel � and b interac-
tions. We assume the mediator is a singlet under SM
gauge interactions, and thus we do not address t-channel
mediators in this article (see Ref. [15] for constraints on
the latter). Our collider and direct-detection constraints
assume only these interactions between the SM and DM.
To leading order in velocity, the annihilation cross sec-
tions are

h�viU ' Nc

2⇡

(g�gb)2m2
b(1 � 4m2

�/m
2
U )2

q
1 �m2

b/m
2
�

�
m2

U � 4m2
�

�2
+ m2

U�2
U

, (6)

h�viV ' Nc

⇡

(g�gb)2 m2
�(1 + m2

b/2m
2
�)
q

1 �m2
b/m

2
�

�
m2

V � 4m2
�

�2
+ m2

V �2
V

, (7)

h�via ' Nc

2⇡

(g�gb)2 m2
�

q
1 �m2

b/m
2
�

�
m2

a � 4m2
�

�2
+ m2

a�
2
a

, (8)

where Nc = 3 is the number of colors. For gbg� = 1,
the best fit values from Eq. (1) imply mediator masses in
the few-hundred GeV range, which are light enough to
be accessible with a combination of experimental strate-
gies. For lighter mediators, the constraints due to direct-
detection and collider experiments are quite weak and
consistent with a DM interpretation of the gamma-ray
excess [18]. In sections III and IV, we discuss the various
constraints on the three sets of interactions (Eqs. 3,4,5)
from direct-detection experiments and collider searches.

III. DIRECT DETECTION AND RESONANCE
SEARCHES

A. Direct Detection

The LUX experiment currently places the strongest
limit on spin-independent �-nucleon interactions over the
m� ⇠ 10� 100 GeV range, at �SI ⇠< 10�46 cm2 [20]. Al-
though we assume that none of a, U , or V couple directly
to light quarks, it is still possible for DM to induce elastic
nuclear scattering through a loop of b quarks as depicted
in Fig. 1. The cross section for the vector-mediated pro-
cess in the leading-log approximation is [21]
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where E is the nuclear recoil energy, mT is the mass of a
target nucleus, Z is the target’s electric charge, v is the
relative velocity, and F is the Helm form factor [22]. The
scattering rate in units of counts/day/keV/kg detector-
mass is

dR

dE
=

⇢�
m�mT

Z vesc

vmin(E)
d3vf�(~v, v0) v

d�

dE
, (10)

where ⇢� = 0.3 GeV/cm3 is the local DM mass den-
sity, vmin(E) =

p
mTE/2µ is the minimum DM ve-

locity required to induce a nuclear recoil of energy E,
µ = m�mT/(m� + mT) is the reduced mass, vesc ⇡ 550
km/s is the halo escape velocity, and v0 = 220 km/s is
the mean local DM velocity. Here, f�(~v, v0) is the local
DM velocity distribution in the detector frame, which is
obtained from a Maxwellian distribution in the galactic
rest frame boosted by the Earth’s velocity with respect
to the halo.

Using the LUX limits and detection e�ciencies [20], we
find the (�̄�µ�)(b̄�µb) interaction is disfavored over much
of the mV > 2m� range as shown in Figure 3. For the
pseudoscalar and axial-vector interactions in Eq. (3) and
Eq. (5), LUX places no relevant constraint since the one
loop diagram depicted in Fig. 1 vanishes and the leading
process is spin-dependent1.

B. Resonance Searches

We consider constraints on non-standard b-jet produc-
tion in the context of dijet resonances and non-SM Higgs

1 Our LUX limit on the (�̄�µ�)(b̄�µb) interaction (green curve
in Figure 3, color online) disagrees with the bounds on spin-1
s-channel interactions in Figure 3 of [15], which cites [23] for the
loop induced scattering cross section. However, the diagrams
calculated in Appendix A of [23] feature a t-channel �b inter-
action, whereas the vector-vector interaction with an s-channel
mediator arises from the process depicted in Figure 1, which sets
a stronger bound on this process.
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where � is Dirac fermion uncharged under the SM,
S = (� + ia)/

p
2 is a complex scalar and Hu,d =

(hu,d + iau,d)/
p

2. In the tan� ⌘ vu/vd � 1 limit,
vu ⇡ v = 246 GeV, the down-type Yukawa coupling �d is
of order one, and S mixes predominantly with the down-
type Higgs.

Assuming CP -conservation, the scalars and pseu-
doscalars mix separately and acquire identical o↵-
diagonal mass terms ⇠ µ v/

p
2. This mixing induces

both the desired ��̄ ! a ! bb̄ annihilation, as well
as scalar-mediated spin-independent scattering at direct-
detection experiments, which is strongly constrained.
Both processes are proportional to the mixing angles,

CMS sbottom, 8 TeV

CMS sbottom, 13 TeV, 20 fb-1

Mono-b , 8 TeV Projection

Mono-b , 13 TeV, 20 fb-1

1000500200 300150 700
0.2

0.5

1.0

2.0

mU HGeVL

g c
g b

gb = gc , Hc gmg5 cLH b gmg5 bL

CMS sbottom, 8 TeV

CMS sbottom, 13 TeV, 20 fb-1

Mono-b , 8 TeV Projection

Mono-b , 13 TeV, 20 fb-1

1000500200 300150 700
0.2

0.5

1.0

2.0

mU HGeVL

g c
g b

gc = 10 gb , Hc gmg5 cLH b gmg5 bL

FIG. 4: Parameter space for the axial-vector-mediated sce-
nario with constraints from the same searches and simulation
details described in Fig. 3. For this interaction, the LUX
bound for scattering through a b-quark loop is not significant
as the leading scattering process is spin-dependent.

which scale approximately as

sin ✓a ⇠ µvp
2µv + m2

a + m2
ad

, (15)

sin ✓� ⇠ µvp
2µv + m2

� + m2
hd

, (16)

in the limit where one mass term dominates each of the
numerator and denominator. ma,�,ad,hd are the tree-level
mass terms prior to electroweak symmetry breaking.

In the absence of tuning, the lightest scalar and pseu-
doscalar have comparable tree-level masses and there is
generic tension between ensuring a ⇠< TeV pseudoscalar
with a large mixing angle to explain the Fermi excess, and
keeping at least one scalar component above ⇠> TeV to
suppress elastic spin-independent scattering at LUX [20].
To alleviate this tension, we can make the mixing an-
gles hierarchical by ensuring ma ⇠ mad and m� � m�d ,
which implies a tuning in the S masses. The most general
CP -conserving mass terms are

� Lm � µ2
1|S|2 + µ2

2 Re(S2), (17)
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mass terms prior to electroweak symmetry breaking.

In the absence of tuning, the lightest scalar and pseu-
doscalar have comparable tree-level masses and there is
generic tension between ensuring a ⇠< TeV pseudoscalar
with a large mixing angle to explain the Fermi excess, and
keeping at least one scalar component above ⇠> TeV to
suppress elastic spin-independent scattering at LUX [20].
To alleviate this tension, we can make the mixing an-
gles hierarchical by ensuring ma ⇠ mad and m� � m�d ,
which implies a tuning in the S masses. The most general
CP -conserving mass terms are

� Lm � µ2
1|S|2 + µ2

2 Re(S2), (17)
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operators that can explain the gamma-ray anomaly.

II. ANNIHILATION OPERATORS

In the simplest models, dark matter can consist of
fermions, scalars, or vector bosons. To narrow the scope
of our investigation without essential loss of generality,
we consider only parity-conserving interactions between
dark and visible matter. For scalar DM, the leading-order
interaction with bb̄ is either ruled out by direct detection
bounds or the annihilation is p-wave suppressed [15], so
achieving the rate in Eq. (1) in the latter case requires
non-perturbative couplings. For vectors, protecting the
DM from prompt decays requires nontrivial model build-
ing, so for simplicity we omit this possibility. Thus, for
the remainder of this paper we focus exclusively on Dirac
fermion DM candidates; Majorana particles are qualita-
tively similar and the collider bounds are expected to be
comparable.

We separately consider the following interactions

LU =
�
g��̄�

µ�5� + gbb̄�
µ�5b

�
Uµ , (3)

LV =
�
g��̄�

µ� + gbb̄�
µb
�
Vµ , (4)

La = i
�
g��̄�

5� + gbb̄�
5b
�
a , (5)

where U, V and a are axial-vector, vector, and pseu-
doscalar fields that mediate s-channel � and b interac-
tions. We assume the mediator is a singlet under SM
gauge interactions, and thus we do not address t-channel
mediators in this article (see Ref. [15] for constraints on
the latter). Our collider and direct-detection constraints
assume only these interactions between the SM and DM.
To leading order in velocity, the annihilation cross sec-
tions are

h�viU ' Nc

2⇡

(g�gb)2m2
b(1 � 4m2
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where Nc = 3 is the number of colors. For gbg� = 1,
the best fit values from Eq. (1) imply mediator masses in
the few-hundred GeV range, which are light enough to
be accessible with a combination of experimental strate-
gies. For lighter mediators, the constraints due to direct-
detection and collider experiments are quite weak and
consistent with a DM interpretation of the gamma-ray
excess [18]. In sections III and IV, we discuss the various
constraints on the three sets of interactions (Eqs. 3,4,5)
from direct-detection experiments and collider searches.

III. DIRECT DETECTION AND RESONANCE
SEARCHES

A. Direct Detection

The LUX experiment currently places the strongest
limit on spin-independent �-nucleon interactions over the
m� ⇠ 10� 100 GeV range, at �SI ⇠< 10�46 cm2 [20]. Al-
though we assume that none of a, U , or V couple directly
to light quarks, it is still possible for DM to induce elastic
nuclear scattering through a loop of b quarks as depicted
in Fig. 1. The cross section for the vector-mediated pro-
cess in the leading-log approximation is [21]

d�
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(gbg�)2 mT

18⇡v2 m4
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F 2(E)
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m2
V

◆�2
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where E is the nuclear recoil energy, mT is the mass of a
target nucleus, Z is the target’s electric charge, v is the
relative velocity, and F is the Helm form factor [22]. The
scattering rate in units of counts/day/keV/kg detector-
mass is

dR

dE
=

⇢�
m�mT

Z vesc

vmin(E)
d3vf�(~v, v0) v

d�

dE
, (10)

where ⇢� = 0.3 GeV/cm3 is the local DM mass den-
sity, vmin(E) =

p
mTE/2µ is the minimum DM ve-

locity required to induce a nuclear recoil of energy E,
µ = m�mT/(m� + mT) is the reduced mass, vesc ⇡ 550
km/s is the halo escape velocity, and v0 = 220 km/s is
the mean local DM velocity. Here, f�(~v, v0) is the local
DM velocity distribution in the detector frame, which is
obtained from a Maxwellian distribution in the galactic
rest frame boosted by the Earth’s velocity with respect
to the halo.

Using the LUX limits and detection e�ciencies [20], we
find the (�̄�µ�)(b̄�µb) interaction is disfavored over much
of the mV > 2m� range as shown in Figure 3. For the
pseudoscalar and axial-vector interactions in Eq. (3) and
Eq. (5), LUX places no relevant constraint since the one
loop diagram depicted in Fig. 1 vanishes and the leading
process is spin-dependent1.

B. Resonance Searches

We consider constraints on non-standard b-jet produc-
tion in the context of dijet resonances and non-SM Higgs

1 Our LUX limit on the (�̄�µ�)(b̄�µb) interaction (green curve
in Figure 3, color online) disagrees with the bounds on spin-1
s-channel interactions in Figure 3 of [15], which cites [23] for the
loop induced scattering cross section. However, the diagrams
calculated in Appendix A of [23] feature a t-channel �b inter-
action, whereas the vector-vector interaction with an s-channel
mediator arises from the process depicted in Figure 1, which sets
a stronger bound on this process.
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It has recently been shown that dark-matter annihilation to bottom quarks provides a good fit to
the galactic-center gamma-ray excess identified in the Fermi-LAT data. In the favored dark matter
mass range m ⇠ 30� 40 GeV, achieving the best-fit annihilation rate �v ⇠ 5⇥ 10�26 cm3 s�1 with
perturbative couplings requires a sub-TeV mediator particle that interacts with both dark matter
and bottom quarks. In this paper, we consider the minimal viable scenarios in which a Standard
Model singlet mediates s-channel interactions only between dark matter and bottom quarks, focusing
on axial-vector, vector, and pseudoscalar couplings. Using simulations that include on-shell mediator
production, we show that existing sbottom searches currently o↵er the strongest sensitivity over a
large region of the favored parameter space explaining the gamma-ray excess, particularly for axial-
vector interactions. The 13 TeV LHC will be even more sensitive; however, it may not be su�cient
to fully cover the favored parameter space, and the pseudoscalar scenario will remain unconstrained
by these searches. We also find that direct-detection constraints, induced through loops of bottom
quarks, complement collider bounds to disfavor the vector-current interaction when the mediator
is heavier than twice the dark matter mass. We also present some simple models that generate
pseudoscalar-mediated annihilation predominantly to bottom quarks.

I. INTRODUCTION

Although dark matter (DM) constitutes roughly 85%
of the matter in our universe, its identity and interactions
are currently unknown [1]. If DM annihilates to visible
states, existing space-based telescopes may be sensitive
to the flux of annihilation byproducts arising from regions
of high DM density, including the galactic center (GC).

Several groups have confirmed a statistically-
significant excess in the Fermi-LAT gamma-ray spectrum
[2–11], originally identified in [12]. The excess is largely
confined to an angular size of ⇠< 10� with respect to the
GC, exhibits spherical symmetry, and is uncorrelated
with the galactic disk or Fermi bubbles [9]. While this
excess may still be astrophysical in origin, potentially
due to an unusual population of millisecond pulsars [7],
its energy spectrum and spatial distribution are well
modeled by an Navarro-Frenk-White profile [13] of dark
matter particles ��̄ annihilating to bb̄ with mass and
cross section [8]

h�vi = (5.1 ± 2.4) ⇥ 10�26 cm3s�1 , (1)

m� = 39.4 (+3.7
�2.9 stat.)(±7.9 sys.) GeV , (2)

which are compatible with a DM abundance from ther-
mal freeze-out.

Recent work has presented the collider and direct-
detection constraints on this interpretation assuming
flavor-universal and mass-proportional couplings to SM
fermions [14, 15]; these analyses apply collider bounds
on DM production assuming a contact interaction be-
tween dark and visible matter. The analyses in [15–17]
also study simplified models of DM annihilation medi-
ated by color-charged t-channel mediators. For perturba-
tive interactions, Eq. (1) implies that the mediator mass
is below a TeV, so it can be produced on-shell at the
Large Hadron Collider (LHC) and decay to distinctive

final states with a mixture of b-jets and missing energy
( 6ET ). At direct-detection experiments, this mediator can
also be integrated out to induce dark matter scattering
through loops of b quarks that exchange photons or glu-
ons with nuclei. Up to di↵erences in Lorentz structure,
these processes are generic predictions of any model that
explains the Fermi anomaly; however for light mediators
(< 2m�), it is possible to evade collider searches [18].

In this paper, we study the scenario with an s-channel
mediator that predominantly couples to b quarks and fo-
cus on the regime in which the mediator is ⇠> 100 GeV
and can decay to pairs of DM particles. The mediator
can be produced in processes involving b quarks, and its
decays yield final states with b jets and/or missing en-
ergy. We extract constraints from LHC searches for new
physics in the bb̄+ 6ET final state and explore the sensitiv-
ity of a proposed mono-b+ 6ET analysis [19]. We find that
large regions of favored parameter space are excluded by
existing 8 TeV sbottom searches, whose sensitivity is pro-
jected to improve at 13 TeV. The mono-b analysis is ex-
pected to be comparable at 8 TeV and set stronger con-
straints at 13 TeV. We also clarify the LUX limits [20]
on scattering through loops of b quarks and find strong
bounds on the parameter space of vector-mediators that
explain the Fermi excess.

The organization of the paper is as follows: in section
II we discuss a set of possible minimal interactions that
can explain the GC excess. In section III, we consider
direct-detection, resonance, and Higgs search constraints
on these scenarios. In section IV, we show the constraints
on these DM interpretations from sbottom LHC searches,
which allow for a possible independent, complementary
confirmation of the GC excess. We also estimate the
reach of a mono-b search at 8, and extend our results
for both searches to 13 TeV. In section V, we outline
concrete models that generate a pseudoscalar mediated
annihilation, which is the least constrained of all possible
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operators that can explain the gamma-ray anomaly.

II. ANNIHILATION OPERATORS

In the simplest models, dark matter can consist of
fermions, scalars, or vector bosons. To narrow the scope
of our investigation without essential loss of generality,
we consider only parity-conserving interactions between
dark and visible matter. For scalar DM, the leading-order
interaction with bb̄ is either ruled out by direct detection
bounds or the annihilation is p-wave suppressed [15], so
achieving the rate in Eq. (1) in the latter case requires
non-perturbative couplings. For vectors, protecting the
DM from prompt decays requires nontrivial model build-
ing, so for simplicity we omit this possibility. Thus, for
the remainder of this paper we focus exclusively on Dirac
fermion DM candidates; Majorana particles are qualita-
tively similar and the collider bounds are expected to be
comparable.

We separately consider the following interactions

LU =
�
g��̄�

µ�5� + gbb̄�
µ�5b
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Uµ , (3)

LV =
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g��̄�

µ� + gbb̄�
µb
�
Vµ , (4)

La = i
�
g��̄�

5� + gbb̄�
5b
�
a , (5)

where U, V and a are axial-vector, vector, and pseu-
doscalar fields that mediate s-channel � and b interac-
tions. We assume the mediator is a singlet under SM
gauge interactions, and thus we do not address t-channel
mediators in this article (see Ref. [15] for constraints on
the latter). Our collider and direct-detection constraints
assume only these interactions between the SM and DM.
To leading order in velocity, the annihilation cross sec-
tions are

h�viU ' Nc
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(g�gb)2m2
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where Nc = 3 is the number of colors. For gbg� = 1,
the best fit values from Eq. (1) imply mediator masses in
the few-hundred GeV range, which are light enough to
be accessible with a combination of experimental strate-
gies. For lighter mediators, the constraints due to direct-
detection and collider experiments are quite weak and
consistent with a DM interpretation of the gamma-ray
excess [18]. In sections III and IV, we discuss the various
constraints on the three sets of interactions (Eqs. 3,4,5)
from direct-detection experiments and collider searches.

III. DIRECT DETECTION AND RESONANCE
SEARCHES

A. Direct Detection

The LUX experiment currently places the strongest
limit on spin-independent �-nucleon interactions over the
m� ⇠ 10� 100 GeV range, at �SI ⇠< 10�46 cm2 [20]. Al-
though we assume that none of a, U , or V couple directly
to light quarks, it is still possible for DM to induce elastic
nuclear scattering through a loop of b quarks as depicted
in Fig. 1. The cross section for the vector-mediated pro-
cess in the leading-log approximation is [21]
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where E is the nuclear recoil energy, mT is the mass of a
target nucleus, Z is the target’s electric charge, v is the
relative velocity, and F is the Helm form factor [22]. The
scattering rate in units of counts/day/keV/kg detector-
mass is

dR

dE
=
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m�mT

Z vesc

vmin(E)
d3vf�(~v, v0) v
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, (10)

where ⇢� = 0.3 GeV/cm3 is the local DM mass den-
sity, vmin(E) =

p
mTE/2µ is the minimum DM ve-

locity required to induce a nuclear recoil of energy E,
µ = m�mT/(m� + mT) is the reduced mass, vesc ⇡ 550
km/s is the halo escape velocity, and v0 = 220 km/s is
the mean local DM velocity. Here, f�(~v, v0) is the local
DM velocity distribution in the detector frame, which is
obtained from a Maxwellian distribution in the galactic
rest frame boosted by the Earth’s velocity with respect
to the halo.

Using the LUX limits and detection e�ciencies [20], we
find the (�̄�µ�)(b̄�µb) interaction is disfavored over much
of the mV > 2m� range as shown in Figure 3. For the
pseudoscalar and axial-vector interactions in Eq. (3) and
Eq. (5), LUX places no relevant constraint since the one
loop diagram depicted in Fig. 1 vanishes and the leading
process is spin-dependent1.

B. Resonance Searches

We consider constraints on non-standard b-jet produc-
tion in the context of dijet resonances and non-SM Higgs

1 Our LUX limit on the (�̄�µ�)(b̄�µb) interaction (green curve
in Figure 3, color online) disagrees with the bounds on spin-1
s-channel interactions in Figure 3 of [15], which cites [23] for the
loop induced scattering cross section. However, the diagrams
calculated in Appendix A of [23] feature a t-channel �b inter-
action, whereas the vector-vector interaction with an s-channel
mediator arises from the process depicted in Figure 1, which sets
a stronger bound on this process.
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operators that can explain the gamma-ray anomaly.

II. ANNIHILATION OPERATORS

In the simplest models, dark matter can consist of
fermions, scalars, or vector bosons. To narrow the scope
of our investigation without essential loss of generality,
we consider only parity-conserving interactions between
dark and visible matter. For scalar DM, the leading-order
interaction with bb̄ is either ruled out by direct detection
bounds or the annihilation is p-wave suppressed [15], so
achieving the rate in Eq. (1) in the latter case requires
non-perturbative couplings. For vectors, protecting the
DM from prompt decays requires nontrivial model build-
ing, so for simplicity we omit this possibility. Thus, for
the remainder of this paper we focus exclusively on Dirac
fermion DM candidates; Majorana particles are qualita-
tively similar and the collider bounds are expected to be
comparable.

We separately consider the following interactions

LU =
�
g��̄�

µ�5� + gbb̄�
µ�5b

�
Uµ , (3)

LV =
�
g��̄�

µ� + gbb̄�
µb
�
Vµ , (4)

La = i
�
g��̄�

5� + gbb̄�
5b
�
a , (5)

where U, V and a are axial-vector, vector, and pseu-
doscalar fields that mediate s-channel � and b interac-
tions. We assume the mediator is a singlet under SM
gauge interactions, and thus we do not address t-channel
mediators in this article (see Ref. [15] for constraints on
the latter). Our collider and direct-detection constraints
assume only these interactions between the SM and DM.
To leading order in velocity, the annihilation cross sec-
tions are
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, (6)
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2
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where Nc = 3 is the number of colors. For gbg� = 1,
the best fit values from Eq. (1) imply mediator masses in
the few-hundred GeV range, which are light enough to
be accessible with a combination of experimental strate-
gies. For lighter mediators, the constraints due to direct-
detection and collider experiments are quite weak and
consistent with a DM interpretation of the gamma-ray
excess [18]. In sections III and IV, we discuss the various
constraints on the three sets of interactions (Eqs. 3,4,5)
from direct-detection experiments and collider searches.

III. DIRECT DETECTION AND RESONANCE
SEARCHES

A. Direct Detection

The LUX experiment currently places the strongest
limit on spin-independent �-nucleon interactions over the
m� ⇠ 10� 100 GeV range, at �SI ⇠< 10�46 cm2 [20]. Al-
though we assume that none of a, U , or V couple directly
to light quarks, it is still possible for DM to induce elastic
nuclear scattering through a loop of b quarks as depicted
in Fig. 1. The cross section for the vector-mediated pro-
cess in the leading-log approximation is [21]

d�
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✓
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b

m2
V

◆�2
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where E is the nuclear recoil energy, mT is the mass of a
target nucleus, Z is the target’s electric charge, v is the
relative velocity, and F is the Helm form factor [22]. The
scattering rate in units of counts/day/keV/kg detector-
mass is

dR

dE
=

⇢�
m�mT

Z vesc

vmin(E)
d3vf�(~v, v0) v

d�

dE
, (10)

where ⇢� = 0.3 GeV/cm3 is the local DM mass den-
sity, vmin(E) =

p
mTE/2µ is the minimum DM ve-

locity required to induce a nuclear recoil of energy E,
µ = m�mT/(m� + mT) is the reduced mass, vesc ⇡ 550
km/s is the halo escape velocity, and v0 = 220 km/s is
the mean local DM velocity. Here, f�(~v, v0) is the local
DM velocity distribution in the detector frame, which is
obtained from a Maxwellian distribution in the galactic
rest frame boosted by the Earth’s velocity with respect
to the halo.

Using the LUX limits and detection e�ciencies [20], we
find the (�̄�µ�)(b̄�µb) interaction is disfavored over much
of the mV > 2m� range as shown in Figure 3. For the
pseudoscalar and axial-vector interactions in Eq. (3) and
Eq. (5), LUX places no relevant constraint since the one
loop diagram depicted in Fig. 1 vanishes and the leading
process is spin-dependent1.

B. Resonance Searches

We consider constraints on non-standard b-jet produc-
tion in the context of dijet resonances and non-SM Higgs

1 Our LUX limit on the (�̄�µ�)(b̄�µb) interaction (green curve
in Figure 3, color online) disagrees with the bounds on spin-1
s-channel interactions in Figure 3 of [15], which cites [23] for the
loop induced scattering cross section. However, the diagrams
calculated in Appendix A of [23] feature a t-channel �b inter-
action, whereas the vector-vector interaction with an s-channel
mediator arises from the process depicted in Figure 1, which sets
a stronger bound on this process.
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FIG. 9: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A� on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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FIG. 1: Minimal loop-induced nucleon scattering at direct-
detection experiments for an s-channel mediator particle be-
tween � and b. The mediator has been integrated out.

searches. Mediator production at hadron colliders pro-
ceeds via

pp ! U/V/a ! bb̄, (11)

and yields dijet resonances. The best limits are from UA2
and Tevatron dijet searches [24], which bound a univer-
sal Z 0 coupling by ⇠< 0.5 over the mZ0 2 100-1000 GeV
range. In our scenarios of interest, the mediators couple
only to b quarks, so the production rate is suppressed by
parton distribution functions and there is no constraint
for perturbative mediator couplings to b.

Similarly, the CMS search for non-standard Higgs sec-
tors is sensitive to final states with 3 or more jets [25],
which can arise in our scenarios of interest via

pp ! (U/V/a ! bb̄) + b jets. (12)

Simulating inclusive U, V, and a, production using
Madgraph 5 [26], and applying the CMS limits from [25],
we find this bound to be comparable to the sbottom
and mono-b searches considered in Section IV for pseu-
doscalars when gb = g� (see Fig. 5). A similar bound is
expected for axial-vector and vector mediators; however,
the di↵erent kinematics of the (axial-)vector final states
prevent a direct application of the bound, and the Higgs
searches are anyway subdominant to the sbottom con-
straints for these mediators. In the |g�| ⌧ |gb| limit, the
multi-b Higgs search no longer applies, as the coupling to
b quarks is relatively suppressed.

IV. COLLIDER DM SEARCHES

Collider studies of DM production in association with
SM particles have proliferated vastly in recent years
[17, 27–51]. In this section, we consider interactions in
which DM couples predominantly to b quarks through
the axial-vector, vector, and pseudoscalar interactions
(Eqs. 3-5). Although DM annihilation in the GC is
well approximated by the contact-interaction limit for
m� ⌧ ma,V,U , the preferred mediator-masses are of order
a few-hundred GeV for perturbative couplings. There-
fore, due to the high partonic center-of-mass energies at
the LHC, the e↵ective theory description [15, 48, 52] is

not applicable. In this section, we show the LHC’s sensi-
tivity to on shell production of pseudoscalar, vector, and
axial-vector mediators, highlighting the parameter space
suggested by the Fermi excess. The generic DM produc-
tion process at the LHC is

pp ! (U/V/a ! ��̄) + Xsm, (13)

where Xsm can be any multiplicity of SM final states and
the U/V/a ! ��̄ decay yields missing energy in the final
state. There are several scenarios to consider, depending
on the nature of the additional SM final states, Xsm,
produced in association with U/V/a. For Xsm = W±,
Xsm = Z0, or Xsm = j( 6= b), the signal could appear in
the mono-Xsm + 6ET searches [14].

However, the best sensitivity to these signals utilizes
the power of b-tagging, since mediator production is al-
most always accompanied by at least one associated b-
quark. Fig. 2 depicts representative Feynman diagrams
that give rise to b quarks and missing energy from DM
production processes. Ref. [19] proposed a mono-b anal-
ysis which can set strong constraints on the topologies
considered in this article by looking for a b-tagged jet
and significant missing energy. To date, this analysis has
not yet been performed.

A central result of our paper is that strong bounds can
already be set with existing LHC sbottom searches in
the 2b + 6ET channel. We note that this final state was
considered by [15] in the context of the pair-production
of a colored t-channel mediator between b quarks and
DM. Here, we show that the sbottom searches also place
constraints on s-channel mediators that are uncharged
under the SM and are produced only through the inter-
action responsible for ��̄ ! U/V/a ! bb̄ annihilation.

Our Monte Carlo calculations of the SM backgrounds
for the mono-b + 6ET and 2b + 6ET final states were done
in Madgraph 5 [26]. We include samples of the domi-
nant SM processes, namely V + jets, and tt̄+ jets, which
are matched with the k?-shower scheme [53]. Next-to-
leading-order (NLO) k-factors for the backgrounds are
calculated with MCFM [54, 55]. The pseudoscalar and axial
vector operators are also simulated in Madgraph 5 with a
user-defined model. Showering and additional jets from
initial- and final-state radiation are generated in Pythia
6.4 [56], with a detector simulation done in PGS 4 [57].
The PGS version used in this study is modified from the
standard version [58]; in this modified PGS, the truth b
and c tagging was improved, and the anti-kT clustering
was incorporated from [59]. This study uses an R = 0.4
clustering radius. We validated the backgrounds simu-
lated in this study by reproducing the expected back-
ground yield in the signal regions of the ATLAS sbottom
search [60] to within 20%-30%.

Our main results are encapsulated in Figures 3, 4, and
5, which present the constraints on the vector, axial-
vector, and pseudoscalar operators, respectively. All
three Figures show constraints from collider production
and direct detection for g� = gb and g� = 10gb; the
gray region in each plot is ruled out by existing searches,

For a & U, loop traces to zero 
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vector-mediated scenario. The red band (color online) is the
favored region for for the ��̄ ! V ⇤ ! bb̄ annihilation in the
GC [8]. The gray excluded region is extracted from the 8
TeV CMS sbottom search [61] – comparable limits arise from
the ATLAS sbottom search in [60] – and the dashed blue line
shows the projected sensitivity of the mono-b search using the
cuts proposed in [19] at
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LUX bound using limits and e�ciencies from [20].
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d Q̄

iHdd
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where � is Dirac fermion uncharged under the SM,
S = (� + ia)/

p
2 is a complex scalar and Hu,d =

(hu,d + iau,d)/
p

2. In the tan� ⌘ vu/vd � 1 limit,
vu ⇡ v = 246 GeV, the down-type Yukawa coupling �d is
of order one, and S mixes predominantly with the down-
type Higgs.

Assuming CP -conservation, the scalars and pseu-
doscalars mix separately and acquire identical o↵-
diagonal mass terms ⇠ µ v/

p
2. This mixing induces

both the desired ��̄ ! a ! bb̄ annihilation, as well
as scalar-mediated spin-independent scattering at direct-
detection experiments, which is strongly constrained.
Both processes are proportional to the mixing angles,
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details described in Fig. 3. For this interaction, the LUX
bound for scattering through a b-quark loop is not significant
as the leading scattering process is spin-dependent.
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in the limit where one mass term dominates each of the
numerator and denominator. ma,�,ad,hd are the tree-level
mass terms prior to electroweak symmetry breaking.

In the absence of tuning, the lightest scalar and pseu-
doscalar have comparable tree-level masses and there is
generic tension between ensuring a ⇠< TeV pseudoscalar
with a large mixing angle to explain the Fermi excess, and
keeping at least one scalar component above ⇠> TeV to
suppress elastic spin-independent scattering at LUX [20].
To alleviate this tension, we can make the mixing an-
gles hierarchical by ensuring ma ⇠ mad and m� � m�d ,
which implies a tuning in the S masses. The most general
CP -conserving mass terms are

� Lm � µ2
1|S|2 + µ2

2 Re(S2), (17)
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It has recently been shown that dark-matter annihilation to bottom quarks provides a good fit to
the galactic-center gamma-ray excess identified in the Fermi-LAT data. In the favored dark matter
mass range m ⇠ 30� 40 GeV, achieving the best-fit annihilation rate �v ⇠ 5⇥ 10�26 cm3 s�1 with
perturbative couplings requires a sub-TeV mediator particle that interacts with both dark matter
and bottom quarks. In this paper, we consider the minimal viable scenarios in which a Standard
Model singlet mediates s-channel interactions only between dark matter and bottom quarks, focusing
on axial-vector, vector, and pseudoscalar couplings. Using simulations that include on-shell mediator
production, we show that existing sbottom searches currently o↵er the strongest sensitivity over a
large region of the favored parameter space explaining the gamma-ray excess, particularly for axial-
vector interactions. The 13 TeV LHC will be even more sensitive; however, it may not be su�cient
to fully cover the favored parameter space, and the pseudoscalar scenario will remain unconstrained
by these searches. We also find that direct-detection constraints, induced through loops of bottom
quarks, complement collider bounds to disfavor the vector-current interaction when the mediator
is heavier than twice the dark matter mass. We also present some simple models that generate
pseudoscalar-mediated annihilation predominantly to bottom quarks.

I. INTRODUCTION

Although dark matter (DM) constitutes roughly 85%
of the matter in our universe, its identity and interactions
are currently unknown [1]. If DM annihilates to visible
states, existing space-based telescopes may be sensitive
to the flux of annihilation byproducts arising from regions
of high DM density, including the galactic center (GC).

Several groups have confirmed a statistically-
significant excess in the Fermi-LAT gamma-ray spectrum
[2–11], originally identified in [12]. The excess is largely
confined to an angular size of ⇠< 10� with respect to the
GC, exhibits spherical symmetry, and is uncorrelated
with the galactic disk or Fermi bubbles [9]. While this
excess may still be astrophysical in origin, potentially
due to an unusual population of millisecond pulsars [7],
its energy spectrum and spatial distribution are well
modeled by an Navarro-Frenk-White profile [13] of dark
matter particles ��̄ annihilating to bb̄ with mass and
cross section [8]

h�vi = (5.1 ± 2.4) ⇥ 10�26 cm3s�1 , (1)

m� = 39.4 (+3.7
�2.9 stat.)(±7.9 sys.) GeV , (2)

which are compatible with a DM abundance from ther-
mal freeze-out.

Recent work has presented the collider and direct-
detection constraints on this interpretation assuming
flavor-universal and mass-proportional couplings to SM
fermions [14, 15]; these analyses apply collider bounds
on DM production assuming a contact interaction be-
tween dark and visible matter. The analyses in [15–17]
also study simplified models of DM annihilation medi-
ated by color-charged t-channel mediators. For perturba-
tive interactions, Eq. (1) implies that the mediator mass
is below a TeV, so it can be produced on-shell at the
Large Hadron Collider (LHC) and decay to distinctive

final states with a mixture of b-jets and missing energy
( 6ET ). At direct-detection experiments, this mediator can
also be integrated out to induce dark matter scattering
through loops of b quarks that exchange photons or glu-
ons with nuclei. Up to di↵erences in Lorentz structure,
these processes are generic predictions of any model that
explains the Fermi anomaly; however for light mediators
(< 2m�), it is possible to evade collider searches [18].

In this paper, we study the scenario with an s-channel
mediator that predominantly couples to b quarks and fo-
cus on the regime in which the mediator is ⇠> 100 GeV
and can decay to pairs of DM particles. The mediator
can be produced in processes involving b quarks, and its
decays yield final states with b jets and/or missing en-
ergy. We extract constraints from LHC searches for new
physics in the bb̄+ 6ET final state and explore the sensitiv-
ity of a proposed mono-b+ 6ET analysis [19]. We find that
large regions of favored parameter space are excluded by
existing 8 TeV sbottom searches, whose sensitivity is pro-
jected to improve at 13 TeV. The mono-b analysis is ex-
pected to be comparable at 8 TeV and set stronger con-
straints at 13 TeV. We also clarify the LUX limits [20]
on scattering through loops of b quarks and find strong
bounds on the parameter space of vector-mediators that
explain the Fermi excess.

The organization of the paper is as follows: in section
II we discuss a set of possible minimal interactions that
can explain the GC excess. In section III, we consider
direct-detection, resonance, and Higgs search constraints
on these scenarios. In section IV, we show the constraints
on these DM interpretations from sbottom LHC searches,
which allow for a possible independent, complementary
confirmation of the GC excess. We also estimate the
reach of a mono-b search at 8, and extend our results
for both searches to 13 TeV. In section V, we outline
concrete models that generate a pseudoscalar mediated
annihilation, which is the least constrained of all possible
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operators that can explain the gamma-ray anomaly.

II. ANNIHILATION OPERATORS

In the simplest models, dark matter can consist of
fermions, scalars, or vector bosons. To narrow the scope
of our investigation without essential loss of generality,
we consider only parity-conserving interactions between
dark and visible matter. For scalar DM, the leading-order
interaction with bb̄ is either ruled out by direct detection
bounds or the annihilation is p-wave suppressed [15], so
achieving the rate in Eq. (1) in the latter case requires
non-perturbative couplings. For vectors, protecting the
DM from prompt decays requires nontrivial model build-
ing, so for simplicity we omit this possibility. Thus, for
the remainder of this paper we focus exclusively on Dirac
fermion DM candidates; Majorana particles are qualita-
tively similar and the collider bounds are expected to be
comparable.

We separately consider the following interactions

LU =
�
g��̄�

µ�5� + gbb̄�
µ�5b

�
Uµ , (3)

LV =
�
g��̄�

µ� + gbb̄�
µb
�
Vµ , (4)

La = i
�
g��̄�

5� + gbb̄�
5b
�
a , (5)

where U, V and a are axial-vector, vector, and pseu-
doscalar fields that mediate s-channel � and b interac-
tions. We assume the mediator is a singlet under SM
gauge interactions, and thus we do not address t-channel
mediators in this article (see Ref. [15] for constraints on
the latter). Our collider and direct-detection constraints
assume only these interactions between the SM and DM.
To leading order in velocity, the annihilation cross sec-
tions are

h�viU ' Nc

2⇡

(g�gb)2m2
b(1 � 4m2

�/m
2
U )2

q
1 �m2

b/m
2
�

�
m2

U � 4m2
�

�2
+ m2

U�2
U

, (6)

h�viV ' Nc

⇡

(g�gb)2 m2
�(1 + m2

b/2m
2
�)
q

1 �m2
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2
�

�
m2

V � 4m2
�
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+ m2
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V

, (7)

h�via ' Nc

2⇡

(g�gb)2 m2
�

q
1 �m2

b/m
2
�

�
m2

a � 4m2
�

�2
+ m2

a�
2
a

, (8)

where Nc = 3 is the number of colors. For gbg� = 1,
the best fit values from Eq. (1) imply mediator masses in
the few-hundred GeV range, which are light enough to
be accessible with a combination of experimental strate-
gies. For lighter mediators, the constraints due to direct-
detection and collider experiments are quite weak and
consistent with a DM interpretation of the gamma-ray
excess [18]. In sections III and IV, we discuss the various
constraints on the three sets of interactions (Eqs. 3,4,5)
from direct-detection experiments and collider searches.

III. DIRECT DETECTION AND RESONANCE
SEARCHES

A. Direct Detection

The LUX experiment currently places the strongest
limit on spin-independent �-nucleon interactions over the
m� ⇠ 10� 100 GeV range, at �SI ⇠< 10�46 cm2 [20]. Al-
though we assume that none of a, U , or V couple directly
to light quarks, it is still possible for DM to induce elastic
nuclear scattering through a loop of b quarks as depicted
in Fig. 1. The cross section for the vector-mediated pro-
cess in the leading-log approximation is [21]

d�

dE
=

(gbg�)2 mT

18⇡v2 m4
V

✓
↵Z

⇡

◆2

F 2(E)


log

✓
m2

b

m2
V

◆�2
, (9)

where E is the nuclear recoil energy, mT is the mass of a
target nucleus, Z is the target’s electric charge, v is the
relative velocity, and F is the Helm form factor [22]. The
scattering rate in units of counts/day/keV/kg detector-
mass is

dR

dE
=

⇢�
m�mT

Z vesc

vmin(E)
d3vf�(~v, v0) v

d�

dE
, (10)

where ⇢� = 0.3 GeV/cm3 is the local DM mass den-
sity, vmin(E) =

p
mTE/2µ is the minimum DM ve-

locity required to induce a nuclear recoil of energy E,
µ = m�mT/(m� + mT) is the reduced mass, vesc ⇡ 550
km/s is the halo escape velocity, and v0 = 220 km/s is
the mean local DM velocity. Here, f�(~v, v0) is the local
DM velocity distribution in the detector frame, which is
obtained from a Maxwellian distribution in the galactic
rest frame boosted by the Earth’s velocity with respect
to the halo.

Using the LUX limits and detection e�ciencies [20], we
find the (�̄�µ�)(b̄�µb) interaction is disfavored over much
of the mV > 2m� range as shown in Figure 3. For the
pseudoscalar and axial-vector interactions in Eq. (3) and
Eq. (5), LUX places no relevant constraint since the one
loop diagram depicted in Fig. 1 vanishes and the leading
process is spin-dependent1.

B. Resonance Searches

We consider constraints on non-standard b-jet produc-
tion in the context of dijet resonances and non-SM Higgs

1 Our LUX limit on the (�̄�µ�)(b̄�µb) interaction (green curve
in Figure 3, color online) disagrees with the bounds on spin-1
s-channel interactions in Figure 3 of [15], which cites [23] for the
loop induced scattering cross section. However, the diagrams
calculated in Appendix A of [23] feature a t-channel �b inter-
action, whereas the vector-vector interaction with an s-channel
mediator arises from the process depicted in Figure 1, which sets
a stronger bound on this process.



Outlook
Excess still unexplained & DM remains a good fit!

Many simplified models in tension w LHC or LUX

Upgrade can probe interesting parameter space 

pseudoscalar mediator strongly favored over alternatives & very hard to kill (c’est la vie)

Sbottom searches already powerful  @ 7 & 8 TeV

searches will greatly improve reach

Proposed mono-b comparable @ 8 TeV
verifies proof  of  principle beyond EFT, motivates 14 TeV searches 

surprisingly set strongest limits using existing data 

Independently: it’s a good benchmark for future DM-3rd gen coupling searches



Thanks/Merci!


