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TOP PORTAL TO INVISIBLES
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Dark fermions with dominant top-quark interactions:

[Cheung et al.,1009.0618] [Lin et al.,1303.6638] [Arina et al.,1605.09242]

LHC searches for missing energy!  .…! and mediators
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MISSING ENERGY
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Signal-background discrimination:

Efficient triggering on missing energy for 
Emiss

T & 100GeV

Mono-jet searches
2

ET, miss = 1735 GeV

pT, j = 1707 GeV 

[mono-jet candidate, ATLAS collaboration]
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TOP PAIRS PLUS MISSING ENERGY

�4

Signal in di-lepton channel:
pp ! tt̄S ! `+`� + 2b+ Emiss

T

Use lepton kinematics to suppress background with W’s:
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Figure 7. Normalised distributions of the |cos ✓``| (upper row) and |��``| (lower row) variables for
four different scalar (left) and pseudoscalar (right) benchmark models after imposing all selection
requirements. The style and colour coding of the curves resembles the one of Figure 3. The shown
error bars are the statistical errors associated to our MC simulations.

backgrounds. To further reduce the top backgrounds, we construct the following linear
combination from E

miss
T and mT2:

Cem ⌘ mT2 + 0.2 · (200 GeV � E

miss
T ) . (5.2)

The Cem distribution after all other selections requirements have been applied is shown
in Figure 5 for the various backgrounds and our benchmark signal. The optimal cut on Cem

for the benchmark signal was established by minimising the value of the coupling g = g� =

gt which can be excluded at 95% CL for an integrated luminosity of 300 fb�1, resulting in
a requirement Cem > 130 GeV. It was checked explicitly that this requirement provides an
adequate sensitivity over the whole considered range of mediator masses.

Figure 5 shows that the chosen criteria allows for an adequate reduction of the top
backgrounds, while keeping an acceptable signal statistics for the considered model point.
After applying the Cem cut the residual background is dominated by t

¯

tZ with subse-
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Figure 5. Distribution of the Cem variable after preselection, basic background suppression and
imposing the E

miss
T and mT2 cuts as detailed in the text. The coloured histograms are stacked and

represent the different SM backgrounds, while the black line corresponds to the Cem distribution as
predicted by a scalar mediator with M� = 100GeV, m� = 1GeV and g� = gt = 1. All predictions
have been obtained for 300 fb

�1 of 14 TeV LHC data and the red error bars are the statistical errors
of our background simulations.

~q

1
T + ~q

2
T = ~p

miss
T . The mT2 variable has a sharp upper limit at mW for W -boson induced

backgrounds, while for the t

¯

t + E

miss
T signal the presence of extra E

miss
T leads to a tail in

the mT2 distribution. All the other backgrounds, in particular those including the leptonic
decays of Z bosons have rapidly falling E

miss
T and mT2 distributions, and can therefore be

strongly suppressed by appropriate cuts on these variables.
The first step in the analysis is the preselection. Events pass the preselection only if

they have exactly two isolated oppositely charged leptons (electrons, muons or one of each
flavour) with p

`1
T > 25 GeV, p

`2
T > 20 GeV, |⌘`| < 2.5 and an invariant mass that satisfies

m`` > 20 GeV. The ⌘` and p

`
T requirements ensure that leptons are reconstructed with high

efficiency. If the charged signal leptons are of the same flavour the additional requirement
m`` 2 [71, 111] GeV is imposed to veto events where the charged lepton pair arises from
a Z ! `

+
`

� decay.
A further set of cuts aims at a basic reduction of the top and reducible backgrounds.

From an inspection of the topology of the top events with both high E

miss
T and mT2,

we find that the t

¯

t system often recoils against a high-pT jet. For events in which the
leading jet (j1) comes from the decay of a top, the minimum invariant mass of j1 with
the two leptons m

min
j1``

in the event has to be lower than about 150 GeV. As an additional
requirement we thus impose m

min
j1``

< 150 GeV which rejects events with a high-pT jet
produced by QCD radiation, thereby suppressing both the top and reducible backgrounds.
The m

min
j1``

cut has an efficiency of around 90% on the signal. In order to further suppress
the reducible backgrounds to well below the level of the top backgrounds, the following
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Figure 4. Distributions of events in the E

miss
T – mT2 plane for the three different types of

backgrounds and a signal point. The signal prediction corresponds to a scalar mediator with
mass M� = 100GeV and assumes m� = 1GeV and g� = gt = 1. The selection cuts as de-
fined in the text except E

miss
T , mT2 and Cem are imposed. The scale on the z axis is saturated

at 1 event/bin/(100 fb

�1
). The area in the upper right corner above the black line represents the

signal region used in our analysis.

in suppressing all backgrounds where the two leptons are produced in the decay of two W

bosons is the mT2 variable [60, 61]

m

2
T2(~p

`i
T , ~p

`j
T , ~p

miss
T ) ⌘ min

~q 1
T +~q 2

T =~p miss
T

n

max

h

m

2
T(~p

`i
T , ~q

1
T ), m

2
T(~p

`j
T , ~q

2
T )

io

, (5.1)

which can be calculated using the momenta ~p

`i
T and ~p

`j
T of the two leptons and ~p

miss
T .

In (5.1) the parameter mT denotes the transverse mass and ~q

1
T and ~q

2
T are auxiliary vectors.

The minimum is taken over all the possible choices of ~q

1
T and ~q

2
T which satisfy the equality

– 10 –

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

 (GeV)miss
TE

0 100 200 300 400 500

 (G
eV

)
T2

m

0
20
40
60
80

100
120
140
160
180
200

top backgrounds

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

 (GeV)miss
TE

0 100 200 300 400 500

 (G
eV

)
T2

m

0
20
40
60
80

100
120
140
160
180
200

reducible backgrounds

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

 (GeV)miss
TE

0 100 200 300 400 500

 (G
eV

)
T2

m

0
20
40
60
80

100
120
140
160
180
200

irreducible backgrounds

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

 (GeV)miss
TE

0 100 200 300 400 500

 (G
eV

)
T2

m

0
20
40
60
80

100
120
140
160
180
200

scalar, 100 GeV

Figure 4. Distributions of events in the E

miss
T – mT2 plane for the three different types of

backgrounds and a signal point. The signal prediction corresponds to a scalar mediator with
mass M� = 100GeV and assumes m� = 1GeV and g� = gt = 1. The selection cuts as de-
fined in the text except E

miss
T , mT2 and Cem are imposed. The scale on the z axis is saturated

at 1 event/bin/(100 fb

�1
). The area in the upper right corner above the black line represents the

signal region used in our analysis.

in suppressing all backgrounds where the two leptons are produced in the decay of two W

bosons is the mT2 variable [60, 61]

m
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which can be calculated using the momenta ~p

`i
T and ~p

`j
T of the two leptons and ~p

miss
T .

In (5.1) the parameter mT denotes the transverse mass and ~q

1
T and ~q

2
T are auxiliary vectors.

The minimum is taken over all the possible choices of ~q

1
T and ~q

2
T which satisfy the equality
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Discriminating function:
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Figure 2. Examples of LO diagrams that give rise to a t

¯

t + E

miss
T signature through the

exchange of a colourless spin-0 mediator. In the quark-fusion channel (left) only contributions
from mediator fragmentation appear, while in the case of the gluon-fusion channel both mediator-
fragmentation (center) and top-fusion (right) diagrams are present.

by the leading (universal) fragmentation function ft!�/a(x) which take the form [42, 43]

ft!�(x) =

g

2
t

(4⇡)

2



4 (1 � x)

x

+ x ln

✓

s

m

2
t

◆�

,

ft!a(x) =

g

2
t

(4⇡)

2



x ln

✓

s

m

2
t

◆�

,

(3.1)

in the simplified models described by (2.1). These results are valid for s � 4m

2
t � M

2

and ln

�

s/m

2
t

� ⌧ 1 where
p

s = 2E/x with E the energy of the emitted spin-0 particle.
From (3.1) one sees that due to the soft singularity proportional to 1/x a light scalar is
radiated off top quarks preferentially with small energy (or equivalent small momentum
fraction x). The soft-enhanced term is instead absent in the case of the pseudoscalar
mediator. These features explain the order of magnitude difference between the total rates
of the scalar and pseudoscalar mediators for masses M ⌧ 2mt.

The second important difference between �(pp ! t

¯

t + �) and �(pp ! t

¯

t + a) with �

and a subsequently decaying to DM can be understood by considering the spin-averaged
and colour-averaged squared matrix elements for the production of an on-shell spin-0 state
with mass M =

p
s from a top-quark pair. The corresponding squared matrix elements are

given by
X

�

�M(t

¯

t ! �)

�

�

2
=

g

2
t s

12

�

2
,

X

�

�M(t

¯

t ! a)

�

�

2
=

g

2
t s

12

, (3.2)

with � =

p

1 � 4m

2
t /s the velocity of the top quarks in the top-pair rest frame. From the

above formulas one observes that close to the t

¯

t threshold located at 4m

2
t the production

of a scalar in top-fusion is compared to that of a pseudoscalar suppressed by two powers
of �. It follows that in cases where either the DM pair or the mediator is produced close
to threshold, the production cross section of the pseudoscalar mediator is expected to be
larger than that of a scalar. This is precisely what one observes in the left panel of Figure 1.
As it leads to a pronounced kink in the pseudoscalar case, the opening of the t

¯

t threshold
is also clearly visible in this plot. The threshold suppression of t

¯

t ! � production finally
explains the M dependence of the ratio �gg/� with a dip at M ' 200 GeV as shown on the
right in the latter figure.
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EXPECTED LHC SENSITIVITY

�5

Signal strength that can be excluded at 95% CL at 14 TeV:

Lepton angular correlations enhance sensitivity („shape“).
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Figure 9. Value of the signal strength that can be excluded at 95% CL as a function of the mass
for scalar (left) and pseudoscalar (right) mediators. The reach with 300 fb

�1 of
p

s = 14 TeV data
is given for a simple counting experiment assuming a 20% systematic background uncertainty (red
curves) and for 5-bin shape fits with both 30% (yellow curves) and 20% (green curves) errors.
A hypothetical shape-fit scenario based on 3 ab

�1 and 20% systematics is also shown (blue curves).

during LHC Run I. As expected from the shapes of the distributions in Figures 7 and 8,
the 5-bin likelihood fit provides a significant improvement over the counting experiment for
high-mass mediators irrespectively of their CP nature. The gain in sensitivity at lower mass
depends strongly on the assumption on the systematic uncertainty of the SM background.
For instance assuming a 20% systematics on the counting experiment and a 30% background
error on the shape fit, we find that the shape analysis will have larger discriminating power
than the simple cut-and-count strategy for M� & 300 GeV and Ma & 100 GeV with 300 fb

�1

of integrated luminosity. If the background for the shape fit can instead be estimated with
an error of 20%, including shape information is expected to be the superior strategy over
almost the entire range of considered masses. In fact, at the LHC with 3 ab

�1 of data
it should be possible to exclude spin-0 models that predict µ = 1 for mediator masses
up to around 400 GeV using the 5-bin likelihood fit employed in our study. The observed
strong dependence of the reach on the assumption on the systematic background uncertainty
shows that a good experimental understanding of t

¯

tZ production within the SM will be a
key ingredient to a possible discovery of DM in the t

¯

t + E

miss
T channel.

We also perform a hypothesis test between the scalar and pseudoscalar mediator hy-
potheses as a function of the mediator mass. Figure 10 shows the value of µ for which
the scalar hypothesis can be excluded at 95% CL in favour of the pseudoscalar one (blue
curve) and vice versa (red curve). Our statistical analysis is based on a 5-bin shape fit
of the |cos ✓``| distributions and employs standard maximum likelihood estimator tech-
niques (see for instance [64]) that are implemented in the RooFit/RooStat package [65].
From the figure it is evident that based on 300 fb

�1 of
p

s = 14TeV data and under the
assumption that the SM backgrounds can be determined with an uncertainty of 20%, it
should be possible to distinguish between the two CP hypotheses for masses M . 200 GeV
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OBSERVED SENSITIVITY
With 13-TeV LHC data: [CMS, 1711.00752]

Excludes mediators with  !! ! ! !  and! ! ! !  . mS . 100GeV gtS = g�S ⇡ 1

15
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Figure 10: Predicted backgrounds and observed yields in the ee, µµ, and eµ search regions
combined. The hatched band shows the uncertainties discussed in the text.

observed exclusion region at 95% CL assuming 100% branching fraction, while the dashed red
lines indicate the expected limit at 95% CL and the region containing 68% of the distribution
of limits expected under the background-only hypothesis. The thin black lines show the effect
of the theoretical uncertainties in the signal cross section. In the T2tt model we exclude mass
configurations with mec0

1
up to 360 GeV and met1

up to 800 GeV, assuming that the top quarks are
unpolarized. Because this choice may have a significant impact on the kinematic properties of
the final state particles [81], we also check that for purely right-handed polarization, the limit
increases by about 50 GeV in both met1

and mec0
1
, while for purely left-handed polarization, the

limit decreases by about 50 GeV in met1
and by 70 GeV in mec0

1
.

The results for the T2bW and T8bb``nn models are shown in Figs. 11 (right) and 12. We exclude
mass configurations with mec0

1
up to 320 GeV and met1

up to 750 GeV in the T2bW model. The
sensitivity in the T8bb``nn model strongly depends on the intermediate slepton mass and is
largest when x = 0.95 in m ˜̀ = x (mec+

1
� mec0

1
) + mec0

1
. In this case, excluded masses reach up to

800 GeV for mec0
1

and 1300 GeV for met1
. These numbers reduce to 660 GeV for mec0

1
and 1200 GeV

for met1
when x = 0.5 and to 50 GeV for mec0

1
and 1000 GeV for met1

when x = 0.05.

Besides the dilepton search described in this paper, searches for direct top squark pair produc-
tion were also performed in final states with a single lepton [19] and without leptons [20]. The
signal and control regions for these two searches and the dilepton search are mutually exclu-
sive. A statistical combination of the results of the three searches is performed in the context
of the T2tt and T2bW scenarios of top squark pair production, taking into account correlations
in both signal and expected background yields in the different analyses. Figure 13 shows the

background in signal regions

22 References
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Figure 15: The 95% CL expected (dashed line) and observed limits (solid line) on µ = s/stheory
for a fermionic DM particle with mc = 1 GeV assuming different scalar (left) and pseudoscalar
(right) mediator masses. The green and yellow bands represent the regions containing 68 and
95%, respectively, of the distribution of limits expected under the background-only hypothesis.
The horizontal red line indicates µ = 1. The mediator couplings are set to gq = gDM = 1. The
gray hashed band around the observed limit corresponds to a 30% theory uncertainty in the
inclusive signal cross section.

Table 7: Covariance (left) and correlation matrix (right) for the background prediction in the
aggregate signal regions described in Table 6.

Covariance
A0 A1 A2

A0 13.3 1.8 0.5
A1 0.9 0.2
A2 0.1

Correlation
A0 A1 A2

A0 1 0.51 0.38
A1 1 0.49
A2 1

bound on resonant mediators



TOP PAIRS VERSUS SINGLE TOP

�7

[Pinna et al.,1701.05195]

Single-top processes contribute significantly to!
signal region in top-pair + missing energy searches.
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Figure 1. Feynman diagrams describing dark matter production in association with a single top quark through the t-channel
process. We show the contributions in the 4-flavor scheme (left two diagrams) and in the 5-flavor scheme (right diagram),
which we use for our simulation.

This range assumes a mediator coupling gcS,P ⇥mc/v also to charm quarks, opening the annihilation channel ��̄ ! cc̄.
In general, the required couplings are larger for scalar mediators than for pseudo-scalar mediators. Below mS,P =
10 GeV constraints from flavor observables are very strong, in particular when assuming a non-vanishing coupling
to bottom quarks [17], and cosmological constraints become relevant. The upper limit lies slightly above the non-
relativistic on-shell condition mS,P = 2m�. At large mediator masses, mS,P � 2m�, the dark matter annihilation
rate becomes strongly suppressed. To avoid an overabundance, we have to invoke another annihilation process in this
mass region.

At the LHC, for mS,P < 2m� dark matter production proceeds through an o↵-shell mediator, resulting in a small
production rate. The thermal relic hypothesis is thus di�cult to test in missing energy searches in large parts of the
mass range identified in Eq. (6). For mS,P > 2m�, on-shell mediator production leads to appreciable rates for the
various processes discussed in Sec. I B. This latter case will be in the focus of our analysis.

In non-relativistic processes relevant for direct and indirect dark matter detection, scalar and pseudo-scalar medi-
ators behave very di↵erently. Dark matter-nucleon scattering is induced by a scalar mediator coupling to gluons via
a top-quark loop [8]. For a pseudo-scalar mediator, dark matter-nucleon scattering is velocity-suppressed [4]. Con-
straints on dark matter from direct detection experiments are thus much weaker for pseudo-scalar mediators than for
scalars. Dark matter annihilation today results gamma ray spectra from primary or secondary photons. In our model,
gamma ray spectral lines can be created in the non-relativistic process ��̄ ! S/P ! �� with a loop-induced mediator
decay. A continuum of gamma rays is produced from the same annihilation processes governing the thermal relic
density. For scalar mediators, all annihilation processes are velocity-suppressed in the non-relativistic limit. Current
indirect detection experiments therefore do not constrain the parameter space of a thermal relic [8]. For pseudo-scalar
mediators, only the process ��̄ ! PP is velocity-suppressed near the threshold, so that a sizeable flux of photons
from the s-channel annihilation processes is expected. In this case, current measurements of gamma rays from our
galactic center and from spheroidal dwarf galaxies are sensitive to thermal dark matter candidates [19].

II. SINGLE-TOP-ASSOCIATED DARK MATTER PRODUCTION

In this section, we investigate t-channel single top production in association with a dark matter pair at the LHC.
To maximize the discovery prospects we focus on a mediator produced on-shell and decaying into a dark matter pair.
We start with the scalar mediator and discuss the modifications in the pseudo-scalar case in Sec. II C. The signal
process of single-top-associated dark matter production can be written as

pp ! t⇤ j ! t j S ! t j (��̄) . (7)

Some sample Feynman diagrams are shown in Fig. 1. Single top production in the t-channel can be described either
in a 4-flavor scheme with incoming gluons splitting into bb̄ pairs or in a 5-flavor scheme, where the bottom-quark
is considered as a parton inside the proton. The di↵erence between the 4-flavor and 5-flavor approaches is the
treatment of collinear logarithms in the perturbative QCD series and can be moderated by including higher-order
QCD corrections [31]. For our simulation, we use the 5-flavor scheme with its resummation-improved total cross
section.

At the LHC, a heavy mediator with mS,P > 2m� is produced on-shell, such that dark matter production factorizes
into resonant mediator production and subsequent decay to a dark matter pair. According to the Lagrangian in
Eq. (2), the relevant model parameters for the mediator production are the mediator mass, mS , and the top coupling,
gtS . In addition, the total rate of dark matter production depends on the branching ratio of the mediator into the

5

Figure 2. Left: production rate for single-top-associated (red) and top-pair-associated (blue) dark matter production with an
on-shell scalar mediator. Right: width-to-mass ratio for the scalar mediator. We assume gtS = g�S = 1 and a default mass value
of m� = 1GeV.

dark matter pair. The decay width of the mediator width is given to a good approximation by the sum of the partial
decay rates into ��̄ and tt̄ final states,
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Loop-induced mediator decays into pairs of gluons or photons are numerically subleading for on-shell mediators and
thus neglected in our analysis. In the right panel of Fig. 2, we show the total decay rate �S/mS of the mediator for
fixed dark matter masses m� = 1, 10, 100 GeV. For mS < min(2m�, 2mt), the mediator can only decay via loop-
suppressed processes, resulting in a very narrow resonance. For 2m� < mS < 2mt, the width is dominated by the
decay into ��̄ alone. Because the branching ratio B(S ! ��̄) is close to one, dark matter production via an on-shell
mediator is essentially independent of the dark matter mass and coupling. Above the top threshold the decay into ��̄
competes with tt̄, so that dark matter pair production will depend on m� and g�S through the mediator width. For
mediator masses up to the TeV scale the width remains narrow, �S/mS . 9%, and the resonance is described by a
Breit-Wigner propagator.

As the default model setup for our analysis we choose a benchmark scenario for which we expect a high sensitivity
in single-top-associated dark matter production,

gtS,P = g�S,P = 1, m� = 1 GeV, mS,P = 300 GeV , (9)

We also use it to be able to compare with Refs. [10, 18, 19]. As long as the mediator is produced on-shell, results
for a di↵erent dark matter mass can be deduced rather easily, because it only enters the signal indirectly through
the mediator width. For mediator masses mS,P < 2m�, the mediator is o↵-shell, so that we need to consider the full
process with two dark matter particles in the final state. In this case, the production rate at the LHC is much smaller,
due to the lack of the resonance enhancement. For mediators around the electroweak scale, tj��̄ o↵-shell rates range
about two orders of magnitude below the rates with a resonant mediator. Kinematic distributions, in turn, look very
similar with on-shell and o↵-shell mediators. Since single-top-associated production is not sensitive to the o↵-shell
scenario with perturbative couplings, we will focus on on-shell mediator production in what follows.

In the left panel of Fig. 2, we show the dark matter production rates for our on-shell benchmark scenario with a
scalar mediator from Eq. (9). We compare associated production with a single top quark, pp ! tjS ! tj(��̄), and a
top-anti-top pair, pp ! tt̄ S ! tt̄ (��̄). The single top rate becomes comparable to top-anti-top for scalar mediator
masses 200 GeV . mS . 500 GeV. Compared with the SM predictions, the additional radiation of a heavy mediator
favors incoming quarks over incoming gluons and thus single top over top pair production. In Tab. I, we show the
cross section for top pair and single top production in the Standard Model and in association with dark matter for
our benchmark scenario from Eq. (9). The large di↵erence between single top and top pair production observed in
the Standard Model is clearly lifted, once a heavy mediator is radiated from the top quark. Further features of the
scalar production rate will be discussed in comparison with the pseudo-scalar in Sec. II C.
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Figure 2. Examples of LO diagrams that give rise to a t
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t + E
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T signature through the

exchange of a colourless spin-0 mediator. In the quark-fusion channel (left) only contributions
from mediator fragmentation appear, while in the case of the gluon-fusion channel both mediator-
fragmentation (center) and top-fusion (right) diagrams are present.

by the leading (universal) fragmentation function ft!�/a(x) which take the form [42, 43]
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in the simplified models described by (2.1). These results are valid for s � 4m

2
t � M

2

and ln

�

s/m

2
t

� ⌧ 1 where
p

s = 2E/x with E the energy of the emitted spin-0 particle.
From (3.1) one sees that due to the soft singularity proportional to 1/x a light scalar is
radiated off top quarks preferentially with small energy (or equivalent small momentum
fraction x). The soft-enhanced term is instead absent in the case of the pseudoscalar
mediator. These features explain the order of magnitude difference between the total rates
of the scalar and pseudoscalar mediators for masses M ⌧ 2mt.

The second important difference between �(pp ! t

¯

t + �) and �(pp ! t

¯

t + a) with �

and a subsequently decaying to DM can be understood by considering the spin-averaged
and colour-averaged squared matrix elements for the production of an on-shell spin-0 state
with mass M =

p
s from a top-quark pair. The corresponding squared matrix elements are

given by
X

�

�M(t

¯

t ! �)

�

�

2
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g

2
t s

12

�

2
,

X

�

�M(t

¯

t ! a)

�

�

2
=

g

2
t s

12

, (3.2)

with � =

p

1 � 4m

2
t /s the velocity of the top quarks in the top-pair rest frame. From the

above formulas one observes that close to the t

¯

t threshold located at 4m

2
t the production

of a scalar in top-fusion is compared to that of a pseudoscalar suppressed by two powers
of �. It follows that in cases where either the DM pair or the mediator is produced close
to threshold, the production cross section of the pseudoscalar mediator is expected to be
larger than that of a scalar. This is precisely what one observes in the left panel of Figure 1.
As it leads to a pronounced kink in the pseudoscalar case, the opening of the t

¯

t threshold
is also clearly visible in this plot. The threshold suppression of t

¯

t ! � production finally
explains the M dependence of the ratio �gg/� with a dip at M ' 200 GeV as shown on the
right in the latter figure.
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pp ! tjS ! `+b+ j + Emiss
T

Forward jet is characteristic of electroweak top production:

Benchmark scenario:
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Figure 3. Kinematic distributions for the signal process pp ! tjS ! tj��̄ with a scalar mediator and the relevant backgrounds:
the missing transverse energy /ET (left) and the transverse mass mT of the lepton and missing momenta (right). Distributions
are shown for the benchmark parameters in Eq. (9) and after applying the cuts from Eq. (11).

energy for the signal tjS(! ��̄) and the backgrounds mentioned above. The signal leads to a significantly harder
missing energy spectrum, especially if the produced mediator is heavy. The dominant backgrounds are tt̄ and W+jets
production, while all other backgrounds are strongly suppressed at high /ET . Notice that the tt̄S(! ��̄) signal
produces a hard spectrum of missing energy as well. As we will show below, additional kinematic observables can
e�ciently reduce its contribution to the signal region of tjS(! ��̄).

In the tjS signal, the missing energy comes from a combination of the neutrino and mediator momenta, while in
the backgrounds it is typically generated by neutrinos from W decays. We exploit this feature through the transverse
mass mT of the lepton and the sum of missing particles’ momenta defined by

m2
T = 2pT,` /ET (1� cos�

`,/ET
). (12)

Here �
`,/ET

is the azimuthal angular separation of the lepton and missing momenta. In the right panel of Fig. 3, we

confirm that for backgrounds with one neutrino from a W decay there is a cli↵ around mT ⇡ MW . O↵-shell e↵ects,
width e↵ects, combinatorics, and detector e↵ects lead to a low number of remnant events above this threshold. This
allows us to drastically reduce the single-lepton tt̄ background, the single top background, and W+jets. Therefore,
we extend the pre-selection cuts shown in Eq. (11) by

/ET > 200 GeV, and mT > 85 GeV . (13)

It is well known that t-channel single top production leads to a hard jet in the forward region [42]. In the left
panel of Fig. 4, we show the rapidity distribution of the hardest light-flavor jet for the signal and the backgrounds.
In particular for the tt̄ backgrounds, the jet indeed tends to be much more central than for the signal. As a third
pre-selection cut we thus require

|⌘j1 | > 2 . (14)

The jet rapidity is also a useful discriminator between the tjS and tt̄S signals. Besides the rapidity, we furthermore
exploit the kinematic correlations of the light-flavor jet and the b-jet. In the right panel of Fig. 4, we see that the
invariant mass mbj is large for the signal. This observable becomes more distinctive when the mediator S is heavy.

The combination of Eqs. (11), (13), and (14) defines the pre-selection before we enter a dedicated analysis. At this
stage, the signal rate for our model benchmark from Eq. (9) is

�t`j ��̄ = 0.2 fb, (15)
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Figure 1. Feynman diagrams describing dark matter production in association with a single top quark through the t-channel
process. We show the contributions in the 4-flavor scheme (left two diagrams) and in the 5-flavor scheme (right diagram),
which we use for our simulation.

This range assumes a mediator coupling gcS,P ⇥mc/v also to charm quarks, opening the annihilation channel ��̄ ! cc̄.
In general, the required couplings are larger for scalar mediators than for pseudo-scalar mediators. Below mS,P =
10 GeV constraints from flavor observables are very strong, in particular when assuming a non-vanishing coupling
to bottom quarks [17], and cosmological constraints become relevant. The upper limit lies slightly above the non-
relativistic on-shell condition mS,P = 2m�. At large mediator masses, mS,P � 2m�, the dark matter annihilation
rate becomes strongly suppressed. To avoid an overabundance, we have to invoke another annihilation process in this
mass region.

At the LHC, for mS,P < 2m� dark matter production proceeds through an o↵-shell mediator, resulting in a small
production rate. The thermal relic hypothesis is thus di�cult to test in missing energy searches in large parts of the
mass range identified in Eq. (6). For mS,P > 2m�, on-shell mediator production leads to appreciable rates for the
various processes discussed in Sec. I B. This latter case will be in the focus of our analysis.

In non-relativistic processes relevant for direct and indirect dark matter detection, scalar and pseudo-scalar medi-
ators behave very di↵erently. Dark matter-nucleon scattering is induced by a scalar mediator coupling to gluons via
a top-quark loop [8]. For a pseudo-scalar mediator, dark matter-nucleon scattering is velocity-suppressed [4]. Con-
straints on dark matter from direct detection experiments are thus much weaker for pseudo-scalar mediators than for
scalars. Dark matter annihilation today results gamma ray spectra from primary or secondary photons. In our model,
gamma ray spectral lines can be created in the non-relativistic process ��̄ ! S/P ! �� with a loop-induced mediator
decay. A continuum of gamma rays is produced from the same annihilation processes governing the thermal relic
density. For scalar mediators, all annihilation processes are velocity-suppressed in the non-relativistic limit. Current
indirect detection experiments therefore do not constrain the parameter space of a thermal relic [8]. For pseudo-scalar
mediators, only the process ��̄ ! PP is velocity-suppressed near the threshold, so that a sizeable flux of photons
from the s-channel annihilation processes is expected. In this case, current measurements of gamma rays from our
galactic center and from spheroidal dwarf galaxies are sensitive to thermal dark matter candidates [19].

II. SINGLE-TOP-ASSOCIATED DARK MATTER PRODUCTION

In this section, we investigate t-channel single top production in association with a dark matter pair at the LHC.
To maximize the discovery prospects we focus on a mediator produced on-shell and decaying into a dark matter pair.
We start with the scalar mediator and discuss the modifications in the pseudo-scalar case in Sec. II C. The signal
process of single-top-associated dark matter production can be written as

pp ! t⇤ j ! t j S ! t j (��̄) . (7)

Some sample Feynman diagrams are shown in Fig. 1. Single top production in the t-channel can be described either
in a 4-flavor scheme with incoming gluons splitting into bb̄ pairs or in a 5-flavor scheme, where the bottom-quark
is considered as a parton inside the proton. The di↵erence between the 4-flavor and 5-flavor approaches is the
treatment of collinear logarithms in the perturbative QCD series and can be moderated by including higher-order
QCD corrections [31]. For our simulation, we use the 5-flavor scheme with its resummation-improved total cross
section.

At the LHC, a heavy mediator with mS,P > 2m� is produced on-shell, such that dark matter production factorizes
into resonant mediator production and subsequent decay to a dark matter pair. According to the Lagrangian in
Eq. (2), the relevant model parameters for the mediator production are the mediator mass, mS , and the top coupling,
gtS . In addition, the total rate of dark matter production depends on the branching ratio of the mediator into the

mS = 300GeV

m� = 1GeV

gtS = g�S = 1

W

S
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Reduce background with W’s:
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Figure 4. Signal and background distributions of the hardest light-flavor jet rapidity (left) and the invariant mass mbj (right)
in the benchmark scenario from Eq. (9) with a scalar mediator and after applying the acceptance cuts from Eq. (11).

including the leptonic branching ratio of the top quark. The relevant backgrounds after pre-selection are

�t` t̄` = 16.8 fb, �t` t̄⌧h
= 6.2 fb, �t` t̄⌧`

= 6.1 fb, �t` t̄h = 5.1 fb . (16)

Since we consider the sum of top and anti-top quarks in our single top signal, tt̄ rates with distinguishable top and anti-
top decays contribute twice to the background. The two cuts in Eq. (13), in particular the cut on the transverse mass,
o↵er excellent opportunities to define background control regions. The number of tt̄ background events in the signal
region defined by our pre-selection is about 10�5 of the full top pair production sample, allowing for a solid statistical
coverage even of suppressed phase space regions, for instance with sizable /ET . This implies that the background
estimate in the signal region will be dominated by systematic uncertainties from the background extrapolation for
well-understood processes like top pair production and W+jets or Z+jets production. More challenging backgrounds,
like tjZ production, are clearly sub-leading, as can be seen in Fig. 3.

In addition to the rather general observables discussed above, we can target specific backgrounds with high-level
kinematic observables. As a starting point, whenever the neutrino originates from a top decay, we can complement the
assumed lepton-neutrino transverse mass mT with the transverse mass of the bottom-lepton- /ET system and require
the latter to be larger than mt. This targets specifically the tt̄ background with one leptonically and one hadronically
decaying top.

For backgrounds with two or more neutrinos the distributions in Fig. 3 look very similar to the signal. The same is
true for tt̄��̄ production. To reject tt̄ production with two leptonically decaying tops and one lepton missed, we use
a dedicated variable that fully exploits the kinematic topology of this background [41],

MW
T2 = min

~p1+~p2=/~pT

m̃t with p21 = 0 (assumed neutrino)

(p1 + p`)
2 = m2

W (assumed W with detected lepton)

(p1 + p` + pb,1)
2 = m̃2

t (assumed t with detected lepton)

p22 = m2
W (assumed W with missed lepton)

(p2 + pb,2)
2 = m̃2

t (assumed t with missed lepton). (17)

Here p1 is assumed to be the momentum of the neutrino paired with the detected lepton, whereas p2 is the sum of
momenta from the other neutrino and missed lepton. Since our signal features exactly one b-tagged jet, for the other
b-momentum we use the momentum of a light-quark jet (stemming from a mis-identified b-jet). If more than one
light-quark jet is observed, we take the value of the hardest or second-hardest jet in pT , which gives the smaller value
of MW

T2. For large mediator masses, MW
T2 is an e�cient discriminator between signal and purely leptonic top-pair

leading jet rapidity
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Goal: combine with top-pair search for optimal sensitivity.

9

Figure 5. Sensitivity to single-top-associated dark matter production with a scalar (left) and a pseudo-scalar (right) mediator
at the 13 TeV LHC with 300 fb�1 (red) and 3 ab�1 (black), assuming a systematic background uncertainty of 3% (plain) and
10% (dashed). Shown is the signal strength µ that can be excluded at 95% CL, as a function of the mediator mass.

background. At lower mediator masses, the signal and top-pair topologies look more similar and the discriminating
power of the MW

T2 variable is reduced.

B. Multi-variate analysis

Since the single top signal di↵ers from the background channels in many kinematic observables, and because the
signal rate given in Eq. (15) is small, we employ a multi-variate method to separate signal and background regions
in phase space. We use boosted decision trees (BDT) in Tmva [43] after the pre-selection cuts of Eq. (11), Eq. (13)
and Eq. (14). The input variables describing the lepton, b-jet and light-flavor jet in final state, as well as the missing
transverse momentum vector, are

n

pT,`, ⌘`, pT,b, ⌘b, pT,j1 , ⌘j1 , /ET , �`,b,�`,j1 ,�j1,b,�`,/ET
,�

j1,/ET
,�

b,/ET
, mT ,M

W
T2,mbj1 , Njets

o

. (18)

Here �m,n denotes the azimuthal angle between objects m and n, and Njets is the number of detected light-quark
jets. We expect that at the LHC the uncertainty of the analysis will be statistics dominated. Due to the large
number of background events, powerful control regions are important to obtain a high signal sensitivity. Based on our
discussion above, we assume a remaining systematic uncertainty of 3% or at most 10% on the combined backgrounds
in our analysis. This relative systematic uncertainty from the background extrapolation is much smaller than the
background uncertainty quoted for the tt̄��̄ analysis in Ref. [10]. In the latter analysis, the leading background is
tt̄Z production, while we quote our uncertainty relative to the leading tt̄ background. This corresponds to the key
di↵erence between our analysis and Ref. [10]: We do not attempt to entirely remove the background through cuts to
define appropriate signal regions.

The LHC reach for our model depends on the dark matter couplings gtS and g�S defined in Eq. (2) and the mediator
mass mS . Assuming m� ⌧ mS , the signal rate below and above the threshold for mediator decays to top pairs
roughly scales like

�tj��̄ / |gtS |2 m� ⌧ mS < 2mt ,

�tj��̄ / |g�S |2
✓

3
m2

t

v2

⇣

1� 4m2
t

m2
S

⌘3/2
+

|g�S |2
|gtS |2

◆�1

m� ⌧ 2mt < mS . (19)

For heavier mediators we observe an additional suppression through the total mediator width.
The sensitivity to our signal is parameterized in terms of the signal strength µ, defined as the ratio of observed

events in our pre-selection region over the expected event rate for scalar couplings gtS = g�S = 1 and dark matter mass
m� = 1GeV (and likewise for a pseudo-scalar mediator). In Fig. 5, we show the expected signal strength that can
be excluded at the 95% confidence level (CL) with 300 fb�1 (red) and 3 ab�1 (black) of data, assuming a systematic
background uncertainty of 3% (plain) and 10% (dashed), respectively.

µ
=

�
(g

t S
)/
�
(g

t S
=

1)

[1712.08065]

Signal strength that can be excluded at 95% CL at 13 TeV:

pp ! tt̄ ! `+`� + jets + Emiss
TMain remaining background:

(one lepton missed)
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In complete models, additional states can contribute.

tW associated production from 
resonant charged Higgs:

pp ! tH� ! tW� + Emiss
T

Here: two Higgs doublets + pseudo-scalar h0, H0, A0, H±, a

directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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Figure 1: Representative diagrams for t-channel production of DM in associa-
tion with a single top quark.

the DMtt̄ signature, as discussed in [29, 31–33, 40–42], gives
through the study of the kinematics of the top-anti-top pair, ac-
cess to CP properties of the mediator and is therefore of great
phenomenological interest in case of the future observation of
a non-SM Emiss

T signal.
A complementary signature with heavy quarks in the final

state is the associated production of a single top quark with
DM (DMt). This signature has typically lower cross-section
than DMtt̄, and has received little attention in the literature. A
recent study [43] based on a simplified model with a singlet
scalar or pseudoscalar mediator shows that the consideration of
this process increases the coverage of existing analyses target-
ing the DMtt̄ process. Given the promising result, it is worth-
while to extend the investigation of [43] in two directions. On
the one hand it is necessary to check whether the DMt sig-
nature is still promising in a more complete model that is not
plagued by unitarity issues, as discussed above. We choose the
2HDM+a model of [39] as a benchmark model for this pur-
pose. On the other hand, the possible interest of the signature
for future searches at the LHC can only be properly assessed if
a dedicated experimental analysis is developed, fully exploiting
the final state topology of the signal in order to suppress the SM
backgrounds.

The aim of this article is therefore to develop an experimental
search strategy at the LHC for the DMt signature, and to explore
the parameter space of the chosen model that can be covered
with the full LHC Run 3 statistics of 300 fb�1 taken at a centre-
of-mass energy of 14 TeV.

2. The 2HDM+a model

The extension to the SM proposed in [39] includes a scalar
sector with two Higgs doublets (see for example [44, 45]),
where the parameters relevant for phenomenology are ↵, the
mixing angle of the two doublets and tan �, the ratio of the vac-
uum expectation values (VEVs) of the two doublets. The an-
gles ↵ and � are chosen according to the well-motivated align-
ment/decoupling limit of the 2HDM where ↵ = � � ⇡/2. In
this case sin (� � ↵) = 1 meaning that the field h has SM-like
EW gauge boson couplings. It can therefore be identified with
the boson of mass m(h) ' 125 GeV discovered at the LHC
[46, 47].
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Figure 2: Representative diagrams for tW production of DM in association with
a single top quark and a W boson.

Dark matter is coupled to the SM by mixing a SU(2) singlet
CP-odd mediator P with the CP-odd Higgs that arises from the
2HDM potential. The relevant interactions terms read

VP =
1
2

m2
PP2 + P

⇣
ibPH†1 H2 + h.c.

⌘

+ P2
⇣
�P1H†1 H1 + �P2H†2 H2

⌘
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(1)

where mP and bP are parameters with dimensions of mass.
The quartic portal interactions with couplings �P1 and �P2 do
not a↵ect the phenomenology studied in this paper, and �P1
and �P2 are thus set to zero hereafter. The portal coupling bP
appearing in (1) mixes the two neutral CP-odd weak eigen-
states with ✓ representing the associated mixing angle which
emerges from the diagonalisation the mass-squared matrices of
the scalar states. The resulting CP-even mass eigenstates will
be denoted by h and H, while in the CP-odd sector the states
will be called A and a, where a denotes the mixing of the CP-
odd scalar from the 2HDM and of the CP-odd mediator with
weights sin ✓ and cos ✓, respectively. The scalar spectrum also
contains two charged mass eigenstates H± of identical mass.

The Yukawa sector is built by respecting the so-called natural
flavour conservation hypothesis, requiring that not more than
one of the Higgs doublets couples to fermions of a given charge
[48, 49]. In the following we consider a 2HDM Yukawa assign-
ment of type II yielding a coupling of the top quark (bottom
quark and ⌧ lepton) proportional to � cot � (tan �) respectively.

The DM is taken to be a Dirac fermion � and is coupled to
the pseudoscalar mediator P through the interaction term

L� = �iy�P�̄�5� . (2)

The DM coupling strength y� and the DM mass m� are fur-
ther free parameters and are fixed as y� = 1 and m� = 1 GeV
throughout our work. The choice of the value of m� has no im-
pact on the phenomenology addressed in this study as long as
the decays A, a! ��̄ are kinematically open.

To avoid constraints from EW precision measurements, we
furthermore assume that m(H) = m(A) = m(H±). Together with
the restrictions specified above, this leaves a four-dimensional
parameter space including tan �, sin ✓, m(H±) and m(a) for the
phenomenological exploration in this paper.
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Figure 1: Representative diagrams for t-channel production of DM in associa-
tion with a single top quark.

the DMtt̄ signature, as discussed in [29, 31–33, 40–42], gives
through the study of the kinematics of the top-anti-top pair, ac-
cess to CP properties of the mediator and is therefore of great
phenomenological interest in case of the future observation of
a non-SM Emiss

T signal.
A complementary signature with heavy quarks in the final

state is the associated production of a single top quark with
DM (DMt). This signature has typically lower cross-section
than DMtt̄, and has received little attention in the literature. A
recent study [43] based on a simplified model with a singlet
scalar or pseudoscalar mediator shows that the consideration of
this process increases the coverage of existing analyses target-
ing the DMtt̄ process. Given the promising result, it is worth-
while to extend the investigation of [43] in two directions. On
the one hand it is necessary to check whether the DMt sig-
nature is still promising in a more complete model that is not
plagued by unitarity issues, as discussed above. We choose the
2HDM+a model of [39] as a benchmark model for this pur-
pose. On the other hand, the possible interest of the signature
for future searches at the LHC can only be properly assessed if
a dedicated experimental analysis is developed, fully exploiting
the final state topology of the signal in order to suppress the SM
backgrounds.

The aim of this article is therefore to develop an experimental
search strategy at the LHC for the DMt signature, and to explore
the parameter space of the chosen model that can be covered
with the full LHC Run 3 statistics of 300 fb�1 taken at a centre-
of-mass energy of 14 TeV.

2. The 2HDM+a model

The extension to the SM proposed in [39] includes a scalar
sector with two Higgs doublets (see for example [44, 45]),
where the parameters relevant for phenomenology are ↵, the
mixing angle of the two doublets and tan �, the ratio of the vac-
uum expectation values (VEVs) of the two doublets. The an-
gles ↵ and � are chosen according to the well-motivated align-
ment/decoupling limit of the 2HDM where ↵ = � � ⇡/2. In
this case sin (� � ↵) = 1 meaning that the field h has SM-like
EW gauge boson couplings. It can therefore be identified with
the boson of mass m(h) ' 125 GeV discovered at the LHC
[46, 47].
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Dark matter is coupled to the SM by mixing a SU(2) singlet
CP-odd mediator P with the CP-odd Higgs that arises from the
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where mP and bP are parameters with dimensions of mass.
The quartic portal interactions with couplings �P1 and �P2 do
not a↵ect the phenomenology studied in this paper, and �P1
and �P2 are thus set to zero hereafter. The portal coupling bP
appearing in (1) mixes the two neutral CP-odd weak eigen-
states with ✓ representing the associated mixing angle which
emerges from the diagonalisation the mass-squared matrices of
the scalar states. The resulting CP-even mass eigenstates will
be denoted by h and H, while in the CP-odd sector the states
will be called A and a, where a denotes the mixing of the CP-
odd scalar from the 2HDM and of the CP-odd mediator with
weights sin ✓ and cos ✓, respectively. The scalar spectrum also
contains two charged mass eigenstates H± of identical mass.

The Yukawa sector is built by respecting the so-called natural
flavour conservation hypothesis, requiring that not more than
one of the Higgs doublets couples to fermions of a given charge
[48, 49]. In the following we consider a 2HDM Yukawa assign-
ment of type II yielding a coupling of the top quark (bottom
quark and ⌧ lepton) proportional to � cot � (tan �) respectively.

The DM is taken to be a Dirac fermion � and is coupled to
the pseudoscalar mediator P through the interaction term
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The DM coupling strength y� and the DM mass m� are fur-
ther free parameters and are fixed as y� = 1 and m� = 1 GeV
throughout our work. The choice of the value of m� has no im-
pact on the phenomenology addressed in this study as long as
the decays A, a! ��̄ are kinematically open.

To avoid constraints from EW precision measurements, we
furthermore assume that m(H) = m(A) = m(H±). Together with
the restrictions specified above, this leaves a four-dimensional
parameter space including tan �, sin ✓, m(H±) and m(a) for the
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Figure 3: Cross-section for the associated production of a top quark and DM for pp collisions at 14 TeV as a function of tan � for m(a) = 150 GeV and
m(H±) = 500 GeV (a) and 100 GeV (b). The full line corresponds to the tW channel, while the dotted line shows the result for t-channel production. The dashed
line indicates the contribution to tW production that arises from the on-shell production of a H± boson cascading into a W± and a DM pair.

3. The DMt signal

Like single top production within the SM, the DMt signature
in the model (1) receives three di↵erent types of contributions
at leading order (LO) in QCD. These are t-channel production,
s-channel production and associated production together with
a W boson (tW). The relative impact of the three production
modes has been discussed in detail in [43] for the case of sim-
plified spin-0 DM models. DMt production in the s-channel is,
compared to the other channels, characterised by a very small
cross-section, and we therefore neglect its contribution in our
analysis. The t-channel process pp ! t j��̄ receives the dom-
inant contributions from the two diagrams shown in Figure 1.
One has (a) the SM single top t-channel diagram with radiation
of the mediator from the top (a-strahlung), and (b) the t-channel
fusion of a charged Higgs and a W into the mediator a. The two
diagrams interfere destructively, and the amount of interference
decreases with increasing H± mass. As a result the t-channel
production cross-section in our model (1) is, for equivalent val-
ues of the mediator mass and couplings, always smaller than the
corresponding prediction in the spin-0 DM simplified model.
The observed destructive interference ensures perturbative uni-
tarity of the process pp! t j��̄ in the 2HDM+a model.

In the case of the tW production channel it turns out that also
two diagrams provide the dominant contributions to the DMt
cross-section. The relevant graphs are shown in Figure 2. The
a-strahlung diagram, also present in the simplified spin-0 DM
model, is displayed on the left-hand side, while the right dia-
gram represents the associated production of a H± and a t quark.
Like in the case of t-channel production the two diagrams inter-

fere destructively to ensure unitarity. When the decay H± !
W±a is possible, the H± is produced on-shell, and the cross-
section of pp ! tW��, assuming H± masses of a few hundred
GeV, is around one order of magnitude larger than the one for
the same process in the simplified model. Moreover the produc-
tion and cascade decay of a resonance yields kinematic signa-
tures which can be exploited to separate the signal from the SM
background. The dependence of the production cross-section
on tan � for both the t-channel and tW processes is shown in the
two panels of Figure 3. Both panel employ sin ✓ = 1/

p
2 and

m(a) = 150 GeV, while m(H) = m(A) = m(H±) = 500 GeV
and 1 TeV is used in the left and right plot, respectively. The
cross-section for the contribution of the on-shell production of
H± to the tW final state is also shown as a dashed line. The cal-
culation is performed at LO in QCD in the 5-flavour scheme,
and the Yukawa couplings of both t and b quarks are included
in the calculation.

From the shown results, one observes that the tW contri-
bution to the DMt cross-section always dominates over the t-
channel, and that this dominance is more pronounced for lower
values of m(H±). This feature is easy to understand by noting
that the tW channel itself receives the dominant contribution
from resonant H± production for charged Higgs masses of a
few hundred GeV, while for m(H±) = 1 TeV resonant H± pro-
duction amounts to only around 50% of the tW cross-section.

For all processes a rapid decrease with increasing tan � is
observed, with a minimum at tan � ' 5, followed by a slower
increase towards high tan � values. The resonant H± production
has a broad maximum for tan � in the range of [20, 30]. This

3
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Figure 13. Resonance search constraints from the LHC results at a collision centre-of-mass energy
of 8 TeV on the simplified top-philic dark matter model presented in terms of the mediator mass
mY and the gt coupling. The di↵erent coloured areas are excluded by the diphoton [55] (orange),
tt̄ [56] (magenta) and tt̄tt̄ [57] (blue) searches. We include information on the mediator width to
mass ratios (green curves). We assume a negligible branching ratio to the invisible sector.

a rather hard /

ET distribution [37], especially for mono-Z production. The result implies

that an increase in the /

ET threshold requirement in future analyses could lead to a sig-

nificant improvement of the sensitivity, especially given the the fact that Standard Model

backgrounds rapidly fall o↵ with the increase in missing energy.

4.2 Constraints from searches without missing transverse energy

Dijet and diphoton resonances

Dijet and diphoton resonance search results could (in principle) be used to constrain

the simplified top-philic dark matter model. Due to double-loop suppressions, mediator-

induced contributions to dijet and diphoton production are only relevant in the parameter

space regions where mY < 2mX , 2mt (i.e. where the mediator cannot decay into top quarks

and/or dark matter particles). The partial mediator decay rate into gluons is then always

dominant (as mentioned in section 2) since

�(Y0 ! ��)

�(Y0 ! gg)
⇠ 8

9

↵

2
e

↵

2
s
⇡ 10�3

. (4.2)

All LHC dijet resonance searches focus on the dijet high invariant-mass region, leading

to no useful constraints on the top-philic dark matter model. The lowest mediator mass

that is probed is ⇠ 500 GeV, with a visible cross section restricted to be smaller than

10 pb [72].

Although the branching ratio of the mediator into a photon pair is very small, the

background associated with a diphoton signal is low so that one expects to be able to obtain

– 27 –

[Arina et al.,1605.09242]
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Figure 2: Same as Fig. 1 but for scenario 1b.
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Figure 3: Same as Fig. 1 but for scenario 1c.
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