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★Electrically neutral 

★Observed via gravity, massive 

★Weakly interacting  

★Elementary particles created in the early universe

The Dark Matter mystery
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Dark  
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Standard 
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Dark Matter in Galaxy Merger 1E 0657-558
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The Dark Matter quest
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1. Production 
mechanism 

2. Particles 
detection and 
identification

The collider ansatz

SM particles

non-SM particles
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The ATLAS detector

The ATLAS detector is one of the two general-purpose experiments 
that detects and records collisions produced at the LHC
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Particles detection
Particles produced in the collision are detected as analogue signals by the 
ATLAS sub-detectors, digitised, recorded and reconstructed offline as 
particle-objects.  

•Electrons 

•Muons 

•Photons 

•jets 

•b-jets/c-jets 

•invisible 
particles

SM particle

Dark Matter
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Experimental approach
1) Definition of a set of Signal enriched Regions (SR) 

2) Definition of a set of Control Regions (CR) to derive a data-driven 
normalisation of MC with transfer factors  (TF). 

3) Validation of the TF in the Validation Region (VR) 

4) Unblinding !  check whether an excess is observed (p-value) 

5) If no excess is found the results are interpreted in terms of limits on selected 
models.
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Theoretical framework
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(Portal) simplified models

arXiv:1507.00966 (and ref. therein) + LPCC WG

SM SECTOR DARK SECTORDARK 
 MEDIATOR

https://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg
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(Portal) simplified models

★Very rich phenomenology: 
ETmiss+jet/g/V/H/bb/tt, 
resonance searches

arXiv:1507.00966 (and ref. therein) + LPCC WG

SM SECTOR DARK SECTORDARK 
 MEDIATOR

★ Reduce a complex model to a 
simple one with DM + mediator 

★ Few free parameters: mf, mc, 
gSM, gDM, Gf 

★ Nature of mediator and DM can 
(also) be systematically 
classified based on their spin 

https://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg


Priscilla Pani (CERN)P. Pani On Top of Dark Matter

This is an output file created in Illustrator CS3

Colour reproduction
The badge version must only be reproduced on a 
plain white background using the correct blue:
 Pantone: 286
 CMYK: 100  75  0  0 
 RGB: 56  97  170
 Web: #3861AA

Where colour reproduction is not faithful, or the 
background is not plain white, the logo should be 
reproduced in black or white – whichever provides 
the greatest contrast. The outline version of the 
logo may be reproduced in another colour in 
instances of single-colour print.

Clear space
A clear space must be respected around the logo: 
other graphical or text elements must be no closer 
than 25% of the logo’s width.

Placement on a document
Use of the logo at top-left or top-centre of a 
document is reserved for official use.

Minimum size
Print: 10mm
Web: 60px

 
CERN Graphic Charter: use of the outline version of the CERN logo

Overview: ETmiss + X (1)
SPIN-1 MEDIATORS

ETmiss + jet EXOT-2016-27

ETmiss + g  arXiv:1704.03848

ETmiss + W/Z arXiv:1608.02372 
arXiv:1708.09624

ETmiss + H  arXiv:1706.03948 
arXiv:1707.01302

X

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-27/
https://arxiv.org/abs/1708.09624
https://arxiv.org/abs/1707.01302
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Overview: ETmiss + X (1)
SPIN-1 MEDIATORS

ETmiss + jet EXOT-2016-27

ETmiss + g  arXiv:1704.03848

ETmiss + W/Z arXiv:1608.02372 
arXiv:1708.09624

ETmiss + H  arXiv:1706.03948 
arXiv:1707.01302

X

di-jets arXiv:1703.09127 
ATLAS-CONF-2016-030

di-bjets arXiv:1603.08791

“bump 
hunt”

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-27/
https://arxiv.org/abs/1708.09624
https://arxiv.org/abs/1707.01302
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Spin-1 mediators in a nutshell

gq = 0.25, glep = 0, gDM = 1
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Spin-1 mediators in a nutshell

gq = 0.1, glep = 0.1, gDM = 1
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Overview: ETmiss + X (2)
SPIN-0 MEDIATORS

ETmiss + jet EXOT-2016-27

ETmiss + g  arXiv:1704.03848

ETmiss + W/Z arXiv:1608.02372 
arXiv:1708.09624

ETmiss + H  arXiv:1706.03948 
arXiv:1707.01302

di-jets arXiv:1703.09127 
ATLAS-CONF-2016-030

di-bjets arXiv:1603.08791

Needed to easily fulfil Flavour 
Constraints (MFV)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-27/
https://arxiv.org/abs/1708.09624
https://arxiv.org/abs/1707.01302
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Overview: ETmiss + X (2)
SPIN-0 MEDIATORS

di-top  arXiv:1707.06025

di-bjets arXiv:1603.08791

4-tops coming soon

Needed to easily fulfil Flavour 
Constraints (MFV)

ETmiss + jet EXOT-2016-27

ETmiss + tt arXiv:1710.11412 
ATLAS-CONF-2017-037

ETmiss + bb arXiv:1710.11412

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-27/
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Overview: ETmiss + X (3)
OTHER STUFF

mono-top arXiv:1410.5404

+ Long Lived Particles sector

https://twiki.cern.ch/twiki/bin/view/
AtlasPublic/ExoticsPublicResults

+ even more exotics models

+ SUSY EW
https://twiki.cern.ch/twiki/bin/view/

AtlasPublic/SupersymmetryPublicResults

DM EWK 
interpretation arXiv:1608.00872
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Exploring the dark sector with heavy quarks

Enhanced cross-section 
for tops and bottoms

�/a

b̄

b

g

g

�̄

�

arXiv:1710.11412 and ATLAS-CONF-2017-037
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Figure 1. Left: Total production cross section for pp ! t

¯

t + E

miss
T as a function of the me-

diator mass. Right: Mediator mass dependence of the ratio of gluon-fusion production rate to
the total production cross section. Both panels correspond to

p
s = 14TeV, employ m� = 1GeV

and g� = gt = 1 and assume a minimal decay width for the mediator. The predictions for a
scalar (pseudoscalar) mediator are shown in blue (red).

of-mass energy (
p

s) of 14 TeV. The displayed results have been obtained at next-to-
leading order (NLO) with the help of MadGraph5_aMC@NLO [40] employing the DMsimp im-
plementation [29] of the simplified models (2.1) and NNPDF3.0 parton distribution func-
tions (PDFs) [41]. From the left panel one observes that for very low mediator masses
M = M� or Ma the cross section associated to scalar exchange (blue curve) is larger
than that for a pseudoscalar (red curve) by more than an order of magnitude. At around
M ' 200 GeV the two predictions then become alike, while at higher masses the rate for
pseudoscalar production is always slightly larger than that for a scalar. In the right plot,
one sees that at the LHC the gluon-fusion channel is the dominant production mode in-
dependently of the CP nature of the mediator and amounts to roughly 85% of the total
cross section for M ' 10 GeV. The functional dependence of �gg/� is however different
in the two cases. While in the CP-even case the fraction of gluon-fusion initiated events
first decreases until about M ' 200 GeV and then starts rising, in the case of the CP-odd
mediator the ratio �gg/� is a steadily increasing function of M .

The features observed in Figure 1 can be understood qualitatively in terms of two
physical effects [29]. The first effect is related to the fact that a spin-0 state which has a
mass much lighter than all of the relevant energy scales in a process pp ! X can be treated
as a parton which is radiated off the individual particles in the final state X. The process
pp ! t

¯

t+�/a (�/a ! ��̄) can thus be thought as pp ! t

¯

t followed by the radiation of �/a

from the final-state heavy quark lines with a subsequent decay of the spin-0 mediator to DM.
This procedure is guaranteed to correctly reproduce the collinear divergencies associated
with the emission of a massless �/a state. The observed radiation pattern is determined

– 4 –

Understanding the signal

`

1 TeV stop 
pair prod

s(ttbar)830 pb

[Haisch,PP,Polesello 2017]
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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
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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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Figure 1. Left: Total production cross section for pp ! t

¯

t + E

miss
T as a function of the me-

diator mass. Right: Mediator mass dependence of the ratio of gluon-fusion production rate to
the total production cross section. Both panels correspond to

p
s = 14TeV, employ m� = 1GeV

and g� = gt = 1 and assume a minimal decay width for the mediator. The predictions for a
scalar (pseudoscalar) mediator are shown in blue (red).

of-mass energy (
p

s) of 14 TeV. The displayed results have been obtained at next-to-
leading order (NLO) with the help of MadGraph5_aMC@NLO [40] employing the DMsimp im-
plementation [29] of the simplified models (2.1) and NNPDF3.0 parton distribution func-
tions (PDFs) [41]. From the left panel one observes that for very low mediator masses
M = M� or Ma the cross section associated to scalar exchange (blue curve) is larger
than that for a pseudoscalar (red curve) by more than an order of magnitude. At around
M ' 200 GeV the two predictions then become alike, while at higher masses the rate for
pseudoscalar production is always slightly larger than that for a scalar. In the right plot,
one sees that at the LHC the gluon-fusion channel is the dominant production mode in-
dependently of the CP nature of the mediator and amounts to roughly 85% of the total
cross section for M ' 10 GeV. The functional dependence of �gg/� is however different
in the two cases. While in the CP-even case the fraction of gluon-fusion initiated events
first decreases until about M ' 200 GeV and then starts rising, in the case of the CP-odd
mediator the ratio �gg/� is a steadily increasing function of M .

The features observed in Figure 1 can be understood qualitatively in terms of two
physical effects [29]. The first effect is related to the fact that a spin-0 state which has a
mass much lighter than all of the relevant energy scales in a process pp ! X can be treated
as a parton which is radiated off the individual particles in the final state X. The process
pp ! t

¯

t+�/a (�/a ! ��̄) can thus be thought as pp ! t

¯

t followed by the radiation of �/a

from the final-state heavy quark lines with a subsequent decay of the spin-0 mediator to DM.
This procedure is guaranteed to correctly reproduce the collinear divergencies associated
with the emission of a massless �/a state. The observed radiation pattern is determined
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in the simplified models described by (2.1). These results are valid for s � 4m
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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.
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and a subsequently decaying to DM can be understood by considering the spin-averaged
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with mass M =
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s from a top-quark pair. The corresponding squared matrix elements are
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above formulas one observes that close to the t
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t threshold located at 4m
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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
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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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From (3.1) one sees that due to the soft singularity proportional to 1/x a light scalar is
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of �. It follows that in cases where either the DM pair or the mediator is produced close
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larger than that of a scalar. This is precisely what one observes in the left panel of Figure 1.
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is also clearly visible in this plot. The threshold suppression of t
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t ! � production finally
explains the M dependence of the ratio �gg/� with a dip at M ' 200 GeV as shown on the
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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
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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
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is also clearly visible in this plot. The threshold suppression of t
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t ! � production finally
explains the M dependence of the ratio �gg/� with a dip at M ' 200 GeV as shown on the
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Figure 1. Left: Total production cross section for pp ! t

¯

t + E

miss
T as a function of the me-

diator mass. Right: Mediator mass dependence of the ratio of gluon-fusion production rate to
the total production cross section. Both panels correspond to

p
s = 14TeV, employ m� = 1GeV

and g� = gt = 1 and assume a minimal decay width for the mediator. The predictions for a
scalar (pseudoscalar) mediator are shown in blue (red).

of-mass energy (
p

s) of 14 TeV. The displayed results have been obtained at next-to-
leading order (NLO) with the help of MadGraph5_aMC@NLO [40] employing the DMsimp im-
plementation [29] of the simplified models (2.1) and NNPDF3.0 parton distribution func-
tions (PDFs) [41]. From the left panel one observes that for very low mediator masses
M = M� or Ma the cross section associated to scalar exchange (blue curve) is larger
than that for a pseudoscalar (red curve) by more than an order of magnitude. At around
M ' 200 GeV the two predictions then become alike, while at higher masses the rate for
pseudoscalar production is always slightly larger than that for a scalar. In the right plot,
one sees that at the LHC the gluon-fusion channel is the dominant production mode in-
dependently of the CP nature of the mediator and amounts to roughly 85% of the total
cross section for M ' 10 GeV. The functional dependence of �gg/� is however different
in the two cases. While in the CP-even case the fraction of gluon-fusion initiated events
first decreases until about M ' 200 GeV and then starts rising, in the case of the CP-odd
mediator the ratio �gg/� is a steadily increasing function of M .

The features observed in Figure 1 can be understood qualitatively in terms of two
physical effects [29]. The first effect is related to the fact that a spin-0 state which has a
mass much lighter than all of the relevant energy scales in a process pp ! X can be treated
as a parton which is radiated off the individual particles in the final state X. The process
pp ! t

¯

t+�/a (�/a ! ��̄) can thus be thought as pp ! t

¯

t followed by the radiation of �/a

from the final-state heavy quark lines with a subsequent decay of the spin-0 mediator to DM.
This procedure is guaranteed to correctly reproduce the collinear divergencies associated
with the emission of a massless �/a state. The observed radiation pattern is determined

– 4 –

g

g

�

�̄

t

¯

t

g

g

t

¯

t

�

�̄

g

q

q̄

t

¯

t

�

�̄

�/a

�/a �/a
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T signature through the

exchange of a colourless spin-0 mediator. In the quark-fusion channel (left) only contributions
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fragmentation (center) and top-fusion (right) diagrams are present.
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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
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t + �) and �(pp ! t
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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
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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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¯

t ! � production finally
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in the simplified models described by (2.1). These results are valid for s � 4m
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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
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above formulas one observes that close to the t
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t threshold located at 4m
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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
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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
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Figure 1. Left: Total production cross section for pp ! t

¯

t + E

miss
T as a function of the me-

diator mass. Right: Mediator mass dependence of the ratio of gluon-fusion production rate to
the total production cross section. Both panels correspond to

p
s = 14TeV, employ m� = 1GeV

and g� = gt = 1 and assume a minimal decay width for the mediator. The predictions for a
scalar (pseudoscalar) mediator are shown in blue (red).

of-mass energy (
p

s) of 14 TeV. The displayed results have been obtained at next-to-
leading order (NLO) with the help of MadGraph5_aMC@NLO [40] employing the DMsimp im-
plementation [29] of the simplified models (2.1) and NNPDF3.0 parton distribution func-
tions (PDFs) [41]. From the left panel one observes that for very low mediator masses
M = M� or Ma the cross section associated to scalar exchange (blue curve) is larger
than that for a pseudoscalar (red curve) by more than an order of magnitude. At around
M ' 200 GeV the two predictions then become alike, while at higher masses the rate for
pseudoscalar production is always slightly larger than that for a scalar. In the right plot,
one sees that at the LHC the gluon-fusion channel is the dominant production mode in-
dependently of the CP nature of the mediator and amounts to roughly 85% of the total
cross section for M ' 10 GeV. The functional dependence of �gg/� is however different
in the two cases. While in the CP-even case the fraction of gluon-fusion initiated events
first decreases until about M ' 200 GeV and then starts rising, in the case of the CP-odd
mediator the ratio �gg/� is a steadily increasing function of M .

The features observed in Figure 1 can be understood qualitatively in terms of two
physical effects [29]. The first effect is related to the fact that a spin-0 state which has a
mass much lighter than all of the relevant energy scales in a process pp ! X can be treated
as a parton which is radiated off the individual particles in the final state X. The process
pp ! t

¯

t+�/a (�/a ! ��̄) can thus be thought as pp ! t

¯

t followed by the radiation of �/a

from the final-state heavy quark lines with a subsequent decay of the spin-0 mediator to DM.
This procedure is guaranteed to correctly reproduce the collinear divergencies associated
with the emission of a massless �/a state. The observed radiation pattern is determined
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in the simplified models described by (2.1). These results are valid for s � 4m
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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
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and a subsequently decaying to DM can be understood by considering the spin-averaged
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with mass M =
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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.

– 5 –

g

g

�

�̄

t

¯

t

g

g

t

¯

t

�

�̄

g

q

q̄

t

¯

t

�

�̄

�/a

�/a �/a

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
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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.
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above formulas one observes that close to the t
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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
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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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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.
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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.
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that both reclustered jets are compatible with a W-boson candidate. The SRt2 signal region is optimised332

instead for high-mass spin-0 mediators (100 GeV < m(�/a) < 350 GeV). Requirements on the two333

leading reclustered jet masses with radius 1.2 (mjet 1
R=1.2, mjet 2

R=1.2) are used to exploit the more boosted334

topology of these signal events compared to the backgrounds. The requirements applied in SRt2 are such335

that the leading large-radius jet is compatible with a top-quark candidate and the subleading large-radius336

jet is compatible with a W-boson candidate. The specific requirements for each discriminating observable337

in SRt1 and SRt2 are summarised in Table 3.338

Finally, events assigned to SRt3 are required to have exactly two opposite-sign leptons (NM
` = 2 OS),

electrons or muons, either same- or di�erent-flavour, with an invariant mass (regardless of the flavours
of the leptons in the pair), m`` , being larger than 20 GeV. In addition, for same-flavour lepton pairs,
events with m`` within 20 GeV of the Z-boson mass are vetoed. Furthermore, candidate signal events
are required to have at least one medium b-tagged jet. Events are required to pass the two-lepton triggers
and the leading and subleading lepton transverse momenta in the event are required to be at least 25 and
20 GeV, respectively, which also guarantees that the plateau of e�ciency of the triggers is reached. The
main reducible backgrounds for this analysis are dileptonic tt̄ decays, Z + jets and dibosons. The main
handle for the rejection of these backgrounds is the lepton-based "stranverse mass", m``

T2 [92–94], which is
a kinematic variable with an endpoint at the W-boson mass for events containing two W bosons decaying
into leptons. In this selection it is used in linear combination with the Emiss

T , in order to maximise the
discrimination power of the two variables [90]:

⇠+ = m``
T2 + 0.2 · Emiss

T .

Further requirements are placed on ��boost [92], the azimuthal angular distance between Æpmiss
T and the339

vector sum of Æpmiss
T and the transverse momentum of the leptons, and on mmin

b2` , which is the smallest340

invariant mass computed between the b-tagged jet and each of the two leptons in the event. Both variables341

are used to further reject residual contamination from reducible backgrounds for this selection. The342

variable ��boost, can be interpreted as the azimuthal angular di�erence between the Æpmiss
T and the opposite343

of the vector sum of all the transverse hadronic activity in the event. The requirement on this variable reject344

Z(`+`�)+jets events where the Emiss
T arises from jet mismeasurements, while retaining a large fraction of345

the signal. In events with two top quarks decaying dileptonically such as in the signal topology, at least one346

of the two mass combinations must be bounded from above by mmin
b2` <

q
m2
t � m2

W . This variable helps347

to reject residual reducible backgrounds, while retaining 99% of the signal. The specific requirements for348

SRt3 are summarised in Table 3.349

5 Background estimation350

The SM backgrounds contributing to each of the five SRs are estimated with the aid of the MC simulation351

and using control regions (CRs) constructed to enhance a particular background and to be kinematically352

similar but orthogonal to the SRs. The expected background is determined separately in each SR through353

a profile likelihood fit based on the HistFitter package [95]. The CR yields constrain the normalisation354

of the dominant SM background processes. Such normalisation factors are treated as free fit parameters355

and are uncorrelated between fits of di�erent SRs. The systematic uncertainties are included as nuisance356

parameters in the fit. In the case of a "background-only" fit set-up, only the CRs are considered and the357

signal contribution is neglected. The number of background events predicted by simulation in the SRs is358

normalised according to the results of the fit. When computing exclusion limits as described in Sect. 7,359
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Figure 1: Diagram of the generic process that we consider. A hadronic collision that leads to
a pair of particles being produced, which each decay into one particle that is observed with
momenta p1 and p2 respectively; and one particle (shown as a wavy lines) that is not directly
detected, and whose presence can only be inferred from the missing transverse momentum,
/pT .

on the physics processes which produce the W boson, and how the W boson decays. In
addition, the missing transverse momentum is poorly measured experimentally compared
with pT (l), so the theoretical model dependence of the measurement of mW from the pT (l)
spectrum is balanced by the experimental error on extracting mW from the edge of the mT

spectrum.

In this paper we wish to introduce a variable which measures particle masses, which like
transverse mass has little dependence on exactly how such massive particles are produced.
The variable is used for the generic process shown in figure 1, where a hadronic collision pair
produces a massive particle whose dominant decay is into one observed and one unobserved
particle. This unobserved particle can only be detected from the missing momentum that it
carries away, and that the massive particle is pair produced means that we can only measure
the missing momentum of the pair of invisible particles. Although this may sound like an
unusual process to look for new particles, it naturally occurs in any theory where there is an
(approximately) conserved charge, and the lightest particle with that charge is only weakly
interacting. Two examples of where such a situation can occur are SUSY models and a
4th lepton generation. In R-parity conserving SUSY models, sparticles are pair produced,
and cascade decay to the lightest sparticle, which must be stable and is expected to not be
directly detectable. Slepton production and decay can often follow this route:

pp → X + l̃+R l̃−R → X + l+l−χ̃0
1χ̃

0
1. (4)

In such an event the pair of lightest SUSY particles, χ̃, go unobserved and only leave their
signature as missing transverse momentum.

For a 4th generation lepton the charged lepton would be pair produced in a Drell-Yan
type process, decaying to a neutrino and a W boson,

pp → X + l+4 l−4 → X + ν̄l4W
+νl4W

− (5)

2
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Table 8: Fit results in SRt1, SRt2 and SRt3 for an integrated luminosity of 36.1 fb�1. The background normalisation
parameters are obtained from the background-only fit in the CRs and are applied to the SRs. Small backgrounds are
indicated as Others (see text for details). Benchmark signal models yields are given for each SR. The uncertainties
in the yields include statistical uncertainties and all systematic uncertainties defined in Sect. 6.

SRt1 SRt2 SRt3
Observed 23 24 18

Total background (fit) 20.5 ± 5.8 20.4 ± 2.9 15.2 ± 4.3

tt̄ 7.0 ± 3.9 3.1 ± 1.3 4.5 ± 2.5
tt̄+Z 4.3 ± 1.1 6.9 ± 1.4 4.4 ± 1.9
W+ jets 3.3 ± 2.6 1.28 ± 0.50 incl. in Fakes/NP
Wt incl. in Others incl. in Others 0.33+0.53

�0.33
Z/�⇤+ jets 3.7 ± 1.4 6.2 ± 1.1 incl. in Others
VV incl. in Others incl. in Others 0.61 ± 0.25
Fakes/NP - - 2.7 ± 1.3
Others 2.2 ± 1.2 3.00 ± 1.6 2.69 ± 0.93

tt̄ (pre-fit) 6.1 2.8 4.0
tt̄+Z (pre-fit) 3.53 5.6 5.6
Z/�⇤+ jets (pre-fit) 3.2 5.72 -

Signal benchmarks

m(�, �) = (20, 1) GeV, g = 1 9.3 ± 1.6 12.8 ± 1.9 21.0 ± 2.3
m(a, �) = (20, 1) GeV, g = 1 7.6 ± 1.5 12.1 ± 1.8 14.1 ± 1.6
m(�, �) = (100, 1) GeV, g = 1 6.5 ± 1.3 10.1 ± 1.5 11.5 ± 1.5
m(a, �) = (100, 1) GeV, g = 1 6.2 ± 1.2 11.5 ± 2.0 11.9 ± 1.5

Table 9: Left to right: 95% CL upper limits on the visible cross-section (h✏A�iobs
95 ) and on the number of BSM

events (Sobs
95 ). The third column (Sexp

95 ) shows the 95% CL upper limit on the number of signal events, given the
expected number (and ±1� excursions of the expected number) of background events. The last column indicates
the discovery p-value (p(s = 0)) and Z (the number of equivalent Gaussian standard deviations).

Signal channel h✏A�iobs
95 [fb] Sobs

95 Sexp
95 p(s = 0) (Z)

SRb1 0.37 13.4 12+5
�1 0.33 (0.43)

SRb2 bin-1 1.10 39.6 33+12
�8 0.22 (0.76)

SRb2 bin-2 1.17 42.1 31+10
�8 0.11 (1.21)

SRb2 bin-3 1.21 43.7 33+11
�8 0.16 (1.00)

SRb2 bin-4 1.10 39.8 26+11
�7 0.10 (1.26)

SRt1 0.51 18.4 16+5
�4 0.33 (0.44)

SRt2 0.44 15.7 12+5
�3 0.24 (0.70)

SRt3 0.44 15.9 13+5
�2 0.33 (0.45)
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Table 8: Fit results in SRt1, SRt2 and SRt3 for an integrated luminosity of 36.1 fb�1. The background normalisation
parameters are obtained from the background-only fit in the CRs and are applied to the SRs. Small backgrounds are
indicated as Others (see text for details). Benchmark signal models yields are given for each SR. The uncertainties
in the yields include statistical uncertainties and all systematic uncertainties defined in Sect. 6.
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m(�, �) = (100, 1) GeV, g = 1 6.5 ± 1.3 10.1 ± 1.5 11.5 ± 1.5
m(a, �) = (100, 1) GeV, g = 1 6.2 ± 1.2 11.5 ± 2.0 11.9 ± 1.5

Table 9: Left to right: 95% CL upper limits on the visible cross-section (h✏A�iobs
95 ) and on the number of BSM

events (Sobs
95 ). The third column (Sexp

95 ) shows the 95% CL upper limit on the number of signal events, given the
expected number (and ±1� excursions of the expected number) of background events. The last column indicates
the discovery p-value (p(s = 0)) and Z (the number of equivalent Gaussian standard deviations).

Signal channel h✏A�iobs
95 [fb] Sobs

95 Sexp
95 p(s = 0) (Z)

SRb1 0.37 13.4 12+5
�1 0.33 (0.43)

SRb2 bin-1 1.10 39.6 33+12
�8 0.22 (0.76)

SRb2 bin-2 1.17 42.1 31+10
�8 0.11 (1.21)

SRb2 bin-3 1.21 43.7 33+11
�8 0.16 (1.00)

SRb2 bin-4 1.10 39.8 26+11
�7 0.10 (1.26)

SRt1 0.51 18.4 16+5
�4 0.33 (0.44)

SRt2 0.44 15.7 12+5
�3 0.24 (0.70)

SRt3 0.44 15.9 13+5
�2 0.33 (0.45)
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Figure 9: Comparison of the data with the post-fit Monte Carlo prediction of the cos ✓⇤
bb

distribution in CRTb2 (top
left), cos ✓⇤

bb
distribution in CRZb2 (top right), mb,max

T distribution in the CRTt1 (middle left), mb,min
T distribution in

the CRTt2 (middle right), Emiss
T,`` distribution in the CRZt1 (bottom left) and mt̃2 distribution in CRTt3 (bottom right).

The last bin includes overflows. The bottom panel shows the ratio of the data over the Monte Carlo prediction. The
band includes all systematic uncertainties defined in Sec. 6.
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Table 8: Fit results in SRt1, SRt2 and SRt3 for an integrated luminosity of 36.1 fb�1. The background normalisation
parameters are obtained from the background-only fit in the CRs and are applied to the SRs. Small backgrounds are
indicated as Others (see text for details). Benchmark signal models yields are given for each SR. The uncertainties
in the yields include statistical uncertainties and all systematic uncertainties defined in Sect. 6.

SRt1 SRt2 SRt3
Observed 23 24 18

Total background (fit) 20.5 ± 5.8 20.4 ± 2.9 15.2 ± 4.3

tt̄ 7.0 ± 3.9 3.1 ± 1.3 4.5 ± 2.5
tt̄+Z 4.3 ± 1.1 6.9 ± 1.4 4.4 ± 1.9
W+ jets 3.3 ± 2.6 1.28 ± 0.50 incl. in Fakes/NP
Wt incl. in Others incl. in Others 0.33+0.53

�0.33
Z/�⇤+ jets 3.7 ± 1.4 6.2 ± 1.1 incl. in Others
VV incl. in Others incl. in Others 0.61 ± 0.25
Fakes/NP - - 2.7 ± 1.3
Others 2.2 ± 1.2 3.00 ± 1.6 2.69 ± 0.93

tt̄ (pre-fit) 6.1 2.8 4.0
tt̄+Z (pre-fit) 3.53 5.6 5.6
Z/�⇤+ jets (pre-fit) 3.2 5.72 -

Signal benchmarks

m(�, �) = (20, 1) GeV, g = 1 9.3 ± 1.6 12.8 ± 1.9 21.0 ± 2.3
m(a, �) = (20, 1) GeV, g = 1 7.6 ± 1.5 12.1 ± 1.8 14.1 ± 1.6
m(�, �) = (100, 1) GeV, g = 1 6.5 ± 1.3 10.1 ± 1.5 11.5 ± 1.5
m(a, �) = (100, 1) GeV, g = 1 6.2 ± 1.2 11.5 ± 2.0 11.9 ± 1.5

Table 9: Left to right: 95% CL upper limits on the visible cross-section (h✏A�iobs
95 ) and on the number of BSM

events (Sobs
95 ). The third column (Sexp

95 ) shows the 95% CL upper limit on the number of signal events, given the
expected number (and ±1� excursions of the expected number) of background events. The last column indicates
the discovery p-value (p(s = 0)) and Z (the number of equivalent Gaussian standard deviations).

Signal channel h✏A�iobs
95 [fb] Sobs

95 Sexp
95 p(s = 0) (Z)

SRb1 0.37 13.4 12+5
�1 0.33 (0.43)

SRb2 bin-1 1.10 39.6 33+12
�8 0.22 (0.76)

SRb2 bin-2 1.17 42.1 31+10
�8 0.11 (1.21)

SRb2 bin-3 1.21 43.7 33+11
�8 0.16 (1.00)

SRb2 bin-4 1.10 39.8 26+11
�7 0.10 (1.26)

SRt1 0.51 18.4 16+5
�4 0.33 (0.44)

SRt2 0.44 15.7 12+5
�3 0.24 (0.70)

SRt3 0.44 15.9 13+5
�2 0.33 (0.45)
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Figure 2: Comparison of the data with the post-fit Monte Carlo prediction of some kinematic distributions in control
and validation regions. The bottom panel shows the ratio of the data to the Monte Carlo prediction. The band
includes all systematic uncertainties defined in Sect. 6. The last bins include overflows, where applicable. The top
left panel shows the Emiss

T,`` distribution in CRZb1. The Emiss
T,`` requirement is relaxed to 100 GeV. The other panels

show the cos ✓⇤
bb

distribution in VRb2 (top right), the mjet 1
R=1.2 distribution in VRTt2 (middle left), the ⇠+ distribution

the VRTt3 (middle right), the Emiss
T,`` distribution in CR� (bottom left) and the Emiss

T,`` distribution in CR3` (bottom
right).
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Figure 3: Comparison of the data with the post-fit SM prediction of the background in each control and validation
region. The di�erent background components are denoted by the colour specified in the legend. All systematic
uncertainties defined in Sect. 6 and statistical uncertainties are included in the shaded band. The lower panel shows
the pulls in each VR. The total uncertainty �tot includes systematic and Poisson uncertainties for each given region.

on the jet momenta and the corrected Emiss
T in the two regions, which are designed to mimic the topology441

of the respective signal regions.442

Dedicated validation regions are used to validate the background prediction for each of the SRs and443

evaluate the reliability of the MC extrapolation of the SM background estimates from CRs to SRs. The444

background estimates in SRb2 are validated in a single VR (VRb2) which has a background composition445

similar to that of the SR. Selected key distributions in the control and validation regions are shown in446

Fig. 2. The prediction of the Z + jets background in SRb1 relies on an extrapolation over a large interval of447

missing transverse momentum. As CRZb1 is designed to be kinematically as close as possible to SRb1 and448

given the low yield in this region, it was not possible to construct a selection to validate this extrapolation.449

Nevertheless, the use of the same kinematic selection in control and signal region, together with the good450

agreement between the data and the post-fit SM prediction in CRZb1 in the whole Emiss
T,`` spectrum (Fig. 2)451

gives confidence in the accuracy of the estimate. Two validation regions, VRZt1 and VRZt2, are designed452

to validate the Z + jets estimate in SRt1 and SRt2. Furthermore, the top background estimate in these SRs453

is validated in two additional VRs: VRTt1 and VRTt2. Finally, VRTt3 is designed to validate the top454

background prediction in SRt3. All requirements for each validation region are summarised in Table 5.455

The data and the post-fit Monte Carlo background prediction yields in each CR and VR are compared456

in Fig. 3. The background yields in the control regions match the observed data by construction. In the457

validation regions, the background prediction is compatible with the observed data within two standard458

deviations of the total systematic uncertainty.459
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Figure 12: Comparison of the data with the post-fit SM prediction of the backgrounds in each signal region of this
analysis. The lower panel shows the pulls in each SR. All systematic uncertainties defined in Sec. 6 are included in
the shaded band.
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Figure 12: Comparison of the data with the post-fit SM prediction of the backgrounds in each signal region of this
analysis. The lower panel shows the pulls in each SR. All systematic uncertainties defined in Sec. 6 are included in
the shaded band.
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Figure 1. Left: Total production cross section for pp ! t

¯

t + E

miss
T as a function of the me-

diator mass. Right: Mediator mass dependence of the ratio of gluon-fusion production rate to
the total production cross section. Both panels correspond to

p
s = 14TeV, employ m� = 1GeV

and g� = gt = 1 and assume a minimal decay width for the mediator. The predictions for a
scalar (pseudoscalar) mediator are shown in blue (red).

of-mass energy (
p

s) of 14 TeV. The displayed results have been obtained at next-to-
leading order (NLO) with the help of MadGraph5_aMC@NLO [40] employing the DMsimp im-
plementation [29] of the simplified models (2.1) and NNPDF3.0 parton distribution func-
tions (PDFs) [41]. From the left panel one observes that for very low mediator masses
M = M� or Ma the cross section associated to scalar exchange (blue curve) is larger
than that for a pseudoscalar (red curve) by more than an order of magnitude. At around
M ' 200 GeV the two predictions then become alike, while at higher masses the rate for
pseudoscalar production is always slightly larger than that for a scalar. In the right plot,
one sees that at the LHC the gluon-fusion channel is the dominant production mode in-
dependently of the CP nature of the mediator and amounts to roughly 85% of the total
cross section for M ' 10 GeV. The functional dependence of �gg/� is however different
in the two cases. While in the CP-even case the fraction of gluon-fusion initiated events
first decreases until about M ' 200 GeV and then starts rising, in the case of the CP-odd
mediator the ratio �gg/� is a steadily increasing function of M .

The features observed in Figure 1 can be understood qualitatively in terms of two
physical effects [29]. The first effect is related to the fact that a spin-0 state which has a
mass much lighter than all of the relevant energy scales in a process pp ! X can be treated
as a parton which is radiated off the individual particles in the final state X. The process
pp ! t

¯

t+�/a (�/a ! ��̄) can thus be thought as pp ! t

¯

t followed by the radiation of �/a

from the final-state heavy quark lines with a subsequent decay of the spin-0 mediator to DM.
This procedure is guaranteed to correctly reproduce the collinear divergencies associated
with the emission of a massless �/a state. The observed radiation pattern is determined
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Figure 5: Exclusion limits for colour-neutral tt̄/bb̄ + � scalar (top) and tt̄/bb̄ + a pseudoscalar (bottom) models
as a function of the mediator mass for a DM mass of 1 GeV. The limits are calculated at 95% CL and are
expressed in terms of the ratio of the excluded cross-section to the nominal cross-section for a coupling assumption
of g = gq = g� = 1. The solid (dashed) lines shows the observed (expected) exclusion limits for the di�erent signal
regions, according to the colour code specified in the legend. To derive the results for the fully hadronic tt̄ final state
the region SRt1 or SRt2 providing the better expected sensitivity is used.
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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
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(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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Figure 5: Exclusion limits for colour-neutral tt̄/bb̄ + � scalar (top) and tt̄/bb̄ + a pseudoscalar (bottom) models
as a function of the mediator mass for a DM mass of 1 GeV. The limits are calculated at 95% CL and are
expressed in terms of the ratio of the excluded cross-section to the nominal cross-section for a coupling assumption
of g = gq = g� = 1. The solid (dashed) lines shows the observed (expected) exclusion limits for the di�erent signal
regions, according to the colour code specified in the legend. To derive the results for the fully hadronic tt̄ final state
the region SRt1 or SRt2 providing the better expected sensitivity is used.
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Figure 1. Left: Total production cross section for pp ! t

¯

t + E

miss
T as a function of the me-

diator mass. Right: Mediator mass dependence of the ratio of gluon-fusion production rate to
the total production cross section. Both panels correspond to

p
s = 14TeV, employ m� = 1GeV

and g� = gt = 1 and assume a minimal decay width for the mediator. The predictions for a
scalar (pseudoscalar) mediator are shown in blue (red).

of-mass energy (
p

s) of 14 TeV. The displayed results have been obtained at next-to-
leading order (NLO) with the help of MadGraph5_aMC@NLO [40] employing the DMsimp im-
plementation [29] of the simplified models (2.1) and NNPDF3.0 parton distribution func-
tions (PDFs) [41]. From the left panel one observes that for very low mediator masses
M = M� or Ma the cross section associated to scalar exchange (blue curve) is larger
than that for a pseudoscalar (red curve) by more than an order of magnitude. At around
M ' 200 GeV the two predictions then become alike, while at higher masses the rate for
pseudoscalar production is always slightly larger than that for a scalar. In the right plot,
one sees that at the LHC the gluon-fusion channel is the dominant production mode in-
dependently of the CP nature of the mediator and amounts to roughly 85% of the total
cross section for M ' 10 GeV. The functional dependence of �gg/� is however different
in the two cases. While in the CP-even case the fraction of gluon-fusion initiated events
first decreases until about M ' 200 GeV and then starts rising, in the case of the CP-odd
mediator the ratio �gg/� is a steadily increasing function of M .

The features observed in Figure 1 can be understood qualitatively in terms of two
physical effects [29]. The first effect is related to the fact that a spin-0 state which has a
mass much lighter than all of the relevant energy scales in a process pp ! X can be treated
as a parton which is radiated off the individual particles in the final state X. The process
pp ! t

¯

t+�/a (�/a ! ��̄) can thus be thought as pp ! t

¯

t followed by the radiation of �/a

from the final-state heavy quark lines with a subsequent decay of the spin-0 mediator to DM.
This procedure is guaranteed to correctly reproduce the collinear divergencies associated
with the emission of a massless �/a state. The observed radiation pattern is determined
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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) =
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(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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Figure 6. Normalised distributions of the |cos ✓``| (upper row) and |��``| (lower row) variables for
four different scalar (left) and pseudoscalar (right) benchmark models before imposing any selection.
The style and colour coding of the curves follows the one of Figure 3. The shown error bars are the
statistical errors associated to our MC simulations.

requirements are employed. Events are required to have at least one b-jet with p

j
T > 30 GeV

and all reconstructed jets with p

j
T > 25 GeV within |⌘`| < 2.5 have to satisfy ��min > 0.2,

where ��min is defined to be the angle between ~p

j
T and ~p

miss
T for the jet closest to E

miss
T in

the azimuthal plane. The latter requirement suppresses events where the E

miss
T is in part

an artefact of jet mismeasurement.
The distribution of events in the E

miss
T – mT2 plane after applying the first two sets of

cuts is shown in Figure 4 for the three classes of SM backgrounds and for a benchmark signal
point. The signal prediction corresponds to a scalar mediator with mass M� = 100 GeV

and assumes m� = 1 GeV and g� = gt = 1. From the distributions of events in the
upper right panel, one observes that imposing the selection criteria E

miss
T > 150 GeV and

mT2 > 90 GeV suppresses the reducible backgrounds almost down to zero. 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)
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Figure 3. Normalised distributions of the |cos ✓tt̄| (upper row) and |��tt̄| (lower row) variables for
four different scalar (left) and pseudoscalar (right) benchmark models. The red, yellow, green and
blue curves correspond to mediator masses of 10 GeV, 100 GeV, 300 GeV and 500 GeV, respectively.

The above observations can also be used to identify which leading order (LO) dia-
grams give the dominant contribution to the t

¯

t + E

miss
T signature in the case of a scalar

or pseudoscalar. Representative examples of the three possible tree-level topologies are
shown in Figure 2. From the previous discussion is should be clear that at the LHC the
�(pp ! t

¯

t+� (� ! ��̄)) cross section is dominated by the gluon-fusion graph with a medi-
ator fragmentation shown in the centre of the latter figure. In the case of the pseudoscalar
cross section �(pp ! t

¯

t + a (a ! ��̄)), on the other hand, both mediator-fragmentation
and top-fusion diagrams in gluon-fusion are relevant. The latter contribution is displayed
on the right in Figure 2.

In the case of t

¯

t + E

miss
T production information on the CP nature of the coupling

between the mediator and top quarks is encoded in the correlations between the final-
state top quarks and their decay products. The two variables that we will study in this
section are the cos ✓tt̄ ⌘ tanh (�⌘tt̄/2) variable and the azimuthal angle difference ��tt̄

of the t

¯

t system. In Figure 3 we present NLO predictions for the |cos ✓tt̄| and |��tt̄|
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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
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2
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2
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(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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Figure 8. Distribution of the |cos ✓``| variable after employing the full selection requirements as
specified in Section 5. The normalisation corresponds to the numbers of events expected for 100 fb

�1

at
p

s = 14TeV. The error bars indicate the errors on the generated MC statistics.
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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).

Given the presence of a sizeable irreducible background surviving all the selections,
the experimental sensitivity will be largely determined by the systematic uncertainty on
the estimate of the SM backgrounds. Such an error has two main sources: on the one
hand, uncertainties on the parameters of the detector performance such as the energy
scale for hadronic jets and the identification efficiency for leptons, and on the other hand,
uncertainties plaguing the MC modelling of SM processes. Depending on the process and on
the kinematic selection, the total uncertainty can vary between a few percent and a few tens
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Can also exclude scalar hypothesis in  

favour of the pseudo scalar one
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Figure 12. Summary plots showing all relevant constraints in the Ma– tan � plane for four
benchmark scenarios. The colour shaded regions correspond to the parameter space excluded by
the different ET,miss searches, while the constraints arising from di-top resonance searches and
flavour physics are indicated by the dashed and dotted black lines, respectively. Parameters choices
below the black lines are excluded. All exclusions are 95% CL bounds. See text for further details.

b¯b-initiated production also turn out to be small for such values of tan �. The constraints on
all benchmark scenarios will be presented in the Ma– tan � plane, in which the parameter
regions that are excluded at 95% CL by the various searches will be indicated.

Benchmark scenario 1: sin ✓ = 0.35, MH = 500GeV

In the first benchmark scenario we choose sin ✓ = 0.35, MH = 500GeV and MA = 750GeV,
where the choice of sin ✓ guarantees that EW precision measurements are satisfied for all
values of Ma that we consider (see Section 3.6). The upper left panel in Figure 12 sum-
marises the various 95% CL exclusions. One first observes that the constraint from in-
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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 2: Dominant production diagrams for the production of dark matter in
association with a single top quark and a W boson (pp! tW��)
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Figure 3: Cross-section for the associated production of a quark top and DM
for pp collisions at 14 TeV as a function of tan � for a m(H±) = 500 GeV
and m(a) = 150 GeV The full line is for the tW mechanism, and the dotted
line is the t-channel mechanism. The dashed line shows the contribution to tW
production of the on-shell production of a H± boson cascading into DM.

the convolution of three factors: the production cross-section
for gb ! H+t is proportional m(b)2 tan �2 + m(t)2 cot �2; the
branching ratios (BR) for H± ! W±a increases with tan � due
to the decrease of the width for H± ! tb; finally the BR for
a ! �� decreases with tan � due to the increase of the width
for a! bb̄.

Since both the widths for H± ! W±a and a ! �� are pro-
portional to sin2 ✓, the cross-section for the dominant on-shell
H± production grows monotonically with sin ✓. For the follow-
ing studies we fix the value sin ✓ = 1/

p
2, corresponding to

maximal mixing in the pseudoscalar sector.

3. MC simulations

In this section we provide a brief description of the MC sim-
ulations used to generate both the DM signal and the SM back-
grounds and explain how electrons, muons, photons, jets and
Emiss

T are built in our detector simulation. Throughout our anal-
ysis we will consider pp collisions at

p
s = 14 TeV.

3.1. Signal generation
The signal samples used in this paper are generated at

LO using the 2HDM+a [38] UFO model implementation in
MadGraph5_aMC@NLO and using NNPDF3.0 PDFs. The final-
state top quarks and W bosons are decayed with MadSpin [47]
and the events are showered with PYTHIA 8.2 [48]. We con-
sider a grid in the (m(H±), tan �) plane with seven di↵erent val-
ues of the H+ mass, varying from 300 GeV to 1000 GeV and
nine values of tan � between 0.5 and 50. The mass of the pseu-
doscalar mediator m(a) is set at 150 GeV for this grid. An
additional scan of the pseudoscalar mediator m(a) between 50
and 375 GeV is considered, assuming m(H±) = 500 GeV,
tan � = 1, in order to assess the dependence of the results on
the m(a) assumption. In both grid scans, the heavy scalar and
pseudoscalar masses are always set to the same value m(H±) =
m(A) = m(H).

3.2. Background generation
In order to describe the t+Emiss

T backgrounds accurately, SM
processes involving at least one lepton coming from the decay
of vector bosons are generated. Backgrounds either with fake
electrons from jet misidentification or with real non-isolated
leptons from the decay of heavy flavours are not considered in
our analysis, as a reliable estimate of these backgrounds would
require a simulation of detector e↵ects beyond the scope of this
work. Based on ATLAS experimental results [12], we esti-
mate these backgrounds not to exceed ⇠ 15% for the selec-
tions considered in this paper. The backgrounds from tt̄ [49],
tW [50], WW, WZ and ZZ production [51, 52] were all gener-
ated at NLO with POWHEG BOX [53]. The jets + Z and jets +W
samples are generated at LO with MadGraph5_aMC@NLO and
considering up to four jets for the matrix element calculation.
MadGraph5_aMC@NLO is also used to simulate the tt̄V back-
grounds with V = W,Z at LO with a multiplicity of up to two
jets, and the tZ and tWZ backgrounds at LO. The samples pro-
duced with POWHEG BOX are normalised to the NLO cross sec-
tion given by the generator, except tt̄ which is normalised to the
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for pp collisions at 14 TeV as a function of tan � for a m(H±) = 500 GeV
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line is the t-channel mechanism. The dashed line shows the contribution to tW
production of the on-shell production of a H± boson cascading into DM.
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aim of the exercise is to map the parameter space which can
be covered using the full statistics expected for Run 3 of the
LHC corresponding to 300 fb�1 of proton-proton collision with
a center-of-mass energy of 14 TeV.

2. The 2HDM+pseudoscalar model

The extension to the SM proposed in [38] includes a scalar
potential with two Higgs doublets (see for example [43, 44]),
where the parameters relevant for phenomenology are ↵, the
mixing angle of the two doublets and tan �, the ratio of the
vacuum expectation values (VEV) of the two doublets and the
electroweak VEV v. The angles ↵ and � are chosen accord-
ing to well-motivated alignment/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 Mh ' 125 GeV discovered
at the LHC.

The Dark Matter is coupled to the SM by mixing a CP-odd
mediator P with the CP-odd Higgs that arises from the 2HDM
potential through the interaction terms:

VP =
1
2

m2
PP2+P

⇣
ibPH†1 H2 + h.c.

⌘
+P2
⇣
�P1H†1 H1 + �P2H†2 H2

⌘
,

(1)
where mP and bP are parameters with dimensions of mass. The
model includes quartic portal interactions proportional to �P1
and �P2 which are set to zero in the following of this paper. The
portal coupling bP appearing in (1) mixes the two neutral CP-
odd weak eigenstates with ✓ representing the associated mix-
ing angle. The resulting CP-even mass eigenstates will be de-
noted by h and H, while in the CP-odd sector the states will
be called A and a, where a denotes the extra degree of freedom
not present in 2HDMs. The scalar spectrum also contains two
charged mass eigenstates H± of identical mass.

The Yukawa sector is defined by the the so-called natural
flavour conservation hypothesis, requiring that not more than
one of the Higgs doublets couples to fermions of a given charge
[45, 46], and in the following we consider a 2HDM Yukawa as-
signment 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 though the term

L� = �iy�P�̄�5� , (2)

The DM coupling strength y� and the DM mass m� are further
free parameters for the phenomenological study, and are fixed
to one and 1 GeV respectively in the following.

We further assume m(A) = m(H) = m(H±), yielding, to-
gether with the restriction specified above, a 4-dimensional pa-
rameter space including tan �, sin ✓, m(H±) and m(a) for the
phenomenological exploration in this paper.

Turning to the final state of our interest, in analogy with the
SM single top production, at the leading order (LO) in QCD a
single top quark and a pair of DM particles is produced through
three groups of production mechanisms, based on the virtuality
of the W boson: t-channel production, s-channel production,
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Figure 1: Dominant production diagrams for the t-channel production of dark
matter in association with a single top quark (pp! t j��)

and associated production with an on-shell W boson (tW). The
relative impact of the three mechanisms in a simplified model
with a singlet scalar or pseudoscalar mediator is discussed in
detail in Ref. [42]. The s-channel production is characterised
by a very small cross-section, compared to the other chan-
nels, and it is neglected in the following. Two main diagrams,
shown in Figure 1, dominantly contribute to the t-channel pro-
cess pp ! t j��: 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 in-
terference decreases with increasing H± mass. Thus t-channel
production, for equivalent values of the mediator mass and cou-
plings, has a smaller cross-section than in the corresponding
simplified model, implementation, and the two cross-sections
approach for increasing values of the H± mass. The destruc-
tive interference ensures the perturbative unitarity of the pro-
cess in the 2HDM model. Similarly, for the tW production two
destructively interfering diagram dominantly contribute to the
production cross section (Fig. 2). The a-strahlung diagram, also
present in the simplified model, is shown in the left side, while
the right side represents the associated production of a H± and a
t quark. When the decay H± ! W±a is possible, the H± is pro-
duced on-shell, and the total cross-section for the pp ! tW��
process, 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 production and cascade
decay of a resonance yields kinematic signatures which can be
exploited to separate the signal from the SM background. The
dependence of the production cross-section on tan � for both the
tW and t-channel processes is shown in Figure 3 for sin ✓ = 0.7,
m(a) = 150 GeV, m(H) = m(A) = m(H±) = 500 GeV. The
cross-section for the contribution to tW of the on-shell produc-
tion of H± is also shown as a dashed line.

The tW cross-section is always dominant with respect to t-
channel, with a ratio which decreases with increasing tan �. The
resonant H± production is always the dominant contribution to
tW.

For the tW process a rapid decrease with increasing tan � is
observed, with a minimum at tan � ⇠ 5, followed by a broad
maximum at tan � ⇠ 20. This tan � dependence is common
to all parameter sets such that m(H±) > m(a) + m(W), and is

2

[PP,Polesello 2018]
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Figure 8: Regions on the (m(H±)tan �) planes which can be excluded at
95% CL through the 1-lepton and 2-lepton searches described in the text. The
reach assumes a 300 fb�1 of 14 TeV LHC data and a systematic uncertainty of
20% on the SM background and of 5% on the signal.

[69]. The results are interpreted in terms of relevant parame-
ters defining the model, namely the mass of the charged Higgs,
m(H±), the mass of the light pseudoscalar, m(a), and the ratio of
the VEVs of the up- and down-type Higgs bosons (tan �). The
masses of the other Higgs bosons, except for the SM one, are
set to the same mass as the charged Higgs.

Given the presence of a sizeable irreducible background sur-
viving all the selections, the experimental sensitivity will be
largely determined by the systematic uncertainty on the esti-
mate of the SM backgrounds. Such an error has two main
sources: on the one hand, uncertainties on the parameters of the
detector performance such as the energy scale for hadronic jets
and the identification e�ciency for leptons, and on the other
hand, uncertainties plaguing the evaluation procedure for the
background which typically includes a mix on theoretical un-
certainties on the MC modelling of SM processes and uncer-
tainties on the techniques used for the data-driven evaluation
of the main backgrounds. Depending on the process and on
the kinematic selection, the total uncertainty can vary between
a few percent and a few tens of percent. The present analysis
does not select extreme kinematic configurations for the domi-
nant tt̄Z background, and it therefore should be possible to con-
trol the experimental systematics at the 10% to 30% level. In
the following, we will assume a systematic error of 20% on
the backgrounds and a 5% systematic uncertainty on the sig-
nal, which accounts for scale and PDF variations on the signal
modelling.

The one and two-lepton selections are orthogonal and are
also statistically combined, in order to assess the potential gain
in sensitivity deriving from such treatment. In the combination,
both signal and background uncertainties are treated as corre-

lated.
Figure 7a shows the exclusion limits obtained by the combi-

nation of the one and two-lepton selections for di↵erent charged
Higgs masses as a function of tan �. The sensitivity trend
closely follows the cross-section distribution shown in Fig. 3.
The maximum of the sensitivity is found for m(H±) = 500 GeV
and is relatively flat for masses between 400 and 700 GeV.
Conversely, Figure 7b shows the exclusion limits as a func-
tion of the light pseudoscalar mass for m(H±) and tan � set to
500 GeV and 1, respectively. Also in this case, the sensitivity
is relatively flat for m(a) between 50 and 200 GeV.

Finally Figure 8 shows the exclusion contour in the
(m(H±), tan�) plane for the separate one and two-lepton selec-
tions and their combination. The z-axis shows the ratio of the
excluded and the theoretical cross sections for the combined
fit. Comparing the contours it is possible to observe the com-
plementarity in reach between the one and the two-lepton selec-
tions and the small improvement obtained with the combination
of the two channels.

Limits on the production of H± followed by the decay into
either ⌧⌫⌧ [70, 71] or tb [72–74] are available from the ATLAS
and CMS Collaborations. For the decay into ⌧⌫ the limits are
outside the range of parameters considered in this analysis. For
the tb decay we recast the limits in [73] taking into account
the reduced BR of H± into tb because of the presence of the
H± ! aW± decay. The results are shown as a blue dashed line
in Figure 8, and they cover an area largely complementary to
the results of this analysis.

6. Conclusions

In this study we have assessed the prospects of future LHC
runs to probe spin-0 interactions between DM and top quarks
via the t+Emiss

T signature. We focused on a minimal implemen-
tation of a model with a pseudoscalar mediator and two higgs
doublets. The rich structure of the Higgs sector in this model
provides interesting final state signatures dependent on the mass
hierarchy of the di↵erent bosons. In particular, the DMt signa-
ture is dominated by on-shell production of the charged Higgs
associated with a t-quark, if the decay channel H± ! W±a is
open.

Two final state signatures were considered, involving one and
two lepton final states from the decay of the two W bosons in
the event. Analysis strategies were developed which take ad-
vantage of the topology of the leptonic H± decay to enhance
the signal with respect to the Standard Model backgrounds. The
one-lepton and two-lepton analyses have complementary sensi-
tivity as a function of H±, with the former being more sensitive
to higher, and the latter to lower masses.

For a mediator with mass 150 GeV, and maximally mixed
with the pseudoscalar A of the 2HDM, values of tan � up to 3
and down to 15 can be excluded at 95% CL by the LHC with
an integrated luminosity of 300 fb�1, if the H± mass is in the
range 300 GeV-1 TeV.

This novel signature complements the parameter coverage of
the mono-Higgs, mono-Z and DMtt signatures considered in
[38].

7

[PP,Polesello 2018]
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Figure 2: Comparison of the data with the post-fit Monte Carlo prediction of some kinematic distributions in control
and validation regions. The bottom panel shows the ratio of the data to the Monte Carlo prediction. The band
includes all systematic uncertainties defined in Sect. 6. The last bins include overflows, where applicable. The top
left panel shows the Emiss

T,`` distribution in CRZb1. The Emiss
T,`` requirement is relaxed to 100 GeV. The other panels

show the cos ✓⇤
bb

distribution in VRb2 (top right), the mjet 1
R=1.2 distribution in VRTt2 (middle left), the ⇠+ distribution

the VRTt3 (middle right), the Emiss
T,`` distribution in CR� (bottom left) and the Emiss

T,`` distribution in CR3` (bottom
right).
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Given the presence of a sizeable irreducible background surviving all the selections,
the experimental sensitivity will be largely determined by the systematic uncertainty on
the estimate of the SM backgrounds. Such an error has two main sources: on the one
hand, uncertainties on the parameters of the detector performance such as the energy
scale for hadronic jets and the identification efficiency for leptons, and on the other hand,
uncertainties plaguing the MC modelling of SM processes. Depending on the process and on
the kinematic selection, the total uncertainty can vary between a few percent and a few tens
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Figure 9: Comparison of the data with the post-fit Monte Carlo prediction of the cos ✓⇤
bb

distribution in CRTb2 (top
left), cos ✓⇤

bb
distribution in CRZb2 (top right), mb,max

T distribution in the CRTt1 (middle left), mb,min
T distribution in

the CRTt2 (middle right), Emiss
T,`` distribution in the CRZt1 (bottom left) and mt̃2 distribution in CRTt3 (bottom right).

The last bin includes overflows. The bottom panel shows the ratio of the data over the Monte Carlo prediction. The
band includes all systematic uncertainties defined in Sec. 6.
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Figure 4: Comparison of the data with the post-fit SM prediction of the Emiss
T distribution in SRb1 (top left), cos ✓⇤

bb

distribution in SRb2 (top right), mb,min
T distribution in SRt1 (middle left), Emiss, sig

T distribution in SRt2 (middle
right) and ⇠+ distribution in SRt3 (bottom). The last bins include overflows, where applicable. All signal region
requirements except the one on the distribution shown are applied. The signal region requirement on the distribution
shown is indicated by an arrow. The bottom panel shows the ratio of the data to the prediction. The band includes
all systematic uncertainties defined in Sect. 6.
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Table 6: Summary of the main systematic uncertainties and their impact on the total SM background prediction
in each of the signal regions studied. A range is shown for the four bins composing SRb2. The total systematic
uncertainty can be di�erent from the sum in quadrature of individual uncertainties due to the correlations between
them resulting from the fit to the data.

SRb1 [%] SRb2 [%] SRt1 [%] SRt2 [%] SRt3 [%]

Total systematic uncertainty 18 15–18 29 14 28

Z theoretical uncertainties 5.7 7.9–12 5.0 2.1 <1
tt̄+Z theoretical uncertainties <1 <1 3.3 5.3 8.4
tt̄ theoretical uncertainties <1 2.7–9.8 17 5.7 11

MC statistical uncertainties 6.4 4.8–6.4 15 5.9 18

Z fitted normalisation 13 12–19 2.3 3.4 -
tt̄+Z fitted normalisation - - 2.2 3.5 7.1
tt̄ fitted normalisation - 1.9–4.2 3.9 1.4 2.0

Fake or non-prompt leptons - - - - 7.9
Pile-up 3.8 <1–1.4 6.8 5.5 <1
Jet energy resolution 1.5 1.3–6.9 7.0 <1 <1
Jet energy scale 7.7 5.0–10 5.0 2.8 8.2
Emiss

T soft term <1 4.3–6.3 2.0 <1 12
b-tagging <1 2.4–6.9 8.6 3.1 <1

Uncertainties in the theoretical modelling of the SM background processes from MC simulation are also
taken into account. The uncertainties in the modelling of the tt̄ process are estimated by varying the
renormalisation and factorisation scales, as well as the amount of initial- and final-state radiation used
to generate the samples [54]. The uncertainty connected with the parton-shower modelling is estimated
as the di�erence between the predictions from P����� showered with P����� or H�����. Additionally,
the uncertainty related to the choice of event generator is evaluated by comparing the P����� and
M��G����5_�MC@NLO predictions [54] for SRb1, SRb2 and SRt3. Due to the higher jet multiplicity
required in SRt1 and SRt2 the generator uncertainty is evaluated instead by comparing the P����� and
S����� predictions. The uncertainties in the modelling of the Z background are accounted for by varying
the default renormalisation, factorisation, resummation and matching scales of the S����� samples. For
SRt1 and SRt2 an additional uncertainty is included to account for e�ects on the �Rbb modelling not
captured by the scale variations. This is estimated as the di�erence between the observed yield in data
and the post-fit background prediction plus one times its uncertainty in each of the VRZs. The theoretical
uncertainty connected with the tt̄Z background in SRt1 and SRt2 is estimated by varying independently
the renormalisation, factorisation, resummation and matching scales in the tt̄Z and tt̄� samples in signal
and control regions, respectively. PDF uncertainties are found to have a non-negligible impact for this
background component and are treated as correlated between signal and control regions. An additional
uncertainty in the extrapolation between control and signal region is derived as the di�erence between the
ratio of the tt̄� and tt̄Z cross-section predictions obtained with the nominal MC generator and with the
alternative MC generator S����� interfaced to O���L����. For SRt3, SRb1 and SRb2 the uncertainty
connected with the tt̄Z background estimation is assessed by varying the renormalisation, factorisation,
resummation and matching scales.
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required in SRt1 and SRt2 the generator uncertainty is evaluated instead by comparing the P����� and
S����� predictions. The uncertainties in the modelling of the Z background are accounted for by varying
the default renormalisation, factorisation, resummation and matching scales of the S����� samples. For
SRt1 and SRt2 an additional uncertainty is included to account for e�ects on the �Rbb modelling not
captured by the scale variations. This is estimated as the di�erence between the observed yield in data
and the post-fit background prediction plus one times its uncertainty in each of the VRZs. The theoretical
uncertainty connected with the tt̄Z background in SRt1 and SRt2 is estimated by varying independently
the renormalisation, factorisation, resummation and matching scales in the tt̄Z and tt̄� samples in signal
and control regions, respectively. PDF uncertainties are found to have a non-negligible impact for this
background component and are treated as correlated between signal and control regions. An additional
uncertainty in the extrapolation between control and signal region is derived as the di�erence between the
ratio of the tt̄� and tt̄Z cross-section predictions obtained with the nominal MC generator and with the
alternative MC generator S����� interfaced to O���L����. For SRt3, SRb1 and SRb2 the uncertainty
connected with the tt̄Z background estimation is assessed by varying the renormalisation, factorisation,
resummation and matching scales.
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Total systematic uncertaintiesTable 6: Summary of the main systematic uncertainties and their impact on the total SM background prediction
in each of the signal regions studied. A range is shown for the four bins composing SRb2. The total systematic
uncertainty can be di�erent from the sum in quadrature of individual uncertainties due to the correlations between
them resulting from the fit to the data.

SRb1 [%] SRb2 [%] SRt1 [%] SRt2 [%] SRt3 [%]

Total systematic uncertainty 18 15–18 29 14 28

Z theoretical uncertainties 5.7 7.9–12 5.0 2.1 <1
tt̄+Z theoretical uncertainties <1 <1 3.3 5.3 8.4
tt̄ theoretical uncertainties <1 2.7–9.8 17 5.7 11

MC statistical uncertainties 6.4 4.8–6.4 15 5.9 18

Z fitted normalisation 13 12–19 2.3 3.4 -
tt̄+Z fitted normalisation - - 2.2 3.5 7.1
tt̄ fitted normalisation - 1.9–4.2 3.9 1.4 2.0

Fake or non-prompt leptons - - - - 7.9
Pile-up 3.8 <1–1.4 6.8 5.5 <1
Jet energy resolution 1.5 1.3–6.9 7.0 <1 <1
Jet energy scale 7.7 5.0–10 5.0 2.8 8.2
Emiss

T soft term <1 4.3–6.3 2.0 <1 12
b-tagging <1 2.4–6.9 8.6 3.1 <1

Uncertainties in the theoretical modelling of the SM background processes from MC simulation are also
taken into account. The uncertainties in the modelling of the tt̄ process are estimated by varying the
renormalisation and factorisation scales, as well as the amount of initial- and final-state radiation used
to generate the samples [54]. The uncertainty connected with the parton-shower modelling is estimated
as the di�erence between the predictions from P����� showered with P����� or H�����. Additionally,
the uncertainty related to the choice of event generator is evaluated by comparing the P����� and
M��G����5_�MC@NLO predictions [54] for SRb1, SRb2 and SRt3. Due to the higher jet multiplicity
required in SRt1 and SRt2 the generator uncertainty is evaluated instead by comparing the P����� and
S����� predictions. The uncertainties in the modelling of the Z background are accounted for by varying
the default renormalisation, factorisation, resummation and matching scales of the S����� samples. For
SRt1 and SRt2 an additional uncertainty is included to account for e�ects on the �Rbb modelling not
captured by the scale variations. This is estimated as the di�erence between the observed yield in data
and the post-fit background prediction plus one times its uncertainty in each of the VRZs. The theoretical
uncertainty connected with the tt̄Z background in SRt1 and SRt2 is estimated by varying independently
the renormalisation, factorisation, resummation and matching scales in the tt̄Z and tt̄� samples in signal
and control regions, respectively. PDF uncertainties are found to have a non-negligible impact for this
background component and are treated as correlated between signal and control regions. An additional
uncertainty in the extrapolation between control and signal region is derived as the di�erence between the
ratio of the tt̄� and tt̄Z cross-section predictions obtained with the nominal MC generator and with the
alternative MC generator S����� interfaced to O���L����. For SRt3, SRb1 and SRb2 the uncertainty
connected with the tt̄Z background estimation is assessed by varying the renormalisation, factorisation,
resummation and matching scales.
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SR yieldsTable 7: Fit results in SRb1 and SRb2 for an integrated luminosity of 36.1 fb�1. The background normalisation
parameters are obtained from the background-only fit in the CRs and are applied to the SRs. Small backgrounds are
indicated as Others (see text for details). The dominant component of these smaller background sources in SRb1 is
diboson processes. Benchmark signal models yields are given for each SR. The uncertainties in the yields include
statistical uncertainties and all systematic uncertainties defined in Sect. 6.

SRb1 SRb2-bin1 SRb2-bin2 SRb2-bin3 SRb2-bin4
Observed 19 88 88 90 82

Total background (fit) 16.9 ± 3.3 77 ± 13 72 ± 11 76 ± 13 66.4 ± 9.1

Z/�⇤+ jets 14.2 ± 3.1 39.7 ± 6.3 44.4 ± 6.6 53.3 ± 9.9 55.6 ± 8.6
tt̄ 0.58+0.60

�0.58 17.8 ± 6.5 13.8 ± 5.5 14.0 ± 4.7 7.0 ± 2.9
Single top quark 0.25+0.42

�0.25 14.7 ± 5.8 10.2 ± 3.7 5.5 ± 3.1 2.6 ± 1.7
Others 2.0 ± 1.1 5.2 ± 3.4 3.4+1.7

�1.6 2.7 ± 1.1 1.3 ± 1.0

Z/�⇤+ jets (pre-fit) 12.1 30.6 34.2 41.1 42.8
tt̄ (pre-fit) - 27.1 21.1 21.4 10.6

Signal benchmarks

m(�, �) = (20, 1) GeV, g = 1 0.238 ± 0.085 0.262 ± 0.079 0.320 ± 0.082 0.277 ± 0.080
m(a, �) = (20, 1) GeV, g = 1 0.256 ± 0.065 0.199 ± 0.060 0.308 ± 0.085 0.267 ± 0.067
m(�b, �) = (1000, 35) GeV 18.6 ± 3.8

The results are also used to set limits on the production cross-section of colour-neutral and colour-charged
mediator models decaying into dark-matter particles. An independent fit is used for each of the five
signal regions. When deriving model-dependent limits, the expected signal yield in each fit region is
considered.

For the signal, the experimental systematic uncertainties and theoretical systematic uncertainties in the
acceptance are taken into account for this calculation. The experimental uncertainties are assumed to be
fully correlated with those in the SM background. The theoretical systematic uncertainties in the signal
cross-section are instead shown separately in the final exclusion result for the colour-neutral mediator
models.

Figures 5 and 6 show upper limits at 95% CL on the signal cross-section scaled to the signal cross-section
for coupling g = 1, denoted by�/�(g = 1.0). These are the most stringent limits to date on tt̄+�/a models
and the first ATLAS results for the bb̄ + �/a models. To derive the results for the fully hadronic tt̄ final
state the region SRt1 or SRt2 providing the better expected sensitivity is used. The SRt1 was originally
optimised for low-mass scalar mediators, while SRt2 was optimised for high-mass scalar mediators and
pseudoscalar mediators. However, SRt1 is strongly a�ected by systematic uncertainties in the tt̄ modelling
and therefore SRt2 sets more stringent limits for the whole parameter space. These limits are obtained
both as a function of the mediator mass, assuming a specific DM mass of 1 GeV (Fig. 5), and as a function
of the DM mass, assuming a specific mediator mass of 10 GeV (Fig. 6). Both the scalar and pseudoscalar
mediator cases are considered. The sensitivity for tt̄ + �/a on-shell decays is approximately constant for
masses below 100 GeV, with SRt3 being able to exclude the g = 1 assumption for scalar mediator masses
up to 50 GeV. For a given mediator mass the acceptance of the analysis is independent of the value of
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SR yieldsTable 8: Fit results in SRt1, SRt2 and SRt3 for an integrated luminosity of 36.1 fb�1. The background normalisation
parameters are obtained from the background-only fit in the CRs and are applied to the SRs. Small backgrounds are
indicated as Others (see text for details). Benchmark signal models yields are given for each SR. The uncertainties
in the yields include statistical uncertainties and all systematic uncertainties defined in Sect. 6.

SRt1 SRt2 SRt3
Observed 23 24 18

Total background (fit) 20.5 ± 5.8 20.4 ± 2.9 15.2 ± 4.3

tt̄ 7.0 ± 3.9 3.1 ± 1.3 4.5 ± 2.5
tt̄+Z 4.3 ± 1.1 6.9 ± 1.4 4.4 ± 1.9
W+ jets 3.3 ± 2.6 1.28 ± 0.50 incl. in Fakes/NP
Wt incl. in Others incl. in Others 0.33+0.53

�0.33
Z/�⇤+ jets 3.7 ± 1.4 6.2 ± 1.1 incl. in Others
VV incl. in Others incl. in Others 0.61 ± 0.25
Fakes/NP - - 2.7 ± 1.3
Others 2.2 ± 1.2 3.00 ± 1.6 2.69 ± 0.93

tt̄ (pre-fit) 6.1 2.8 4.0
tt̄+Z (pre-fit) 3.53 5.6 5.6
Z/�⇤+ jets (pre-fit) 3.2 5.72 -

Signal benchmarks

m(�, �) = (20, 1) GeV, g = 1 9.3 ± 1.6 12.8 ± 1.9 21.0 ± 2.3
m(a, �) = (20, 1) GeV, g = 1 7.6 ± 1.5 12.1 ± 1.8 14.1 ± 1.6
m(�, �) = (100, 1) GeV, g = 1 6.5 ± 1.3 10.1 ± 1.5 11.5 ± 1.5
m(a, �) = (100, 1) GeV, g = 1 6.2 ± 1.2 11.5 ± 2.0 11.9 ± 1.5

Table 9: Left to right: 95% CL upper limits on the visible cross-section (h✏A�iobs
95 ) and on the number of BSM

events (Sobs
95 ). The third column (Sexp

95 ) shows the 95% CL upper limit on the number of signal events, given the
expected number (and ±1� excursions of the expected number) of background events. The last column indicates
the discovery p-value (p(s = 0)) and Z (the number of equivalent Gaussian standard deviations).

Signal channel h✏A�iobs
95 [fb] Sobs

95 Sexp
95 p(s = 0) (Z)

SRb1 0.37 13.4 12+5
�1 0.33 (0.43)

SRb2 bin-1 1.10 39.6 33+12
�8 0.22 (0.76)

SRb2 bin-2 1.17 42.1 31+10
�8 0.11 (1.21)

SRb2 bin-3 1.21 43.7 33+11
�8 0.16 (1.00)

SRb2 bin-4 1.10 39.8 26+11
�7 0.10 (1.26)

SRt1 0.51 18.4 16+5
�4 0.33 (0.44)

SRt2 0.44 15.7 12+5
�3 0.24 (0.70)

SRt3 0.44 15.9 13+5
�2 0.33 (0.45)
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Model independent limits

Table 8: Fit results in SRt1, SRt2 and SRt3 for an integrated luminosity of 36.1 fb�1. The background normalisation
parameters are obtained from the background-only fit in the CRs and are applied to the SRs. Small backgrounds are
indicated as Others (see text for details). Benchmark signal models yields are given for each SR. The uncertainties
in the yields include statistical uncertainties and all systematic uncertainties defined in Sect. 6.

SRt1 SRt2 SRt3
Observed 23 24 18

Total background (fit) 20.5 ± 5.8 20.4 ± 2.9 15.2 ± 4.3

tt̄ 7.0 ± 3.9 3.1 ± 1.3 4.5 ± 2.5
tt̄+Z 4.3 ± 1.1 6.9 ± 1.4 4.4 ± 1.9
W+ jets 3.3 ± 2.6 1.28 ± 0.50 incl. in Fakes/NP
Wt incl. in Others incl. in Others 0.33+0.53

�0.33
Z/�⇤+ jets 3.7 ± 1.4 6.2 ± 1.1 incl. in Others
VV incl. in Others incl. in Others 0.61 ± 0.25
Fakes/NP - - 2.7 ± 1.3
Others 2.2 ± 1.2 3.00 ± 1.6 2.69 ± 0.93

tt̄ (pre-fit) 6.1 2.8 4.0
tt̄+Z (pre-fit) 3.53 5.6 5.6
Z/�⇤+ jets (pre-fit) 3.2 5.72 -

Signal benchmarks

m(�, �) = (20, 1) GeV, g = 1 9.3 ± 1.6 12.8 ± 1.9 21.0 ± 2.3
m(a, �) = (20, 1) GeV, g = 1 7.6 ± 1.5 12.1 ± 1.8 14.1 ± 1.6
m(�, �) = (100, 1) GeV, g = 1 6.5 ± 1.3 10.1 ± 1.5 11.5 ± 1.5
m(a, �) = (100, 1) GeV, g = 1 6.2 ± 1.2 11.5 ± 2.0 11.9 ± 1.5

Table 9: Left to right: 95% CL upper limits on the visible cross-section (h✏A�iobs
95 ) and on the number of BSM

events (Sobs
95 ). The third column (Sexp

95 ) shows the 95% CL upper limit on the number of signal events, given the
expected number (and ±1� excursions of the expected number) of background events. The last column indicates
the discovery p-value (p(s = 0)) and Z (the number of equivalent Gaussian standard deviations).

Signal channel h✏A�iobs
95 [fb] Sobs

95 Sexp
95 p(s = 0) (Z)

SRb1 0.37 13.4 12+5
�1 0.33 (0.43)

SRb2 bin-1 1.10 39.6 33+12
�8 0.22 (0.76)

SRb2 bin-2 1.17 42.1 31+10
�8 0.11 (1.21)

SRb2 bin-3 1.21 43.7 33+11
�8 0.16 (1.00)

SRb2 bin-4 1.10 39.8 26+11
�7 0.10 (1.26)

SRt1 0.51 18.4 16+5
�4 0.33 (0.44)

SRt2 0.44 15.7 12+5
�3 0.24 (0.70)

SRt3 0.44 15.9 13+5
�2 0.33 (0.45)
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Off-shell interpretation
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Figure 6: Exclusion limits for colour-neutral tt̄+� scalar (top) and tt̄+a pseudoscalar (bottom) models as a function
of the DM mass for a mediator mass of 10 GeV. The limits are calculated at 95% CL and are expressed in terms of
the ratio of the excluded cross-section to the nominal cross-section for a coupling assumption of g = gq = g� = 1.
The solid (dashed) lines shows the observed (expected) exclusion limits for the di�erent signal regions, according
to the colour code specified in the legend. To derive the results for the fully hadronic tt̄ final state the region SRt1
or SRt2 providing the better expected sensitivity is used.
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Figure 6: Exclusion limits for colour-neutral tt̄+� scalar (top) and tt̄+a pseudoscalar (bottom) models as a function
of the DM mass for a mediator mass of 10 GeV. The limits are calculated at 95% CL and are expressed in terms of
the ratio of the excluded cross-section to the nominal cross-section for a coupling assumption of g = gq = g� = 1.
The solid (dashed) lines shows the observed (expected) exclusion limits for the di�erent signal regions, according
to the colour code specified in the legend. To derive the results for the fully hadronic tt̄ final state the region SRt1
or SRt2 providing the better expected sensitivity is used.
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Figure 7: Comparison of the 90% CL limits on the spin-independent DM–nucleon cross-section as a function of
DM mass between these results and the direct-detection experiments, in the context of the colour-neutral simplified
model with scalar mediator. The black line indicates the exclusion contour derived from the observed limits of
SRt3. Values inside the contour are excluded. The exclusion limit is compared with limits from the LUX [103],
PandaX-II [104], XENON [105], SuperCDMS [106] and CRESST-II [107] experiments.
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Figure 8: Exclusion limits for colour-charged scalar mediators (b-FDM) as a function of the mediator and DM masses
for 36.1 fb�1 of data. The limits are calculated at 95% CL. The solid (dashed) line show the observed (expected)
exclusion contour for a coupling assumption �b yielding the measured relic density. No uncertainties on the LO
cross-sections are considered for this model. The results are compared with the ATLAS search for b-FDM models
[27], represented by the blue contour, and the ATLAS search for direct sbottom pair production [25], represented
by the red contour.
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1 Introduction

Astrophysical observations have provided compelling evidence for the existence of a non-baryonic dark
component of the universe: dark matter (DM) [1, 2]. The currently most accurate, although somewhat
indirect, determination of DM abundance comes from global fits of cosmological parameters to a variety
of observations [3, 4], while the nature of DM remains largely unknown. One of the candidates for a DM
particle is a weakly interacting massive particle (WIMP) [5]. At the Large Hadron Collider (LHC), one
can search for WIMP DM (�) pair production in pp collisions. WIMP DM would not be detected and its
production leads to signatures with missing transverse momentum. Searches for the production of DM in
association with Standard Model (SM) particles have been performed at the LHC [6–12].

Recently proposed simplified benchmark models for DM production assume the existence of a mediator
particle which couples both to the SM and to the dark sector [13–15]. The searches presented in this paper
focus on the case of a fermionic DM particle produced through the exchange of a spin-0 mediator, which
can be either a colour-neutral scalar or pseudoscalar particle (denoted by � or a, respectively) or a colour-
charged scalar mediator (�b). The couplings of the mediator to the SM fermions are severely restricted
by precision flavour measurements. An ansatz which automatically relaxes these constraints is Minimal
Flavour Violation [16]. This assumption implies that the interaction between any new neutral spin-0
state and SM matter is proportional to the fermion masses via Yukawa-type couplings1. It follows that
colour-neutral mediators would be sizeably produced through loop-induced gluon fusion or in association
with heavy-flavour quarks. The characteristic signature used to search for the former process is a high
transverse momentum jet recoiling against missing transverse momentum [7, 11].

This paper focuses on dark matter produced in association with heavy flavour (top and bottom) quarks.
These final states were addressed by the CMS Collaboration in Ref. [17]. For signatures with two top
quarks (tt̄ +�/a), final states where both W bosons decay into hadrons or both W bosons decay into leptons
are considered in this paper. They are referred to as fully hadronic and dileptonic tt̄ decays, respectively.
Searches in final-state events characterised by fully hadronic or dileptonic top-quark pairs have been
carried out targeting supersymmetric partners of the top quarks [18, 19]. Due to the di�erent kinematics

1Following Ref. [14], couplings to W and Z bosons, as well as explicit dimension-4 �–h or a–h couplings, are set to zero in
this simplified model. In addition, the coupling of the mediator to the dark sector are not taken to be proportional to the mass of
the DM candidates.

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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(c)

Figure 1: Representative diagrams at the lowest order for spin-0 mediator associated production with top and bottom
quarks: (a) colour-neutral spin-0 mediator associated production with bottom quarks bb̄ +�/a; (b) colour-neutral
spin-0 mediator associated production with top quarks tt̄ +�/a; (c) colour-charged scalar mediator model decaying
into a bottom quark and a DM particle b-FDM.
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Figure 4: Comparison of the data with the post-fit SM prediction of the Emiss
T distribution in SRb1 (top left), cos ✓⇤

bb

distribution in SRb2 (top right), mb,min
T distribution in SRt1 (middle left), Emiss, sig

T distribution in SRt2 (middle
right) and ⇠+ distribution in SRt3 (bottom). The last bins include overflows, where applicable. All signal region
requirements except the one on the distribution shown are applied. The signal region requirement on the distribution
shown is indicated by an arrow. The bottom panel shows the ratio of the data to the prediction. The band includes
all systematic uncertainties defined in Sect. 6.
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4.2. Two-lepton analysis
As a first step, events with two leptons and at least 1 b-tagged

jet are selected. The events are required to contain exactly two
isolated oppositely charged leptons (electrons, muons or one of
each flavour) with p`1T > 25 GeV, p`2T > 20 GeV, |⌘` | < 2.5 and
an invariant mass that satisfies m`` > 20 GeV. If the charged
signal leptons are of the same flavour the additional require-
ment m`` 2 [71, 111] GeV is imposed to veto events where the
charged lepton pair arises from a Z ! `+`� decay. Further-
more, each event is required to contain at least one b-tagged jet
with pT > 40 GeV. All reconstructed jets with p j

T > 25 GeV
within |⌘` | < 2.5 have to satisfy |��min| > 1.5. The variable
��boost, the azimuthal angular distance between ~p miss

T and the
vector sum of ~p miss

T and the transverse momenta of the leptons
must satisfy the requirement |��boost | < 1. The reducible back-
grounds are suppressed by requiring that the invariant mass of at
least one lepton with the leading b-jet is smaller than 150 GeV,
and thence compatible with the decay of a top quark. The dom-
inant tt̄ backgrounds have a second b-tagged jet, with pT typ-
ically in excess of 50 GeV, whereas the signal only has only
one top decay. The request that the scalar sum of the trans-
verse momenta of all the jets observed in the event be lower
than 150 GeV suppresses events with two real top events.

The final cut, following [41] is based on the following linear
combination of Emiss

T and mT2:

Cem ⌘ mT2 + 0.2 · Emiss
T . (3)

the requirement that this variable be larger than 180 GeV, to-
gether with the requirement mT2 > 100 GeV reduces the back-
ground from tt̄ production well below the irreducible tt̄+Z back-
ground, as shown in Figure 5bb.

5. Results

On the basis of the selection criteria defined in the previous
section, we study the LHC sensitivity to the tW+Emiss

T signature
for an integrated luminosity of 300 fb�1 at

p
s = 14 TeV.

The total background in the one-lepton selection is approx-
imately 25 events. More than half of the background contri-
bution is coming from tt + V and tZ processes and the rest is
due to the contribution of top pairs (dileptonic decays) and sin-
gle top Wt-channel in an approximate ratio of 2 to 1. In the
mass range from 500 GeV to 1 TeV the acceptance for signal
events containing at least one lepton is in the range 0.5 � 1%
(0.2 � 0.8%) for m(a) = 150 GeV and tan � = 1(20). The to-
tal background in the two-lepton selection is approximately 10
events, dominantly composed of the tt̄+V and tWZ background
processes. In the mass range from 300 GeV to 700 GeV the
acceptance for signal events containing at least two leptons is
in the range 0.1� 0.7% (0.06� 0.5%) for m(a) = 150 GeV and
tan � = 1(20).

A profiled likelihood ratio test statistic is used to evaluate the
upper limit on the ratio of the signal yield to that predicted in
the 2HDM+a model. The CLs method [68] is used to derive
exclusion limits at 95% Confidence Level (CL). The statistical
analysis has been performed by employing the RooStat toolkit
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Figure 7: Upper limits at 95% CL on the ratio of the signal yield to that pre-
dicted in the 2HDM+a model using the combination of the one-lepton and two-
lepton selections described in the text. The limits are presented a) as a function
of tan � for di↵erent m(H±) masses and m(a) = 150 GeV, b) as a function of
m(a) for m(H±) = 500 GeV and tan � = 1. The reach assumes a 300 fb�1 of
14 TeV LHC data and a systematic uncertainty of 20% on the SM background.
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Figure 7: Comparison of the 90% CL limits on the spin-independent DM–nucleon cross-section as a function of
DM mass between these results and the direct-detection experiments, in the context of the colour-neutral simplified
model with scalar mediator. The black line indicates the exclusion contour derived from the observed limits of
SRt3. Values inside the contour are excluded. The exclusion limit is compared with limits from the LUX [103],
PandaX-II [104], XENON [105], SuperCDMS [106] and CRESST-II [107] experiments.
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Figure 8: Exclusion limits for colour-charged scalar mediators (b-FDM) as a function of the mediator and DM masses
for 36.1 fb�1 of data. The limits are calculated at 95% CL. The solid (dashed) line show the observed (expected)
exclusion contour for a coupling assumption �b yielding the measured relic density. No uncertainties on the LO
cross-sections are considered for this model. The results are compared with the ATLAS search for b-FDM models
[27], represented by the blue contour, and the ATLAS search for direct sbottom pair production [25], represented
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Figure 4: Comparison of the data with the post-fit SM prediction of the Emiss
T distribution in SRb1 (top left), cos ✓⇤

bb

distribution in SRb2 (top right), mb,min
T distribution in SRt1 (middle left), Emiss, sig

T distribution in SRt2 (middle
right) and ⇠+ distribution in SRt3 (bottom). The last bins include overflows, where applicable. All signal region
requirements except the one on the distribution shown are applied. The signal region requirement on the distribution
shown is indicated by an arrow. The bottom panel shows the ratio of the data to the prediction. The band includes
all systematic uncertainties defined in Sect. 6.
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