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★ Typical Yukawa structure for spin-0 
mediators 

★ tanb regulates b-quark enhancement 
★ Enhanced cross sections for top and 

bottom quarks

Dark Matter with heavy quarks

 2

Needed to easily fulfil Flavour 
Constraints (MFV)

/b

/b

t

t

★ Interesting signature with increasing sensitivity 
★ So far considered: top and bottom pairs.
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★ Literature shows that t-channel single top is also 
relevant for DM+p simplified models

Additional HF signatures?
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[Pinna,Zucchetta,
Buckley,Canelli] 
arXiv:1701.05195

ing, it is reasonable to construct models where
the scalar or pseudoscalar coupling to the SM
fermions is weighted by the SM Yukawa cou-
plings [24]. Assuming minimal flavour viola-
tion (MFV) [25, 26, 27, 28], the discovery po-
tential for scalar and pseudoscalar interactions
in the monojet channel (mediated by top-quark
loops similar to gluon-fusion Higgs production)
is significantly improved when considering pro-
cesses where the dark matter couples to mas-
sive third generation quarks [29], in particu-
lar top quarks. This has motivated analyses
searching for events in which the dark mat-
ter particles are produced in association with
a pair of top quarks (tt̄+DM) [30, 31] or with
one or two bottom quarks (b(b)+DM) [32, 33],
performed by the ATLAS and CMS collabora-
tions with the data collected in 2015 at

Ô
s = 13

TeV.
What has not been previously appreciated is
that this same model predicts additional pro-
duction mechanisms for dark matter particles,
created along with a single top quark (t/t̄ +
DM), rather than a pair. The main production
diagrams for this single top process are shown
in Figure 1. The production of the single top is
obtained through processes mediated by a vir-
tual t–channel or s–channel W boson (Figure 1
(a) and (b) respectively), or through the asso-
ciated production with a W boson (Figure 1 (c)
and (d)). So far, final states involving a single
top quark and missing energy ( /

ET) from dark
matter particles have been studied only con-
sidering flavour-changing neutral interactions
[34, 35, 36].
In this article we demonstrate for the first
time that dark matter production in associa-
tion with a single top quark, as predicted by
spin-0 simplified models, yields a sizeable con-
tribution that should be accounted for in heavy
flavour searches. In spite of the generally lower
cross sections, single top quark processes have
a di�erent production mode and kinematics,
resulting in overall rates comparable to top
quark pair associated production, especially for
a large mediator mass. As a consequence, we
find that the sensitivity of the ATLAS and
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Figure 1: Main production diagrams for the associ-
ated production of dark matter with a single top at the
LHC: (a) s–channel W boson production, (b) t–channel
W boson production, and (c)–(d) associated tW produc-
tion

CMS searches can be further improved through
the inclusion of this channel with respect to the
tt̄+DM process alone, based on the results pub-
lished by CMS in 2.2 fb≠1 of data [31].

Simplified model for dark mat-

ter and single top quark pro-

duction

We assume the dark matter particles ‰ are
Dirac fermions, with the interaction between
the SM and dark matter sectors mediated ei-
ther by a massive electrically neutral scalar �
or a pseudo-scalar A particle [24], collectively
referred to as Ï. The Lagrangian terms of such
interactions can be expressed as:

L� ∏ g‰�‰̄‰ + gv�Ô
2

ÿ

f

(yf f̄f) (1)

LA ∏ ig‰A‰̄“

5
‰ + igvAÔ

2
ÿ

f

(yf f̄“

5
f). (2)

Here, the sum runs over the SM fermions
f , yf =

Ô
2mf /v are the Yukawa couplings

with the Higgs field vacuum expectation value
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Figure 2: Cross sections of the t/t̄ + DM and tt̄ + DM processes for the scalar (a) or pseudoscalar (b) hypothesis
assuming di�erent mediator masses mÏ and m‰ = 1 GeV. The t/t̄ + DM processes are split by production mode
(t–, s–, and tW channels). The sum of the three channels is also shown.
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Figure 3: Expected signal events for scalar (a) and pseudoscalar (b) mediators for various mÏ mass choices and
m‰ = 1 GeV. The numerical values are referred to an integrated luminosity of 2.2 fb≠1, and are separated by
process (tt̄ + DM or the sum of all t/t̄ + DM production channels) and final state (hadronic or semileptonic).
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★ Literature shows that t-channel single top is also 
relevant for DM+p simplified models

Additional HF signatures?
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Figure 1: Main production diagrams for the associ-
ated production of dark matter with a single top at the
LHC: (a) s–channel W boson production, (b) t–channel
W boson production, and (c)–(d) associated tW produc-
tion

CMS searches can be further improved through
the inclusion of this channel with respect to the
tt̄+DM process alone, based on the results pub-
lished by CMS in 2.2 fb≠1 of data [31].
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PROBLEM: unitarity violation at high energies 
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★ What about UV-complete models, e.g. 2HDM+a?

Additional HF signatures?

 5

[Pani,Polesello] arXiv:1712.03874

★ Investigate single top signatures in this context

[Bauer,Haisch,Kahlhoefer] arXiv:1701.07427

DMWG Report on 2HDM activities, J. Gramling, 27.03.2018

The Model

• Spin-0 models with fermionic DM can be made SU(2)L×U(1)Y invariant by 
introducing a new dark Higgs that couples to visible scalar sector  

• If scalar sector minimal, SM Higgs is mediator → Higgs constraints are severe  
• Higgs constraints can be avoided in extensions with 2 Higgs doublets  

(assuming decoupling or alignment limit) 
• Add pseudo-scalar mediator to couple to DM 

• Impose softly broken Z(2) symmetry to avoid FCNCs 
• Focus mostly on Yukawa structure of type-II 

• Signatures largely independent of type*,  
but more or less prominent

3

Particle Content
• CP-even bosons: h, H 
• CP-odd bosons: A, a 
• Charged bosons: H± 
• Dirac DM !

*holds true for gluon-fusion initial states

sketch from U. Haisch
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3

Particle Content
• CP-even bosons: h, H 
• CP-odd bosons: A, a 
• Charged bosons: H± 
• Dirac DM !

*holds true for gluon-fusion initial states

sketch from U. Haisch

DMWG Report on 2HDM activities, J. Gramling, 27.03.2018

Model Parameters
• Parameter space can be reduced by constraints/assumptions 
• Assumptions

• Lightest CP-even boson (h) is SM Higgs 
• Choose Mh = 125 GeV, v = 246 GeV

• Alignment limit:  
• Choose cos(β -α) = 0 

• Otherwise, tan(β) affected by constraints from Higgs 
coupling measurements

4

parameters
v, Mh, cos(β -α) 
Ma, MA, MH, MH± 

tan(β), cos(") 
λ3, λP1, λP2, λP 

M!, y!
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★ (a) diagram divergence is 
cured by negative 
interference with (b) 
diagram

Single top+a production
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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

W+

H�

a

q

b

q

�

�̄

t

W
a

b

q̄

t

�̄

�

q̄

a

g

b

t

�̄

�

W�

H�
a

g

b

W�

�̄

�

t

1

(a)

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

Following the example of Ref. [?], the interaction Lagrangian is written as

W+

H�

a

q

b

q

�

�̄

t

W
a

b

q̄

t

�̄

�

q̄

a

g

b

t

�̄

�

W�

H�
a

g

b

W�

�̄

�

t

1

(b)

Figure 1: Representative diagrams for t-channel production of DM in associa-
tion with a single top quark.

the DMtt̄ signature, as discussed in [29, 31–33, 41–43], gives
through the study of the kinematics of the top-anti-top pair, ac-
cess to CP properties of the mediator and is therefore of great
phenomenological interest in case of the future observation of
a non-SM Emiss

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

state is the associated production of a single top quark with
DM (DMt). This signature has typically lower cross-section
than DMtt̄, and has received little attention in the literature. A
recent study [44] based on a simplified model with a singlet
scalar or pseudoscalar mediator shows that the consideration of
this process increases the coverage of existing analyses target-
ing the DMtt̄ process. Given the promising result, it is worth-
while to extend the investigation of [44] in two directions. On
the one hand it is necessary to check whether the DMt sig-
nature is still promising in a more complete model that is not
plagued by unitarity issues, as discussed above. We choose the
2HDM+a model of [39] as a benchmark model for this pur-
pose. On the other hand, the possible interest of the signature
for future searches at the LHC can only be properly assessed if
a dedicated experimental analysis is developed, fully exploiting
the final state topology of the signal in order to suppress the SM
backgrounds.

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

2. The 2HDM+a model

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

the boson of mass m(h) ' 125 GeV discovered at the LHC
[47, 48].

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

VP =
1
2

m2
PP2 + P

⇣
ibPH†1 H2 + h.c.

⌘

+ P2
⇣
�P1H†1 H1 + �P2H†2 H2

⌘
,

(1)

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

The Yukawa sector is built by respecting the so-called natural
flavour conservation hypothesis, requiring that not more than
one of the Higgs doublets couples to fermions of a given charge
[49, 50]. In the following we consider a 2HDM Yukawa assign-
ment of type II yielding a coupling of the top quark (bottom
quark and ⌧ lepton) proportional to � cot � (tan �) respectively.

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

L� = �iy�P�̄�5� . (2)

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

To avoid constraints from EW precision measurements, we
furthermore assume that m(H) = m(A) = m(H±). Together with
the restrictions specified above, this leaves a four-dimensional

2
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Figure 1: Representative diagrams for t-channel production of DM in associa-
tion with a single top quark.

the DMtt̄ signature, as discussed in [29, 31–33, 41–43], gives
through the study of the kinematics of the top-anti-top pair, ac-
cess to CP properties of the mediator and is therefore of great
phenomenological interest in case of the future observation of
a non-SM Emiss

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

state is the associated production of a single top quark with
DM (DMt). This signature has typically lower cross-section
than DMtt̄, and has received little attention in the literature. A
recent study [44] based on a simplified model with a singlet
scalar or pseudoscalar mediator shows that the consideration of
this process increases the coverage of existing analyses target-
ing the DMtt̄ process. Given the promising result, it is worth-
while to extend the investigation of [44] in two directions. On
the one hand it is necessary to check whether the DMt sig-
nature is still promising in a more complete model that is not
plagued by unitarity issues, as discussed above. We choose the
2HDM+a model of [39] as a benchmark model for this pur-
pose. On the other hand, the possible interest of the signature
for future searches at the LHC can only be properly assessed if
a dedicated experimental analysis is developed, fully exploiting
the final state topology of the signal in order to suppress the SM
backgrounds.

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

2. The 2HDM+a model

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

the boson of mass m(h) ' 125 GeV discovered at the LHC
[47, 48].

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

VP =
1
2

m2
PP2 + P

⇣
ibPH†1 H2 + h.c.

⌘

+ P2
⇣
�P1H†1 H1 + �P2H†2 H2

⌘
,

(1)

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

The Yukawa sector is built by respecting the so-called natural
flavour conservation hypothesis, requiring that not more than
one of the Higgs doublets couples to fermions of a given charge
[49, 50]. In the following we consider a 2HDM Yukawa assign-
ment of type II yielding a coupling of the top quark (bottom
quark and ⌧ lepton) proportional to � cot � (tan �) respectively.

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

L� = �iy�P�̄�5� . (2)

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

To avoid constraints from EW precision measurements, we
furthermore assume that m(H) = m(A) = m(H±). Together with
the restrictions specified above, this leaves a four-dimensional

2
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Figure 3: Cross-section for the associated production of a top quark and DM for pp collisions at 14 TeV as a function of tan � for m(a) = 150 GeV and
m(H±) = 500 GeV (a) and 100 GeV (b). The full line corresponds to the tW channel, while the dotted line shows the result for t-channel production. The dashed
line indicates the contribution to tW production that arises from the on-shell production of a H± boson cascading into a W± and a DM pair.

work. Based on ATLAS experimental results [10], we estimate
these backgrounds not to exceed around 15% for the selec-
tions considered in this paper. The backgrounds from tt̄ [56],
tW [57], WW, WZ and ZZ production [58, 59] were all gen-
erated at next-to-leading order (NLO) with POWHEG BOX [60].
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 backgrounds with V = W,Z at LO with a
multiplicity of up to two jets, and the tZ and tWZ backgrounds
at LO. The samples produced with POWHEG BOX are normalised
to the NLO cross section given by the generator, except tt̄ which
is normalised to the cross section obtained at next-to-next-to-
leading order (NNLO) plus next-to-next-to-leading logarithmic
accuracy [61, 62]. The jets + W/Z samples are normalised to
the known NNLO cross sections [63, 64], and finally the NLO
cross sections calculated with MadGraph5_aMC@NLO are used
as normalisations for the tt̄V samples .

4.3. Detector smearing
Muons, electrons, photons, jets and Emiss

T are constructed
from the the stable particles in the generator output. Jets are
constucted by clustering the true momenta of all the particles
interacting in the calorimeters, with the exception of muons. An
anti-kt algorithm [65] with a parameter R = 0.4 is used, as im-
plemented in FastJet [66]. Jets originating from the hadroni-
sation of bottom-quarks (b-jets) are experimentally tagged with
high e�ciency (b-tagged jets). The variable ~p miss

T with magni-
tude Emiss

T is defined at truth level, i.e. before applying detec-
tor e↵ects, as the negative of the vector sum of the pTs of all

the invisible particles (neutrinos and DM particles in our case).
The e↵ect of the detector on the kinematic quantities utilised in
the analysis is simulated by applying a Gaussian smearing to
the momenta of the di↵erent reconstructed objects and recon-
struction and tagging e�ciency factors. The parametrisation of
the smearing and the reconstruction and tagging e�ciencies is
tuned to mimic the performance of the ATLAS detector [67, 68]
and is defined as a function of momentum and pseudorapid-
ity of the objects. The discrimination of the signal from the
background is greatly a↵ected by the experimental smearing
assumed for the Emiss

T , which is the main handle to tame the
large tt̄ background. To this aim, the transverse momenta of
unsmeared electrons, muons and jets are subtracted from the
truth Emiss

T and replaced by the corresponding smeared quanti-
ties. The residual truth imbalance is then smeared as a function
of the scalar sum of the transverse momenta of the particles
not assigned to jets or electrons. The final selections and re-
sults are derived by analysing the simulated sample using the
TDataFrame tool [69].

5. Kinematic properties of DMt and analysis strategy

The discussion of the DMt signal in Section 2 should have
made clear that the tW channel is the dominant production
mechanisms for all parameter choices in which the H± can de-
cay on-shell into the pseudoscalar mediator and a W boson. In
order to search for this signal, we consider two di↵erent final
states in our analysis, containing either one or two leptons. In
both cases the leptons are produced in the decay of a W boson,
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directly, leading to a di�erent phenomenology. For completeness, we exam-
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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

3

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,

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-
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these models have not been studied as extensively as others in this Forum.
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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

the cross section is dominated by H± on-shell production
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Figure 3: Cross-section for the associated production of a top quark and DM for pp collisions at 14 TeV as a function of tan � for m(a) = 150 GeV and
m(H±) = 500 GeV (a) and 100 GeV (b). The full line corresponds to the tW channel, while the dotted line shows the result for t-channel production. The dashed
line indicates the contribution to tW production that arises from the on-shell production of a H± boson cascading into a W± and a DM pair.

work. Based on ATLAS experimental results [10], we estimate
these backgrounds not to exceed around 15% for the selec-
tions considered in this paper. The backgrounds from tt̄ [56],
tW [57], WW, WZ and ZZ production [58, 59] were all gen-
erated at next-to-leading order (NLO) with POWHEG BOX [60].
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 backgrounds with V = W,Z at LO with a
multiplicity of up to two jets, and the tZ and tWZ backgrounds
at LO. The samples produced with POWHEG BOX are normalised
to the NLO cross section given by the generator, except tt̄ which
is normalised to the cross section obtained at next-to-next-to-
leading order (NNLO) plus next-to-next-to-leading logarithmic
accuracy [61, 62]. The jets + W/Z samples are normalised to
the known NNLO cross sections [63, 64], and finally the NLO
cross sections calculated with MadGraph5_aMC@NLO are used
as normalisations for the tt̄V samples .

4.3. Detector smearing
Muons, electrons, photons, jets and Emiss

T are constructed
from the the stable particles in the generator output. Jets are
constucted by clustering the true momenta of all the particles
interacting in the calorimeters, with the exception of muons. An
anti-kt algorithm [65] with a parameter R = 0.4 is used, as im-
plemented in FastJet [66]. Jets originating from the hadroni-
sation of bottom-quarks (b-jets) are experimentally tagged with
high e�ciency (b-tagged jets). The variable ~p miss

T with magni-
tude Emiss

T is defined at truth level, i.e. before applying detec-
tor e↵ects, as the negative of the vector sum of the pTs of all

the invisible particles (neutrinos and DM particles in our case).
The e↵ect of the detector on the kinematic quantities utilised in
the analysis is simulated by applying a Gaussian smearing to
the momenta of the di↵erent reconstructed objects and recon-
struction and tagging e�ciency factors. The parametrisation of
the smearing and the reconstruction and tagging e�ciencies is
tuned to mimic the performance of the ATLAS detector [67, 68]
and is defined as a function of momentum and pseudorapid-
ity of the objects. The discrimination of the signal from the
background is greatly a↵ected by the experimental smearing
assumed for the Emiss

T , which is the main handle to tame the
large tt̄ background. To this aim, the transverse momenta of
unsmeared electrons, muons and jets are subtracted from the
truth Emiss

T and replaced by the corresponding smeared quanti-
ties. The residual truth imbalance is then smeared as a function
of the scalar sum of the transverse momenta of the particles
not assigned to jets or electrons. The final selections and re-
sults are derived by analysing the simulated sample using the
TDataFrame tool [69].

5. Kinematic properties of DMt and analysis strategy

The discussion of the DMt signal in Section 2 should have
made clear that the tW channel is the dominant production
mechanisms for all parameter choices in which the H± can de-
cay on-shell into the pseudoscalar mediator and a W boson. In
order to search for this signal, we consider two di↵erent final
states in our analysis, containing either one or two leptons. In
both cases the leptons are produced in the decay of a W boson,
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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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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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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

For m(H±) ⟶ ∞ t-channel dominates again
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Figure 5: Distribution of the transverse mass variables used in the (a) one-lepton and (b) two-lepton selections after all requirements described in Sec. 5, except for
the one on the plotted variable which is indicated with an arrow instead. The expected SM backgrounds and two signal benchmarks are compared in the figure for
an integrated luminosity of 300 fb�1 at the 14 TeV LHC.

~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 re-
ducible backgrounds are suppressed by requiring that the invari-
ant 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 dominant tt̄ backgrounds have a second b-tagged
jet, with pT typically in excess of 50 GeV, whereas the signal
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Figure 6: The invariant mass of the lepton and the leading b-tagged jet
(m(b1, `)) and of the leading light jet and the leading b-tagged jet (m(b1, j1))
are displayed for the lepton and hadronic decays of the H± in the tW channel.
For comparison also the distributions for t-channel production are shown. All
results correspond to m(H±) = 800 GeV and tan � = 20.

has only one top decay. The requirement that the scalar sum of
the transverse momenta of all the jets observed in the event be
lower than 150 GeV suppresses events with two real top quarks.
The final cut, following [43] 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 cut mT2 > 100 GeV reduces the background
from tt̄ production well below the irreducible tt̄+Z background.
This is shown in the right panel of Figure 5.

6. Results

On the basis of the selection criteria defined in the previous
section, we study the LHC sensitivity to the DMt signature for
an integrated luminosity of 300 fb�1 at

p
s = 14 TeV.

The total background in the one-lepton selection is approxi-
mately 25 events. More than half of the background contribu-
tion is coming from tt + V and tZ processes and the rest is due
to the contribution of top pairs (dileptonic decays) and single
top tW channel in an approximate ratio of 2 to 1. In the charged
Higgs mass range from 500 GeV to 1 TeV the acceptance for
signal events containing at least one lepton amounts to [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. For m(H±) between 300 GeV to 700 GeV the ac-
ceptance 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).

6

c c-

n
l±

W±H±

Figure 4: Representation of the H± decay chain.

W bosons. A significant amount of Emiss
T associated to both the

DM particles and the neutrinos from W ! `⌫` decays is also
present in the events.

If the W boson from H± ! aW± decays leptonically into an
electron or a muon, the resulting final state includes one lep-
ton and three invisible particles, with two invisible particles up-
stream of the lepton, and one downstream. See Figure 4 for the
corresponding decay chain. The kinematics of this decay topol-
ogy is analysed in the appendix of Ref. [70]. The transverse
mass m`T

1 built with the components transverse to the beam of
the lepton momentum (~p `T ) and of the vector sum of the mo-
menta of the invisible particles (~p miss

T ) has a distribution with
an end-point which is a function of m(H±), m(W) and m(a).
This variable can be directly measured for the one-lepton final
state when the lepton is produced in the H± decay. In the case
of the two-lepton final state, the distribution of m`T for the H±
decay enters the construction of the mT2 variable [71, 72] built
out of the two leptons and ~p miss

T , which has the same end-point.
The two variables m`T and mT2 can therefore be exploited to

strongly reduce the dominant SM backgrounds from single or
double production of top quarks, in which case Emiss

T is gener-
ated only from the neutrinos from W decay and the distributions
display an end-point at the W-boson masses. The discriminat-
ing power of the m`T (left panel) and mT2 (right panel) observ-
ables is illustrated in Figure 5, which shows the relevant distri-
butions after all the one-lepton and two-lepton signal selection
requirements, as described in the next section, have been ap-
plied.

The events surviving the m`T requirement for the one-lepton
selection are dominated by tt̄ events that decay into two leptons,
but one of the two leptons is not identified in the detector. The
variable amT2 [73, 74] was developed to tame this background
and is therefore employed in the one-lepton analysis.

Secondary backgrounds like the production of single or dou-
ble vector bosons are e�ciently suppressed by requiring QCD
jet production in the event. The angular correlation between the
jets and Emiss

T has a good discrimination power, both for the 1-
lepton and the 2-lepton case, as for leptonic decays of the H±

1We define: m`T = MT(~p `T , ~p
miss

T )2 ⌘ 2|~p `T ||~p miss
T |(1 � cos��~p `T ~p miss

T
)

all jets in the event are produced in the decay of the accompa-
nying top quark, while Emiss

T is dominantly aligned with the H±,
implying that Emiss

T is mostly isolated from jets.

5.1. One-lepton analysis

Events with exactly one isolated lepton (e or µ) with pT >
25 GeV, at least three jets (pT > {50, 50, 20} GeV, |⌘| < 2.5)
and Emiss

T > 250 GeV are selected for this topology. All re-
constructed jets with p j

T > 25 GeV within |⌘` | < 2.5 have to
satisfy |��min| > 1.1, where ��min is defined to be the angle be-
tween ~p j

T and ~p miss
T for the jet closest to Emiss

T in the azimuthal
plane. At least one jet is required to be b-tagged. All dominant
backgrounds except for single top production are characterised
by two hard b-jets produced in the decay of a top quark. In
order to suppress these backgrounds, event with a second b-
tagged jet with pT > 50 GeV are rejected. The semi-leptonic
and dileptonic tt̄ backgrounds are strongly suppressed by re-
quiring m`T > 300 GeV and amT2 > 200 GeV, respectively.

Further requirements on the invariant mass of the lepton and
the leading b-tagged jet (m(b1, `) > 160 GeV) and on the in-
variant mass of the leading light jet and the leading b-tagged jet
(m(b1, j1) < 150 GeV) are placed to further suppress the resid-
ual background compatible with the presence of a semileptonic
top decay in the event. As it can be seen in Figure 6, these
requirements select the signal topology where the H± decays
leptonically, which was found to have kinematic features that
made it easier to discriminate it from the backgrounds. The
signal events where the H± decays hadronically are kinemati-
cally more similar to the SM backgrounds, due to the smearing
of Emiss

T associated to neutrinos in top decays. In this case a
dedicated strategy would be needed to successfully distinguish
between signal and background. The same applies to the pro-
duction via t-channel diagrams, which is also rejected by the
requirements of the analysis. The definition of a dedicated sig-
nal region targeting the hadronic H± decay is expected to in-
crease significantly the sensitivity of the analysis. We leave the
definition of such region to the experimental collaborations.

5.2. Two-lepton analysis

As a first step, events with two leptons and at least one b-
tagged jet are selected. The events are required to contain ex-
actly 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 ad-
ditional requirement m`` 2 [71, 111] GeV is imposed to veto
events where the charged lepton pair arises from a Z ! `+`�
decay. Furthermore, 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 re-
ducible backgrounds are suppressed by requiring that the invari-
ant mass of at least one lepton with the leading b-jet is smaller
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W bosons. A significant amount of Emiss
T associated to both the

DM particles and the neutrinos from W ! `⌫` decays is also
present in the events.

If the W boson from H± ! aW± decays leptonically into an
electron or a muon, the resulting final state includes one lep-
ton and three invisible particles, with two invisible particles up-
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1We define: m`T = MT(~p `T , ~p
miss

T )2 ⌘ 2|~p `T ||~p miss
T |(1 � cos��~p `T ~p miss

T
)
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The variable ��boost, the azimuthal angular distance between
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T and the vector sum of ~p miss
T and the transverse momenta
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mode, the tau decays into a tau neutrino, accompanied predominantly by charged

and neutral pions, and rarely by kaons. The two dominant cases are the one prong

and three prong decays in which the number of charged particles produced in the

final state is one and three, respectively. Hadronically decaying τ leptons are distin-

guished in ATLAS from jets on the basis of the calorimetric shower shape and a colli-

mated track structure that neither match track segments in the muon spectrometer

nor reveal features (such as high transition radiation in the TRT) characteristic of an

electron track. All information is combined into a multi-variate discrimination tech-

nique, a Boosted Decision Tree (BDT), that is used as final discriminating variable for

τ -tagging. More information about the algorithm and the calibration can be found

in Ref. [140]. The BDT selection working points for τ identification were re-optimised

for this analysis, in order to achieve a very low mis-identification rate (< 3%), needed

to guarantee a high selection efficiency on the top squark signal. The τ candidate is

therefore identified by a requirement on the BDT values, a minimal transverse mo-

mentum of 15 GeV and opposite charge with respect to the selected lepton of the

event.

Two working points for each tau decay topology (one and three tracks in the

final state) have been defined and are listed in Table 7.3, together with the associated

efficiency in removing tt̄ decays with τ -leptons (τ -rejection) and τ mis-identification

rate.

The distributions of the number of tau candidates for the tight working point

are shown in Figures 7.7(b) and 7.7(c).

Stransverse masses: amT2 and mτ
T2

The stransverse mass is an extension of the transverse mass to a more general

case where more than one invisible particle is produced in the final state. The defi-

nition of the stransverse mass [141] is:

mT2 ≡ min
q⃗T+r⃗T =p⃗miss

T

{max [mT(p⃗a, q⃗T),mT (p⃗b, r⃗T)]}, (7.19)

The variable is calculated by minimisation over all the possible decompositions of

pmiss
T into the vectors q⃗T and r⃗T. The choice of a and b defines the characteristic of

the event the variable is aiming to reconstruct. According to the choice, and as in

the case of the transverse mass, this distribution will present an end-point at the

mass of the particle that decays into a and b.

In this search two different implementations of stransverse mass were exploited,
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Figure 5: Distribution of the transverse mass variables used in the (a) one-lepton and (b) two-lepton selections after all requirements described in Sec. 5, except for
the one on the plotted variable which is indicated with an arrow instead. The expected SM backgrounds and two signal benchmarks are compared in the figure for
an integrated luminosity of 300 fb�1 at the 14 TeV LHC.

~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 re-
ducible backgrounds are suppressed by requiring that the invari-
ant 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 dominant tt̄ backgrounds have a second b-tagged
jet, with pT typically in excess of 50 GeV, whereas the signal

50 100 150 200 250 300 350

0.5

1

1.5

2

2.5

 E
nt

rie
s 

/ 1
5 

G
eV

A = leading lepton

B = leading b-jet

χχνl→±H χχjj→±H 10)×σt-channel (

50 100 150 200 250 300 350
m(A,B) [GeV]

0

0.5

1

1.5

2

2.5

 E
nt

rie
s 

/ 1
5 

G
eV

A = leading light  jet

B = leading b-jet

Figure 6: The invariant mass of the lepton and the leading b-tagged jet
(m(b1, `)) and of the leading light jet and the leading b-tagged jet (m(b1, j1))
are displayed for the lepton and hadronic decays of the H± in the tW channel.
For comparison also the distributions for t-channel production are shown. All
results correspond to m(H±) = 800 GeV and tan � = 20.

has only one top decay. The requirement that the scalar sum of
the transverse momenta of all the jets observed in the event be
lower than 150 GeV suppresses events with two real top quarks.
The final cut, following [43] 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 cut mT2 > 100 GeV reduces the background
from tt̄ production well below the irreducible tt̄+Z background.
This is shown in the right panel of Figure 5.

6. Results

On the basis of the selection criteria defined in the previous
section, we study the LHC sensitivity to the DMt signature for
an integrated luminosity of 300 fb�1 at

p
s = 14 TeV.

The total background in the one-lepton selection is approxi-
mately 25 events. More than half of the background contribu-
tion is coming from tt + V and tZ processes and the rest is due
to the contribution of top pairs (dileptonic decays) and single
top tW channel in an approximate ratio of 2 to 1. In the charged
Higgs mass range from 500 GeV to 1 TeV the acceptance for
signal events containing at least one lepton amounts to [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. For m(H±) between 300 GeV to 700 GeV the ac-
ceptance 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).
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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.
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Figure 1: Representative diagrams for t-channel production of DM in associa-
tion with a single top quark.

the DMtt̄ signature, as discussed in [29, 31–33, 41–43], gives
through the study of the kinematics of the top-anti-top pair, ac-
cess to CP properties of the mediator and is therefore of great
phenomenological interest in case of the future observation of
a non-SM Emiss

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

state is the associated production of a single top quark with
DM (DMt). This signature has typically lower cross-section
than DMtt̄, and has received little attention in the literature. A
recent study [44] based on a simplified model with a singlet
scalar or pseudoscalar mediator shows that the consideration of
this process increases the coverage of existing analyses target-
ing the DMtt̄ process. Given the promising result, it is worth-
while to extend the investigation of [44] in two directions. On
the one hand it is necessary to check whether the DMt sig-
nature is still promising in a more complete model that is not
plagued by unitarity issues, as discussed above. We choose the
2HDM+a model of [39] as a benchmark model for this pur-
pose. On the other hand, the possible interest of the signature
for future searches at the LHC can only be properly assessed if
a dedicated experimental analysis is developed, fully exploiting
the final state topology of the signal in order to suppress the SM
backgrounds.

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

2. The 2HDM+a model

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

the boson of mass m(h) ' 125 GeV discovered at the LHC
[47, 48].

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

VP =
1
2

m2
PP2 + P

⇣
ibPH†1 H2 + h.c.

⌘

+ P2
⇣
�P1H†1 H1 + �P2H†2 H2

⌘
,

(1)

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

The Yukawa sector is built by respecting the so-called natural
flavour conservation hypothesis, requiring that not more than
one of the Higgs doublets couples to fermions of a given charge
[49, 50]. In the following we consider a 2HDM Yukawa assign-
ment of type II yielding a coupling of the top quark (bottom
quark and ⌧ lepton) proportional to � cot � (tan �) respectively.

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

L� = �iy�P�̄�5� . (2)

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

To avoid constraints from EW precision measurements, we
furthermore assume that m(H) = m(A) = m(H±). Together with
the restrictions specified above, this leaves a four-dimensional

2
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tion with a single top quark.

the DMtt̄ signature, as discussed in [29, 31–33, 41–43], gives
through the study of the kinematics of the top-anti-top pair, ac-
cess to CP properties of the mediator and is therefore of great
phenomenological interest in case of the future observation of
a non-SM Emiss

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

state is the associated production of a single top quark with
DM (DMt). This signature has typically lower cross-section
than DMtt̄, and has received little attention in the literature. A
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this process increases the coverage of existing analyses target-
ing the DMtt̄ process. Given the promising result, it is worth-
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the one hand it is necessary to check whether the DMt sig-
nature is still promising in a more complete model that is not
plagued by unitarity issues, as discussed above. We choose the
2HDM+a model of [39] as a benchmark model for this pur-
pose. On the other hand, the possible interest of the signature
for future searches at the LHC can only be properly assessed if
a dedicated experimental analysis is developed, fully exploiting
the final state topology of the signal in order to suppress the SM
backgrounds.
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search strategy at the LHC for the DMt signature, and to explore
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Dark matter is coupled to the SM by mixing a SU(2) singlet
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not a↵ect the phenomenology studied in this paper, and �P1
and �P2 are thus set to zero hereafter. The portal coupling bP
appearing in (1) mixes the two neutral CP-odd weak eigen-
states with ✓ representing the associated mixing angle which
emerges from the diagonalisation the mass-squared matrices of
the scalar states. The resulting CP-even mass eigenstates will
be denoted by h and H, while in the CP-odd sector the states
will be called A and a, where a denotes the mixing of the CP-
odd scalar from the 2HDM and of the CP-odd mediator with
weights sin ✓ and cos ✓, respectively. The scalar spectrum also
contains two charged mass eigenstates H± of identical mass.

The Yukawa sector is built by respecting the so-called natural
flavour conservation hypothesis, requiring that not more than
one of the Higgs doublets couples to fermions of a given charge
[49, 50]. In the following we consider a 2HDM Yukawa assign-
ment of type II yielding a coupling of the top quark (bottom
quark and ⌧ lepton) proportional to � cot � (tan �) respectively.

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

L� = �iy�P�̄�5� . (2)

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

To avoid constraints from EW precision measurements, we
furthermore assume that m(H) = m(A) = m(H±). Together with
the restrictions specified above, this leaves a four-dimensional

2

➙   leptonic

➙   hadronic

m(b,l)

m(b,j)

m(H±) = 1 TeV



Priscilla Pani DM@LHC 2018

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

•  lep pT > 150 GeV 

•  jet pT > 50,50,20 GeV 

• m(b,l) > 160 GeV 

• m(b,j) < 170 GeV

1-lep: final selections
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Figure 5: Distribution of the transverse mass variables used in the (a) one-lepton and (b) two-lepton selections after all requirements described in Sec. 5, except for
the one on the plotted variable which is indicated with an arrow instead. The expected SM backgrounds and two signal benchmarks are compared in the figure for
an integrated luminosity of 300 fb�1 at the 14 TeV LHC.

~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 re-
ducible backgrounds are suppressed by requiring that the invari-
ant 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 dominant tt̄ backgrounds have a second b-tagged
jet, with pT typically in excess of 50 GeV, whereas the signal
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Figure 6: The invariant mass of the lepton and the leading b-tagged jet
(m(b1, `)) and of the leading light jet and the leading b-tagged jet (m(b1, j1))
are displayed for the lepton and hadronic decays of the H± in the tW channel.
For comparison also the distributions for t-channel production are shown. All
results correspond to m(H±) = 800 GeV and tan � = 20.

has only one top decay. The requirement that the scalar sum of
the transverse momenta of all the jets observed in the event be
lower than 150 GeV suppresses events with two real top quarks.
The final cut, following [43] 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 cut mT2 > 100 GeV reduces the background
from tt̄ production well below the irreducible tt̄+Z background.
This is shown in the right panel of Figure 5.

6. Results

On the basis of the selection criteria defined in the previous
section, we study the LHC sensitivity to the DMt signature for
an integrated luminosity of 300 fb�1 at

p
s = 14 TeV.

The total background in the one-lepton selection is approxi-
mately 25 events. More than half of the background contribu-
tion is coming from tt + V and tZ processes and the rest is due
to the contribution of top pairs (dileptonic decays) and single
top tW channel in an approximate ratio of 2 to 1. In the charged
Higgs mass range from 500 GeV to 1 TeV the acceptance for
signal events containing at least one lepton amounts to [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. For m(H±) between 300 GeV to 700 GeV the ac-
ceptance 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).

6

+ 2nd b-jet veto, ETmiss, Df(ETmiss,jets)

•  lep pT > 25 GeV 

•  jet pT > 100,50,40 GeV 

• m(b,l) < 160 GeV 

leptonic-H±

hadronic-H±
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2-lep: discriminants and selections
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Figure 5: Distribution of the transverse mass variables used in the (a) one-lepton and (b) two-lepton selections after all requirements described in Sec. 5, except for
the one on the plotted variable which is indicated with an arrow instead. The expected SM backgrounds and two signal benchmarks are compared in the figure for
an integrated luminosity of 300 fb�1 at the 14 TeV LHC.

~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 re-
ducible backgrounds are suppressed by requiring that the invari-
ant 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 dominant tt̄ backgrounds have a second b-tagged
jet, with pT typically in excess of 50 GeV, whereas the signal
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Figure 6: The invariant mass of the lepton and the leading b-tagged jet
(m(b1, `)) and of the leading light jet and the leading b-tagged jet (m(b1, j1))
are displayed for the lepton and hadronic decays of the H± in the tW channel.
For comparison also the distributions for t-channel production are shown. All
results correspond to m(H±) = 800 GeV and tan � = 20.

has only one top decay. The requirement that the scalar sum of
the transverse momenta of all the jets observed in the event be
lower than 150 GeV suppresses events with two real top quarks.
The final cut, following [43] 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 cut mT2 > 100 GeV reduces the background
from tt̄ production well below the irreducible tt̄+Z background.
This is shown in the right panel of Figure 5.

6. Results

On the basis of the selection criteria defined in the previous
section, we study the LHC sensitivity to the DMt signature for
an integrated luminosity of 300 fb�1 at

p
s = 14 TeV.

The total background in the one-lepton selection is approxi-
mately 25 events. More than half of the background contribu-
tion is coming from tt + V and tZ processes and the rest is due
to the contribution of top pairs (dileptonic decays) and single
top tW channel in an approximate ratio of 2 to 1. In the charged
Higgs mass range from 500 GeV to 1 TeV the acceptance for
signal events containing at least one lepton amounts to [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. For m(H±) between 300 GeV to 700 GeV the ac-
ceptance 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).
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Figure 5: Distribution of the transverse mass variables used in the (a) one-lepton and (b) two-lepton selections after all requirements described in Sec. 5, except for
the one on the plotted variable which is indicated with an arrow instead. The expected SM backgrounds and two signal benchmarks are compared in the figure for
an integrated luminosity of 300 fb�1 at the 14 TeV LHC.

quark. The dominant tt̄ backgrounds have a second b-tagged
jet, with pT typically in excess of 50 GeV, whereas the signal
has only one top decay. The requirement that the scalar sum of
the transverse momenta of all the jets observed in the event be
lower than 150 GeV suppresses events with two real top quarks.
The final cut, following [43] is based on the following linear
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Figure 6: The invariant mass of the lepton and the leading b-tagged jet
(m(b1, `)) and of the leading light jet and the leading b-tagged jet (m(b1, j1))
are displayed for the lepton and hadronic decays of the H± in the tW channel.
For comparison also the distributions for t-channel production are shown. All
results correspond to m(H±) = 800 GeV and tan � = 20.

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 cut mT2 > 100 GeV reduces the background
from tt̄ production well below the irreducible tt̄+Z background.
This is shown in the right panel of Figure 5.

6. Results

On the basis of the selection criteria defined in the previous
section, we study the LHC sensitivity to the DMt signature for
an integrated luminosity of 300 fb�1 at

p
s = 14 TeV.

The total background in the one-lepton selection is approxi-
mately 25 events. More than half of the background contribu-
tion is coming from tt + V and tZ processes and the rest is due
to the contribution of top pairs (dileptonic decays) and single
top tW channel in an approximate ratio of 2 to 1. In the charged
Higgs mass range from 500 GeV to 1 TeV the acceptance for
signal events containing at least one lepton amounts to [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. For m(H±) between 300 GeV to 700 GeV the ac-
ceptance 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 [75] is used to derive
exclusion limits at 95% Confidence Level (CL). The statistical
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Results 2 - comparison with monoH
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2L channel
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Figure 15. 95% CL exclusion contours in our third and fourth benchmark scenario that follow
from a hypothetical h + ET,miss (orange regions) search with 300 fb

�1 of 13 TeV data. The solid
lines correspond to the limits obtained from gg production alone, while the dashed curves include
both the gg and b¯b initiated channel.

respectively. Notice that larger data sets will be most beneficial in our first and second
benchmark scenario in which sin ✓ is small. In these cases the resulting h+ET,miss

(h ! ��)

event rates are so low that the sensitivity in the mono-Higgs channel is limited largely by
statistics for 40 fb

�1 of luminosity.
As explained earlier in Section 3.3, we expect that forthcoming searches for spin-0

resonances in the ⌧+⌧� final state should allow to set relevant constraints on tan � in model
realisations with a light scalar H of mass MH < 2mt. In the case of our second benchmark
scenario this means that it should be possible to test and to exclude the parameter space
with tan � . O(1) and Ma & 210 GeV at LHC Run II. Such an exclusion would indeed
be precious, because as illustrated by the upper right panel of Figure 14, this part of the
Ma– tan � plane is notoriously difficult to constrain through ET,miss

searches.
Finally, let us comment on an effect already mentioned briefly in Sections 5.3 and 5.4.

In pseudoscalar extensions of the THDM that feature a tan � enhancement of the bottom-
quark Yukawa coupling it is possible in principle to obtain relevant contributions to mono-X
signals not only from the gg ! Z/h+ET,miss

transitions but also from the b¯b ! Z/h+ET,miss

channels. In Figure 13 only the model-independent contribution from gg production was
taken into account, because the exclusion bounds remain essentially unchanged if also the
b¯b-initiated channels are included.

With 300 fb

�1 of integrated luminosity this situation is however expected to change.
Searches for mono-Z signals, for example, should be able to exclude values of tan � & O(8)

for certain ranges of Ma in all four benchmarks. In the third and fourth benchmark scenario
there are particularly relevant changes to the projected sensitivity of mono-Higgs searches,
as illustrated in Figure 15. For MA = 500GeV (left panel) we observe that, after including

– 29 –
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Results 3 - dependence on m(a)

 16

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 [75] is used to derive
exclusion limits at 95% Confidence Level (CL). The statistical
analysis has been performed by employing the RooStat toolkit
[76]. The results are interpreted in terms of relevant parameters
defining the model, namely m(H±), m(a) and tan �. The masses
of the other Higgs bosons, except for the SM one, are set to the
mass of the charged Higgs.

1−10×5 1 2 3 4 5 6 7 8 10 20 30 40
βtan

1

th
σ

 / 
ex

cl
σ

-1 = 14 TeV, 300 fbs )±m(a) = 150 GeV, m(A) = m(H) = m(H

) = 300  GeV±m(H
) = 400  GeV±m(H
) = 500  GeV±m(H

) = 700  GeV±m(H
) = 1000  GeV±m(H

(a)

m(a) [GeV]
50 100 150 200 250 300 350

th
σ

 / 
ex

cl
σ

1−10

1

10

-1 = 14 TeV, 300 fbs ) = 500 GeV± = 1, m(A) = m(H) = m(Hβtan

(b)

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 in (a) as a func-
tion of tan � for di↵erent m(H±) masses and m(a) = 150 GeV, and in (b) as
a function of m(a) for m(H±) = 500 GeV and tan � = 1. The reach assumes
300 fb�1 of 14 TeV LHC data and a systematic uncertainty of 20% (5%) on the
SM background (signal).

Given the relatively large irreducible background surviving
all the selections, the experimental sensitivity will be domi-
nantly determined by the systematic uncertainty on the esti-
mate of the SM backgrounds. Such uncertainty has two main
sources: the uncertainties a↵ecting the detector performance
such as the energy scale for hadronic jets and the identification
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Figure 8: Regions in the (m(H±), tan �) plane which can be excluded at 95% CL
through the one-lepton and two-lepton searches described in the text. The reach
assumes 300 fb�1 of 14 TeV LHC data and a systematic uncertainty of 20%
(5%) on the SM background (signal).

e�ciency for leptons, and, in addition, the uncertainties plagu-
ing the evaluation procedure for the background which typically
includes a mix of theoretical uncertainties on the MC modelling
of SM processes and uncertainties on the data-driven estimates
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. Since the present anal-
ysis does not select an extreme kinematic phase space for the
dominant tt̄Z background, it should be possible to control the
systematic uncertainties at the 10% to 30% level. In the follow-
ing, we will assume a 20% uncertainty on the backgrounds and,
furthermore, a 5% uncertainty on the signal, which accounts
for the impacto of scale and PDF variations on the signal mod-
elling.

Since the one-lepton and two-lepton analyses select two or-
thogonal event samples, they can be 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 correlated.

Figure 7a shows the exclusion limits obtained by the com-
bination of the one-lepton and two-lepton selections for di↵er-
ent charged Higgs masses as a function of tan �. The sensitiv-
ity trend closely follows the cross-section distribution shown
in Figure 3. The maximum of the sensitivity is found for
m(H±) = 500 GeV, while �excl/�th is relatively flat for masses
between 400 GeV and 700 GeV. In Figure 7b we instead show
the exclusion limits as a function of the light pseudoscalar mass
for m(H±) and tan � set to 500 GeV and 1 respectively. One
observes that the sensitivity is relatively flat for m(a) values be-
tween 50 GeV and 200 GeV, and that for the chosen parame-
ters �excl/�th < 1 for m(a) . 300 GeV.

7
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★ tW+DM signature probes a large slice of 2HDM 
paramter space, complementary to DM+X signatures. 

★ Nice example of a case where examining  an UV 
complete extension of the simplified model  suggests 
a signature missing from LHC searches. 

★ Looking forward now to dedicated searches from 
the experimental collaborations!

Conclusions
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