
Simplified Models for Run II

Martin Bauer

based on 1612.xxxx    with Uli Haisch and Felix Kahlhoefer 



EFTs Simplified Models Consistent 
Simplified Models

mq

M3
�̄�q̄q g��̄S�+ gq q̄Sq +M2S2 g��̄S�+ yq q̄Hq + µ v SH

Evolution of Models for DM Collider 
Searches



Evolution of Models for DM Collider 
Searches

EFT

Higgs Portal Scalar Mixing

Scalar Simplified 
Model



Consistent Scalar Models

Higgs Portal Higgs Mixing

L = µ2H†H + �(H†H)2 + yq q̄Hq + �2H
†H �†�L = µ2H†H + �(H†H)2 + yq q̄Hq + µ2H

†H �+ g��̄��

SM DM SM DM



Consistent Scalar Models

Higgs Portal Higgs Mixing

L = µ2H†H + �(H†H)2 + yq q̄Hq + �2H
†H �†�L = µ2H†H + �(H†H)2 + yq q̄Hq + µ2H

†H �+ g��̄��

•  more economical

•  SM mediator

•  scalar Dark Matter

•  new messenger

•  more couplings

•  also fermionic Dark Matter



Consistent Scalar Models

Higgs Portal and Higgs Mixing models are consistent, 
but strongly constrained by Higgs measurements

In both, the Higgs is a messenger…

These models are searched for by the Higgs CS 
working group…
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Add pseudoscalar mediator & allow for soft breaking

Two Higgs Doublet Models & Mediator
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threshold is also stressed. Similar investigations of THDM plus pseudoscalar simplified DM
models have been presented in [35–37]. Whenever indicated we will highlight the similarities
and differences between these and our work.

This paper is structured as follows. In Section 2 we describe the class of simplified DM
models that we will study throughout our work, while Section 3 contains a comprehensive
review of the non-ET,miss

constraints that have to be satisfied in order to make a given
model realisation phenomenologically viable. The partial decay widths and the branching
ratios of the neutral scalars arising in the considered simplified DM models are studied
in Section 4. The most important features of the resulting ET,miss

phenomenology are
described in Section 5. In Section 6 we finally present the numerical results of our analyses
providing summary plots of the mono-X constraints for several benchmark scenarios. The
result-oriented reader might want to skip to this section toot sweet. Our conclusions and a
brief outlook are given in Section 7.

2 THDM plus pseudoscalar extensions

In this section we describe the structure of our simplified DM model. We start with the
scalar potential and then consider the Yukawa sector. In both cases we will explain which
are the new parameters corresponding to the interactions in question.

2.1 Scalar potential

The most general tree-level potential of the class of renormalisable THDMs is given by the
following expression (see for example [38, 39])
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(2.1)

Here we have imposed a Z
2

symmetry under which H
1

! H
1

and H
2

! �H
2

and Hi

denote the two Higgs doublets which obtain vacuum expectation values (VEVs) of the form
hHii = (0, vi/

p
2)

T with v =

p
v2
1

+ v2
2

' 246 GeV. As usual the angle � is defined by
tan � = v

2

/v
1

. To avoid possible issues with electric dipole moments, we assume in our
article that the mass-squared terms µj and the quartic couplings �k are all real and as a
result the scalar potential as given in (2.1) is CP conserving. The three physical neutral
Higgses that emerge from VH are in such a case both mass and CP eigenstates.

The most economic way to couple fermionic DM to the SM through pseudoscalar ex-
change is by mixing a CP-odd mediator P with the CP-odd Higgs that arises from (2.1).
This can be achieved by considering the following interaction terms

VP =

1

2
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, (2.2)

where mP and bP are parameters with dimensions of mass. We assume that VP does not
break CP and thus take bP and �P to be real in the following. In this case P does not
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convention up-type quarks are always taken to couple to H
2

:

Y 1

u = Y d
1

= Y `
1

= 0 , (type I) ,

Y 1
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2

= Y `
2

= 0 , (type II) ,

Y 1

u = Y d
1

= Y `
2

= 0 , (type III) ,

Y 1

u = Y d
2

= Y `
1

= 0 , (type IV) .

(2.4)

The dependence of our results on the choice of Yukawa sector will be discussed in some
detail in the next section.

Taking DM to be a Dirac fermion � a separate Z
2

symmetry under which � ! ��

can be used to forbid a coupling of the form ¯L ˜H
1

�R + h.c. At the level of renormalisable
operators this leaves

L� = �y�P �̄i�
5

� , (2.5)

as the only possibility to couple the pseudoscalar mediator P to DM. In order to not
violate CP we require the dark sector Yukawa coupling y� to be real. The parameter y�
and the DM mass m� are further input parameters in our analysis.

3 Anatomy of the parameter space

The anatomy of the parameter space of our simplified model is examined in this section.
We briefly explain the alignment/decoupling limit and describe the dependence of the pre-
dictions on the choice of Yukawa sector. The constraints on the mixing angles, quartic
couplings and Higgs masses from flavour physics, EW precision measurements, perturba-
tivity and unitarity are also worked out.

3.1 Alignment/decoupling limit

After EW symmetry breaking the kinetic terms of the Higgs fields Hi lead to interactions
between the CP-even mass eigenstates and the massive EW gauge bosons. These interac-
tions take the form

L �
⇣

sin (� � ↵) h + cos (� � ↵) H
⌘✓

2M2

W

v
W+

µ W�µ
+

M2

Z

v
ZµZµ

◆
. (3.1)

In order to simplify the further analysis, we concentrate on the strict alignment/decoupling
limit of the THDM where ↵ = ��⇡/2. In this case sin (� � ↵) = 1 meaning that the field h

has SM-like EW gauge boson couplings. It can therefore be identified with the boson of
mass Mh ' 125 GeV discovered at the LHC and the constraints from the Run I combination
of the ATLAS and CMS measurements of the Higgs boson production and decay rates to
SM final states [12] are readily fulfilled. Notice that in the alignment/decoupling limit the
scalar H does not interact with W -boson or Z-boson pairs at tree level because in this limit
one has cos (� � ↵) = 0.
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hH1i = v1 , hH2i = v2with
q
v21 + v22 = 246GeV

Generalization of Higgs Mixing.
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Two Higgs Doublet Models & Mediator

In practice: six free parameters

Five spin 0 mass eigenstates (three relevant)

Pseudoscalars couple directly to DM,  
H and h have aa and aZ couplings

tan� , sin ✓ , y� ,�3 ,Ma ,MA or MH DMF: Ma , g�, gf

DMF:  h, ah, a,H orA , (H±
)



The light scalar h (SM Higgs)
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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)
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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 heavy scalar H

large Branching ratio into aZ :  promising Mono-Z signal
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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
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The heavy pseudo-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 ! ��̄) =
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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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large Branching ratio into ah :  promising Mono-H signal

MH± = 750GeV

tan� = 1

�3 = 1

y� = 1

m� = 1GeV
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The light mediator a
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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�
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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)

– 8 –

tan� = 1

y� = 1



Mono-Higgs
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Mono-Higgs

In contrast to DMF model resonantly enhanced
drops rapidly for large Ma
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Mono-Z
The same resonant enhancement gives 
a promising mono-Z signalg
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Mono-Higgs and Mono-Z searches are 
potential discovery channels with 
indirect information on the mass 
hierarchy of the extra scalars. 

MH < MA

MA < MH

mono-Zmono-h



Mono-jets
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Interference effects:

Figure 9. 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 MH±
= MH = 750GeV, tan � = 1, �3 = 1, y� = 1 and m� = 1GeV. The

shown results correspond to 13 TeV pp collisions and employ minimal sets of cuts as explained in
the main text.

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%. To enhance the reach of the search we perform a shape fit to
the difference in pseudorapidity of the `+`� pair [84].

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

s � M2

a � iMa�a
� 1

s � M2

A � iMA�A
, (6.1)

where s = m2

��̄ 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) since the transition from the weak to the
mass eigenstate basis is in algebraic terms a two-dimensional special orthogonal or SO(2)

transformation. Such a destructive interference of two contributions also appears in fermion
scalar singlet model with Higgs mixing and has there shown to be phenomenologically
relevant [98–101].
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Not competitive at the moment,
but also not systematically limited
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Summary Plots
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Conclusions
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 
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Conclusions

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 

Spectacular Phenomenology with mono-Higgs and mono-Z  
potential discovery channels 

Underlines complementary approach at run II between 
different MET searches, but also of non-MET searches (di-top 
@ large Ma)

Ready-to-go UFO file available


