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• Set up various simulations: 

• Simplified light jet: 

- (Pseudo-)Scalar  

- (Vector-)Axial 

• Simplified models for heavy quarks 

- DM+tt, DM+b(b) (for benchmarking) 

- bFDM 

- t-channel stop like 

- fermion triplet mediator 

• Agreed on particular interesting 
parameters during Durham-Bristol-Imperial 
Theory workshop 

• Many thanks to Matt Buckley, Tongyan Lin, 
Valya Khoze, Ciaran Willams, Christopher 
McCabe, Tim Tait etc for useful discussions
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Fig. 1 Dominant Feynman diagrams for DM production in
conjunction with (a) a single b-quark and (b) a heavy quark
(bottom or top) pair using an e↵ective field theory approach.
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Fig. 2 Example of DM production in the b-FDM model.

operators are normalized by m
q

, which mitigates con-
tributions to flavour-changing processes, strongly con-
strained by flavour physics observables [24,25], through
the framework of minimal flavour violation (MFV). The
dependence on the quark mass makes final states with
bottom and top quarks the most sensitive to these op-
erators.

This search is also sensitive to tensor couplings be-
tween DM and quarks. The tensor operator (D9), which
describes a magnetic moment coupling, is parameter-
ized as [12]:

O
tensor

=
X

q

1

M2

⇤
�̄�µ⌫�q̄�

µ⌫

q. (2)

MFV suggests that the D9 operator should have a mass
dependence from Yukawa couplings although canoni-
cally this is not parametrised as such.

The results are also interpreted in light of a bottom-
Flavoured Dark Matter model (b-FDM) [26]. The b-
FDMmodel was proposed to explain the excess of gamma
rays from the galactic centre, recently observed by the
Fermi Gamma-ray Space Telescope, and interpreted as
a signal for DM annihilation [27]. This analysis of the
data recorded by the Fermi-LAT collaboration favours
DM with a mass of approximately 35 GeV annihilating
into b-quarks via a coloured mediator. In this model, a
new scalar field, �, mediates the interactions between
DM and quarks as shown in Fig. 2. DM is assumed to
be a Dirac fermion that couples to right-handed, down-

type quarks. The lightest DM particle, which consti-
tutes cosmic DM, preferentially couples to b-quarks.
The collider signature of this model is b-quarks pro-
duced in association with missing transverse momen-
tum. This analysis sets constraints on the mass of the
mediator and DM particle in the framework of the b-
FDM model.

2 Detector description and physics objects

The ATLAS detector [33] at the LHC covers the pseu-
dorapidity1 range of |⌘| < 4.9 and is hermetic in azi-
muth �. It consists of an inner tracking detector sur-
rounded by a superconducting solenoid, electromagnetic
and hadronic calorimeters, and an external muon spec-
trometer incorporating large superconducting toroidal
magnets. A three-level trigger system is used to select
events for subsequent o✏ine analysis. The data set used
in this analysis consists of 20.3 fb�1 of pp collision data
recorded at a centre-of-mass energy of

p
s = 8 TeV with

stable beam conditions [34] during the 2012 LHC run.
All subsystems listed above were required to be opera-
tional.

This analysis requires the reconstruction of muons,
electrons, jets, and missing transverse momentum. Muon
candidates are identified from tracks that are well recon-
structed inside both the inner detector and the muon
spectrometer [35]. To reject cosmic-ray muons, muon
candidates are required to be consistent with produc-
tion at the primary vertex, defined as the vertex with
the highest ⌃(ptrack

T

)2, where ptrack
T

refers to the trans-
verse momentum of each track. Electrons are identified
as tracks that are matched to a well-reconstructed clus-
ter in the electromagnetic calorimeter. Electron can-
didates must satisfy the tight electron shower shape
and track selection criteria of Ref. [36]. Both electrons
and muons are required to have transverse momenta
p
T

> 20 GeV and |⌘| < 2.5. Potential ambiguities be-
tween overlapping candidate objects are resolved based
on their angular separation. If an electron candidate
and a jet overlap within �R < 0.2, then the object is
considered to be an electron and the jet is discarded.
If an electron candidate and any jet overlap within
0.2 < �R < 0.4, or if an electron candidate and a

1 ATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the centre of
the detector, and the z-axis along the beam line. The x-axis
points from the IP to the centre of the LHC ring, and the y-
axis points upwards. Cylindrical coordinates (r, �) are used
in the transverse plane, � being the azimuthal angle around
the beam line. The pseudorapidity ⌘ is defined in terms of
the polar angle ✓ as ⌘ = � ln tan(✓/2). Observables labeled
“transverse” are projected into the x–y plane.
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matter is being produced at colliders, it is generally the case that new mediating particles are being produced as well.
As we look to interpret results from dark matter experiments and design new search strategies at the LHC, a balance

should be struck between the very general (but often inapplicable) EFT approach and a full theory like supersymmetry.
One solution has been found in Simplified Models [30–32], which resolve the contact interaction into a single exchange
particle, without adding in the full complexity of a UV-complete model. By specifying the spin and gauge quantum
numbers of the dark matter and the mediators, the parameter space can be made relatively small, allowing an easy
conversion of bounds between experiments and theories. Previous papers have discussed colored mediators [33–35],
which result in t-channel production of dark matter in a manner very similar to squarks in supersymmetry. Other
works have considered vector and axial vector Z 0 models [29, 36, 37], which cause s-channel dark matter production
at colliders.

In this paper we consider a class of simplified models with a spin-0 scalar or pseudoscalar mediator, which allows
s-channel production of dark matter from Standard Model partons at the LHC. These models are attractive in their
simplicity, requiring only a minimal extension of the Standard Model’s particle content. New scalars or pseudoscalars
can also be easily accommodated in extended Higgs sectors, and it is not unreasonable to expect the Higgs to have
contact with the dark sector. As with other simplified models, scalar mediators predict LHC signatures in a number
of correlated channels; this can be used to our advantage when designing new searches.

As previous works [28, 38–42] have pointed out, scalar and pseudoscalar mediator models and EFTs face unique
simulation issues at colliders. Making the well-motivated assumption that the mediator couplings to Standard Model
fermions proportional to the Higgs Yukawas, the mediator is primarily produced at the LHC through a loop-induced
interaction with gluons. As was noted in the context of scalar EFTs, this loop-induced coupling must be calculated
assuming large momentum transfer, as the trigger requirements at the LHC for most dark matter searches require
significant transverse momentum in the event. Just as large momenta requires the expansion of a point-like dark
matter-Standard Model EFT interaction to include a mediator, the mediator-gluon interaction must also be resolved
as the momentum transfer increases pT� = O(2mt). A sketch of the successive levels of e↵ective theories is shown in
Figure 1. As we will show, the large momentum transfer at the LHC forces us to fully resolve the top-loop induced
coupling, just as it forces us to resolve the mediator in the EFT.

FIG. 1: A heuristic diagram presenting the successive levels of e↵ective theories that must be expanded as the
momentum flow (proportional to the MET) through the interaction increases. On the left we have the EFT
OG = ↵s/⇤3 �̄�Gµ⌫Gµ⌫ . In the center two e↵ective theories with either (m� ! 1, finite mt) (top) or
(finite m�, mt ! 1) (bottom). On the right the Full Theory with finite (m�, mt).

In this paper, we provide two benchmark models for scalar and pseudoscalar mediated simplified models, with a
five-dimensional parameter space. We demonstrate the non-negligible e↵ects of resolving the mediator loop-induced
coupling to gluons in collider simulations, compared to the e↵ective interactions. We derive bounds on these parameters
using data from direct and indirect detection, as well as predictions assuming that the dark matter is a thermal relic.
We then show the existing constraints on these benchmarks from a number of Run-I LHC searches, including – but
not limited to – the MET plus jets searches that have been of primary interest previously. This comprehensive set of
bounds on scalar mediators has not been previously collected, and underlines the necessity of multiple complimentary
channels when searching for dark matter at the LHC [43].

In Section II we set up our two benchmark models for scalar and pseudoscalar mediators. We introduce a set of
parameters which describe the relevant phenomenology for current and future experimental results. In this section we
also show the e↵ects of the resolved top-loop on the distribution of transverse momentum at colliders. In Section III
we show constraints on these models from non-collider physics: direct and indirect detection, as well relic abundance
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FIG. 10: Representative Feynman diagrams contributing to heavy quark flavor plus dark matter production at the
LHC in our Simplified Models.

i) The di↵erent dependence on the scalar and pseudoscalar widths on � have an important e↵ect on the results.
For the light mediator, the scalar partial width into dark matter (/ �3) significantly reduces the total cross
section when compared to the pseudoscalar (/ �). As a result, the couplings to the scalar must be larger
than the pseudoscalar for the 100 GeV mediators. For the heavy mediator, neither scenario has a significant
kinematic suppression. This is dependent on our choice of dark matter mass; as the dark matter mass increases,
we expect to see the scalar bounds weaker faster than the pseudoscalar. This is explicitly an e↵ect due to on-shell
production of the mediator; if the dark matter mass was heavier than m�(A)

/2, then the monojet channel would
only be sensitive to production of dark matter via an o↵-shell mediator, which does not scale with the kinematic
suppression factor. In Figure 9, we show the scaling of the monojet bound as a function of dark matter mass,
assuming a 100 GeV scalar or pseudoscalar (and ��(A)

/m�(A)

= 10�3).

ii) In the case of the MCFM results, the changing width only causes a rescaling of the total rate of mediator production
times decay into dark matter through the changing branching ratios. While this is the dominate e↵ect for the
finite width calculation, there is a subleading e↵ect at ��(A)

/m�(A)

& 0.1, where the tail of the mediator pT

distribution (and thus the MET) can be increased relative to the narrow width approximation. This is a result
of the mediator being able to be produced with q2 very far away from the expected mass, convolved with the
proton parton distribution functions. For the 100 GeV mediators, as the width is increased this secondary e↵ect
causes the bound on g�gv to weaken less rapidly than one would expect from the branching ratio alone. The
e↵ect is negligible for the 375 GeV mediators.

B. Heavy Flavor Searches

One would expect that the strongest constraint that the LHC can place on the dark matter decay channels of
our benchmark scalar and pseudoscalar mediators comes from the general jets plus missing transverse energy search
discussed previously, as the production cross section here is highest. However, channels with missing energy associated
with particles other than untagged jets can have significantly lower backgrounds (and di↵erent systematics) than the
monojets. Therefore, we can and should consider searches in additional channels. Though we will often find that
limits placed on the couplings will be weaker than those placed by the monojet search, this approach is still critical
as the LHC continues to ramp up to higher energies and luminosities. Recall that we are working with a simplified
model, purposefully constructed to minimize the number of free parameters. Therefore, under these assumptions
we can predict the exact ratio of signal strength in multiple channels, as the cross section for each is set by the
same masses and couplings. However, we must be open to deviations from the simplified model. For example, if the
couplings to up- and down-type couplings are not set by a universal coupling gv, or if the loop-induced gluon coupling
does not depend solely on the couplings to top and bottom quarks, then it is quite possible that the signal in the
monojet channel could be suppressed relative to other production mechanisms. Discovery in more than one channel
would also allow better understanding of the theoretical underpinnings of any new physics.

With that motivation in mind, it is clearly important to look for new physics in many associated channels. Even when
considering modifications to the baseline models, it is still reasonable to assume that the interactions with fermions
are largely MFV, and therefore that the mediator is most strongly coupled to the heaviest fermions. Therefore, we
show here limits on production of the � or A in association with top and bottom quarks, followed by the invisible
decay of the mediator into dark matter. Some of the main production diagrams for such processes are shown in
Figure 10.

We use the CMS dedicated search for dark matter produced in events with dileptonic tops [126], performed on
19.7 fb�1 of integrated luminosity at the 8 TeV LHC. The analysis requires exactly two isolated leptons with individual
pT > 20 GeV and

P
pt > 120 GeV, and at least two jets with pT > 30 GeV. The invariant mass of the leptons must
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• Checked feasibility of these models 

• Aim to probe (as appropriate) 

- mediator mass 

- DM mass 

- coupling/width 

- …
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Twiki Page

• All (public) models collected on DM@LHC web 
page 

- https://twiki.cern.ch/twiki/bin/view/DMLHC/
WebHome 

• Detailed information posted: 

- Theory authors and papers 

- Model tar files 

- Config files 

- Cross sections & example distributions 

- Calculations and results for coupling, relic 
density normalization etc 

• Should be truly transparent, try to include if 
possible/known ATLAS counter part in 
conversations  (e.g. Priscilla Pani for heavy jets) 

• Twice growing as more results become available 

• Very inclusive, get in touch if we missed you
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