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1. Introduction

Many astrophysical observations based on the gravitational effects [1] point to the existence
of dark matter, however its precise nature remains unknown so far. Innumerable theoretical mod-
els are being formulated to explain its origin, and in parallel it is being looked for in numerous
experiments. These searches can be categorized in 3 different types, as shown in Fig. 1.

Figure 1: Diagram illustrating the three different methods used to detect dark matter.

The direct detection method is based on the scattering of dark matter particles with nuclei. The
indirect detection is aimed at detecting the radiation or particles produced in the annihilation of
dark matter particles. Finally, the collider searches try to detect dark matter particles and mediators
that could be produced at colliders. The latter category is complementary to direct and indirect
searches and includes many different signatures to investigate. This paper focuses on searches at
the Compact Muon Solenoid (CMS) experiment [2] located at one of the interaction points of the
Large Hadron Collider (LHC) at CERN.

2. Dark Matter Searches at CMS

Since dark matter particles are usually assumed to be neutral and to interact only weakly with
ordinary matter, they are expected to pass through the detectors at colliders without leaving a signal.
These particles can still be searched for when they are produced in association with other visible
particles, as this creates an imbalance of transverse momentum. This type of signature is often
called the mono-X signature.

Other types of signatures can be studied as well, when looking for new resonances or long-
lived particles. However, these searches go beyond the scope of this paper. In this paper, 2 of the
recent results based on a mono-X signature are covered: a search for dark matter in association
with single top or top quark pairs [3] and the mono-Higgs search [4].

3. Search for dark matter in association with single top or top quark pairs

Out of the many possible dark matter interactions, the ones mediated by a new neutral scalar or
pseudoscalar particle which then decays to the dark matter particles are especially interesting since
they can easily be fit into dark matter models containing extended Higgs boson sectors [5, 6, 7, 8].
If the principle of minimal flavor violation [9, 10] is respected, the new spin-0 mediator will follow
the Yukawa coupling structure, as is the case in the Standard Model and will favor couplings to the
heavy third-generation quarks.
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3.1 Signature

When the third-generation quark is a top quark, this leads to the production of dark matter in
association with a pair of top quarks (tt+DM), as detailed in several theoretical studies [11, 12, 13,
14]. The main diagram for this process is shown in Fig. 2 (upper left). The created dark matter
escapes detection, leaving an imbalance of momentum in the transverse plane, denoted as pmiss

T .
Additionally, there are contributions from dark matter production in association with a single top
quark (t/t+DM), as described in Ref. [15]. In this search, these processes which are also mediated
by a neutral spin-0 particle are considered as well for the first time. The relevant diagrams are
shown in Fig. 2 (upper right and bottom). Previously, searches for the tt+DM final state have been
carried out by the ATLAS and CMS Collaborations at center-of-mass energies of 8 TeV [16, 17]
and 13 TeV [18, 19, 20], based on an effective field theory for the former results and interpreted in
the context of simplified models for the latter.

Figure 2: Main production diagrams at the LHC for dark matter in association with a top quark pair (upper
left) or a single top quark with associated t channel W boson production (upper right) or with associated tW
production (lower left and right).

The t/t+DM final state is also being studied in the so-called “monotop“ searches [21, 22, 23],
which involve the production of a top quark and dark matter particles but without the additional
jets or W bosons, and considering different simplified models.

3.2 Analysis method

In this analysis, the event categorized based on the number of leptons, b-jets, and forward
jets. In order to reduce the background in the single lepton signal regions, mainly coming from top
quark pairs and W or Z bosons produced in association with jets, a cut is imposed on the transverse

mass mT =
√

2pmiss
T pl

T [1− cos(∆φ)], where pl
T is the transverse momentum of the lepton and ∆φ

is the opening angle between the lepton direction and the pmiss
T vector in the transverse plane.

The different orthogonal signal regions are statistically combined in a simultaneous global fit
of the pmiss

T spectrum, shown in Fig. 3 for 2 of the signal regions.

3.3 Results

The data are in agreement with the expected Standard Model background in the signal regions
and the results are interpreted in terms of the described dark matter model with Dirac dark matter.
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Figure 3: The main observable of the t/t+DM search, pmiss
T , for the signal region with one muon and no

forward jets (left), and 2 b-jets and no leptons (right). [3]

The upper limits at 95% confidence level (CL) are computed on the ratio of the measured and
theoretical cross sections, using a modified frequentist approach with a test statistic based on the
profile likelihood in the asymptotic approximation and the CLs criterion [24, 25, 26]. The observed
and expected limits are shown in Fig. 4 for the scalar and the pseudoscalar models.

Figure 4: The expected and observed 95% CL limits on the dark matter production cross sections, relative
to the theory predictions, shown for the scalar (left) and pseudoscalar (right) models. [3]

4. Mono-Higgs search

With the discovery of the Higgs boson [27, 28, 29] a new probe of dark matter is available,
complementing other mono-X searches. The search for pair production of dark matter in associ-
ation with a Higgs boson differs from typical mono-X searches since the production of the Higgs
boson as initial state radiation is strongly suppressed due to the smallness of both the Higgs boson
Yukawa coupling to light quarks and its loop-suppressed coupling to gluons. Therefore, the Higgs
boson is produced as final state radiation or through a beyond the Standard Model interaction of
the dark matter particles with the Higgs boson.
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The mono-Higgs signature has already been studied by both the ATLAS and CMS Collab-
orations in several Higgs boson decay channels. So far no significant excess of events over the
Standard Model expectations has been observed. This paper describes the first search for mono-
Higgs production which includes the WW and ZZ decay channels, combining this with the results
previously obtained in the bb [30, 31], and γγ and ττ [32] channels.

4.1 Studied models

Two benchmark simplified models of dark matter production, which are recommended by the
ATLAS-CMS Dark Matter Forum [33], are investigated in this search. The corresponding Feynman
diagrams are shown in Fig. 5, with a type-II two Higgs doublet model (2HDM) [34] on the left and
the baryonic Z’ model[35] on the right.

Figure 5: Representative Feynman diagrams for the Z’-2HDM (left) and baryonic Z’ (right) models which
are considered in the mono-Higgs search.

The 2HDM model is extended by a U(1)Z′ group. This model is referred to as the Z’-2HDM
model, where the Z’ boson is produced via a quark-antiquark interaction, and decays into a Higgs
boson and a pseudoscalar A mediator. This mediator can in turn decay into a pair of Dirac fermion
DM particles χ .

In the baryonic Z’ model, the Z’ is a vector boson corresponding to a new baryon number
U(1)B symmetry, acting as a dark matter mediator. It can radiate a Higgs boson before decaying to
a pair of dark matter particles, resulting in the considered signature.

4.2 Analysis method

The most sensitive channel for most Z’ masses is the bb channel. In this channel, two separate
analyses are performed for the two different signal models. For the Z’-2HDM model the b-jets are
expected to be very boosted, resulting into one large-radius jet with 1 or 2 b-tagged subjets. In the
baryonic Z’ model, the b-jets are expected to be less boosted and the selected signature consists of
2 large-radius jets.

The γγ and ττ decay channels have a smaller branching fraction but the former allows for a
higher precision in reconstructed invariant mass while the latter has a smaller background due to
the leptons in the final state. For the γγ result, a fit is performed in the diphoton invariant mass
to extract the signal yield. In the ττ case, the signal is extracted using a simultaneous fit to the
transverse mass of missing energy and the 2 τ leptons in signal and control regions.

In the WW channel, the kinematic reconstruction of the Higgs boson is not possible due to
the neutrinos present in the final state. A BDT is used, trained separately for each signal model.
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The backgrounds in the ZZ channel are easily reducible and the mass of the Higgs can be fully
reconstructed. However, the branching fraction is very small.

4.3 Results

The obtained observed and expected 95% CL upper limits on the cross section are given in
Fig. 6 for the separate decay channels and for the combined result. The interpretation of the results
in the baryonic Z’ model in terms of the spin-independent dark matter nucleonscattering cross
section yields higher sensitivity than the existing results from direct detection experiments for dark
matter particle masses less than 5 GeV, for the chosen benchmark model parameters.

Figure 6: The observed and expected 95% CL upper limits on σ/σth for the Z’-2HDM (left) and baryonic
Z’(right) models for the five individual decay modes of the Higgs boson, as well as their combination.
Various mass hypotheses for the Z’ are considered for a fixed value of mA = 300 GeV (mχ = 1 GeV) for the
Z’-2HDM (baryonic Z’) model. [4]

5. Summary

Many searches for dark matter are being performed, including searches at colliders. In this
paper we discussed the results and considered models of two of the searches performed at the CMS
experiment. One is the first search at the LHC for dark matter in association with a single top
or top quark pair in scalar and pseudoscalar interactions, obtaining an improvement of up to two
times on the set limits at high mediator masses with respect to the precious tt + DM results. For the
mono-Higgs analysis, the main decay channel is the h→ bb channel, while the γγ and ττ channels
contribute at low Z’ mass. This combined analysis for the first time includes the Higgs boson decay
channel to two W or Z bosons.
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