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• Long standing interest in Spin 0 DM searches, in the 
past worked on DM+tt and DM+H 

• Aim to extend towards new production mechanisms 

• Studied comprehensive set of early VBF models: 
http://arxiv.org/abs/1603.07739  

• Study sensitivities, signatures, etc (big picture) 

• Two classes of models: EFT and simplified models with 
several subclasses
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Introduction
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• Simplified Models 

• Higgs-Portal: Higgs-like scalar with on/off-shell DM 
production  

• 2 Higgs Doublet Model: General pseudo scalar (A) 
and scalar mediatorsInteractions via W/Z boson 

• EFT Models 

• Use higher dim operators to describe those 

• Coupling-strength set by operator scale, mDM free 
parameter
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Models
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• Paper aimed to develop experimental realistic approach 

• Studied systematic and pileup effects but these are 
notoriously difficult to model  

• No mixing effects considered, different couplings to 
heavy quarks etc
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The fine print
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• Add SM Higgs-DM interaction to 
Lagrangian
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Spin 0 Mediators

• Allows dark matter production via all 
Higgs production modes:  

• Gluon fusion  

• VBF  

• Associated production 

• ttH 

• VBF second largest production mode 
most sensitive because of bkgds 

• For mDM< 125/2 GeV non-SM decay 
into H→inv. will occur
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• H → inv. BR decay is defined by coupling strength and mDM 

• Current constraints <0.25 

• Higgs scalar → spin-independent direct detection 

• Stringent constraints form direct searches
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Higgs→inv.
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• Generalize to new scalar H and pseudo-scalar A mediators 

• Four dim. phase space (mDM, mH/A, gx, gv).  

• Production dominated by gluon fusion and top quark loops*  

• On-shell σ~g2, off-shell σ~g4 

• Also derive limits from Fermi-LAT data 

7

General (Pseudo)-Scalars
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FIG. 1: Sample Feynman diagrams for the production of dark matter through a spin-0 mediator in the VBF topology. The
production modes involving W and Z gauge bosons (left) are only relevant for 125 GeV Higgs portal models, while the gluon
fusion modes (right) applies to all of our spin-0 models.

invisible decay of the Higgs boson, with a width of
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Under the assumption of SM production of the Higgs boson, a combination of direct and indirect measurements by
ATLAS and CMS already implies an invisible branching ratio of less than 0.25 [55, 57, 58], assuming a total SM Higgs
boson width of 4.1 MeV. We note that if the production rate for the Higgs boson deviates from the SM prediction,
then it is possible that the invisible branching ratio could be larger than this value [59]. In Sec. IV, we will report
direct limits on the Higgs boson invisible branching ratio and g� in the on-shell regime.

For heavier dark matter masses, the Higgs boson portal allows for dark matter production through an o↵-shell SM
Higgs boson H125 with a cross section proportional to g2�. Again, we assume the Higgs boson couplings to the gauge
bosons and quarks correspond to the SM. The production rates decrease rapidly with increasing dark matter mass,
and good separation of signal and background is necessary. In this regime, searches using the VBF topology appear
to be the most sensitive [12]. In Sec. IV, we report results in this regime in terms of the dark matter coupling g�.

As the Higgs boson is a scalar, an interaction between it and dark matter will result in spin-independent scattering
between dark matter and nuclei, proportional to g2� (see Ref. [37] and references therein for explicit calculation of this
scattering cross section). This opens the possibility for direct detection of dark matter in Earth-based low-background
detectors. The negative results from such searches for this spin-independent direct detection signal set stringent limits
on g� as a function of m�. We take the experimental upper limits on ���p from the recent LUX results [60], and in
Fig. 2 we plot both the upper limits on g� as a function of m� and the inferred upper limit on the invisible branching
ratio of the H125.

As well as the SM Higgs boson, we also consider new scalar H and pseudoscalar A mediators. Motivated by
the possibility of including these particles in an extended Higgs sector, and by the measured 125 GeV Higgs boson
couplings to the W and Z bosons [50, 51], which are consistent with the SM predictions, we do not couple these
mediators to the electroweak gauge bosons. Assuming couplings to SM fermions which are minimally flavor violating
(MFV) [61], the Lagrangians are then (see Ref. [37])

LH ◆ �g�H�̄��
X

f

gvyfp
2
Hf̄f, (3)

LA ◆ �ig�A�̄�5��
X

f

igvyfp
2

Af̄�5f. (4)

Here, gv is the coupling to visible particles and we normalize to the SM fermion Yukawa couplings yf to maintain
the MFV assumption. In this four-dimensional parameter space (m�, mH/A, g�, and gv) we choose gv = g�, allowing
us to present expected limits on g� as a function of the dark matter and mediator masses. Production at the LHC
is then driven by a coupling to gluons which is induced by loops of quarks (in particular the top quark), resulting
in production cross sections proportional to g2v = g2�. In our minimal model, the top quark coupling completely
dominates over all non-dark matter interactions; we note that in reasonable extensions of the SM, this may no longer
hold (for example, the tan�-enhanced coupling to b-quarks in Type-II two-Higgs-doublet models, see Refs. [62, 63] for
an exhaustive review). This would result in relatively straightforward rescaling of some of our limits to accommodate
the other large branching ratios [37].

* can be easily avoided, e.g. tan β 
enhancements on b-quarks

g
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• Projections for several luminosity assumptions 

• Only produce g=1, rescaling possible 

• Able to probe full on-shell region and part of off-shell regions
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Projections Simplifed
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• Various EFT operators for 
DM-W/Z interaction 

• Labeling reflects 
dimensionality (dim 5 - 7) 

• Normalise such that DM-
photon interactions are 
suppressed (‘dark’ matter)
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Effective Field Theory
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FIG. 4: Normalised di↵erential distributions of /ET (left) and leading jet ⌘ (right) at the LHC Run-II for representative EFTs, as
well as the H125 and spin-0 simplified models. The EFT distributions are made assuming m� = 100 GeV. The H125 distribution
assumes m� = 56.2 GeV. The scalar, H, and pseudoscalar, A, distributions assume m� = 100 GeV and mH(A/2) = 316.2 GeV.

a) b) c) d)

FIG. 5: Sample Feynman diagrams for the production of dark matter through the e↵ective operators Eqs. (5)-(14). a) VBF
topology and b) jet fusion to W/Z bosons. All operators have significant production at the LHC through such diagrams. c)
VBF though an s-channel Z boson, and d) jets produced in association with a Z. Only operators D5c, D5d, D6a, and D6b
have production at the LHC through these types of diagrams.

appropriate course of action.
The energy-flow through the EFT operator can be estimated in two ways: the /ET in the event, or the total mass of

the pair-produced particles (2m�). In Fig. 4, we show simulated distributions of /ET and leading jet pseudorapidity, ⌘,
for representative EFT operators in VBF production at the 13 TeV LHC. One sees that the /ET (and thus the energy
flowing through the EFT) is far less than one TeV. As we will show, the operator suppression scale ⇤ which the LHC
can probe typically exceed this energy. Thus, for dark matter below the LHC’s kinematic limit of the TeV-scale, our
EFT assumption is self-consistent and therefore justified, as long as the couplings of the integrated-out particles are
O(1), and thus the masses of these particles are ⇠ ⇤. The details of the simulation techniques used to make these
distributions will be discussed in Sec. III.

The dominant production diagrams of dark matter in association with pairs of jets at the LHC via these EFT
operators can be classified in two general categories. The first is VBF of W or Z pairs, resulting in dark matter and
forward jets. Sample Feynman diagrams for this type of production are shown in Fig. 5a. Models which permit such
VBF production also allow for the production of dark matter in association with jet pairs from the hadronic decay of
a W or Z (Fig. 5b). For models that mediate single-Z/dark matter interactions (D5c, D5d, D6a, D6b), dark matter
can also be produced through the radiation of an on- or o↵-shell Z, in association with jets (Fig. 5c and d).

In addition to collider searches for these e↵ective operators, two types of non-collider bounds can be derived, from
indirect detection and a non-standard decay of the Z. These bounds apply only to a subset of operators, depending
on their Lorentz structure. A summary of the constraints relevant to each operator is shown in Table I, and the

VBF jet fusion VBF via Z Z+jet assoc. prod.
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• ETmiss << 1 TeV (e.g. EFT valid, admittedly no detailed studies) 

• Inclusive distributions for all production modes
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Kinematic Distributions
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EFT constraints

• Processes and non-
collider constraints 
application to EFT 
operators 

• Non SM constraints 
typically mDM ~O(10 GeV) 
and Λ~O(1T)

permis non-SM Z decay <σv>  annihilation 

• LHC projections: Broadly similar energy scales but higher masses
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Summary

• Scalar DM offers unique opportunities: 

• Theoretical very interesting set of models 

• Interesting connections between measurements, DD and ID 

• Focused on VBF final states in various classes of models 

• Results: 

• SM Higgs: H→inv might be constrained to up to ~5% 

• Generic scalars: probe full on-shell region, parts of off-shell regions 

• EFT: Can probe energy scales of O(1TeV) are higher DM masses 
than complementary methods. 

• Non-exhaustive list of easy extensions: Mixing of mediators, different 
couplings to heavy quarks, validity studies, adding Mono-X 

• Many opportunities in Spin 0 mediators: Access  Yukawa coupling, 
heavy quarks, probe CP structure and properties, additional production 
modes etc


