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Scalar Simplified Models
• Dark matter interactions mediated by a (pseudo)scalar 

• Minimal Flavor Violation: choose SM fermion couplings 
• “Easy” to imagine this as part of extended Higgs sector 
• Couplings to top quark dominate 

• But should keep in mind couplings to b-quarks 
• e.g. large            limit of 2-Higgs Doublet Models
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• Four parameter model: 

• Also need to specify additional decay channels: 
• For reasonable couplings                                                               

X                                                                                                 
collider search efficiencies                                                    
independent of 
• Serves only to rescale                                                 

number of dark matter events 

Scalar Simplified Models

Buckley, Feld, Gonçalves 1407.6497
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Scalar Production
• Two production modes: 

• gluon-fusion and associated heavy flavor

4

“loop” “associated”
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Associated Production
• CMS dileptonic tops: 2 leptons, no b-tag (B2G-13-004) 

• Signal region 
• semileptonic tops: 1 lepton  (B2G-14-004) 

• ATLAS b-tagged search. No leptons (1410.4031) 
• SR1: 2 jets (1+ b-tag) 
• SR2: 3-4 jets (1+ b-tag) 
• Both require
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Loops vs. Associated 
Production

• At present, loop-induced gluon-fusion leads to stronger 
bounds than associated production 
• Associated production measures tree-level couplings.

6
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Figure 5. Present mono-jet exclusion regions at 95% CL (red contours) for scalar mediators. In
the gS

SM–gS
DM plane (upper left panel) the values m� = 100 GeV and M S = 300 GeV have been

employed, while in the gS –m� plane (upper right panel) we have identified gS = gS
SM = gS

DM and
fixed the scalar mediator mass to M S = 300GeV. The results in the gS –M S plane (lower left panel)
use the same identification and a DM mass of m� = 100GeV, whereas in the M S –m� plane (lower
right panel) the couplings have been set to gS

SM = gS
DM = 4. For comparison the regions with

�S > M S (brown contours), the current LUX 90% CL constraint on ! N
SI (solid blue curves), the

parameter spaces with ⌦�h2 < 0.11 (dot-dashed purple curves), the EFT limits (dashed red curves)
and the regions with M S > 2m� (dotted black lines) have been indicated.

to scenarios with couplingsgSSM of order of a few is hence robust against variations of the
remaining parameters.

The exact 95% CL exclusion region should be contrasted with the limits that follow
from an EFT interpretation (dashed red curve) of the /ET + j searches. We observe that for
the considered values ofm! and MS , the EFT bounds are too strong (weak) forgSDM & 2
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Figure 7 . Exclusion regions at 95% CL for scalar mediators following from the present /E T + øtt
searches in the single-lepton channel (green contours). In the gS

SM –gS
DM plane (upper left panel) the

values m� = 100 GeV and M S = 300 GeV have been used, while in the gS –m� plane (upper right
panel) we have set gS = gS

SM = gS
DM and M S = 300 GeV. The results in the gS –M S plane (lower

left panel) use the same couplings and m� = 100 GeV, whereas in the M S –m� plane (lower right
panel) the couplings have been fixed to gS

SM = gS
DM = 4 . The regions with ! S > M S (brown

contours), the current LUX constraint on ! N
SI (solid blue curves), the parameter spaces with " �h2 <

0.11 (dot-dashed purple curves), the EFT limits (dashed green curves) and the regions with M S >
2m� (dotted black lines) are also shown.

mediator couples to ø"# 5" rather than to ø"" . Our results for the mono-jet exclusion regions
are again in qualitative (though not quantitative) agreement with [12]. Two other visible
di! erences are that the regions (brown contours) where the mediator width exceeds its
mass, i.e.! P > M P , cover more of the shown parameter space, and that direct detection
does not provide relevant constraints, because the DM-nucleon scattering cross section is
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Loops vs. Associated 
Production

• At present, loop-induced gluon-fusion leads to stronger 
bounds than associated production 
• Associated production measures tree-level couplings.

7
0 2 4 6 8 10
0

2

4

6

8

10

g!"
!

g #
"!

�S > MS

�N
SI

EFT

! �h2 < 0.11

m! = 100 GeV, MS = 300 GeV

! " # $ % &!
!

&!!

"!!

'!!

#!!

(!!

! !

"
��

!)
*+

"

! ! h2 < 0.11

! S > MS
�N

SI

EFT

M S > 2m�

gS = gS
SM = gS

DM , M S = 300GeV

! " # $ % &!
!

"!!

#!!

$!!

%!!

&!!!

gS

M
S
['(

)
]

gS = gS
SM = gS

DM , m� = 100 GeV

�S > MS

�N
SI

EFT

M S > 2m!

⌦! h2 < 0.11

0 200 400 600 800 1000
0

100

200

300

400

500

MS [GeV]

m
��
[G
eV

]

�S > MS

! N
SI

EFT

M S > 2m�

! �h2 < 0.11

gS
SM = gS

DM = 4

Figure 5. Present mono-jet exclusion regions at 95% CL (red contours) for scalar mediators. In
the gS

SM–gS
DM plane (upper left panel) the values m� = 100 GeV and M S = 300 GeV have been

employed, while in the gS –m� plane (upper right panel) we have identified gS = gS
SM = gS

DM and
fixed the scalar mediator mass to M S = 300GeV. The results in the gS –M S plane (lower left panel)
use the same identification and a DM mass of m� = 100GeV, whereas in the M S –m� plane (lower
right panel) the couplings have been set to gS

SM = gS
DM = 4. For comparison the regions with

�S > M S (brown contours), the current LUX 90% CL constraint on ! N
SI (solid blue curves), the

parameter spaces with ⌦�h2 < 0.11 (dot-dashed purple curves), the EFT limits (dashed red curves)
and the regions with M S > 2m� (dotted black lines) have been indicated.

to scenarios with couplingsgSSM of order of a few is hence robust against variations of the
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from an EFT interpretation (dashed red curve) of the /ET + j searches. We observe that for
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panel) we have set gS = gS

SM = gS
DM and M S = 300 GeV. The results in the gS –M S plane (lower

left panel) use the same couplings and m� = 100 GeV, whereas in the M S –m� plane (lower right
panel) the couplings have been fixed to gS

SM = gS
DM = 4 . The regions with ! S > M S (brown
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mediator couples to ø"# 5" rather than to ø"" . Our results for the mono-jet exclusion regions
are again in qualitative (though not quantitative) agreement with [12]. Two other visible
di! erences are that the regions (brown contours) where the mediator width exceeds its
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Non-Collider Searches
• Scalar mediators give spin-independent direct detection 

cross sections 
• Pseudoscalars give velocity-independent indirect 

detection cross sections 
• Keep in mind these have astrophysical assumptions

8

7

The fundamental Lagrangian parameters are translated into dark matter-nucleon scattering cross sections using
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where µ is the dark matter-nucleon reduced mass, and the parametersf p,n
q and f p,n

TG are proportional to the quark
expectation operators in the nucleon. These must be extracted from lattice QCD simulations [74Ð78], and we adopt
the values from Ref. [78]. For the purposes of this paper, there is no signiÞcant di! erence between the proton and
neutron f p,n , and so our dark matter scattering is essentially isospin-conserving.

The Þnite width is not relevant to these constraints (barring widths of order m" ), so the bound is placed on
the combination g! gv as a function of dark matter and mediator masses, independent of width. In Figure 5, we
show the upper limits placed by LUX and CDMS-lite at the 95% conÞdence level (CL) on the coupling combination
g! gv , as a function of the scalar mediator and dark matter masses. The discontinuity visible atm! " 6 GeV is a
result of the sharply weakening LUX bounds being overtaken by the CDMS-lite constraint. As we will continue to
do throughout this paper, we include limits on the combination of couplings well above the perturbativity bound
g! gv ! 4" . Clearly, such enormous couplings are not part of a sensible perturbative quantum Þeld theory. We include
them for completeness, and to allow some comparison of the sensitivity of the di! erent classes of experiments.

FIG. 5: Contour plot of 95% CL upper bounds on the coupling combinationg! gv from LUX [72] and CDMS-lite [73]
direct detection searches on the scalar mediator benchmark model as a function of the mediator massm" and dark
matter mass m! .

B. Indirect Detection

Indirect detection searches look for dark matter annihilating to Standard Model particles in the Universe today.
Such processes could be seen by Þnding an otherwise unexplained excess of gamma rays or positrons coming from
an area of expected high dark matter density. While direct detection searches place non-trivial limits on scalar
mediator models, such models result in thermally averaged cross sections#! v$ which are proportional to v2. The
velocity v of dark matter today is very small " 10! 2c, and so scalar mediators do not result in signiÞcant signals in
indirect searches. The velocity-averaged annihilation cross section into Standard Model fermion Þnal states for our
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two benchmark models are [79]
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Here, Nf is the number of colors of the fermionf , and T is the temperature of the dark matter. As T % v2, of our two
simpliÞed models, only the pseudoscalars have a thermal annihilation cross section with a velocity-independent term.
Thus, only the pseudoscalar mediator gives signiÞcant annihilation in the Universe today with non-trivial bounds set
by indirect detection.

Of particular interest, due to their sensitivity to multiple decay channels, are indirect searches for gamma-ray
annihilation, either from direct annihilation (resulting in gamma rays with a characteristic energy of E# = m! ),
or from a cascade of Standard Model decays after annihilation into heavy, charged, and unstable Standard Model
particles, which provide a continuum of gamma rays. For gamma-ray energies (and thus dark matter masses) below
approximately a TeV, the Fermi Gamma-Ray Space Telescope (FGST) provides the best bounds at present [80Ð83].
In particular in this paper we will use the bounds set by the FGST in Ref. [82], searching for dark matter annihilation
in dwarf spheroidal galaxies orbiting the Milky Way (see also Ref. [81] for an independent analysis). At the moment
these are the most constraining.

We comment that there is an excess of gamma rays from the Galactic Center reported in the FGST data-set [84Ð94].
Though the source of these gamma rays is still uncertain [95Ð98], if interpreted in terms of dark matter, it could be
be accommodated by annihilation through a pseudoscalar mediators with Standard Model couplings proportional to
Yukawas [99Ð104], as in our benchmark simpliÞed model.

In this paper, we use only the 95% CL upper limits on the indirect annihilation cross section into pairs ofb-quarks
from the FGST dwarf analysis [82], converted to limits on our model parameters by calculating the velocity averaged
cross section! ! v" (see Ref. [79] for details) evaluated atv # 0. Constraints on g! gv are shown in Figure 6. The width
! A can play an important role here near resonance, so to reduce the parameter space we choose a width under the
assumption that the two couplings are equal. This has only a minor e" ect on the majority of the parameter space.
We further assume that no other annihilation channels are present.

FIG. 6: Contour plot of 95% CL upper bounds on g! gv derived from indirect detection constraints set by the FGST
dwarf spheroidal analysis [82] in thebøb channel, as a function of the pseudoscalar mediator massmA and the dark
matter mass m! . The width is set assuminggv = g! , which is relevant only near resonance.

Buckley, Feld, Gonçalves 1407.6497
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Scalar vs. Pseudoscalar
• Constraints on CP-even and CP-odd mediators are not 

the same (for otherwise identical parameters) 
• Larger production cross section for pseudoscalars 

• Also have orthogonal predictions                                        
for non-collider searches. 

• But can we measure this directly?
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FIG. 8: Missing transverse momentum di! erential cross sections for the scalar (left panel) and pseudoscalar (right
panel) mediators. The leading order e! ective gluon couplings are shown as dashed lines, and the exact loop-induced
calculations are solid. We assume the LHC at 8 TeV.

This implementation starts with the inclusion of our SimpliÞed Model, presented in Eq. (3), into Feynrules [123] which
generates a model file that is subsequently used by MadGraph. In MadGraphwe produce ! (A) events matched up to
two jets via the MLM scheme [124]. We also include the detector simulation through Delphes3 [125]. In Figure 8, we
compare the distributions for the leading jet pT and the MET in the narrow width approximation generated by both
MCFMand MadGraph5, after the CMS event selection criteria. As in Figure 3, the e! ective gluon operator overestimates
the distribution tails, which would lead to an overly aggressive bound on the couplings. Notice that these di! erential
distributions do not di! er from the exact result by just a flat factor, but have di! erent shapes. While these e! ects are
important here, they will be even more critical in future LHC runs, where the energies will be higher and the MET
cuts will be harsher. To confirm the consistency of our implementation, we have produced results in the EFT limit
(mt ! " , m! ! " ) and validated it against the CMS EFT bounds [115].

Using these simulations, we place 95% CL bounds on g" gv as a function of " ! (A ) /m ! (A ) , for 100 and 375 GeV
mediators and m" = 40 GeV. Our results are shown in Figure 11 for the scalar mediator and Figure 12 for the
pseudoscalar. Two points from these results should be addressed in detail.

FIG. 9: Lower limit on the coupling g" gv set by the CMS monojet search as a function of dark matter mass m" ,
assuming mediators of 100 GeV, " ! (A ) /m ! (A ) = 10! 3, and exclusively on-shell production of dark matter. The
constraint on the scalar mediator is shown in red and pseudoscalars in blue.

Buckley, Feld, Gonçalves 1407.6497
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Lepton Spin Correlations
• Background reduction via cuts on MET. 
• Additional useful information in other distributions. 
• Example: Direct measurement of the CP of          in 

associated top channel similar to measurement of Higgs-
top CP-structure 
• Lots of work done in this area. 
• Variables tend to have low                                                

sensitivity when integrated                                                 
over all phase space. 

• But we’re already in a restricted                                           
phase-space: large

10

3

0 0.5 1 1.5 2 2.5 3

0.2

0.3

0.4

0.5
tHt
tAt

 
ll

!"d
#d #

1

=100 GeVH(A)m

 inv)=1$BR(H(A)

ll
!"

0 1 2 30.5

1

1.5 tHt
#/

tAt
# 0 0.5 1 1.5 2 2.5 3

0.2

0.3

0.4

0.5
tHt
tAt

 
ll

!"d
#d #

1

>200 GeVT E
=100 GeVH(A)m

 inv)=1$BR(H(A)

ll
!"

0 1 2 30.5
1

1.5 tHt#/tAt#

Figure 1: Normalized di ! erential distribution of " ! !! for signal tøtH (A) events at the 13 TeV LHC, for the CP-even H and
CP-odd A mediators. We assume mH ( A ) = 100 GeV and m" < m H ( A ) / 2 with BR (H (A) ! inv .) = 1. Left: Distributions
without missing transverse energy /E T selection. Right: Distributions with /E T > 200 GeV selection.

decays to invisibles. We require two opposite-sign leptons
and two bottom tagged jets. The major backgrounds for
this signature are top pair tøt production and associated
top pair with Z or W gauge bosons,tøtZ and tøtW .

We simulate our signal samples with Mad-
Graph5+Pythia8 [69, 70] and the backgrounds
with Sherpa+OpenLoops [71Ð76]. All samples are
generated including higher order QCD e! ects with the
MC@NLO algorithm [77] accounting for hadronization
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Figure 2: Missing energy distribution /E T for the signal pro-
cessestøtH and tøtA as well as the primary backgrounds. Signal
events assumemH ( A ) = 100 GeV, gv = 1 and m" < m H ( A ) / 2
with BR (H, A ! inv .) = 1.

and underlying event e! ects. We use MadSpin [78]
and the respectiveSherpa [79] module to restore spin
correlations between production and decays for the tops
and gauge bosons.

In our analysis we require two isolated leptons with
pT l > 20 GeV and |! ! | < 2.5. Leptons are isolated if
less than 20% of the transverse energy deposited in the
lepton radius R = 0 .2 corresponds to hadronic activity.
The hadronic part of the event is reconstructed using
Fastjet [80, 81] via the anti-kT jet algorithm with radius
R = 0 .4. Jets are deÞned withpT j > 30 GeV and |! j | <
2.5. We demand two b-tagged jets to suppress possible
extra sources of backgrounds. We assume ab-tagging
e" ciency of 70% and a mistag rate of 1%.

The main variable used to distinguish signal and back-
ground in existing searches is the missing transverse en-
ergy /E T . In Figure 2, we show the /E T distribution of
both the scalar and the pseudoscalar mediator produc-
tion with dileptonic tops, assuming mH (A ) = 100 GeV,
gv = 1 and m" < m H (A )/ 2. It is clear that a large /E T
selection can be used to enhance the sensitivity to the sig-
nal sample and deplete thetøt background. Moreover, we
notice that pseudoscalar mediators lose a smaller fraction
of the rate with large /E T selections than the scalar case.
We observe that the azimuthal correlation between the
most energetic jet and lepton helps in thetøt background
suppression, so we demand# " j ! < 2.

IV. RESULTS AND CONCLUSION

We perform a 2-dimensional binned log-likelihood
analysis, using both /E T and # " !! to distinguish signal
from background. In Figure 3, we show the expected 95%
CL limit at the 13 TeV LHC on the mediator coupling

Buckley, Gonçalves 1511.06451
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• In dileptonic                                    events,           is a 
proxy for         , and sensitive to CP of          at large 
• (see 1507.07926 for applications to Higgs)
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pT l > 20 GeV and |! ! | < 2.5. Leptons are isolated if
less than 20% of the transverse energy deposited in the
lepton radius R = 0 .2 corresponds to hadronic activity.
The hadronic part of the event is reconstructed using
Fastjet [80, 81] via the anti-kT jet algorithm with radius
R = 0 .4. Jets are deÞned withpT j > 30 GeV and |! j | <
2.5. We demand two b-tagged jets to suppress possible
extra sources of backgrounds. We assume ab-tagging
e" ciency of 70% and a mistag rate of 1%.

The main variable used to distinguish signal and back-
ground in existing searches is the missing transverse en-
ergy /E T . In Figure 2, we show the /E T distribution of
both the scalar and the pseudoscalar mediator produc-
tion with dileptonic tops, assuming mH (A ) = 100 GeV,
gv = 1 and m" < m H (A ) / 2. It is clear that a large /E T
selection can be used to enhance the sensitivity to the sig-
nal sample and deplete thetøt background. Moreover, we
notice that pseudoscalar mediators lose a smaller fraction
of the rate with large /E T selections than the scalar case.
We observe that the azimuthal correlation between the
most energetic jet and lepton helps in thetøt background
suppression, so we demand# " j ! < 2.

IV. RESULTS AND CONCLUSION

We perform a 2-dimensional binned log-likelihood
analysis, using both /E T and # " !! to distinguish signal
from background. In Figure 3, we show the expected 95%
CL limit at the 13 TeV LHC on the mediator coupling
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Figure 3: 95% CL upper limit on the mediator coupling to tops gv as a function of the mediator mass mH (A ) for scalars (left)
and pseudoscalars (right). The log-likelihood test is based on the two dimensional distributions ( /E T ,�! !! ) for 10 fb�1 and
100 fb�1 of LHC data with BR (H, A ! inv .) = 1. The scalar mediators also have 95% CL upper limits on gv from LUX direct
detection bounds [82], while the pseudoscalar mediators are constrained by theFermi -LAT stacked dwarf galaxy search [83].
In both cases, the nominal value of gv required for a thermal relic is also shown.

to tops gv as a function of the mediator mass, for both
the scalar and pseudoscalar. We assume a systematic un-
certainty of 10% for the signal and background samples,
and a branching ratio into dark matter of 100%.

Assuming 10 (100) fb�1 of luminosity, we are sensitive
to couplings gv < 2.5 (1.2) in all the mass range con-
sidered, 100 GeV< mH(A) < 500 GeV. Since the pseu-
doscalar tend to be more boosted than the scalar hypoth-
esis, we observe stronger bounds for the CP-odd media-
tor, largely driven by /ET . Note that once mH(A) > 2mt,
the top-pair decay channel opens, and one would expect
the branching ratio to dark matter to drop. This is typ-
ically an O(1) e! ect for gv ! g! , but exact calculation
requires an assumption to be made forg! . To maintain
our 2D parameter space, in this theory study we continue
to assume a 100% invisible branching ratio.

Also in Figure 3, we show the 95% CL exclusion on
the coupling gv as a function of mediator massmH(A)
from the non-collider experimental searches for dark mat-
ter: direct and indirect detection. The scalar mediator
H can induce spin-independent scattering in direct de-
tection experiments. Currently, the most constraining
spin-independent direct detection limits for dark mat-
ter m! ! 10 GeV come from the LUX experiment [82].
Pseudoscalar mediators do not result in direct detec-
tion scattering cross sections which are not velocity- or
momentum-suppressed. Indirect detection bounds are
extracted from the combined dwarf galaxy analysis in the
bøb channel using data from theFermi Large Area Tele-
scope (LAT) [83]; such bounds apply to the pseudoscalar
mediators A, as scalar mediators have thermally aver-

aged annihilation cross sections which are proportional
to velocity-squared, which is essentially zero in the Uni-
verse today. Finally, in both CP assignments we show
the value of gv required for a thermal relic, assuming
"! v#= 3 $ 10�26 cm3/s in the early Universe. For both
models, we setg! = gv in order to allow for direct com-
parisons with the collider bounds. Note that varying this
assumption can change the relative strength of the col-
lider and non-collider bounds.

As can be seen, under these assumptions, the LHC
bounds with 10 fb�1 of data are weaker than the ex-
isting LUX constraints. With the larger data set, the
LHC can outperform direct detection at large mediator
masses. Pseudoscalar mediators are much more di" cult
to constrain without collider bounds, as even the smaller
integrated luminosity we consider is su" cient to exceed
the constraints set by indirect detection. Regardless of
the CP-structure of the mediator, the requirements for
a successful thermal relic seem to require values ofgv
much larger than those allowed by existing non-LHC ex-
periments. However, some caution should be applied to
this conclusion, as the SimpliÞed Model framework by
construction does not aim to be a complete model of the
dark sector physics. For example, additional annihilation
modes, not captured in our assumption of a single medi-
ator connecting dark matter to the Standard Model, can
allow for smaller values ofgv while still resulting in large
enough thermal cross sections.

As shown, the azimuthal angle# " "" can be used to
boost the experimental sensitivity to dark matter pro-
duced via a spin-0 mediator. If we further assume dis-
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Figure 4: ConÞdence level for disentangling the CP-even from
the CP-odd Dark matter mediators. We assume gv = 1 and
mH ( A ) = 100 GeV with BR (H, A ! inv .) = 1. The log-
likelihood test is based on the two dimensional distributions
(! ! !! , /E T ).

covery of a signal at the LHC consistent with dark matter
production, this variable can also be used to distinguish
between the scalar and pseudoscalar interactions. In Fig-
ure 4, we show the estimated CLS value for distinguish-
ing a 100 GeV scalar mediator from a pseudoscalar, as

a function of integrated LHC luminosity, using the ! ! !!
and /E T variables. Here again, we assumegv = g" = 1.
Under this set of assumptions, the two models can be
distinguished at 95% CL with L ! 250 fb! 1.

As we have shown, the! ! !! variable would allow for
direct measurement of the CP-structure of the spin-0 me-
diator between top quarks and dark matter Ð to our
knowledge the Þrst study to do so. This measurement
would be orthogonal to the information that could be in-
ferred from (non-)detection in direct or indirect detection
experiments. We note that the azimuthal angle between
jets in vector boson fusion is also known to encode infor-
mation about the CP-properties of new physics [84Ð90],
and one might look to that channel for a similar mea-
surement, producing a " mediator through a top-loop
induced gluon fusion with two forward jets. It should
be noted that this channel may su#er from large back-
grounds that are di$ cult to remove, and that the mea-
surement of CP in that case would be a measurement of
a loop-induced coupling, rather than the tree-level cou-
pling this work is sensitive to [91]. We will consider the
CP measurement in the vector boson channel in a future
work.

In the event of an excess of events seen in thetøt + /E T
channel at the LHC Run-II, measurements such as the
one described here will become a critical part of decipher-
ing the unknown physics of the dark sector. The knowl-
edge gained from CP-measurements at colliders can be
integrated with additional signals (or lack thereof) from
direct and indirect detection in order to move beyond the
Simplified Model framework into a coherent picture of the
particles involved and the nature of their interactions.
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Conclusions
• Associated heavy flavor production in general slightly less 

constraining than loop-production. 
• This should not deprioritize associated searches. 
• Measures tree-level couplings to variety of fermions, 

rather than loop-level interaction. 
• Multiparameter space. Would                                      

suggest scans of  
• Kinematic effects of width minimal 
• Combine with non-collider                                    

experiments to begin to                                        
understand the full theory.
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