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Kinematic distributions give information beyond EFT. 9
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Figure 4. /ET distributions in the t-channel model. The di↵erent topologies are stacked to combine to the
total rate given in Fig. 3.

production, /ET ⇡ pT,j1 . In Fig. 4 we show stacked histograms for /ET split by tree-level topologies:
mediator pair production (dashed green), single-resonant production contribution (dashed blue),
and the full mono-jet channel (solid blue), for a selection of mũ and m� values.

The distributions for a moderate mediator mass of mũ = 1 TeV are shown in the left panels.
Here, the mediator will be copiously produced on-shell, leading to a distinctive /ET dependence:
while the resonant contributions peak for large values /ET . mũ/2, the generic t-channel contribu-
tions prefer low /ET values. Requiring a sizeable /ET then causes a larger reduction of the t-channel
cross section, extending the region of dominant resonant production shown in Fig. 3. For larger
values of the mediator masses, also shown in Fig. 4, this distinctive t-channel versus resonant cross
section behavior is further enhanced. However, given the much faster decoupling pattern of the
resonant processes, both the cross section rate and the /ET distribution are eventually dominated
by the generic t-channel contributions.

Finally, in Fig. 4 we also show the EFT results, as defined in Eq.(19). Its cross section de-
pendence on /ET is similar to the generic t-channel contributions in the simplified model. The
single-resonant contributions are formally included, but implicitly suppressed. Therefore, regard-
less of the agreement in the inclusive cross section prediction, the EFT will only approximate the
/ET distribution of the full model for regions with generic t-channel dominance, i.e. in the right
panels in Fig. 4. Realistic mono-jet LHC searches require large /ET , pushing the region where the
EFT gives a good LHC description to very heavy mediator masses.
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Figure 4. /ET distributions in the t-channel model. The di↵erent topologies are stacked to combine to the
total rate given in Fig. 3.

production, /ET ⇡ pT,j1 . In Fig. 4 we show stacked histograms for /ET split by tree-level topologies:
mediator pair production (dashed green), single-resonant production contribution (dashed blue),
and the full mono-jet channel (solid blue), for a selection of mũ and m� values.

The distributions for a moderate mediator mass of mũ = 1 TeV are shown in the left panels.
Here, the mediator will be copiously produced on-shell, leading to a distinctive /ET dependence:
while the resonant contributions peak for large values /ET . mũ/2, the generic t-channel contribu-
tions prefer low /ET values. Requiring a sizeable /ET then causes a larger reduction of the t-channel
cross section, extending the region of dominant resonant production shown in Fig. 3. For larger
values of the mediator masses, also shown in Fig. 4, this distinctive t-channel versus resonant cross
section behavior is further enhanced. However, given the much faster decoupling pattern of the
resonant processes, both the cross section rate and the /ET distribution are eventually dominated
by the generic t-channel contributions.

Finally, in Fig. 4 we also show the EFT results, as defined in Eq.(19). Its cross section de-
pendence on /ET is similar to the generic t-channel contributions in the simplified model. The
single-resonant contributions are formally included, but implicitly suppressed. Therefore, regard-
less of the agreement in the inclusive cross section prediction, the EFT will only approximate the
/ET distribution of the full model for regions with generic t-channel dominance, i.e. in the right
panels in Fig. 4. Realistic mono-jet LHC searches require large /ET , pushing the region where the
EFT gives a good LHC description to very heavy mediator masses.

9

50 300 500 700
�

��ET [GeV]

10�5

10�4

10�3

10�2

d�
pp

!
�
�
j/

d �
�� E

T
[p

b]

EFT

simp.total

simp.single

m� = 100 GeV
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Figure 4. /ET distributions in the t-channel model. The di↵erent topologies are stacked to combine to the
total rate given in Fig. 3.

production, /ET ⇡ pT,j1 . In Fig. 4 we show stacked histograms for /ET split by tree-level topologies:
mediator pair production (dashed green), single-resonant production contribution (dashed blue),
and the full mono-jet channel (solid blue), for a selection of mũ and m� values.

The distributions for a moderate mediator mass of mũ = 1 TeV are shown in the left panels.
Here, the mediator will be copiously produced on-shell, leading to a distinctive /ET dependence:
while the resonant contributions peak for large values /ET . mũ/2, the generic t-channel contribu-
tions prefer low /ET values. Requiring a sizeable /ET then causes a larger reduction of the t-channel
cross section, extending the region of dominant resonant production shown in Fig. 3. For larger
values of the mediator masses, also shown in Fig. 4, this distinctive t-channel versus resonant cross
section behavior is further enhanced. However, given the much faster decoupling pattern of the
resonant processes, both the cross section rate and the /ET distribution are eventually dominated
by the generic t-channel contributions.

Finally, in Fig. 4 we also show the EFT results, as defined in Eq.(19). Its cross section de-
pendence on /ET is similar to the generic t-channel contributions in the simplified model. The
single-resonant contributions are formally included, but implicitly suppressed. Therefore, regard-
less of the agreement in the inclusive cross section prediction, the EFT will only approximate the
/ET distribution of the full model for regions with generic t-channel dominance, i.e. in the right
panels in Fig. 4. Realistic mono-jet LHC searches require large /ET , pushing the region where the
EFT gives a good LHC description to very heavy mediator masses.
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A framework for LHC searches for Dark Matter: 

L = M2a2 + g�a �̄�5 �+ gqa q̄�5 q

Keep the mediator as explicit degree of freedom: 
Different experimental signatures
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A framework for LHC searches for Dark Matter: 

L = M2a2 + g�a �̄�5 �+ gqa q̄�5 q

Keep the mediator as explicit  degree of freedom: 
Different experimental signatures

g

jet

�

�
g

a
g �

�
g

a

Z

/ ↵s

4⇡
yt gt s

0 / ↵s

4⇡
yt gt log

2

✓
s

m2
t

◆

Simplified Models



A framework for LHC searches for Dark Matter: 
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This situation is not unheard of!   
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This situation is not unheard of!   

Unitarity 
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This situation is not unheard of!   
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This situation is not unheard of!   

Unitarity 
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Pion-Pion scattering …saved by QCD!
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What cures the non-unitarity in simplified 
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What cures the non-unitarity in simplified 
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This coupling only exists in two Higgs doublet 
models!

L = M2a2 + g�a �̄�5 �+ gqa q̄�5 q



A two Higgs doublet model with a pseudoscalar 
mediator

A Consistent Simplified Model

L 3 Yd Q̄H1dR + Yu Q̄H2uR + ibP P H†
1H2 � y�P �̄i�5�+ h.c.

SM DM

q, `, Z,W±,
g, �

PH1, H2 �

[MB, Haisch, Kahlhoefer, 1701.07427]
[Gonzalves, Machado, No, 1611.04593]

[Bell, Busoni, Sanderson, 1612.03475]



A two Higgs doublet model with a pseudoscalar 
mediator

A Consistent Simplified Model

L 3 Yd Q̄H1dR + Yu Q̄H2uR + ibP P H†
1H2 � y�P �̄i�5�+ h.c.

Two Higgs doublets plus a pseudoscalar mediator 
imply five physical spin 0 fields 

h H H± A a

mostly  SM Higgs  P

Pseudoscalar 
Mixing angle ✓

fixes scalar mixing angle



A Consistent Simplified Model

Other important parameters: 

tan� =
v2
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• Ratio of vacuum expectation 
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Controls the production 
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Masses are constrained by flavour
b s
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Corrections to W and Z masses
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MH± ⇡ MHMH± ⇡ MA or
and MA < 1TeV

Flavour and Electroweak Constraints

Extra states are important

Higgs couplings

-��� ��� ��� ��� ���

��-�

�

��

���

��-�

�

��

���

���[β-α]

��
�
β

cos(� � ↵) ⇡ 0



aχχ

bb

τ+τ -
cc

gg

W+W-

ZZ

80 100 120 140
10-2

0.05

0.10

0.50

1

Ma [GeV]

B
r(
h
→
X
)

mχ = 1 GeV

aχχ

bb

τ+τ -
cc

gg

W+W-

ZZabb

80 100 120 140
10-2

0.05

0.10

0.50

1

Ma [GeV]

B
r(
h
→
X
)

mχ = 20 GeV

Figure 2. Branching ratios of the lighter scalar h as a function of the pseudoscalar mass Ma for
two different choices of m� as indicated in the headline of the plots. The other relevant parameters
have been set to MH±

= 750GeV, tan � = 1, sin ✓ = 1/
p

2, �3 = 1 and y� = 1.

with

f(⌧) = ⌧ arctan

2

✓
1p

⌧ � 1

◆
. (4.3)

For small tan � and non-zero values of sin ✓ the couplings of a to DM and top quarks
dominant over all other couplings. As a result, the decay pattern of a is in general very
simple. This is illustrated in the panels of Figure 1 for two different choices of parameter
sets. The left panel shows the situation for a very light DM particle with m� = 1 GeV.
One observes that below the t¯t threshold one has Br (a ! ��̄) = 100% while for Ma > 2mt

both decays to DM and top-quarks pairs are relevant. In fact, sufficiently far above the t¯t

threshold one obtains Br (a ! ��̄) /Br (a ! t¯t) ' 0.7y2� tan

2 �/ tan

2 ✓ independent of the
specific realisation of the Yukawa sector. In the right panel we present our results for a DM
state of m� = 100GeV. In this case we see that below the ��̄ threshold the pseudoscalar a

decays dominantely into bottom-quark pairs but that also the branching ratios to taus and
gluons exceed the percent level. Compared to the left plot one also observes that in the
right plot the ratio Br (a ! ��̄) /Br (a ! t¯t) is significantly larger for Ma > 2mt due to the
different choice of sin ✓.

4.2 Lighter scalar h

For sufficiently heavy pseudoscalars a the decay pattern of h resembles that of the SM Higgs
boson in the alignment/decoupling limit. For Ma < Mh/2 on the other hand decays to two
real a mediators are possible. The corresponding partial decay width reads

� (h ! aa) =

1

32⇡

�
2M2

H± � 2M2

a � �
3

v2
�
2

Mhv2
�a/h sin

4 ✓ . (4.4)

– 9 –

Decays into off-shell mediators important.  
Remains SM-like for Ma > 110 GeV 

MH± = 750GeV

tan� = 1

sin ✓ = 0.5

�3 = 1

y� = 1

The SM-like scalar h



The heavy scalar H
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Figure 3. Branching ratios of the heavier scalar H as a function of Ma for two different choices of
MH , sin ✓ and �P as indicated in the headline of the plots. The other input parameters are set to
MH±

= MA = 750GeV, tan � = 1 and �7 = 1.

with
�(m

1

, m
2

, m
3

) =

�
m2

1

� m2

2

� m2

3

�
2 � 4m2

2

m2

3

, (4.8)

characterising the two-body phase space for three massive particles. At the one-loop level
the heavier scalar H can in addition decay to gluons and other gauge bosons, but the
associated branching ratios are very suppressed and have no impact on our numerical results.

The dominant branching ratios of H as a function of Ma are displayed in Figure 3 for
two benchmark parameter sets. In the left panel the case of a scalar H with MH = 750GeV

is shown. In this case one observes that for Ma . 350 GeV the decay mode H ! aZ has
the largest branching ratio, while for heavier a the H ! t¯t channel represents the leading
decay. Notice that for model realisations where the decay channel H ! aZ dominates,
interesting mono-Z signatures can be expected, as emphasised recently in [36, 37]. We will
come back to this point in Section 5. The decay pattern of H is however rather model
dependent, and for smaller values of MH also the decay channel H ! aa can become
relevant. This feature is illustrated on the right-hand side of the figure. In fact, for smaller
values of sin ✓ and larger values of the quartic coupling �P the branching ratio of H ! aa

can be enhanced relative to H ! aZ branching ratio. This behaviour is easy to understood
from the expressions given in (4.7) which imply that in the large MH and small sin ✓ limit
one has � (H ! aa) / v2/MH�P and � (H ! aZ) / MH sin

2 ✓. The appearance of �P in
the former relation motivates in hindsight the inclusion of the quartic portal interaction in
the scalar potential (3.1).

4.4 Heavier pseudoscalar A

For MA > Ma and assuming that decays to H are kinematically inaccessible, the pseu-
doscalar A can only decay to DM, SM fermions and the ah final state at tree level. In the

– 11 –

Large Branching ratio into H → aZ :  
promising Mono-Z signal

MH± = 750GeV

tan� = 1

�3 = 1
y� = 1

m� = 1GeV

MA = 750GeV



The heavy scalar A
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Figure 4. Branching ratios of the heavier pseudoscalar A as a function of Ma for two different
choices of MA and sin ✓ as indicated in the headline of the plots. The other parameter choices are
MH±

= MH = 750GeV, tan � = 1, �3 = 1, y� = 1 and m� = 1GeV.

alignment/decoupling limit the corresponding partial decay widths take the form

� (A ! ��̄) =

y2�
8⇡

MA��/A sin

2 ✓ ,

�

�
A ! f ¯f

�
=

Nf
c

�
⇠Mf

�
2

8⇡

m2

f

v2
MA�f/A cos

2 ✓ ,

� (A ! ah) =

1

16⇡

�1/2
(MA, Ma, Mh)

�
2M2

H± � M2

A � M2

a � �
3

v2
�
2

M3

Av2
sin

2 ✓ cos

2 ✓ ,

(4.9)

with the two-body phase-space function �(m
1

, m
2

, m
3

) defined in (4.8). Like in the case
of H all loop-induced decays of the heavier pseudoscalar A are highly suppressed and can
be neglected for all practical purposes.

In Figure 4 we present our results for the branching ratios of the pseudoscalar A as a
function of Ma for two different parameter choices. The left panel illustrates the case MA =

750 GeV and one sees that for such an A the branching ratios are all above 10% and the
hierarchy Br (A ! ah) > Br (A ! t¯t) > Br (A ! ��̄) is observed for Ma . 200 GeV. As
shown on the right-hand side of the figure, this hierarchy not only remains intact but is even
more pronounced for a moderately heavy A until the threshold Ma = MA �Mh is reached.
For larger Ma values only decays to ��̄ and t¯t final states matter and the ratio of their
branching ratios is approximately given by Br (A ! ��̄) /Br (A ! t¯t) ' 0.9y2� tan

2 � tan

2 ✓

irrespectively of the particular Yukawa assignment. Notice that a sizeable A ! ah branch-
ing ratio is a generic prediction in the THDM plus pseudoscalar extensions with small tan �,
since the charged Higgs has to be quite heavy in this case in order to avoid the bounds from
B ! Xs� and/or Bs-meson mixing. Since a ! ��̄ is typically the dominant decay mode
of the lighter pseudoscalar a, appreciable mono-Higgs signals are hence a firm prediction

– 12 –

MH± = 750GeV

tan� = 1

�3 = 1
y� = 1

m� = 1GeV

MH = 750GeV

large Branching ratio A → ah :  promising 
Mono-h signal
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Figure 1. Branching ratios of the lighter pseudoscalar a as a function of its mass for two different
choices of sin ✓ and m� as indicated in the headline of the plots. The other relevant parameters
have been set to tan � = 1 and y� = 1.

4 Partial decay widths and branching ratios

This section is devoted to the discussion of the partial decay widths and the branching
ratios of the neutral scalars arising in the simplified DM model introduced in Section 2. For
concreteness we will focus on the alignment/decoupling limit of the theory and pay special
attention to the parameter space with a light DM, small values of tan � and scalar spectra
where the new pseudoscalar a and the scalar h are the lightest degrees of freedom.

4.1 Lighter pseudoscalar a

As a result of CP conservation the field a has no couplings of the form aW+W�, aZZ

and ahh. In contrast the ahZ vertex is allowed by CP symmetry but vanishes in the
alignment/decoupling limit. At tree level the pseudoscalar a can thus only decay into DM
particles and SM fermions. The corresponding partial decay widths are given by

� (a ! ��̄) =

y2�
8⇡

Ma��/a cos

2 ✓ , �

�
a ! f ¯f

�
=

Nf
c

�
⇠Mf

�
2

8⇡

m2

f

v2
Ma�f/a sin

2 ✓ , (4.1)

where �i/a =

p
1 � ⌧i/a is the velocity of the particle i in the rest frame of the final-state

pair and we have defined ⌧i/a = 4m2

i /M
2

a . Furthermore Nf
c = 3 (1) denotes the relevant

colour factor for quarks (leptons) and the explicit expressions for the couplings ⇠Mf can be
found in (3.3). At the loop level the pseudoscalar a can also decay to gauge bosons. The
largest partial decay width is the one to gluon pairs. It takes the form

� (a ! gg) =

↵2

s

32⇡3v2
M3

a

���
X

q=t,b,c

⇠Mq f(⌧q/a)
���
2

sin

2 ✓ , (4.2)
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The light mediator a



The presence of extra states imply different 
experimental search strategies 
Initial state radiation hierarchy :  
Mono-jet         >          Mono-photon          >       Mono-Z2 Figure
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Figure 2. 95% CL exclusion regions in Mmed � mDM plane for di↵erent /ET based DM searches
from CMS in the lepto-phobic AV and V models. It should be noted that the exclusion regions and
relic density contours in this plot are not applicable to other choices of coupling values or models.
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Figure 3. A comparison of CMS results to the mDM–�SD plane. Unlike in the mass-mass plane, the
limits are shown at 90% CL. The CMS contour in the SD plane is for an Axial Vector mediator,
Dirac DM and couplings gq = 0.25 and gDM = 1. The SD exclusion contour is compared with
limits from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the Super-
Kamiokande limit for the bb̄ annihilation channel. It should be noted that the CMS limits do not
include a constraint on the relic density and also the absolute exclusion of the di↵erent CMS searches
as well as their relative importance will strongly depend on the chosen coupling and model scenario.
Therefore, the shown CMS exclusion regions in this plot are not applicable to other choices of
coupling values or models.
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Figure 10. Examples of diagrams that lead to a W + ET,miss signature through the exchange of
a charged Higgs H± and a lighter pseudoscalar a in the THDM plus pseudoscalar extension.

0.17 pb (�
�
g¯b ! H+

¯t
� ' 0.04 pb) and � (gg ! H+

¯tb) ' 0.10 pb (� (gg ! H+

¯tb) ' 0.02 pb)
using tan � = 1 and MH± = 500 GeV (MH± = 750 GeV). Given the small H± production
cross section in gb and gg fusion, we expect that searches for a Wt+ET,miss

or a Wtb+ET,miss

signal will in practice provide no relevant constraint in the small tan � regime.

6 Numerical results

The numerical results of our mono-X analyses are presented in this section. After a brief
description of the signal generation and the background estimates, we first study the impact
of interference effects between the a and A contributions to the j+��̄ and t¯t+��̄ channels.
Then the constraints on the parameter space of the THDM plus pseudoscalar extensions
are derived for several well-motivated benchmark scenarios. In the case of the mono-Z and
mono-Higgs searches we also discuss the LHC Run II reach in some detail.

6.1 Signal generation

The starting point of our MC simulations is a UFO implementation [96] of the simpli-
fied model as described in Section 2. This implementation has been obtained by means
of the FeynRules 2 [97] and NLOCT [98] packages. The generation of the j + ET,miss

,
Z + ET,miss

(Z ! `+`�) and h + ET,miss

(h ! ��) signal samples is performed at lead-
ing order (LO) with MadGraph5_aMC@NLO [99] using PYTHIA 8.2 [100] for showering and
NNPDF2.3 [101] as parton distribution functions. The whole MC chain is steered with
CheckMATE 2 [102] which itself employs FastJet [103] to reconstruct hadronic jets and
Delphes 3 [104] as a fast-detector simulation. The results of the CheckMATE 2 analyses
have been validated against MadAnalysis 5 [105, 106]. The selection requirements im-
posed in our analyses resemble those used in the recent LHC mono-jet [22], mono-Z [28]
and mono-Higgs [34] search, respectively. For what concerns our t¯t + ET,miss

(t ! `b⌫)

recast we rely on the results of the sensitivity study [94]. In this analysis the DM signal has
been simulated at next-to-leading order (NLO) with MadGraph5_aMC@NLO and PYTHIA 8.2
using a FxFx NLO jet matching prescription [107] and the final-state top quarks have been
decayed with MadSpin [108].

6.2 Background estimates

For the j+ET,miss

, Z+ET,miss

(Z ! `+`�) and h+ET,miss

(h ! ��) recasts our background
estimates rely on the background predictions obtained in the 13 TeV LHC analyses [22], [28]
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production cross sections �(pp ! H+) = 0.2� 1 fb
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�(pp ! A) = 0.3� 3.1 pb
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Figure 6. Examples of diagrams that give rise to a j + ET,miss signature through the exchange of
a lighter pseudoscalar a. Graphs involving a heavier pseudoscalar A also contribute to the signal
in the pseudoscalar extensions of the THDM but are not shown explicitly.

Here g� (gq) denotes the DM-mediator (universal quark-mediator) coupling in the corre-
sponding DMF spin-0 simplified model. Notice that the above relation is largely indepen-
dent of the choice of Yukawa sector as long as tan � = O(1) since bottom-quark loops
have only an effect of a few percent on the j + ET,miss

distributions (see for instance [90]
for a related discussion in the context of Higgs physics). Using the approximation (5.1)
it is straightforward to recast existing mono-jet results on the DMF pseudoscalar model
such as those given in [23] into the THDM plus pseudoscalar model space. The numerical
results presented in the next section however do not employ any approximation since they
are based on a calculation of the j + ET,miss

cross sections including both top-quark and
bottom-quark loops as well as the exchange of both a and A mediators.

5.2 tt̄/bb̄ + ET,miss channels

A second channel that is known to be a sensitive probe of top-philic pseudoscalars with
large invisible decay widths is associated production of DM and t¯t pairs [39, 86, 89, 91–94].
Figure 7 displays examples of tree-level diagrams that give rise to a t¯t + ET,miss

signature
in the pseudoscalar extensions of the THDM model.

In the case that A is again much heavier than a, the signal strength for t¯t + ET,miss

in
our simplified model can be obtained from the prediction in the DMF pseudoscalar scenario
from a rescaling relation analogous to the one shown in (5.1). Using such a simple recasting
procedure we find that the most recent ATLAS [24] and CMS searches for t¯t + ET,miss

[25]
that are based on 13.2 fb

�1 and 2.2 fb

�1 of 13 TeV LHC data, respectively, only allow to
set very weak bounds on tan �. For instance for Ma = 100GeV, y� = 1 and m� = 1GeV a
lower limit of tan � & 0.2 is obtained. The t¯t + ET,miss

constraints on the parameter space
of the pseudoscalar extensions of the THDM are however expected to improve notably at
forthcoming LHC runs. The numerical results that will be presented in Section 6.4 are based
on the search strategy developed recently in [94] which employs a shape fit to the difference
in pseudorapidity of the two charged leptons in the di-leptonic channel of t¯t + ET,miss

.
Besides t¯t+ET,miss

also b¯b+ET,miss

production [91, 92] has been advocated as a sensitive
probe of spin-0 portal couplings to heavy quarks. Recasting the most recent 13 TeV LHC
b¯b + ET,miss

searches [26, 27] by means of a simple rescaling similar to (5.1) we find that
no relevant bound on the parameter space of our simplified model can be derived unless
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Figure 7. Two possible diagrams that give rise to a t¯t + ET,miss signal. Graphs with both an
exchange of an a and A contribute in the THDM plus pseudoscalar extensions but only the former
are displayed.

the ab¯b coupling is significantly enhanced. From (3.3) we see that such an enhancement
can only arise in THDMs of type II and IV, while it is not possible for the other Yukawa
assignments. Since in the limit of large tan � also direct searches for the light pseudoscalar a

in final states containing bottom quarks or charged leptons are relevant (and naively even
provide the leading constraints) we do not consider the b¯b+ET,miss

channel in what follows,
restricting our numerical analysis to the parameter space with small tan �.

5.3 Mono-Z channel

A mono-X signal that is strongly suppressed in the case of the spin-0 DMF models [88]
but will turn out to be relevant in our simplified DM scenario is the mono-Z channel [21].
A sample of one-loop diagrams that lead to such a signature are displayed in Figure 8.
Notice that the left diagram in the figure allows for resonant Z + ��̄ production through
a HaZ vertex for a sufficiently heavy scalar H. Unlike the graph on the right-hand side it
has no counterpart in the spin-0 DMF simplified models.

As first emphasised in [20] the appearance of the contribution with virtual H and a

exchange not only enhances the mono-Z cross section compared to the spin-0 DMF models,
but also leads to quite different kinematics in Z + ��̄ production. In fact, for masses
MH > Ma + MZ the predicted ET,miss

spectrum turns out to be peaked at

Emax

T,miss

' �1/2
(MH , Ma, MZ)

2MH
, (5.2)

where the two-body phase-space function �(m
1

, m
2

, m
3

) has been defined in (4.10). Denot-
ing the lower experimental requirement on ET,miss

in a given mono-Z search by Ecut

T,miss

the
latter result can be used to derive a simple bound on MH for which a significant fraction
of the total cross section will pass the cut. We obtain the inequality

MH & Ma +

q
M2

Z +

�
Ecut

T,miss

�
2

. (5.3)

Given that in the latest mono-Z analyses [28–30] selection cuts of Ecut

T,miss

' 100 GeV are
imposed it follows that the scalar H has to have a mass of MH ' 500 GeV if one wants to
be sensitive to pseudoscalars a with masses up to the t¯t threshold Ma ' 350 GeV.
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and [34], respectively. The given background numbers correspond to 3.2 fb

�1, 13.3 fb

�1,
2.3 fb

�1 and we extrapolate them to 40 fb

�1 of integrated luminosity to be able to assess
the near-term reach of the different mono-X channels. Our extrapolations assume that
while the relative systematic uncertainties remain the same, the relative statistical errors
scale as 1/

p
L with luminosity L. Depending on the signal region the relative systematic

uncertainties amount to around 4% to 9% in the case of the mono-jet search, about 7% for
the mono-Z analysis and approximately 20% for the mono-Higgs channel.

Since the mono-jet search is already limited by systematic uncertainties with 40 fb

�1

its constraining power will depend sensitively on the assumption about the systematic
uncertainty on the associated irreducible SM background. This feature should be kept in
mind when comparing the different exclusion contours presented below, because a better
understanding of the backgrounds can have a visible impact on the obtained results. Since
the t¯t + ET,miss

(t ! `b⌫) search will still be statistically limited for 40 fb

�1 of luminosity,
we base our forecast in this case on a data set of 300 fb

�1 assuming that the relevant SM
background is known to 20%. In the mono-Z and mono-Higgs cases we will present below,
besides 40 fb

�1 projections, results for 100 fb

�1 and 300 fb

�1 of data. From these results
one can assess if the existing Z +ET,miss

and h+ET,miss

search strategies will at some point
become systematics limited in LHC Run II.

6.3 Interference effects

Our simplified model contains two pseudoscalar mediators a and A that are admixtures
of the neutral CP-odd weak eigenstates entering (2.1) and (2.2). In mono-jet production
the two contributions interfere and the resulting LO matrix element takes the following
schematic form

M (pp ! j + ��̄) / 1

m2

��̄ � M2

a � iMa�a
� 1

m2

��̄ � M2

A � iMA�A
, (6.1)

where m��̄ denotes the invariant mass of the DM pair and �a and �A are the total decay
widths of the two pseudoscalar mass eigenstates. The same results hold for instance also
in the case of the pp ! t¯t + ��̄ amplitude. Notice that the contributions from virtual a

and A exchange have opposite signs in (6.1) resulting from the transformation from the
weak to the mass eigenstate basis. Such a destructive interference of two contributions
also appears in fermion scalar singlet models with Higgs mixing and has there shown to be
phenomenologically relevant [109–113].

The impact of interference effects on the predictions of the mono-jet and t¯t + ET,miss

cross sections is illustrated in Figure 11 for three different values of the mass of the pseu-
doscalar A. Both plots display partonic LO results at 13 TeV LHC energies. In the left panel
the basic selection requirements ET,miss

> 250 GeV and |⌘j | < 2.4 are imposed with ⌘j de-
noting the pseudorapidity of the jet, while in the right figure only the cut ET,miss

> 150 GeV

is applied. Focusing first on the cross sections for MA = 750GeV (red curves), one observes
that in this case interference effects do not play any role since the pseudoscalar A is too
heavy and effectively decouples. One also sees that at Ma ' 350 GeV the cross sections of
both mono-jet and t¯t + ET,miss

production are enhanced due to t¯t threshold effects. Notice
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Figure 7. Two possible diagrams that give rise to a t¯t + ET,miss signal. Graphs with both an
exchange of an a and A contribute in the THDM plus pseudoscalar extensions but only the former
are displayed.

the ab¯b coupling is significantly enhanced. From (3.3) we see that such an enhancement
can only arise in THDMs of type II and IV, while it is not possible for the other Yukawa
assignments. Since in the limit of large tan � also direct searches for the light pseudoscalar a

in final states containing bottom quarks or charged leptons are relevant (and naively even
provide the leading constraints) we do not consider the b¯b+ET,miss

channel in what follows,
restricting our numerical analysis to the parameter space with small tan �.

5.3 Mono-Z channel

A mono-X signal that is strongly suppressed in the case of the spin-0 DMF models [88]
but will turn out to be relevant in our simplified DM scenario is the mono-Z channel [21].
A sample of one-loop diagrams that lead to such a signature are displayed in Figure 8.
Notice that the left diagram in the figure allows for resonant Z + ��̄ production through
a HaZ vertex for a sufficiently heavy scalar H. Unlike the graph on the right-hand side it
has no counterpart in the spin-0 DMF simplified models.

As first emphasised in [20] the appearance of the contribution with virtual H and a

exchange not only enhances the mono-Z cross section compared to the spin-0 DMF models,
but also leads to quite different kinematics in Z + ��̄ production. In fact, for masses
MH > Ma + MZ the predicted ET,miss

spectrum turns out to be peaked at

Emax

T,miss

' �1/2
(MH , Ma, MZ)

2MH
, (5.2)

where the two-body phase-space function �(m
1

, m
2

, m
3

) has been defined in (4.10). Denot-
ing the lower experimental requirement on ET,miss

in a given mono-Z search by Ecut

T,miss

the
latter result can be used to derive a simple bound on MH for which a significant fraction
of the total cross section will pass the cut. We obtain the inequality

MH & Ma +

q
M2

Z +

�
Ecut

T,miss

�
2

. (5.3)

Given that in the latest mono-Z analyses [28–30] selection cuts of Ecut

T,miss

' 100 GeV are
imposed it follows that the scalar H has to have a mass of MH ' 500 GeV if one wants to
be sensitive to pseudoscalars a with masses up to the t¯t threshold Ma ' 350 GeV.
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Figure 6. Examples of diagrams that give rise to a j + ET,miss signature through the exchange of
a lighter pseudoscalar a. Graphs involving a heavier pseudoscalar A also contribute to the signal
in the pseudoscalar extensions of the THDM but are not shown explicitly.

Here g� (gq) denotes the DM-mediator (universal quark-mediator) coupling in the corre-
sponding DMF spin-0 simplified model. Notice that the above relation is largely indepen-
dent of the choice of Yukawa sector as long as tan � = O(1) since bottom-quark loops
have only an effect of a few percent on the j + ET,miss

distributions (see for instance [90]
for a related discussion in the context of Higgs physics). Using the approximation (5.1)
it is straightforward to recast existing mono-jet results on the DMF pseudoscalar model
such as those given in [23] into the THDM plus pseudoscalar model space. The numerical
results presented in the next section however do not employ any approximation since they
are based on a calculation of the j + ET,miss

cross sections including both top-quark and
bottom-quark loops as well as the exchange of both a and A mediators.

5.2 tt̄/bb̄ + ET,miss channels

A second channel that is known to be a sensitive probe of top-philic pseudoscalars with
large invisible decay widths is associated production of DM and t¯t pairs [39, 86, 89, 91–94].
Figure 7 displays examples of tree-level diagrams that give rise to a t¯t + ET,miss

signature
in the pseudoscalar extensions of the THDM model.

In the case that A is again much heavier than a, the signal strength for t¯t + ET,miss

in
our simplified model can be obtained from the prediction in the DMF pseudoscalar scenario
from a rescaling relation analogous to the one shown in (5.1). Using such a simple recasting
procedure we find that the most recent ATLAS [24] and CMS searches for t¯t + ET,miss

[25]
that are based on 13.2 fb

�1 and 2.2 fb

�1 of 13 TeV LHC data, respectively, only allow to
set very weak bounds on tan �. For instance for Ma = 100GeV, y� = 1 and m� = 1GeV a
lower limit of tan � & 0.2 is obtained. The t¯t + ET,miss

constraints on the parameter space
of the pseudoscalar extensions of the THDM are however expected to improve notably at
forthcoming LHC runs. The numerical results that will be presented in Section 6.4 are based
on the search strategy developed recently in [94] which employs a shape fit to the difference
in pseudorapidity of the two charged leptons in the di-leptonic channel of t¯t + ET,miss

.
Besides t¯t+ET,miss

also b¯b+ET,miss

production [91, 92] has been advocated as a sensitive
probe of spin-0 portal couplings to heavy quarks. Recasting the most recent 13 TeV LHC
b¯b + ET,miss

searches [26, 27] by means of a simple rescaling similar to (5.1) we find that
no relevant bound on the parameter space of our simplified model can be derived unless
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Figure 11. Predictions for the mono-jet (t¯t + ET,miss) cross section as a function of Ma for three
different values of MA. In the left (right) plot sin ✓ = 1/

p
2 (sin ✓ = 1/2) is used and the other

relevant parameters are tan � = 1, MH = MH±
= 750GeV, �3 = �P1 = �P2 = 0, y� = 1 and

m� = 1 GeV. The shown results correspond to 13 TeV pp collisions and employ minimal sets of
cuts as explained in the main text.

furthermore that the enhancement is more pronounced for the j + ET,miss

signal because
the top-quark loops develop an imaginary piece once the internal tops can go on-shell.

The results for MA = 500GeV (green curves) resemble closely those for MA = 750GeV

until Ma ' MA � Mh ' 375 GeV at which point one observes an enhancement of the
rates compared to the case of very heavy A. This feature is a consequence of the fact
that for Ma < MA � Mh the A ! ah channel is the dominant decay mode of A, as
can be seen from the right plot in Figure 4. For larger masses of a the phase space of
A ! ah closes and in turn BR (A ! ��̄) increases. This leads to constructive interference
between the two terms in (6.1) until Ma ' MA = 500GeV where the interference becomes
destructive. Notice furthermore that the same qualitative explanations apply to the case
of MA = 300 GeV (blue curves) where the constructive and destructive interference takes
place at Ma ' MA � Mh ' 175 GeV and Ma ' MA = 300GeV, respectively. Comparing
the left and right panel of Figure 11, one finally sees that the observed interference pattern
is at the qualitative level independent of the choice of sin ✓.

6.4 Summary plots

Below we study four different benchmark scenarios that exemplify the rich ET,miss

phe-
nomenology of the simplified DM model introduced in Section 2. Throughout our analysis
we work in the alignment/decoupling limit, adopting the parameters MH± = 750 GeV,
�
3

= �P1

= �P2

= 0, y� = 1 and m� = 1GeV and consider a Yukawa sector of type II.
The shown results however also hold in the case of the other Yukawa sectors (2.4) since for
tan � = O(1) effects of bottom-quark loops in mono-jet, mono-Z and mono-Higgs produc-
tion amount to corrections of a few percent only. The model-dependent contributions from
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and [34], respectively. The given background numbers correspond to 3.2 fb

�1, 13.3 fb

�1,
2.3 fb

�1 and we extrapolate them to 40 fb

�1 of integrated luminosity to be able to assess
the near-term reach of the different mono-X channels. Our extrapolations assume that
while the relative systematic uncertainties remain the same, the relative statistical errors
scale as 1/

p
L with luminosity L. Depending on the signal region the relative systematic

uncertainties amount to around 4% to 9% in the case of the mono-jet search, about 7% for
the mono-Z analysis and approximately 20% for the mono-Higgs channel.

Since the mono-jet search is already limited by systematic uncertainties with 40 fb

�1

its constraining power will depend sensitively on the assumption about the systematic
uncertainty on the associated irreducible SM background. This feature should be kept in
mind when comparing the different exclusion contours presented below, because a better
understanding of the backgrounds can have a visible impact on the obtained results. Since
the t¯t + ET,miss

(t ! `b⌫) search will still be statistically limited for 40 fb

�1 of luminosity,
we base our forecast in this case on a data set of 300 fb

�1 assuming that the relevant SM
background is known to 20%. In the mono-Z and mono-Higgs cases we will present below,
besides 40 fb

�1 projections, results for 100 fb

�1 and 300 fb

�1 of data. From these results
one can assess if the existing Z +ET,miss

and h+ET,miss

search strategies will at some point
become systematics limited in LHC Run II.

6.3 Interference effects

Our simplified model contains two pseudoscalar mediators a and A that are admixtures
of the neutral CP-odd weak eigenstates entering (2.1) and (2.2). In mono-jet production
the two contributions interfere and the resulting LO matrix element takes the following
schematic form

M (pp ! j + ��̄) / 1

m2

��̄ � M2

a � iMa�a
� 1

m2

��̄ � M2

A � iMA�A
, (6.1)

where m��̄ denotes the invariant mass of the DM pair and �a and �A are the total decay
widths of the two pseudoscalar mass eigenstates. The same results hold for instance also
in the case of the pp ! t¯t + ��̄ amplitude. Notice that the contributions from virtual a

and A exchange have opposite signs in (6.1) resulting from the transformation from the
weak to the mass eigenstate basis. Such a destructive interference of two contributions
also appears in fermion scalar singlet models with Higgs mixing and has there shown to be
phenomenologically relevant [109–113].

The impact of interference effects on the predictions of the mono-jet and t¯t + ET,miss

cross sections is illustrated in Figure 11 for three different values of the mass of the pseu-
doscalar A. Both plots display partonic LO results at 13 TeV LHC energies. In the left panel
the basic selection requirements ET,miss

> 250 GeV and |⌘j | < 2.4 are imposed with ⌘j de-
noting the pseudorapidity of the jet, while in the right figure only the cut ET,miss

> 150 GeV

is applied. Focusing first on the cross sections for MA = 750GeV (red curves), one observes
that in this case interference effects do not play any role since the pseudoscalar A is too
heavy and effectively decouples. One also sees that at Ma ' 350 GeV the cross sections of
both mono-jet and t¯t + ET,miss

production are enhanced due to t¯t threshold effects. Notice
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Figure 6. Examples of diagrams that give rise to a j + ET,miss signature through the exchange of
a lighter pseudoscalar a. Graphs involving a heavier pseudoscalar A also contribute to the signal
in the pseudoscalar extensions of the THDM but are not shown explicitly.

Here g� (gq) denotes the DM-mediator (universal quark-mediator) coupling in the corre-
sponding DMF spin-0 simplified model. Notice that the above relation is largely indepen-
dent of the choice of Yukawa sector as long as tan � = O(1) since bottom-quark loops
have only an effect of a few percent on the j + ET,miss

distributions (see for instance [90]
for a related discussion in the context of Higgs physics). Using the approximation (5.1)
it is straightforward to recast existing mono-jet results on the DMF pseudoscalar model
such as those given in [23] into the THDM plus pseudoscalar model space. The numerical
results presented in the next section however do not employ any approximation since they
are based on a calculation of the j + ET,miss

cross sections including both top-quark and
bottom-quark loops as well as the exchange of both a and A mediators.

5.2 tt̄/bb̄ + ET,miss channels

A second channel that is known to be a sensitive probe of top-philic pseudoscalars with
large invisible decay widths is associated production of DM and t¯t pairs [39, 86, 89, 91–94].
Figure 7 displays examples of tree-level diagrams that give rise to a t¯t + ET,miss

signature
in the pseudoscalar extensions of the THDM model.

In the case that A is again much heavier than a, the signal strength for t¯t + ET,miss

in
our simplified model can be obtained from the prediction in the DMF pseudoscalar scenario
from a rescaling relation analogous to the one shown in (5.1). Using such a simple recasting
procedure we find that the most recent ATLAS [24] and CMS searches for t¯t + ET,miss

[25]
that are based on 13.2 fb

�1 and 2.2 fb

�1 of 13 TeV LHC data, respectively, only allow to
set very weak bounds on tan �. For instance for Ma = 100GeV, y� = 1 and m� = 1GeV a
lower limit of tan � & 0.2 is obtained. The t¯t + ET,miss

constraints on the parameter space
of the pseudoscalar extensions of the THDM are however expected to improve notably at
forthcoming LHC runs. The numerical results that will be presented in Section 6.4 are based
on the search strategy developed recently in [94] which employs a shape fit to the difference
in pseudorapidity of the two charged leptons in the di-leptonic channel of t¯t + ET,miss

.
Besides t¯t+ET,miss

also b¯b+ET,miss

production [91, 92] has been advocated as a sensitive
probe of spin-0 portal couplings to heavy quarks. Recasting the most recent 13 TeV LHC
b¯b + ET,miss

searches [26, 27] by means of a simple rescaling similar to (5.1) we find that
no relevant bound on the parameter space of our simplified model can be derived unless
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Figure 7. Two possible diagrams that give rise to a t¯t + ET,miss signal. Graphs with both an
exchange of an a and A contribute in the THDM plus pseudoscalar extensions but only the former
are displayed.

the ab¯b coupling is significantly enhanced. From (3.3) we see that such an enhancement
can only arise in THDMs of type II and IV, while it is not possible for the other Yukawa
assignments. Since in the limit of large tan � also direct searches for the light pseudoscalar a

in final states containing bottom quarks or charged leptons are relevant (and naively even
provide the leading constraints) we do not consider the b¯b+ET,miss

channel in what follows,
restricting our numerical analysis to the parameter space with small tan �.

5.3 Mono-Z channel

A mono-X signal that is strongly suppressed in the case of the spin-0 DMF models [88]
but will turn out to be relevant in our simplified DM scenario is the mono-Z channel [21].
A sample of one-loop diagrams that lead to such a signature are displayed in Figure 8.
Notice that the left diagram in the figure allows for resonant Z + ��̄ production through
a HaZ vertex for a sufficiently heavy scalar H. Unlike the graph on the right-hand side it
has no counterpart in the spin-0 DMF simplified models.

As first emphasised in [20] the appearance of the contribution with virtual H and a

exchange not only enhances the mono-Z cross section compared to the spin-0 DMF models,
but also leads to quite different kinematics in Z + ��̄ production. In fact, for masses
MH > Ma + MZ the predicted ET,miss

spectrum turns out to be peaked at

Emax

T,miss

' �1/2
(MH , Ma, MZ)

2MH
, (5.2)

where the two-body phase-space function �(m
1

, m
2

, m
3

) has been defined in (4.10). Denot-
ing the lower experimental requirement on ET,miss

in a given mono-Z search by Ecut

T,miss

the
latter result can be used to derive a simple bound on MH for which a significant fraction
of the total cross section will pass the cut. We obtain the inequality

MH & Ma +

q
M2

Z +

�
Ecut

T,miss

�
2

. (5.3)

Given that in the latest mono-Z analyses [28–30] selection cuts of Ecut

T,miss

' 100 GeV are
imposed it follows that the scalar H has to have a mass of MH ' 500 GeV if one wants to
be sensitive to pseudoscalars a with masses up to the t¯t threshold Ma ' 350 GeV.
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and [34], respectively. The given background numbers correspond to 3.2 fb

�1, 13.3 fb

�1,
2.3 fb

�1 and we extrapolate them to 40 fb

�1 of integrated luminosity to be able to assess
the near-term reach of the different mono-X channels. Our extrapolations assume that
while the relative systematic uncertainties remain the same, the relative statistical errors
scale as 1/

p
L with luminosity L. Depending on the signal region the relative systematic

uncertainties amount to around 4% to 9% in the case of the mono-jet search, about 7% for
the mono-Z analysis and approximately 20% for the mono-Higgs channel.

Since the mono-jet search is already limited by systematic uncertainties with 40 fb

�1

its constraining power will depend sensitively on the assumption about the systematic
uncertainty on the associated irreducible SM background. This feature should be kept in
mind when comparing the different exclusion contours presented below, because a better
understanding of the backgrounds can have a visible impact on the obtained results. Since
the t¯t + ET,miss

(t ! `b⌫) search will still be statistically limited for 40 fb

�1 of luminosity,
we base our forecast in this case on a data set of 300 fb

�1 assuming that the relevant SM
background is known to 20%. In the mono-Z and mono-Higgs cases we will present below,
besides 40 fb

�1 projections, results for 100 fb

�1 and 300 fb

�1 of data. From these results
one can assess if the existing Z +ET,miss

and h+ET,miss

search strategies will at some point
become systematics limited in LHC Run II.

6.3 Interference effects

Our simplified model contains two pseudoscalar mediators a and A that are admixtures
of the neutral CP-odd weak eigenstates entering (2.1) and (2.2). In mono-jet production
the two contributions interfere and the resulting LO matrix element takes the following
schematic form

M (pp ! j + ��̄) / 1

m2

��̄ � M2

a � iMa�a
� 1

m2

��̄ � M2

A � iMA�A
, (6.1)

where m��̄ denotes the invariant mass of the DM pair and �a and �A are the total decay
widths of the two pseudoscalar mass eigenstates. The same results hold for instance also
in the case of the pp ! t¯t + ��̄ amplitude. Notice that the contributions from virtual a

and A exchange have opposite signs in (6.1) resulting from the transformation from the
weak to the mass eigenstate basis. Such a destructive interference of two contributions
also appears in fermion scalar singlet models with Higgs mixing and has there shown to be
phenomenologically relevant [109–113].

The impact of interference effects on the predictions of the mono-jet and t¯t + ET,miss

cross sections is illustrated in Figure 11 for three different values of the mass of the pseu-
doscalar A. Both plots display partonic LO results at 13 TeV LHC energies. In the left panel
the basic selection requirements ET,miss

> 250 GeV and |⌘j | < 2.4 are imposed with ⌘j de-
noting the pseudorapidity of the jet, while in the right figure only the cut ET,miss

> 150 GeV

is applied. Focusing first on the cross sections for MA = 750GeV (red curves), one observes
that in this case interference effects do not play any role since the pseudoscalar A is too
heavy and effectively decouples. One also sees that at Ma ' 350 GeV the cross sections of
both mono-jet and t¯t + ET,miss

production are enhanced due to t¯t threshold effects. Notice
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Figure 7. Two possible diagrams that give rise to a t¯t + ET,miss signal. Graphs with both an
exchange of an a and A contribute in the THDM plus pseudoscalar extensions but only the former
are displayed.

the ab¯b coupling is significantly enhanced. From (3.3) we see that such an enhancement
can only arise in THDMs of type II and IV, while it is not possible for the other Yukawa
assignments. Since in the limit of large tan � also direct searches for the light pseudoscalar a

in final states containing bottom quarks or charged leptons are relevant (and naively even
provide the leading constraints) we do not consider the b¯b+ET,miss

channel in what follows,
restricting our numerical analysis to the parameter space with small tan �.

5.3 Mono-Z channel

A mono-X signal that is strongly suppressed in the case of the spin-0 DMF models [88]
but will turn out to be relevant in our simplified DM scenario is the mono-Z channel [21].
A sample of one-loop diagrams that lead to such a signature are displayed in Figure 8.
Notice that the left diagram in the figure allows for resonant Z + ��̄ production through
a HaZ vertex for a sufficiently heavy scalar H. Unlike the graph on the right-hand side it
has no counterpart in the spin-0 DMF simplified models.

As first emphasised in [20] the appearance of the contribution with virtual H and a

exchange not only enhances the mono-Z cross section compared to the spin-0 DMF models,
but also leads to quite different kinematics in Z + ��̄ production. In fact, for masses
MH > Ma + MZ the predicted ET,miss

spectrum turns out to be peaked at

Emax

T,miss

' �1/2
(MH , Ma, MZ)

2MH
, (5.2)

where the two-body phase-space function �(m
1

, m
2

, m
3

) has been defined in (4.10). Denot-
ing the lower experimental requirement on ET,miss

in a given mono-Z search by Ecut

T,miss

the
latter result can be used to derive a simple bound on MH for which a significant fraction
of the total cross section will pass the cut. We obtain the inequality

MH & Ma +

q
M2

Z +

�
Ecut

T,miss

�
2

. (5.3)

Given that in the latest mono-Z analyses [28–30] selection cuts of Ecut

T,miss

' 100 GeV are
imposed it follows that the scalar H has to have a mass of MH ' 500 GeV if one wants to
be sensitive to pseudoscalars a with masses up to the t¯t threshold Ma ' 350 GeV.
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Figure 6. Examples of diagrams that give rise to a j + ET,miss signature through the exchange of
a lighter pseudoscalar a. Graphs involving a heavier pseudoscalar A also contribute to the signal
in the pseudoscalar extensions of the THDM but are not shown explicitly.

Here g� (gq) denotes the DM-mediator (universal quark-mediator) coupling in the corre-
sponding DMF spin-0 simplified model. Notice that the above relation is largely indepen-
dent of the choice of Yukawa sector as long as tan � = O(1) since bottom-quark loops
have only an effect of a few percent on the j + ET,miss

distributions (see for instance [90]
for a related discussion in the context of Higgs physics). Using the approximation (5.1)
it is straightforward to recast existing mono-jet results on the DMF pseudoscalar model
such as those given in [23] into the THDM plus pseudoscalar model space. The numerical
results presented in the next section however do not employ any approximation since they
are based on a calculation of the j + ET,miss

cross sections including both top-quark and
bottom-quark loops as well as the exchange of both a and A mediators.

5.2 tt̄/bb̄ + ET,miss channels

A second channel that is known to be a sensitive probe of top-philic pseudoscalars with
large invisible decay widths is associated production of DM and t¯t pairs [39, 86, 89, 91–94].
Figure 7 displays examples of tree-level diagrams that give rise to a t¯t + ET,miss

signature
in the pseudoscalar extensions of the THDM model.

In the case that A is again much heavier than a, the signal strength for t¯t + ET,miss

in
our simplified model can be obtained from the prediction in the DMF pseudoscalar scenario
from a rescaling relation analogous to the one shown in (5.1). Using such a simple recasting
procedure we find that the most recent ATLAS [24] and CMS searches for t¯t + ET,miss

[25]
that are based on 13.2 fb

�1 and 2.2 fb

�1 of 13 TeV LHC data, respectively, only allow to
set very weak bounds on tan �. For instance for Ma = 100GeV, y� = 1 and m� = 1GeV a
lower limit of tan � & 0.2 is obtained. The t¯t + ET,miss

constraints on the parameter space
of the pseudoscalar extensions of the THDM are however expected to improve notably at
forthcoming LHC runs. The numerical results that will be presented in Section 6.4 are based
on the search strategy developed recently in [94] which employs a shape fit to the difference
in pseudorapidity of the two charged leptons in the di-leptonic channel of t¯t + ET,miss

.
Besides t¯t+ET,miss

also b¯b+ET,miss

production [91, 92] has been advocated as a sensitive
probe of spin-0 portal couplings to heavy quarks. Recasting the most recent 13 TeV LHC
b¯b + ET,miss

searches [26, 27] by means of a simple rescaling similar to (5.1) we find that
no relevant bound on the parameter space of our simplified model can be derived unless
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Figure 4. Branching ratios of the heavier pseudoscalar A as a function of Ma for two different
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MH±

= MH = 750GeV, tan � = 1, �3 = 1, y� = 1 and m� = 1GeV.

alignment/decoupling limit the corresponding partial decay widths take the form

� (A ! ��̄) =

y2�
8⇡

MA��/A sin

2 ✓ ,

�

�
A ! f ¯f

�
=

Nf
c

�
⇠Mf

�
2

8⇡
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f

v2
MA�f/A cos

2 ✓ ,

� (A ! ah) =

1

16⇡

�1/2
(MA, Ma, Mh)

�
2M2

H± � M2

A � M2

a � �
3

v2
�
2

M3

Av2
sin

2 ✓ cos

2 ✓ ,

(4.9)

with the two-body phase-space function �(m
1

, m
2

, m
3

) defined in (4.8). Like in the case
of H all loop-induced decays of the heavier pseudoscalar A are highly suppressed and can
be neglected for all practical purposes.

In Figure 4 we present our results for the branching ratios of the pseudoscalar A as a
function of Ma for two different parameter choices. The left panel illustrates the case MA =

750 GeV and one sees that for such an A the branching ratios are all above 10% and the
hierarchy Br (A ! ah) > Br (A ! t¯t) > Br (A ! ��̄) is observed for Ma . 200 GeV. As
shown on the right-hand side of the figure, this hierarchy not only remains intact but is even
more pronounced for a moderately heavy A until the threshold Ma = MA �Mh is reached.
For larger Ma values only decays to ��̄ and t¯t final states matter and the ratio of their
branching ratios is approximately given by Br (A ! ��̄) /Br (A ! t¯t) ' 0.9y2� tan

2 � tan

2 ✓

irrespectively of the particular Yukawa assignment. Notice that a sizeable A ! ah branch-
ing ratio is a generic prediction in the THDM plus pseudoscalar extensions with small tan �,
since the charged Higgs has to be quite heavy in this case in order to avoid the bounds from
B ! Xs� and/or Bs-meson mixing. Since a ! ��̄ is typically the dominant decay mode
of the lighter pseudoscalar a, appreciable mono-Higgs signals are hence a firm prediction
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Figure 11. Predictions for the mono-jet (t¯t + ET,miss) cross section as a function of Ma for three
different values of MA. In the left (right) plot sin ✓ = 1/

p
2 (sin ✓ = 1/2) is used and the other

relevant parameters are tan � = 1, MH = MH±
= 750GeV, �3 = �P1 = �P2 = 0, y� = 1 and

m� = 1 GeV. The shown results correspond to 13 TeV pp collisions and employ minimal sets of
cuts as explained in the main text.

furthermore that the enhancement is more pronounced for the j + ET,miss

signal because
the top-quark loops develop an imaginary piece once the internal tops can go on-shell.

The results for MA = 500GeV (green curves) resemble closely those for MA = 750GeV

until Ma ' MA � Mh ' 375 GeV at which point one observes an enhancement of the
rates compared to the case of very heavy A. This feature is a consequence of the fact
that for Ma < MA � Mh the A ! ah channel is the dominant decay mode of A, as
can be seen from the right plot in Figure 4. For larger masses of a the phase space of
A ! ah closes and in turn BR (A ! ��̄) increases. This leads to constructive interference
between the two terms in (6.1) until Ma ' MA = 500GeV where the interference becomes
destructive. Notice furthermore that the same qualitative explanations apply to the case
of MA = 300 GeV (blue curves) where the constructive and destructive interference takes
place at Ma ' MA � Mh ' 175 GeV and Ma ' MA = 300GeV, respectively. Comparing
the left and right panel of Figure 11, one finally sees that the observed interference pattern
is at the qualitative level independent of the choice of sin ✓.

6.4 Summary plots

Below we study four different benchmark scenarios that exemplify the rich ET,miss

phe-
nomenology of the simplified DM model introduced in Section 2. Throughout our analysis
we work in the alignment/decoupling limit, adopting the parameters MH± = 750 GeV,
�
3

= �P1

= �P2

= 0, y� = 1 and m� = 1GeV and consider a Yukawa sector of type II.
The shown results however also hold in the case of the other Yukawa sectors (2.4) since for
tan � = O(1) effects of bottom-quark loops in mono-jet, mono-Z and mono-Higgs produc-
tion amount to corrections of a few percent only. The model-dependent contributions from
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and [34], respectively. The given background numbers correspond to 3.2 fb

�1, 13.3 fb

�1,
2.3 fb

�1 and we extrapolate them to 40 fb

�1 of integrated luminosity to be able to assess
the near-term reach of the different mono-X channels. Our extrapolations assume that
while the relative systematic uncertainties remain the same, the relative statistical errors
scale as 1/

p
L with luminosity L. Depending on the signal region the relative systematic

uncertainties amount to around 4% to 9% in the case of the mono-jet search, about 7% for
the mono-Z analysis and approximately 20% for the mono-Higgs channel.

Since the mono-jet search is already limited by systematic uncertainties with 40 fb

�1

its constraining power will depend sensitively on the assumption about the systematic
uncertainty on the associated irreducible SM background. This feature should be kept in
mind when comparing the different exclusion contours presented below, because a better
understanding of the backgrounds can have a visible impact on the obtained results. Since
the t¯t + ET,miss

(t ! `b⌫) search will still be statistically limited for 40 fb

�1 of luminosity,
we base our forecast in this case on a data set of 300 fb

�1 assuming that the relevant SM
background is known to 20%. In the mono-Z and mono-Higgs cases we will present below,
besides 40 fb

�1 projections, results for 100 fb

�1 and 300 fb

�1 of data. From these results
one can assess if the existing Z +ET,miss

and h+ET,miss

search strategies will at some point
become systematics limited in LHC Run II.

6.3 Interference effects

Our simplified model contains two pseudoscalar mediators a and A that are admixtures
of the neutral CP-odd weak eigenstates entering (2.1) and (2.2). In mono-jet production
the two contributions interfere and the resulting LO matrix element takes the following
schematic form

M (pp ! j + ��̄) / 1

m2

��̄ � M2

a � iMa�a
� 1

m2

��̄ � M2

A � iMA�A
, (6.1)

where m��̄ denotes the invariant mass of the DM pair and �a and �A are the total decay
widths of the two pseudoscalar mass eigenstates. The same results hold for instance also
in the case of the pp ! t¯t + ��̄ amplitude. Notice that the contributions from virtual a

and A exchange have opposite signs in (6.1) resulting from the transformation from the
weak to the mass eigenstate basis. Such a destructive interference of two contributions
also appears in fermion scalar singlet models with Higgs mixing and has there shown to be
phenomenologically relevant [109–113].

The impact of interference effects on the predictions of the mono-jet and t¯t + ET,miss

cross sections is illustrated in Figure 11 for three different values of the mass of the pseu-
doscalar A. Both plots display partonic LO results at 13 TeV LHC energies. In the left panel
the basic selection requirements ET,miss

> 250 GeV and |⌘j | < 2.4 are imposed with ⌘j de-
noting the pseudorapidity of the jet, while in the right figure only the cut ET,miss

> 150 GeV

is applied. Focusing first on the cross sections for MA = 750GeV (red curves), one observes
that in this case interference effects do not play any role since the pseudoscalar A is too
heavy and effectively decouples. One also sees that at Ma ' 350 GeV the cross sections of
both mono-jet and t¯t + ET,miss

production are enhanced due to t¯t threshold effects. Notice
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Figure 6. Examples of diagrams that give rise to a j + ET,miss signature through the exchange of
a lighter pseudoscalar a. Graphs involving a heavier pseudoscalar A also contribute to the signal
in the pseudoscalar extensions of the THDM but are not shown explicitly.

Here g� (gq) denotes the DM-mediator (universal quark-mediator) coupling in the corre-
sponding DMF spin-0 simplified model. Notice that the above relation is largely indepen-
dent of the choice of Yukawa sector as long as tan � = O(1) since bottom-quark loops
have only an effect of a few percent on the j + ET,miss

distributions (see for instance [90]
for a related discussion in the context of Higgs physics). Using the approximation (5.1)
it is straightforward to recast existing mono-jet results on the DMF pseudoscalar model
such as those given in [23] into the THDM plus pseudoscalar model space. The numerical
results presented in the next section however do not employ any approximation since they
are based on a calculation of the j + ET,miss

cross sections including both top-quark and
bottom-quark loops as well as the exchange of both a and A mediators.

5.2 tt̄/bb̄ + ET,miss channels

A second channel that is known to be a sensitive probe of top-philic pseudoscalars with
large invisible decay widths is associated production of DM and t¯t pairs [39, 86, 89, 91–94].
Figure 7 displays examples of tree-level diagrams that give rise to a t¯t + ET,miss

signature
in the pseudoscalar extensions of the THDM model.

In the case that A is again much heavier than a, the signal strength for t¯t + ET,miss

in
our simplified model can be obtained from the prediction in the DMF pseudoscalar scenario
from a rescaling relation analogous to the one shown in (5.1). Using such a simple recasting
procedure we find that the most recent ATLAS [24] and CMS searches for t¯t + ET,miss

[25]
that are based on 13.2 fb

�1 and 2.2 fb

�1 of 13 TeV LHC data, respectively, only allow to
set very weak bounds on tan �. For instance for Ma = 100GeV, y� = 1 and m� = 1GeV a
lower limit of tan � & 0.2 is obtained. The t¯t + ET,miss

constraints on the parameter space
of the pseudoscalar extensions of the THDM are however expected to improve notably at
forthcoming LHC runs. The numerical results that will be presented in Section 6.4 are based
on the search strategy developed recently in [94] which employs a shape fit to the difference
in pseudorapidity of the two charged leptons in the di-leptonic channel of t¯t + ET,miss

.
Besides t¯t+ET,miss

also b¯b+ET,miss

production [91, 92] has been advocated as a sensitive
probe of spin-0 portal couplings to heavy quarks. Recasting the most recent 13 TeV LHC
b¯b + ET,miss

searches [26, 27] by means of a simple rescaling similar to (5.1) we find that
no relevant bound on the parameter space of our simplified model can be derived unless
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Figure 7. Two possible diagrams that give rise to a t¯t + ET,miss signal. Graphs with both an
exchange of an a and A contribute in the THDM plus pseudoscalar extensions but only the former
are displayed.

the ab¯b coupling is significantly enhanced. From (3.3) we see that such an enhancement
can only arise in THDMs of type II and IV, while it is not possible for the other Yukawa
assignments. Since in the limit of large tan � also direct searches for the light pseudoscalar a

in final states containing bottom quarks or charged leptons are relevant (and naively even
provide the leading constraints) we do not consider the b¯b+ET,miss

channel in what follows,
restricting our numerical analysis to the parameter space with small tan �.

5.3 Mono-Z channel

A mono-X signal that is strongly suppressed in the case of the spin-0 DMF models [88]
but will turn out to be relevant in our simplified DM scenario is the mono-Z channel [21].
A sample of one-loop diagrams that lead to such a signature are displayed in Figure 8.
Notice that the left diagram in the figure allows for resonant Z + ��̄ production through
a HaZ vertex for a sufficiently heavy scalar H. Unlike the graph on the right-hand side it
has no counterpart in the spin-0 DMF simplified models.

As first emphasised in [20] the appearance of the contribution with virtual H and a

exchange not only enhances the mono-Z cross section compared to the spin-0 DMF models,
but also leads to quite different kinematics in Z + ��̄ production. In fact, for masses
MH > Ma + MZ the predicted ET,miss

spectrum turns out to be peaked at

Emax

T,miss

' �1/2
(MH , Ma, MZ)

2MH
, (5.2)

where the two-body phase-space function �(m
1

, m
2

, m
3

) has been defined in (4.10). Denot-
ing the lower experimental requirement on ET,miss

in a given mono-Z search by Ecut

T,miss

the
latter result can be used to derive a simple bound on MH for which a significant fraction
of the total cross section will pass the cut. We obtain the inequality

MH & Ma +

q
M2

Z +

�
Ecut

T,miss

�
2

. (5.3)

Given that in the latest mono-Z analyses [28–30] selection cuts of Ecut

T,miss

' 100 GeV are
imposed it follows that the scalar H has to have a mass of MH ' 500 GeV if one wants to
be sensitive to pseudoscalars a with masses up to the t¯t threshold Ma ' 350 GeV.
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and [34], respectively. The given background numbers correspond to 3.2 fb

�1, 13.3 fb

�1,
2.3 fb

�1 and we extrapolate them to 40 fb

�1 of integrated luminosity to be able to assess
the near-term reach of the different mono-X channels. Our extrapolations assume that
while the relative systematic uncertainties remain the same, the relative statistical errors
scale as 1/

p
L with luminosity L. Depending on the signal region the relative systematic

uncertainties amount to around 4% to 9% in the case of the mono-jet search, about 7% for
the mono-Z analysis and approximately 20% for the mono-Higgs channel.

Since the mono-jet search is already limited by systematic uncertainties with 40 fb

�1

its constraining power will depend sensitively on the assumption about the systematic
uncertainty on the associated irreducible SM background. This feature should be kept in
mind when comparing the different exclusion contours presented below, because a better
understanding of the backgrounds can have a visible impact on the obtained results. Since
the t¯t + ET,miss

(t ! `b⌫) search will still be statistically limited for 40 fb

�1 of luminosity,
we base our forecast in this case on a data set of 300 fb

�1 assuming that the relevant SM
background is known to 20%. In the mono-Z and mono-Higgs cases we will present below,
besides 40 fb

�1 projections, results for 100 fb

�1 and 300 fb

�1 of data. From these results
one can assess if the existing Z +ET,miss

and h+ET,miss

search strategies will at some point
become systematics limited in LHC Run II.

6.3 Interference effects

Our simplified model contains two pseudoscalar mediators a and A that are admixtures
of the neutral CP-odd weak eigenstates entering (2.1) and (2.2). In mono-jet production
the two contributions interfere and the resulting LO matrix element takes the following
schematic form

M (pp ! j + ��̄) / 1

m2

��̄ � M2

a � iMa�a
� 1

m2

��̄ � M2

A � iMA�A
, (6.1)

where m��̄ denotes the invariant mass of the DM pair and �a and �A are the total decay
widths of the two pseudoscalar mass eigenstates. The same results hold for instance also
in the case of the pp ! t¯t + ��̄ amplitude. Notice that the contributions from virtual a

and A exchange have opposite signs in (6.1) resulting from the transformation from the
weak to the mass eigenstate basis. Such a destructive interference of two contributions
also appears in fermion scalar singlet models with Higgs mixing and has there shown to be
phenomenologically relevant [109–113].

The impact of interference effects on the predictions of the mono-jet and t¯t + ET,miss

cross sections is illustrated in Figure 11 for three different values of the mass of the pseu-
doscalar A. Both plots display partonic LO results at 13 TeV LHC energies. In the left panel
the basic selection requirements ET,miss

> 250 GeV and |⌘j | < 2.4 are imposed with ⌘j de-
noting the pseudorapidity of the jet, while in the right figure only the cut ET,miss

> 150 GeV

is applied. Focusing first on the cross sections for MA = 750GeV (red curves), one observes
that in this case interference effects do not play any role since the pseudoscalar A is too
heavy and effectively decouples. One also sees that at Ma ' 350 GeV the cross sections of
both mono-jet and t¯t + ET,miss

production are enhanced due to t¯t threshold effects. Notice
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Figure 11. Predictions for the mono-jet (t¯t + ET,miss) cross section as a function of Ma for three
different values of MA. In the left (right) plot sin ✓ = 1/

p
2 (sin ✓ = 1/2) is used and the other

relevant parameters are tan � = 1, MH = MH±
= 750GeV, �3 = �P1 = �P2 = 0, y� = 1 and

m� = 1 GeV. The shown results correspond to 13 TeV pp collisions and employ minimal sets of
cuts as explained in the main text.

furthermore that the enhancement is more pronounced for the j + ET,miss

signal because
the top-quark loops develop an imaginary piece once the internal tops can go on-shell.

The results for MA = 500GeV (green curves) resemble closely those for MA = 750GeV

until Ma ' MA � Mh ' 375 GeV at which point one observes an enhancement of the
rates compared to the case of very heavy A. This feature is a consequence of the fact
that for Ma < MA � Mh the A ! ah channel is the dominant decay mode of A, as
can be seen from the right plot in Figure 4. For larger masses of a the phase space of
A ! ah closes and in turn BR (A ! ��̄) increases. This leads to constructive interference
between the two terms in (6.1) until Ma ' MA = 500GeV where the interference becomes
destructive. Notice furthermore that the same qualitative explanations apply to the case
of MA = 300 GeV (blue curves) where the constructive and destructive interference takes
place at Ma ' MA � Mh ' 175 GeV and Ma ' MA = 300GeV, respectively. Comparing
the left and right panel of Figure 11, one finally sees that the observed interference pattern
is at the qualitative level independent of the choice of sin ✓.

6.4 Summary plots

Below we study four different benchmark scenarios that exemplify the rich ET,miss

phe-
nomenology of the simplified DM model introduced in Section 2. Throughout our analysis
we work in the alignment/decoupling limit, adopting the parameters MH± = 750 GeV,
�
3

= �P1

= �P2

= 0, y� = 1 and m� = 1GeV and consider a Yukawa sector of type II.
The shown results however also hold in the case of the other Yukawa sectors (2.4) since for
tan � = O(1) effects of bottom-quark loops in mono-jet, mono-Z and mono-Higgs produc-
tion amount to corrections of a few percent only. The model-dependent contributions from
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and [34], respectively. The given background numbers correspond to 3.2 fb

�1, 13.3 fb

�1,
2.3 fb

�1 and we extrapolate them to 40 fb

�1 of integrated luminosity to be able to assess
the near-term reach of the different mono-X channels. Our extrapolations assume that
while the relative systematic uncertainties remain the same, the relative statistical errors
scale as 1/

p
L with luminosity L. Depending on the signal region the relative systematic

uncertainties amount to around 4% to 9% in the case of the mono-jet search, about 7% for
the mono-Z analysis and approximately 20% for the mono-Higgs channel.

Since the mono-jet search is already limited by systematic uncertainties with 40 fb

�1

its constraining power will depend sensitively on the assumption about the systematic
uncertainty on the associated irreducible SM background. This feature should be kept in
mind when comparing the different exclusion contours presented below, because a better
understanding of the backgrounds can have a visible impact on the obtained results. Since
the t¯t + ET,miss

(t ! `b⌫) search will still be statistically limited for 40 fb

�1 of luminosity,
we base our forecast in this case on a data set of 300 fb

�1 assuming that the relevant SM
background is known to 20%. In the mono-Z and mono-Higgs cases we will present below,
besides 40 fb

�1 projections, results for 100 fb

�1 and 300 fb

�1 of data. From these results
one can assess if the existing Z +ET,miss

and h+ET,miss

search strategies will at some point
become systematics limited in LHC Run II.

6.3 Interference effects

Our simplified model contains two pseudoscalar mediators a and A that are admixtures
of the neutral CP-odd weak eigenstates entering (2.1) and (2.2). In mono-jet production
the two contributions interfere and the resulting LO matrix element takes the following
schematic form

M (pp ! j + ��̄) / 1
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a � iMa�a
� 1
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��̄ � M2

A � iMA�A
, (6.1)

where m��̄ denotes the invariant mass of the DM pair and �a and �A are the total decay
widths of the two pseudoscalar mass eigenstates. The same results hold for instance also
in the case of the pp ! t¯t + ��̄ amplitude. Notice that the contributions from virtual a

and A exchange have opposite signs in (6.1) resulting from the transformation from the
weak to the mass eigenstate basis. Such a destructive interference of two contributions
also appears in fermion scalar singlet models with Higgs mixing and has there shown to be
phenomenologically relevant [109–113].

The impact of interference effects on the predictions of the mono-jet and t¯t + ET,miss

cross sections is illustrated in Figure 11 for three different values of the mass of the pseu-
doscalar A. Both plots display partonic LO results at 13 TeV LHC energies. In the left panel
the basic selection requirements ET,miss

> 250 GeV and |⌘j | < 2.4 are imposed with ⌘j de-
noting the pseudorapidity of the jet, while in the right figure only the cut ET,miss

> 150 GeV

is applied. Focusing first on the cross sections for MA = 750GeV (red curves), one observes
that in this case interference effects do not play any role since the pseudoscalar A is too
heavy and effectively decouples. One also sees that at Ma ' 350 GeV the cross sections of
both mono-jet and t¯t + ET,miss

production are enhanced due to t¯t threshold effects. Notice
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Figure 7. Two possible diagrams that give rise to a t¯t + ET,miss signal. Graphs with both an
exchange of an a and A contribute in the THDM plus pseudoscalar extensions but only the former
are displayed.

the ab¯b coupling is significantly enhanced. From (3.3) we see that such an enhancement
can only arise in THDMs of type II and IV, while it is not possible for the other Yukawa
assignments. Since in the limit of large tan � also direct searches for the light pseudoscalar a

in final states containing bottom quarks or charged leptons are relevant (and naively even
provide the leading constraints) we do not consider the b¯b+ET,miss

channel in what follows,
restricting our numerical analysis to the parameter space with small tan �.

5.3 Mono-Z channel

A mono-X signal that is strongly suppressed in the case of the spin-0 DMF models [88]
but will turn out to be relevant in our simplified DM scenario is the mono-Z channel [21].
A sample of one-loop diagrams that lead to such a signature are displayed in Figure 8.
Notice that the left diagram in the figure allows for resonant Z + ��̄ production through
a HaZ vertex for a sufficiently heavy scalar H. Unlike the graph on the right-hand side it
has no counterpart in the spin-0 DMF simplified models.

As first emphasised in [20] the appearance of the contribution with virtual H and a

exchange not only enhances the mono-Z cross section compared to the spin-0 DMF models,
but also leads to quite different kinematics in Z + ��̄ production. In fact, for masses
MH > Ma + MZ the predicted ET,miss

spectrum turns out to be peaked at

Emax

T,miss

' �1/2
(MH , Ma, MZ)

2MH
, (5.2)

where the two-body phase-space function �(m
1

, m
2

, m
3

) has been defined in (4.10). Denot-
ing the lower experimental requirement on ET,miss

in a given mono-Z search by Ecut

T,miss

the
latter result can be used to derive a simple bound on MH for which a significant fraction
of the total cross section will pass the cut. We obtain the inequality

MH & Ma +

q
M2

Z +

�
Ecut

T,miss

�
2

. (5.3)

Given that in the latest mono-Z analyses [28–30] selection cuts of Ecut

T,miss

' 100 GeV are
imposed it follows that the scalar H has to have a mass of MH ' 500 GeV if one wants to
be sensitive to pseudoscalars a with masses up to the t¯t threshold Ma ' 350 GeV.
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Figure 6. Examples of diagrams that give rise to a j + ET,miss signature through the exchange of
a lighter pseudoscalar a. Graphs involving a heavier pseudoscalar A also contribute to the signal
in the pseudoscalar extensions of the THDM but are not shown explicitly.

Here g� (gq) denotes the DM-mediator (universal quark-mediator) coupling in the corre-
sponding DMF spin-0 simplified model. Notice that the above relation is largely indepen-
dent of the choice of Yukawa sector as long as tan � = O(1) since bottom-quark loops
have only an effect of a few percent on the j + ET,miss

distributions (see for instance [90]
for a related discussion in the context of Higgs physics). Using the approximation (5.1)
it is straightforward to recast existing mono-jet results on the DMF pseudoscalar model
such as those given in [23] into the THDM plus pseudoscalar model space. The numerical
results presented in the next section however do not employ any approximation since they
are based on a calculation of the j + ET,miss

cross sections including both top-quark and
bottom-quark loops as well as the exchange of both a and A mediators.

5.2 tt̄/bb̄ + ET,miss channels

A second channel that is known to be a sensitive probe of top-philic pseudoscalars with
large invisible decay widths is associated production of DM and t¯t pairs [39, 86, 89, 91–94].
Figure 7 displays examples of tree-level diagrams that give rise to a t¯t + ET,miss

signature
in the pseudoscalar extensions of the THDM model.

In the case that A is again much heavier than a, the signal strength for t¯t + ET,miss

in
our simplified model can be obtained from the prediction in the DMF pseudoscalar scenario
from a rescaling relation analogous to the one shown in (5.1). Using such a simple recasting
procedure we find that the most recent ATLAS [24] and CMS searches for t¯t + ET,miss

[25]
that are based on 13.2 fb

�1 and 2.2 fb

�1 of 13 TeV LHC data, respectively, only allow to
set very weak bounds on tan �. For instance for Ma = 100GeV, y� = 1 and m� = 1GeV a
lower limit of tan � & 0.2 is obtained. The t¯t + ET,miss

constraints on the parameter space
of the pseudoscalar extensions of the THDM are however expected to improve notably at
forthcoming LHC runs. The numerical results that will be presented in Section 6.4 are based
on the search strategy developed recently in [94] which employs a shape fit to the difference
in pseudorapidity of the two charged leptons in the di-leptonic channel of t¯t + ET,miss

.
Besides t¯t+ET,miss

also b¯b+ET,miss

production [91, 92] has been advocated as a sensitive
probe of spin-0 portal couplings to heavy quarks. Recasting the most recent 13 TeV LHC
b¯b + ET,miss

searches [26, 27] by means of a simple rescaling similar to (5.1) we find that
no relevant bound on the parameter space of our simplified model can be derived unless
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Figure 11. Predictions for the mono-jet (t¯t + ET,miss) cross section as a function of Ma for three
different values of MA. In the left (right) plot sin ✓ = 1/

p
2 (sin ✓ = 1/2) is used and the other

relevant parameters are tan � = 1, MH = MH±
= 750GeV, �3 = �P1 = �P2 = 0, y� = 1 and

m� = 1 GeV. The shown results correspond to 13 TeV pp collisions and employ minimal sets of
cuts as explained in the main text.

furthermore that the enhancement is more pronounced for the j + ET,miss

signal because
the top-quark loops develop an imaginary piece once the internal tops can go on-shell.

The results for MA = 500GeV (green curves) resemble closely those for MA = 750GeV

until Ma ' MA � Mh ' 375 GeV at which point one observes an enhancement of the
rates compared to the case of very heavy A. This feature is a consequence of the fact
that for Ma < MA � Mh the A ! ah channel is the dominant decay mode of A, as
can be seen from the right plot in Figure 4. For larger masses of a the phase space of
A ! ah closes and in turn BR (A ! ��̄) increases. This leads to constructive interference
between the two terms in (6.1) until Ma ' MA = 500GeV where the interference becomes
destructive. Notice furthermore that the same qualitative explanations apply to the case
of MA = 300 GeV (blue curves) where the constructive and destructive interference takes
place at Ma ' MA � Mh ' 175 GeV and Ma ' MA = 300GeV, respectively. Comparing
the left and right panel of Figure 11, one finally sees that the observed interference pattern
is at the qualitative level independent of the choice of sin ✓.

6.4 Summary plots

Below we study four different benchmark scenarios that exemplify the rich ET,miss

phe-
nomenology of the simplified DM model introduced in Section 2. Throughout our analysis
we work in the alignment/decoupling limit, adopting the parameters MH± = 750 GeV,
�
3

= �P1

= �P2

= 0, y� = 1 and m� = 1GeV and consider a Yukawa sector of type II.
The shown results however also hold in the case of the other Yukawa sectors (2.4) since for
tan � = O(1) effects of bottom-quark loops in mono-jet, mono-Z and mono-Higgs produc-
tion amount to corrections of a few percent only. The model-dependent contributions from
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and [34], respectively. The given background numbers correspond to 3.2 fb

�1, 13.3 fb

�1,
2.3 fb

�1 and we extrapolate them to 40 fb

�1 of integrated luminosity to be able to assess
the near-term reach of the different mono-X channels. Our extrapolations assume that
while the relative systematic uncertainties remain the same, the relative statistical errors
scale as 1/

p
L with luminosity L. Depending on the signal region the relative systematic

uncertainties amount to around 4% to 9% in the case of the mono-jet search, about 7% for
the mono-Z analysis and approximately 20% for the mono-Higgs channel.

Since the mono-jet search is already limited by systematic uncertainties with 40 fb

�1

its constraining power will depend sensitively on the assumption about the systematic
uncertainty on the associated irreducible SM background. This feature should be kept in
mind when comparing the different exclusion contours presented below, because a better
understanding of the backgrounds can have a visible impact on the obtained results. Since
the t¯t + ET,miss

(t ! `b⌫) search will still be statistically limited for 40 fb

�1 of luminosity,
we base our forecast in this case on a data set of 300 fb

�1 assuming that the relevant SM
background is known to 20%. In the mono-Z and mono-Higgs cases we will present below,
besides 40 fb

�1 projections, results for 100 fb

�1 and 300 fb

�1 of data. From these results
one can assess if the existing Z +ET,miss

and h+ET,miss

search strategies will at some point
become systematics limited in LHC Run II.

6.3 Interference effects

Our simplified model contains two pseudoscalar mediators a and A that are admixtures
of the neutral CP-odd weak eigenstates entering (2.1) and (2.2). In mono-jet production
the two contributions interfere and the resulting LO matrix element takes the following
schematic form

M (pp ! j + ��̄) / 1

m2

��̄ � M2

a � iMa�a
� 1

m2

��̄ � M2

A � iMA�A
, (6.1)

where m��̄ denotes the invariant mass of the DM pair and �a and �A are the total decay
widths of the two pseudoscalar mass eigenstates. The same results hold for instance also
in the case of the pp ! t¯t + ��̄ amplitude. Notice that the contributions from virtual a

and A exchange have opposite signs in (6.1) resulting from the transformation from the
weak to the mass eigenstate basis. Such a destructive interference of two contributions
also appears in fermion scalar singlet models with Higgs mixing and has there shown to be
phenomenologically relevant [109–113].

The impact of interference effects on the predictions of the mono-jet and t¯t + ET,miss

cross sections is illustrated in Figure 11 for three different values of the mass of the pseu-
doscalar A. Both plots display partonic LO results at 13 TeV LHC energies. In the left panel
the basic selection requirements ET,miss

> 250 GeV and |⌘j | < 2.4 are imposed with ⌘j de-
noting the pseudorapidity of the jet, while in the right figure only the cut ET,miss

> 150 GeV

is applied. Focusing first on the cross sections for MA = 750GeV (red curves), one observes
that in this case interference effects do not play any role since the pseudoscalar A is too
heavy and effectively decouples. One also sees that at Ma ' 350 GeV the cross sections of
both mono-jet and t¯t + ET,miss

production are enhanced due to t¯t threshold effects. Notice
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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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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-
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Figure 13. 95% CL exclusion contours for our four benchmark scenarios following from hypothet-
ical Z + ET,miss (blue regions) and h + ET,miss (orange regions) searches at 13 TeV LHC energies.
The solid, dashed and dotted curves correspond to integrated luminosities of 40 fb

�1, 100 fb

�1 and
300 fb

�1, respectively.

channels. In Figure 12 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 14. For MA = 500GeV (left panel) we observe that, after including
both gg and b¯b initiated production, model realisations with tan � & 10 for Ma . 220 GeV
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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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Model-dependent bounds
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Figure 14. 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.

are excluded. The impact of b¯b ! h + ET,miss

is even more pronounced for a light A with
MA = 300GeV (right panel). In this case we see that it should be possible to exclude
masses Ma . 170 GeV for any value of tan �. The results displayed in Figure 14 have been
obtained in the context of a Yukawa sector of type II. Almost identical sensitivities are found
in models of type IV, while in pseudoscalar THDM extensions of type I and III bottom-
quark initiated contributions are irrelevant, since they are tan � suppressed

�
see (3.3)

�
.

7 Conclusions

We have proposed a new framework of renormalisable simplified models for dark mat-
ter searches at the LHC, namely single-mediator extensions of two Higgs doublet models
containing a fermionic dark matter candidate. The mediator can have both scalar or pseu-
doscalar quantum numbers and all amplitudes are unitary as long as the mediator couplings
are perturbative. Constraints from Higgs coupling measurements are averted by mixing the
mediator with the heavy scalar or pseudoscalar partners of the Standard Model Higgs.
This framework unifies previously established simplified spin-0 models, while avoiding their
shortcomings, and can reproduce several of their features in the appropriate limit.

In this work we have focused on the case of a pseudoscalar mediator a. We have
considered the alignment/decoupling limit, in which some of the Higgs partners have masses
close to the TeV scale, while either the neutral scalar H or pseudoscalar A is lighter with a
mass as low as 300 GeV. For the mass of the new pseudoscalar mediator we have considered
the range of half the Higgs-boson mass to 500 GeV. These parameter choices are well
motivated by Higgs physics, LHC searches for additional spin-0 states, electroweak precision
measurements and quark-flavour bounds such as those arising from B ! Xs� and B-meson
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Back to the EFT!

The 2HDM & P model is a special case. 
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Highlights universal properties. 
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THDM & mediator models provide a consistent simplified model, 
reproducing features of DMF models in the appropriate limit, and 
with links to well-motivated UV completions 

DMF pseudoscalar

DMF scalar

Higgs mixing

MSSM+S

NMSSM

THDM & M

…

Multi-HDM

Conclusions

Mono-Higgs and Mono-Z searches can provide significant 
constraints in consistent simplified models.
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More data…
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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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below the black lines are excluded. All exclusions are 95% CL bounds. See text for further details.
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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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Figure 13. 95% CL exclusion contours for our four benchmark scenarios following from hypothet-
ical Z + ET,miss (blue regions) and h + ET,miss (orange regions) searches at 13 TeV LHC energies.
The solid, dashed and dotted curves correspond to integrated luminosities of 40 fb

�1, 100 fb

�1 and
300 fb

�1, respectively.

channels. In Figure 12 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 14. For MA = 500GeV (left panel) we observe that, after including
both gg and b¯b initiated production, model realisations with tan � & 10 for Ma . 220 GeV
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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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