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We investigate simplified models of dark matter with scalar mediators at hadron colliders using the final
state topology with two jets and missing energy. These models can arise in a wide variety of BSM scenarios
including the possibility of the mediator mixing with the Higgs. Our aim is first to determine the projected
reach of the LHC and the future circular hadron collider for excluding such models, and we also compare
these to the relic density and direct detection constraints. We use the kinematic distributions to extract
information on mediator masses at colliders. At the 13 TeV LHC we can probe mediator masses up to
750 GeV, and at a 100 TeV collider the reach is increased to 2.5 TeV mediators. We also explain how
individual models with different values of mediator masses can be differentiated from each other.

DOI: 10.1103/PhysRevD.92.075006 PACS numbers: 95.35.+d, 12.60.-i, 12.60.Fr

I. INTRODUCTION

There is overwhelming cosmological evidence for the
existence of dark matter (DM) with a density about 5 times
larger than that of ordinary matter. But despite a lot of
ongoing effort in direct and indirect detection, and collider
experiments we still do not know the fundamental nature
and composition of DM. None of the particles in the
standard model can provide a dark matter candidate while
many beyond the standard model (BSM) scenarios do. A
common feature of many BSM extensions is the prediction
of weakly interacting massive particles (WIMPs): if a
particle has weak scale mass and interactions, the abun-
dance after standard thermal freeze-out would be close to
the observed abundance of dark matter. Specific realiza-
tions of DM candidates in different BSMmodels can have a
rich and interesting phenomenology. However, assuming
dark matter can be produced at colliders, a generic feature is
the existence of signatures with missing energy, as stable
dark matter particles leave the detector unobserved.
To discover missing energy signals at colliders, one

recoils the invisibly decaying particle against reconstruct-
able objects. In the simplest and most direct case, this
is a visible mono-object, and such searches for monojets
and monophotons have been carried out at run 1 of the LHC
[1–3]. These studies have so far not discovered any
evidence for an excess of missing energy events and can
in parts of the parameter space be as or more constraining
than limits from direct and indirect detection [4–9]. It is,
thus, important to formulate and extend the searches of dark
matter at the LHC in run 2 and beyond.
Dark matter can be produced at colliders via an exchange

of a mediator particle which connects the colliding SM

partons to the dark sector. A viable and simple approach to
characterize and interpret dark matter searches at colliders
relies on using simplified models with four basic types
of mediators: vectors, axial-vectors, scalars and pseudo-
scalars (see white papers [8,9] for early reviews and
references). The mediator is a dynamical degree of freedom
in this approach, and this is the correct description for dark
matter searches at the LHC as the energy transfer in the
collision can typically exceed mediator masses. Following
the Higgs discovery, there is a renewed interest in the role
of scalar degrees of freedom and the possibilities provided
by extended Higgs sectors in searches for new physics. Of
particular interest to dark matter searches are the models
with scalar and pseudo-scalar mediators whose reach at the
LHC was studied recently in [10–12]. It was found that the
LHC at 14 TeV will provide a complementary coverage to
the low-energy experiments in dark matter searches and can
be the only experiment to probe dark sectors if the invisible
particles produced are not stable at cosmological scales.
These studies have been performed using the so-called
monojet topology [1–3].
In this paper we will study simplified models with scalar

mediators in the two jets plus missing energy topology to
determine their collider limits and the discovery potential
by analyzing the kinematics of the final state jets. For scalar
mediators monojet searches are predominantly relying on
gluon fusion production [10,11]. Now the presence of a
second jet allows for a more nontrivial kinematic distri-
bution to characterize the final states. Hence the VBF cuts
can be imposed which suppress the gluon fusion production
channel for scalars. This makes the weak boson fusion
processes dominant instead and allows to capture mediators
with suppressed couplings to fermions. Thus, the kinematic
information in the 2 jetsþMET final state should allow to
probe better the mediator masses and also to give a handle
on their interactions with electroweak gauge bosons. In a
slightly different context, the idea of exploring the two jets
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kinematics to learn more about the SM–DM interactions
has also been implemented in [13].
We consider a simplified model with a scalar media-

tor whose SM couplings proportional to the SM Higgs.
We start by defining the models in Sec. II before
commenting on noncollider dark matter phenomenology
in Sec. III. Then, we move on to consider the
phenomenology at the LHC in Sec. IV and at a future
100 TeV collider in Sec. V.

II. MODELS

In unitary gauge the standard model (SM) contains just a
single scalar-field degree of freedom, the neutral scalar
Higgs h. At tree level h interacts with the massive vector
bosons, W� and Z0, and all the SM fermions. The linear
interactions in h of the Higgs boson with other SM particles
can be written in the form,

LSM
h ⊃

�
2M2

W

v
Wþ

μ W−μþM2
Z

v
ZμZμ−

X
f

mf

v
f̄f

�
h: ð1Þ

Wewant to extend the SM by introducing a scalar mediator
particle ϕ which couples to the SM degrees of freedom as
well as to fermionic dark matter particles χ via,

Lϕ ⊃ −gDMχ̄χϕ: ð2Þ

For the purpose of this article the spin of the dark matter
particle is not relevant, i.e. the dark matter particle could be
instead a vector or scalar particle. There are two types of
settings where the additional scalar ϕ can appear in
interactions with the standard model. First, it can be an
additional Higgs doublet, for example coming from a two
Higgs doublet model, or more generally any scalar field
transforming nontrivially under the SUð2ÞL of the SM.
Alternatively, the ϕ scalar mediator can be a singlet under
the standard model. In the latter case, it interacts with the
SM degrees of freedom only via the mixing with the SM
Higgs h. In this case, the interactions of ϕ with the SM are
subject to experimental constraints on the mixing angle
sin2 θ ≲ 0.15 (see [14,15]) arising from experimental
bounds on the SM Higgs to invisibles decays and other
Higgs data.
First in Sec. II. A we consider the more constrained

singlet-mixing case, and next in Sec. II. B we define the
less-constrained generic Higgs-like scenario. The upshot is
that both of these cases will be described by the same
simplified model of Eq. (12) with the scaling parameter κ
being either unconstrained κ ∼ 1 or small κ ≲ 0.15.

A. The singlet mixing model

Here ϕ is a standard model singlet neutral scalar. The
visible SM sector and the “invisible” χ sector are coupled to
each other only via the mixing between the two neutral

scalars, ϕ and h, as in the Higgs portal model. The states of
definite masses, h1 and h2, are

h ¼ h1 cos θ þ h2 sin θ; ϕ ¼ −h1 sin θ þ h2 cos θ;

ð3Þ

where θ is the mixing angle. Combining Eqs. (1)–(3) we
obtain a simplified model for invisible Higgs decays
involving two Higgs-like neutral scalars h1 and h2:

Lh1;h2 ¼
�
2M2

W

v
Wþ

μ W−μ þM2
Z

v
ZμZμ −

X
f

mf

v
f̄f

�

× ðh1 cosθþ h2 sinθÞ− gDMχ̄χðh2 cosθ− h1 sinθÞ

−
1

2
m2

h1
h21 −

1

2
m2

h2
h22 −mχ χ̄χ: ð4Þ

The first scalar mass eigenstate h1 plays the role of the
observed SM Higgs boson and we also assume that the
mediator h2 is always heavier than the SM Higgs,

mh2 > mh1 ¼ 125 GeV: ð5Þ

With this Lagrangian we can produce h2 as in the SM via
both gluon fusion and vector boson fusion mechanisms, with
the corresponding SM cross sections rescaled by sin2 θ.
Similarly the 125 GeV Higgs scalar h1 production rates are
rescaled relative to the SM by the factor of cos2 θ which is
≃1 for sufficiently small values of the mixing angle.
If both mediators can be produced on-shell, in either

channel the cross section for χ̄χ þ 2 jet production in the
narrow width approximation can be written as,

σðiÞDM ¼ σhiBrhi→χ̄χ ; ð6Þ

where σhi is the production cross section for hi þ 2 jets and
Brhi→χ̄χ are the branching ratios,

σh1 ¼ σSMcos2θ;

Brh1→χ̄χ ¼
sin2θΓϕ→χ̄χ

sin2θΓϕ→χ̄χ þ cos2θΓh→SM

¼ sin2θ
Γϕ→χ̄χðmh1Þ

Γtot
h1

; ð7Þ

σh2 ¼ σSMsin2θ;

Brh2→χ̄χ ¼
cos2θΓϕ→χ̄χ

cos2θΓϕ→χ̄χ þ sin2θΓh→SM

¼ cos2θ
Γϕ→χ̄χðmh2Þ

Γtot
h2

; ð8Þ

where
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Γϕ→χ̄χ ¼
g2DMmhi

8π

�
1 −

4m2
χ

m2
ϕ

�3
2

: ð9Þ

For dark matter mass below the kinematic threshold
of both mediators, 2mχ < mh1 < mh2 both mediators can
be on-shell and, in principle, both channels for the dark
matter production are open, but the lighter Higgs will
dominate, as can be seen from (6)–(8),

σð1ÞDM=σ
ð2Þ
DM ∝

Γtot
h2

Γtot
h1

≫ 1: ð10Þ

The SM Higgs has a very narrow width of 0.0068 GeVand
due to the limits on the Higgs to invisible branching ratio
we know that this width, Γtot

h1
, can not increase by more than

35%. The reason the Higgs width is so small is due to the
fact that all the fermions are coupled to the Higgs via
Yukawa couplings so we cannot have light fermion with
large coupling. The total decay width of the second scalar,
Γtot
h2
, on the other hand can easily be large as can be inferred

from Fig. 1. Even for gDM ¼ 0.1 the total width of h2 will
be an order of magnitude larger than the h1 Higgs width.
Hence, for light dark matter, when both channels are open,
only the h1 Higgs mediator is relevant.
For heavier dark matter, mh1 < 2mχ < mh2 , only the

h2 channel is open and it is efficiently described by the
simplified model,

L ¼ sin θ

�
2M2

W

v
Wþ

μ W−μ þM2
Z

v
ZμZμ −

X
f

mf

v
f̄f

�
h2

− gDMχ̄χh2 −
1

2
m2

h2
h22 −mχ χ̄χ: ð11Þ

Finally, if dark matter masses are higher than mh2 , it
cannot be produced via an on-shell mediator exchange,

and the resulting rate of its production is too small to be
observed.
Current limits on sin2 θ mainly come from two sources,

the Higgs signal strengths and the electroweak precision
tests, for recent papers see [14–18]. Limits from Higgs
signal strength measurements constrain cos2 θ directly [15].
This leads to a bound sin θ < 0.44, independent of the mass
of h2. The electroweak precision tests, mainly theW boson
mass give a mass-dependent constraint on sin θ shown in
Fig. 3 in Ref. [15]. In the mass range around 1 TeV, the limit
becomes sin θ < 0.3. We also note that the limits coming
from a nonobservation of the second SM-Higgs-like state
are not directly applicable for h2 in our case due to its large
branching ratio to invisibles.
We will only consider these limits in the context of the

singlet-mixing simplified model with the κ parameter
κ ¼ sin2 θ. In the simplified model framework we do not
know what other particle content there is and additional
degrees of freedom could still modify both the SM Higgs
signal and the loop corrections to the W mass.
Recent discussion of theory models for dark matter

based on mass mixing between the scalar singlet mediator
and the SM Higgs can be found in Refs. [19–24].

B. Generic Higgs-like scalar mediator model

More generally, scalar mediators to dark sector can also
arise from an independent additional Higgs doublet or
Higgs multiplet, for example in the two-Higgs-doublet
models. We choose the simplified model for a generic
scalar mediator by assuming that it has the same inter-
actions with the SM vector bosons and fermions as the SM
Higgs, but scaled by an overall scaling factor κ which is a
free parameter of the simplified model,

L ¼ ffiffiffi
κ

p �
2M2

W

v
Wþ

μ W−μ þM2
Z

v
ZμZμ −

X
f

mf

v
f̄f

�
ϕ

− gDMχ̄χϕ −
1

2
M2

medϕ
2 −mχ χ̄χ: ð12Þ

In general, the scalar mediator can couple with a different
strength to the SM vector bosons and to SM fermions,
thus introducing additional parameters into the simplified
model (12). For clarity and simplicity we will use the
minimal model (12) with a single scaling factor. Here κ ¼ 1
corresponds to the normal SM Higgs couplings. In general
we consider values of κ ≲ 1 since it is difficult from a
model-building perspective to increase the coupling to
gauge bosons with additional Higgs singlets or doublets.
The simplified model for the more constrained singlet
mixing case is described by the same Lagrangian with
κ ¼ sin2θ ≲ 0.15. In this simplified model framework we
do not introduce a direct coupling between the SM Higgs
and χχ̄ as this interaction can be easily captured with giving
ϕ the same mass as the Higgs.

FIG. 1 (color online). The decay width of h2 into χ̄χ with
gDM ¼ 1.
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III. COMMENTS ON THE RELIC DENSITY AND
DIRECT DETECTION CONSTRAINTS

Simplified models for dark matter are introduced to
capture the main aspects of dark matter collider phenom-
enology, without being complete models. It is therefore
customary not to impose constraints from relic density or
direct detection stringently. Still, the model introduced
above in Eq. (12) is a valid model that could have
cosmologically viable dark matter. Therefore, to give an
indication of constraints for models of this type, we
calculate the relic density and direct detection constraints
assuming that

(i) the dark sector fermions χ̄ χ which enter the
simplified model definition (12) is the cosmologi-
cally stable dark matter and not merely one of the
dark sector degrees of freedom which are long-lived
on a collider scale;

(ii) the dark matter particles annihilate predominantly
via the mediator interaction specified in (12), and
there are no other DM annihilation channels beyond
the simplified model (12) or that they are highly
suppressed.

We stress that if either of these additional assumptions are
not satisfied, the relic density- and direct detection-related
constraints discussed in this section will not apply. These
are strong assumptions, that can easily be evaded in many
well motivated DM models.
We will now require that the dark matter does not

overclose the Universe, and that the direct detection cross

section is sufficiently small to not having been observed
so far.
We calculate the relic density and direct detection limits

using the MadDM [25,26] with the simplified model (12).
The computed relic density is compared to the observed
relic density from the Plank Satellite [27] of Ωh2 ¼
0.1199� 0.0027, and the direct detection cross sections
are compared to the limits from the LUX experiment [28].
Figure 2 shows the contours of the computed relic

density and the direct detection exclusions on the mediator
mass—dark matter mass plane and for various values of
gDM and κ. For the direct detection constraint we have
assumed that the DM density interacting with the detector
is given by the canonical value, even if the DM in our
model only is a subcomponent of the total DM density in
this region of parameter space. Therefore, the direct
detection limits on our model are weaker than what is
shown in the figure in the region of parameter space where
the calculated DM density is smaller than the
observed value.
For the collider phenomenology at the LHC and at future

colliders, we will be interested in heavy mediators with the
dark matter mass and the dark matter coupling largely
unconstrained as long as the scalar mediators have a large
branching ratio to dark matter. From Fig. 2 we can see that
all these models easily avoid direct detection constraints,
and as long as the dark matter mass is quite heavy we can
have mediator masses up to 2500 GeV, without over-
closing the Universe. For gDM ¼ 4 and a heavy mediator

FIG. 2. Dark matter relic density and direct detction constraints for our simplified model for dark matter for various values of gDM and
κ. The lines give relic density contours and the grey region shows the area exclude by direct detection constraints.
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Mmed ≃ 2.5 TeV we need mχ ≳ 400 GeV to have viable
dark matter (another way to put it is that only the DMwhich
is more than 20 times lighter than the mediator is con-
strained here). For smaller couplings the minimal DMmass
increases accordingly (as can be seen from the second and
third plots in Fig. 2) to not overclose the universe for the
heaviest mediators, but this is not a problem for the models
we will consider in the rest of the paper. We will, therefore,
now turn to collider phenomenology where we will study
models that, if we interpret them as complete models, can
provide a viable dark matter candidate.
We conclude that the relic density and direct detection

considerations can provide useful constraints on our
simplified model under certain assumptions, in addition
to the collider searches. This provides an important
complementarity to the collider phenomenology we will
now study. If the LHC or future colliders can resolve and
probe the mediator mass scale and a signal with missing
energy is discovered, one of the main open questions will
be if the signal results in the production of cosmological
dark matter and what is its particle identity.

IV. COLLIDER LIMITS ON SCALAR
MEDIATORS WITH TWO JETS AND MISSING

TRANSVERSE ENERGY AT THE LHC

For deriving the collider limits on the models with scalar
mediators to dark matter sectors and for the ability to
distinguish between models with different mass scales,
we will use the search strategy based on final states with
missing transverse energy plus two jets. There are four main
kinematic quantities associated with the ET plus two jet
signatures: the missing transverse momentum pT , the jets
invariant massMjj, the azimuthal angle between the tagging
jets Δϕjj and the jets pseudo-rapidity difference Δη ¼
ηj1 − ηj2. In terms of these we impose the VBF cuts [29,30],

pT > 100 Gev; Mjj > 1200 GeV; Δϕjj < 1;

Δη > 4.5; pT;j > 40 GeV; ð13Þ

to separate the signal and background. Here pT;j is the
transverse momentum of each jet defined by using the anti-kt

jet algorithm with R ¼ 0.4. We reconstruct jets using Fastjet
[31]. After imposing these cuts, the main production channel
of the scalar mediator is largely reduced to weak vector
boson fusion (WBF), leaving only a small contribution from
the gluon fusion (GGF) channel (cf. Table 1). In spite of the
relative smallness of the GGF process after cuts (13), one
should not be tempted to approximate them by the Higgs-
gluon effective vertex. The inclusion of finite top quark mass
effects in the top loop in the GGF production is known to
be important (in the context of DM searches at the LHC
this was emphasized in [32]), especially for heavier scalar
mediators where the heavy top mass approximation breaks
down. We therefore simulate both the WBF and GGF
contributions to the signal with VBFNLO [33–35] which
includes the full top-loop dependence to GGF.
The background is simulated at leading order using

MadGraph [36]. Both signal and background are then
showered with Herwigþþ [37]. The main backgrounds
are Z þ 2 jets with the Z decaying to neutrinos and W� þ 2
jets where the W decays to a neutrino and a missing lepton.
We count the lepton as missed if it has jηlj > 2.5 or
pT < 10 GeV. We have also checked that the t̄t back-
ground is negligible after the cuts. The projected LHC
exclusion limits for these final states have been studied
previously in [29,30,38,39] in the context of an invisible
branching ratio for the SM Higgs.

FIG. 3 (color online). Kinematic distributions for different values of the mediator width at
ffiffiffi
s

p ¼ 13 TeV when Mmed ¼ 800 GeV.

TABLE I. Cross sections (fb) at partonic level after VBF cuts
in (13) at 13 TeV.

Mmed VBF GGF Total

125 GeV 89 17 107
250 GeV 61 13 74
500 GeV 26 10 36
750 GeV 12 3 15
1000 GeV 6 0.7 6.7
1500 GeV 2 0.08 2.01

Background Cross section (fb)

Zjj 128
Wþjj 116
W−jj 40
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A. Width effect on differential distributions

In Fig. 3 we can see the effect of varying the width of the
mediator on the differential distributions of Mjj and Δϕjj

for a mediator with Mmed ¼ 800 GeV. A smaller width
leads to a slightly broader Mjj tail and flatter Δϕjj

distribution. For reasonably small total widths this effect
is not very large. We will therefore use the narrow width
approximation, where we produce the mediator on-shell
with subsequent decay to χ̄χ with a branching ratio
determined by the coupling constants and dark matter
mass, when we simulate the signal.

B. The LHC exclusion limits reach

Our first goal is to establish the projected LHC exclu-
sions for models with scalar mediators based on the two jets
and ET final states. We aim to evaluate the upper limit
on the mediator mass for the model to be within the
LHC reach.
The left panel in Table I shows the cross sections for the

signal at the LHC at the 13 TeV center-of-mass energy,
assuming a 100% branching ratio of the scalar mediators
to dark matter and κ ¼ 1. The cross sections for SM

backgrounds are shown in the table on the right. Using
these one can calculate the simple projected exclusion
limits for these models from a standard cut-and-count
procedure.
For our analysis we will use the differential cross

sections to perform a binned log-likelihood analysis [40]
to compute confidence levels (CLs) for experimental
exclusions [41]. In the four plots of Fig. 4 we show the
normalized differential distributions for signal and back-
ground as functions of the four kinematic variables
Mjj; pT;Δη;Δϕjj. These kinematic distributions are plot-
ted for different values of the mediator mass ranging from
Mmed ¼ 125 GeV to 1500 GeV1.
The differences in their shapes for models with

different values of Mmed can be used for differentiating
between them. The binned log-likelihood technique for
computing confidence levels is based on regarding each
bin in a histogram for the measured variable as an
independent search channel to be combined with all

FIG. 4 (color online). Kinematic distributions for different values of the mediator mass for the signal, and for the background at the
LHC. Mjj distributions are shown on the top left panel, pT is on top right , Δη and ϕjj distributions are on the bottom left and right
panels respectively.

1Compared to differential distributions at eþe− colliders
[42,43], at the LHC differences between the models are less
pronounced and more difficult to exploit.
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others. Systematic uncertainty is taken into account by
running many pseudo Monte Carlo experiments where
the normalization of the background histogram is varied
randomly. The significance is then given by the fraction
of these experiments that has a smaller likelihood ratio
than that for the expected background distribution. We
use the Mjj distribution(the Δη distribution gives similar
results) with ten bins to both determine the signal
exclusion limits and later to distinguish between differ-
ent signal models.
In Figs. 5–7 we show the LHC reach for excluding scalar

mediator models for different values of mediator masses.
Figure 5 applies to generic models with κ ¼ 1 and assumes
a 5% and a 10% level of systematic uncertainty. Figure 6
shows the LHC exclusion contours in the context of the
mediator-Higgs mixing models, here we set κ ¼ 0.15 and
assumes a 1% and a 5% systematic uncertainty. Plots in
Fig. 7 show the LHC exclusion limits without fixing the κ
parameter to a specific value. Here one allows κ to float

such that for each model the computed cross section is set
equal to a cross section that corresponds to a 30% invisible
branching ratio for the 125 GeV Higgs.
The conclusions we draw is that for generic scalar

mediator models with κ ≃ 1, with the 13 TeV LHC we
can probe models with mediator masses up to Mmed ≈
750 GeV (assuming a 5% level of systematic uncertainty).
For the models with small κ, in particular the models
associated with the Higgs–singlet-mediator mixing where
κ ¼ sin2 θ ≲ 0.15, we can probe up to Mmed ≈ 500 GeV
(with an optimistic 1% systematic uncertainty). The
decrease in cross section at small values of κ not surpris-
ingly makes it very hard to reach to the higher mediator
masses in the Higgs portal-type mixing model realizations
at the LHC. While we only focus on CP-even scalar
mediators, the same distributions can be used to access
the scale of CP-odd scalar mediators. Δϕjj can be a
powerful observable to discriminate CP-even from CP-
odd mediators [44–46].

FIG. 6 (color online). The LHC reach for differentMmed models with κ ¼ 0.15 in terms of confidence levels to exclude signal from SM
background. On the left panel we use a systematic uncertainty of 1%, and the panel on the right corresponds to 5% systematic
uncertainty.

FIG. 5 (color online). We characterize the LHC reach for models with different values of Mmed by computing confidence levels for
excluding signals from the SM backgrounds. We consider models with κ ¼ 1 and on the left panel use a systematic uncertainty of 5%,
the panel on the right corresponds to 10% systematic uncertainty.
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C. Distinguishing between models with different
mediator masses

For the models which are within the LHC reach, i.e. with
Mmed below the upper bounds set be the exclusion contours
in Figs. 5–7, the next step is to be able to distinguish
between different models.
This is achieved by comparing the shapes of the

kinematic distributions plotted in Fig. 4 for different
mediator masses. As we increase Mmed the visible jets
will recoil against a heavier object and we can use the
kinematic variables to distinguish the models. We will use
the following procedure. Before we even start comparing
different models, we would need an excess of signal events
over the SM background in the data after the VBF cuts. The
cross section of this signal can be used to infer an upper
limit for the mass of the mediator as a function of κ. The
question then becomes if we can distinguish between the
different models that can achieve the measured cross
section. We will again use a binned log-likelihood method

and we will be comparing models pairwise. For each cross
section we select the two extreme models: first one with the
maximal mass, and the second (reference model)—with the
125 GeV mediator.
In Fig. 8 we can see how well one can differentiate the

models at the LHC with κ ¼ 1. Specifically, all the models
with Mmed ¼ 250, 500 and 750 GeV can be distinguished
from the 125 GeV mediator. Within our approach this
conclusion is valid even with a relatively high systematic
error of 10%. We also note that for κ ¼ 0.15 it is no longer
possible to differentiate any of the models since the cross
section becomes too small.
So far in Fig. 8 we have characterised the simplified

model signals by fixing the scaling parameter κ to either 1
or 0.15. Alternatively we can set the signal cross section to
a fixed value corresponding to a 30% invisible branching
ratio of the SM Higgs. This is shown in Fig. 9 which leads
one to conclude that the models with heavier and heavier
mediator masses are easier and easier to distinguish from

FIG. 8 (color online). Differentiating the models at κ ¼ 1 at the LHC. For each value of Mmed between 250 and 1500 GeV the
models are compared to the reference model with the 125 GeV mediator. We assume a systematic uncertainty of 5% (left panel) and
10% (right panel).

FIG. 7 (color online). The LHC reach for differentMmed models. We normalize the cross sections for all models to the SM Higgs cross
section with Brinv ¼ 30% and a systematic uncertainty of 5% (left panel) and 10% (right panel).
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the reference model. When comparing models with differ-
ent mediator masses, there are in general two competing
effects: the increased difference in the shape of differential
distributions, and the decrease in the cross section with the
increase of the mediator mass. By fixing the cross sections
in Fig. 9 the differences between the models are only due to
the shapes of differential distributions, while in Fig. 8 both
effects are important. This explains why for example the
model with Mmed ¼ 500 GeV is easier to distinguish than
the 250 and 750 GeV models.
We also compare models where the reference model is

not the 125 GeV Higgs. The results for using 250 GeVand
500 GeV as reference models are shown in Fig. 10. In the
same way as for the 125 GeV Higgs, the cross section for
the reference model is set equal to that of the model we
compare it with. We see that the 500 and 750 GeV models
can be distinguished from the 250 GeV model at the LHC.
At the same time, the 750 GeV model (and above) cannot
be distinguished from the 500 GeV reference point.

V. SCALAR MEDIATOR MODELS AT 100 TEV

We use a similar approach to investigate the models
reach and the ability to distinguish between different
models at a future 100 TeV circular proton-proton collider.
The signal and background are simulated in the same way
as for the LHC analysis and we use the same binned-log
likelihood analysis for exclusion and differentiation of the
various models. The main difference is that we use the cuts

pT > 100 Gev; Mjj > 1200 GeV; Δϕjj < 0.5;

Δη > 5.5; pT;j > 110 GeV; ð14Þ

instead of the normal VBF cuts in (13) as we need to reduce
the background more. We also allow for larger jets by using
the anti-kt jet algorithm with R ¼ 0.8.
The left panel in Table II shows the cross sections for the

signal at a future 100 TeV collider, assuming a 100%
branching ratio of the scalar mediators to dark matter.

FIG. 9 (color online). Differentiating the models with the floating κ parameter defined as in the caption of Fig. 7. Models are compared
pairwise to the 125 GeV reference model.

FIG. 10 (color online). Differentiating the κ ¼ 1 models at the LHC. In the left panel we compare to the reference model with
Mmed ¼ 250 GeV, and on the right the reference model is 500 GeV. We assume a systematic uncertainty of 5%.
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We have set κ ¼ 1 and assumed 100% branching ratio of
the mediator to χ̄χ DM. The cross sections for SM back-
grounds are shown in the table on the right.
Figure 11 plots the kinematic distributions for

Mjj; pT;Δη;Δϕjj for models with different values of

Mmed and the SM background. We first investigate the
exclusion limits at 100 TeV for invisible decays of the
125 GeV Higgs. In Fig. 12 we plot exclusion limits on
the branching rations to invisibles and conclude that for
small systematic errors one can exclude Brinv ≳ 10%.
We can now consider simplified models with different

values of the mediator mass. In Fig. 13 we show the
expected reach for a 100 TeV collider for these models with
κ ¼ 1 for 1% and 5% level of systematic uncertainty.
Figure 14 gives the expected exclusion limits for models
with κ ¼ 0.15. From these figures we conclude that in the
case of small systematic uncertainties the 100 TeV collider
would provide a very significant increase in the exclusion
reach for new physics models with mediator masses up to
2.5 TeV. For a larger systematic uncertainty at the level of
5% the reach inMmed is 1 TeV. For the more restricted case
of κ ¼ 0.15 Higgs-mixing models, the FCC could exclude
models with up to 750 GeV.
Finally, as we have done at the LHC energies before, we

can use the kinematic distributions at 100 TeV to differ-
entiate pairwise between models with different mediator
masses. We first compare each model with a reference
model with a 125 GeV mediator. The results for this

FIG. 11 (color online). Kinematic distributions for different values of the mediator mass for the signal, and for the background at a
100 TeV collider.Mjj distributions are shown on the top left panel, pT is on top right ,Δη and ϕjj distributions are on the bottom left and
right panels respectively.

TABLE II. Cross sections (fb) at partonic level after the cuts
(14) at 100 TeV.

Mmed VBF GGF Total

125 GeV 120 100 220
500 GeV 76 110 185
750 GeV 53 46 99
1000 GeV 40 20 60
1500 GeV 22 5 27
2000 GeV 14 2 16
2500 GeV 8.7 0.6 9.4

Background Cross section (fb)

Zjj 239
Wþjj 298
W−jj 157
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FIG. 12 (color online). 100 TeV reach for excluding invisible decays of the 125 GeV Higgs boson. On the left panel we use a
systematic uncertainty of 1%, and the panel on the right corresponds to 5% systematic uncertainty.

FIG. 13 (color online). 100 TeV reach for differentMmed models with κ ¼ 1. On the left panel we use a systematic uncertainty of 1%,
and the panel on the right corresponds to 5% systematic uncertainty.

FIG. 14 (color online). 100 TeV reach for different Mmed models with κ ¼ 0.15. On the left panel we use a systematic uncertainty of
1%, and the panel on the right corresponds to 5% systematic uncertainty.
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FIG. 15 (color online). Differentiating the models at κ ¼ 1 at 100 TeV. For each value of Mmed between 500 and 2500 GeV the
models are compared to the reference model with the 125 GeV mediator. We assume a systematic uncertainty of 1% (left panel) and
5% (right panel).

FIG. 16 (color online). Differentiating the models at κ ¼ 0.15 at 100 TeV. For each value of Mmed between 500 and 2500 GeV the
models are compared to the reference model with the 125 GeV mediator. We assume a systematic uncertainty of 1% (left panel) and 5%
(right panel).

FIG. 17 (color online). Differentiating the models at κ ¼ 1 at a future 100 TeV Collider. For each value ofMmed between the reference
model mass and 2500 GeV the models are compared to the reference model with the 500 GeV mediator in the left panel and 750 GeV in
the right panel. We assume a systematic uncertainty of 5%.
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analysis are presented in Fig. 15 for κ ¼ 1 and Fig. 16 for
the models with κ ¼ 0.15. At κ ¼ 1 we can distinguish
all the reachable models with mediators up to 2.5 TeV from
the 125 GeV reference model. For the small-κ models in
Fig. 16 we can distinguish between the models up to 1 TeV
(this requires higher luminosities up to 600 fb−1).
As before we can also compare to different choices of the

reference model. In Figs. 17–18 we plot the results with
reference models corresponding to mediator masses of 500,
750, 1000 and 1500 GeV. We conclude that for all the
reference models with up to 1 TeV mediator masses we can
successfully distinguish all higher mass reachable models.

VI. SUMMARY AND CONCLUSIONS

We have studied collider limits for simplified models of
dark matter. In the case we consider, dark matter is coupled
to the standard model by a scalar field mediator which
interacts with both, the SM fermions and the vector bosons.
Our main goal was twofold: first, to determine the projected
reach of the run 2 LHC and the future circular hadron
collider for excluding such models and, second, to use the
kinematic distributions to be able to extract information on
the values of the mediator masses. To achieve this we
focused on the two jets plus missing transverse energy final
states. In our case both production mechanisms are impor-
tant: the gluon fusion process which effectively probes the
coupling of mediators to quarks and the weak vector boson
fusion which is due to the interactions with vector bosons.
We found that at the 13 TeV LHC, one can probe dark

matter simplified models with mediator masses up to

750 GeV. At a 100 TeV collider the reach is increased
to 2.5 TeV mediators. These measurements are fairly
dominated by systematic uncertainties which we have kept
relatively small and have varied between the 1% and
10% level.
In order to “measure” the mediator mass—which is

the most relevant new physics scale of these models at
colliders—we have compared the models with different
values of Mmed pairwise. In both cases, at 13 and at
100 TeV, we found that we can differentiate between
essentially all the discoverable benchmark models we have
considered. In particular, we can distinguish a 125 GeV
reference model from models with mediator masses of 250,
500 and 750 GeVat the LHC. For the 100 TeV case the list
of distinguishable models extends to 2.5 TeV.
For the more constrained case of the Higgs portal

models, where scalar mediators mix with the SM Higgs
and the mixing angle is small, sin2 θ ¼ 0.15, the collider
reach is reduced due to the overall decrease in the signal
cross section. We found that the LHC reach is 500 GeV
for an optimistic 1% systematic uncertainty, and this is
increased to 750 GeV at a 100 TeV collider.
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FIG. 18 (color online). Differentiating the models at κ ¼ 1 at a future 100 TeV Collider. For each value ofMmed between the reference
model mass and 2500 GeV the models are compared to the reference model with the 1000 GeV mediator in the left panel and 1500 GeV
in the right panel. We assume a systematic uncertainty of 5%.

SPECTROSCOPY OF SCALAR MEDIATORS TO DARK … PHYSICAL REVIEW D 92, 075006 (2015)

075006-13



[1] V. Khachatryan et al. (CMS Collaboration), Search for dark
matter, extra dimensions, and unparticles in monojet events
in proton-proton collisions at

ffiffiffi
s

p ¼ 8 TeV, Eur. Phys. J. C
75, 235 (2015).

[2] V. Khachatryan et al. (CMS Collaboration), Search for new
phenomena in monophoton final states in proton-proton
collisions at

ffiffiffi
s

p ¼ 8 TeV, arXiv:1410.8812.
[3] G. Aad et al. (ATLAS Collaboration), Search for new

phenomena in final states with an energetic jet and large
missing transverse momentum in pp collisions at

ffiffiffi
s

p ¼
8 TeV with the ATLAS detector, Eur. Phys. J. C 75, 299
(2015).

[4] A. Birkedal, K. Matchev, and M. Perelstein, Dark matter at
colliders: A Model independent approach, Phys. Rev. D 70,
077701 (2004).

[5] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T. M. P.
Tait, and H. B. Yu, Constraints on light majorana dark
matter from colliders, Phys. Lett. B 695, 185 (2011).

[6] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T. M. P.
Tait, and H. B. Yu, Constraints on dark matter from
colliders, Phys. Rev. D 82, 116010 (2010).

[7] P. J. Fox, R. Harnik, R. Primulando, and C. T. Yu, Taking a
razor to dark matter parameter space at the LHC, Phys. Rev.
D 86, 015010 (2012).

[8] J. Abdallah, A. Ashkenazi, A. Boveia, G. Busoni, A. De
Simone, C. Doglioni, A. Efrati, E. Etzion et al., Simplified
models for dark matter and missing energy searches at the
LHC, arXiv:1409.2893.

[9] S. Malik, C. McCabe, H. Araujo, A. Belyaev, C. Boehm, J.
Brooke, O. Buchmueller, G. Davies et al., Interplay and
Characterization of dark matter searches at colliders and in
direct detection experiments, arXiv:1409.4075.

[10] M. R. Buckley, D. Feld, and D. Goncalves, Scalar sim-
plified models for dark matter, Phys. Rev. D 91, 015017
(2015).

[11] P. Harris, V. V. Khoze, M. Spannowsky, and C. Williams,
Constraining dark sectors at colliders: Beyond the effective
theory approach, Phys. Rev. D 91, 055009 (2015).

[12] M. Chala, F. Kahlhoefer, M. McCullough, G. Nardini, and
K. Schmidt-Hoberg, Constraining Dark Sectors with Mono-
jets and Dijets, J. High Energy Phys. 07 (2015) 089.

[13] U. Haisch, A. Hibbs, and E. Re, Determining the structure
of dark-matter couplings at the LHC, Phys. Rev. D 89,
034009 (2014).

[14] T. Robens and T. Stefaniak, Status of the Higgs singlet
extension of the Standard Model after LHC run 1, Eur. Phys.
J. C 75, 104 (2015).

[15] A. Falkowski, C. Gross, and O. Lebedev, A second Higgs
from the Higgs portal, J. High Energy Phys. 05 (2015) 057.

[16] C. Englert, T. Plehn, D. Zerwas, and P. M. Zerwas, Explor-
ing the Higgs portal, Phys. Lett. B 703, 298 (2011).

[17] C. Englert, J. Jaeckel, V. V. Khoze, and M. Spannowsky,
Emergence of the electroweak scale through the Higgs
portal, J. High Energy Phys. 04 (2013) 060.

[18] D. López-Val and T. Robens, Δr and the W-boson mass in
the singlet extension of the standard model, Phys. Rev. D 90,
114018 (2014).

[19] T. Hambye and A. Strumia, Dynamical generation of the
weak and Dark Matter scale, Phys. Rev. D 88, 055022
(2013).

[20] C. D. Carone and R. Ramos, Classical scale-invariance, the
electroweak scale and vector dark matter, Phys. Rev. D 88,
055020 (2013).

[21] V. V. Khoze, C. McCabe, and G. Ro, Higgs vacuum stability
from the dark matter portal, J. High Energy Phys. 08 (2014)
026.

[22] V. V. Khoze and G. Ro, Dark matter monopoles, vectors and
photons, J. High Energy Phys. 10 (2014) 61.

[23] W. Altmannshofer, W. A. Bardeen, M. Bauer, M. Carena,
and J. D. Lykken, Light dark matter, naturalness, and the
radiative origin of the electroweak scale, J. High Energy
Phys. 01 (2015) 032.

[24] M. Heikinheimo, A. Racioppi, M. Raidal, C. Spethmann,
and K. Tuominen, Physical naturalness and dynamical
breaking of classical scale invariance, Mod. Phys. Lett. A
29, 1450077 (2014).

[25] M. Backovic, K. Kong, and M. McCaskey, MadDM v.1.0:
Computation of Dark Matter Relic Abundance Using Mad-
Graph5, Phys. Dark Univ. 5-6, 18 (2014).

[26] M. Backovic, K. Kong, A. Martini, O. Mattelaer, and G.
Mohlabeng, Direct Detection of Dark Matter with MadDM
v.2.0, arXiv:1505.04190.

[27] P. A. R. Ade et al. (Planck Collaboration), Planck 2013
results. XVI. Cosmological parameters, Astron. Astrophys.
571, A16 (2014).

[28] D. S. Akerib et al. (LUX Collaboration), First Results from
the LUX Dark Matter Experiment at the Sanford Under-
ground Research Facility, Phys. Rev. Lett. 112, 091303
(2014).

[29] O. J. P. Eboli and D. Zeppenfeld, Observing an invisible
Higgs boson, Phys. Lett. B 495, 147 (2000).

[30] C. Bernaciak, T. Plehn, P. Schichtel, and J. Tattersall, Spying
an invisible Higgs boson, Phys. Rev. D 91, 035024 (2015).

[31] M. Cacciari and G. P. Salam, Dispelling the N3 myth for the
kt jet-finder, Phys. Lett. B 641, 57 (2006); M. Cacciari, G. P.
Salam, and G. Soyez, FastJet user manual, Eur. Phys. J. C
72, 1896 (2012).

[32] U. Haisch, F. Kahlhoefer, and J. Unwin, The impact of
heavy-quark loops on LHC dark matter searches, J. High
Energy Phys. 07 (2013) 125.

[33] J. Baglio, J. Bellm, F. Campanario, B. Feigl, J. Frank, T.
Figy, M. Kerner, L. D. Ninh et al., Release Note—VBFNLO
2.7.0, arXiv:1404.3940.

[34] K. Arnold, J. Bellm, G. Bozzi, M. Brieg, F. Campanario, C.
Englert, B. Feigl, J. Frank et al., VBFNLO: A parton level
Monte Carlo for processes with electroweak bosons—
Manual for version 2.5.0, arXiv:1107.4038.

[35] K. Arnold, M. Bahr, G. Bozzi, F. Campanario, C. Englert, T.
Figy, N. Greiner, C. Hackstein et al., VBFNLO: A parton
level Monte Carlo for processes with electroweak bosons,
Comput. Phys. Commun. 180, 1661 (2009).

[36] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T.
Stelzer, MadGraph 5: Going beyond, J. High Energy Phys.
06 (2011) 128.

[37] J. Bellm, S. Gieseke, D. Grellscheid, A. Papaefstathiou,
S. Platzer, P. Richardson, C. Rohr, T. Schuh et al.,
Herwigþþ2.7 release note, arXiv:1310.6877.

[38] Y. Bai, P. Draper, and J. Shelton, Measuring the invisible
Higgs width at the 7 and 8 TeV LHC, J. High Energy Phys.
07 (2012) 192.

VALENTIN V. KHOZE, GUNNAR RO, AND MICHAEL SPANNOWSKY PHYSICAL REVIEW D 92, 075006 (2015)

075006-14

http://dx.doi.org/10.1140/epjc/s10052-015-3451-4
http://dx.doi.org/10.1140/epjc/s10052-015-3451-4
http://arXiv.org/abs/1410.8812
http://dx.doi.org/10.1140/epjc/s10052-015-3517-3
http://dx.doi.org/10.1140/epjc/s10052-015-3517-3
http://dx.doi.org/10.1103/PhysRevD.70.077701
http://dx.doi.org/10.1103/PhysRevD.70.077701
http://dx.doi.org/10.1016/j.physletb.2010.11.009
http://dx.doi.org/10.1103/PhysRevD.82.116010
http://dx.doi.org/10.1103/PhysRevD.86.015010
http://dx.doi.org/10.1103/PhysRevD.86.015010
http://arXiv.org/abs/1409.2893
http://arXiv.org/abs/1409.4075
http://dx.doi.org/10.1103/PhysRevD.91.015017
http://dx.doi.org/10.1103/PhysRevD.91.015017
http://dx.doi.org/10.1103/PhysRevD.91.055009
http://dx.doi.org/10.1007/JHEP07(2015)089
http://dx.doi.org/10.1103/PhysRevD.89.034009
http://dx.doi.org/10.1103/PhysRevD.89.034009
http://dx.doi.org/10.1140/epjc/s10052-015-3323-y
http://dx.doi.org/10.1140/epjc/s10052-015-3323-y
http://dx.doi.org/10.1007/JHEP05(2015)057
http://dx.doi.org/10.1016/j.physletb.2011.08.002
http://dx.doi.org/10.1007/JHEP04(2013)060
http://dx.doi.org/10.1103/PhysRevD.90.114018
http://dx.doi.org/10.1103/PhysRevD.90.114018
http://dx.doi.org/10.1103/PhysRevD.88.055022
http://dx.doi.org/10.1103/PhysRevD.88.055022
http://dx.doi.org/10.1103/PhysRevD.88.055020
http://dx.doi.org/10.1103/PhysRevD.88.055020
http://dx.doi.org/10.1007/JHEP08(2014)026
http://dx.doi.org/10.1007/JHEP08(2014)026
http://dx.doi.org/10.1007/JHEP10(2014)061
http://dx.doi.org/10.1007/JHEP01(2015)032
http://dx.doi.org/10.1007/JHEP01(2015)032
http://dx.doi.org/10.1142/S0217732314500771
http://dx.doi.org/10.1142/S0217732314500771
http://dx.doi.org/10.1016/j.dark.2014.04.001
http://arXiv.org/abs/1505.04190
http://dx.doi.org/10.1051/0004-6361/201321591
http://dx.doi.org/10.1051/0004-6361/201321591
http://dx.doi.org/10.1103/PhysRevLett.112.091303
http://dx.doi.org/10.1103/PhysRevLett.112.091303
http://dx.doi.org/10.1016/S0370-2693(00)01213-2
http://dx.doi.org/10.1103/PhysRevD.91.035024
http://dx.doi.org/10.1016/j.physletb.2006.08.037
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://dx.doi.org/10.1007/JHEP07(2013)125
http://dx.doi.org/10.1007/JHEP07(2013)125
http://arXiv.org/abs/1404.3940
http://arXiv.org/abs/1107.4038
http://dx.doi.org/10.1016/j.cpc.2009.03.006
http://dx.doi.org/10.1007/JHEP06(2011)128
http://dx.doi.org/10.1007/JHEP06(2011)128
http://arXiv.org/abs/1310.6877
http://dx.doi.org/10.1007/JHEP07(2012)192
http://dx.doi.org/10.1007/JHEP07(2012)192


[39] D. Ghosh, R. Godbole, M. Guchait, K. Mohan, and D.
Sengupta, Looking for an invisible Higgs signal at the LHC,
Phys. Lett. B 725, 344 (2013).

[40] T. Junk, Confidence level computation for combining
searches with small statistics, Nucl. Instrum. Methods Phys.
Res., Sect. A 434, 435 (1999).

[41] A. L. Read, Presentation of search results: The CL(s)
technique, J. Phys. G 28, 2693 (2002).

[42] J. R. Andersen, M. Rauch, and M. Spannowsky, Dark
sector spectroscopy at the ILC, Eur. Phys. J. C 74, 2908
(2014).

[43] Z. Chacko, Y. Cui, and S. Hong, Exploring a dark sector
through the Higgs portal at a lepton collider, Phys. Lett. B
732, 75 (2014).

[44] T. Plehn, D. L. Rainwater, and D. Zeppenfeld, Determining
the Structure of Higgs Couplings at the LHC, Phys. Rev.
Lett. 88, 051801 (2002).

[45] V. Hankele, G. Klamke, and D. Zeppenfeld, Higgsþ 2 jets
as a probe for CP properties, arXiv:hep-ph/0605117.

[46] M. J. Dolan, P. Harris, M. Jankowiak, and M. Spannowsky,
Constraining CP-violating Higgs sectors at the LHC using
gluon fusion, Phys. Rev. D 90, 073008 (2014).

SPECTROSCOPY OF SCALAR MEDIATORS TO DARK … PHYSICAL REVIEW D 92, 075006 (2015)

075006-15

http://dx.doi.org/10.1016/j.physletb.2013.07.042
http://dx.doi.org/10.1016/S0168-9002(99)00498-2
http://dx.doi.org/10.1016/S0168-9002(99)00498-2
http://dx.doi.org/10.1088/0954-3899/28/10/313
http://dx.doi.org/10.1140/epjc/s10052-014-2908-1
http://dx.doi.org/10.1140/epjc/s10052-014-2908-1
http://dx.doi.org/10.1016/j.physletb.2014.03.010
http://dx.doi.org/10.1016/j.physletb.2014.03.010
http://dx.doi.org/10.1103/PhysRevLett.88.051801
http://dx.doi.org/10.1103/PhysRevLett.88.051801
http://arXiv.org/abs/hep-ph/0605117
http://dx.doi.org/10.1103/PhysRevD.90.073008

