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Which type of events do we study at colliders? (med. couplings gq, gDM)

benchmark models: kinematically distinct set of model parameters

Dark matter? signature and phenomenology at collider 
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DM evidence

assume weak 
interactions with SM

DM production

investigate specific 
interactions/final states
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DM signature

DM could be produced at colliders (rare process)

- no direct trace in the detector, need visible particle to which DM recoils against 

- “mono-X searches”: X includes jets, vector bosons, top, … 
DM nature (mDM): scalar (real or complex), Dirac fermion (*assumption for LHC 
searches), …

vector axial-vector
gq

X

q

Vµq̄�
µq gq

X

q

Aµq̄�
µ�5q

scalar pseudoscalar

gq
�p
2

X

f

yf f̄f gq
iAp
2

X

f

yf f̄�
5f

sp
in

-1
 

sp
in

-0
 

04/07/18 A. Albert - DM @ CMS 3

Interpreta�on: Simpli,ed models

Spin-0 mediatorSpin-1 mediator

DMDM

Simpli�ed models with few free parameters:

m
med,
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DM

, mediator-quark coupling, mediator-DM coupling

minimal 1avour viola�on

Benchmarks de�ned by LHC Dark Ma3er working group

SMSM

Benchmarks: arxiv:1603.04156
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Simplified models:  
SM/BSM mediator

Specific models:  
eg. 2 Higgs Doublet 

Model
simpler

more 

Complete models:  
eg. MSSM

(less
 parameters

)

(more parameters
)

ATLAS/CMS DM forum

[arXiv:1507.00966] 

+ t-channel mediators

+ s-channel mediators

https://inspirehep.net/search?p=find+eprint+1507.00966
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Rich dark matter program at CMS 

Analysis Dataset Document
mono-jet 36 fb-1 PRD97(2018) 

mono-Z(ll) 36 fb-1 EPJC78(2018)291
mono-photon 36 fb-1 JHEP02(2019)074

mono-LQ 77 fb-1 PLB795(2019)76
bb+DM 2.2 fb-1 EPJC77(2017)845

mono-top (had) 36 fb-1 JHEP06(2018)027
single top + DM 36 fb-1 JHEP03(2019)141

tt+DM combination 36 fb-1 PRL122,011803(2019)

mono-H(bb) 36 fb-1 EPJC79(2019)280, 
JHEP11(2018)172 

mono-H(𝜏𝜏, 𝛾𝛾) 36 fb-1 JHEP09(2018)046 
mono-H combination 36 fb-1 JHEP03(2020)025
H to dark photons 137 fb-1 JHEP10(2019)139

MET+X signatures

Visible signatures (DM interpretation)

boosted dijet 77 fb-1 PRD100,112007(2019)

dijet w/ btag 20 fb-1 (8 TeV) PRL120,201801(2018)

dijet w/ ISR 18 fb-1(scouting) arXiv:1911.03761

dijet 36 fb-1 - 137 fb-1 JHEP08(2018)130/arXiv:1911.03947

4 top quarks 137 fb-1 EPJC80(2020)75

in this talk: 
only a personal selection of recent 
DM searches, more results here CMS

particular focus on MET+X searches

https://arxiv.org/abs/1911.03947
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO


Signature: large MET and ≥1 high-pT jet/vector boson/photon
mono-jet

DM

DM

mono-V(=W,Z)

DM

DM

V
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DM

mono-𝛾

CMS: JHEP02(2019)074  
(2016)

CMS: PRD97,092005(2018) 
(2016)
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Reminder:

choose X to increase xsec or bkg rejection

vector axial-vector

gq
X
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Vµq̄�
µq gq

X
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µ�5q

Spin-1 mediator:  
simplified and extended sectors 

https://link.springer.com/article/10.1007/JHEP02(2019)074
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.092005
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1 - Selection: events categorized based on jet nature

≥ 1 jets, pT (j) > 250 GeV 
MET > 250 GeV 
invariant mass jet consistent 
with W/Z 

2-prong structure inside jet

DM

DM

mono-V mono-jet

DM+jet/V search 

mono-V mono-jet

2- Bkg:  
- Z(vv) and W(lv)+jets main 

bkg, from CRs 
 

3- Results: combined fit of SRs 
and CRs 

- systematic unc. included as 
nuisance parameters

[large-cone jet,  
R=0.8]J j [small-cone jet,  

eg. R=0.4]

CMS: PRD97,092005(2018)

DM

DM

not selected as mono-V 

pT (j) > 100 GeV

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.092005
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Interpretation in terms of DM model with Dirac DM: upper limits at 95% CL on cross section
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DM+jet/V search CMS: PRD97,092005(2018)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.092005
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t-channel 

interpretation

Color-triplet mediator Colored mediator, Majorana DMHiggs boson as mediator

Interpretation in terms of DM model with Dirac DM: upper limits at 95% CL on cross section
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DM+jet/V search CMS: PRD97,092005(2018)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.092005
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Spin-1 interactions 
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2m𝛘=
mmed

boson fusion (VBF) followed by the Higgs boson decay into DM particles can also lead to events with
large Emiss

T and two or more jets. Especially the ggH signal has a contribution comparable to or even
stronger than the VH process, since its cross section is about 20 times larger and the jets originating from
initial state radiation are more central than in the VBF process. The free parameter of this model is the
branching ratio BH!inv.. The cross sections for the di�erent Higgs boson production modes are taken to
be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production (a) in association with a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [20]; (b) via decay of the Higgs boson H
produced in association with the vector boson [9–13]; (c) in association with a final-state Z 0 boson via an additional
heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain a
Z 0 boson in the final state; the Z 0 boson is allowed to decay only hadronically. The Z 0

! tt̄ decay
channel, kinematically allowed for very heavy Z 0 resonances, is expected to contribute only negligibly to
the selected signal events and therefore the branching ratio BZ0!t t̄ is set to zero. In the first model, the
so-called dark-fermion model, the intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as
well as the lighter DM candidate fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a
free parameter of the model, in addition to the DM candidate mass m�1 , the mediator mass mZ0, and the Z 0

couplings to �1�2 (gDM) and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined
by the choice of the mass and coupling parameter values, assuming that the only allowed decay modes are
�2 ! Z 0�1, Z 0

! qq̄ and Z 0
! �2�1. Under these assumptions the decay widths are small compared to

the experimental dijet and large-radius-jet mass resolutions. In the second, so-called dark-Higgs model,
a dark-sector Higgs boson hD which decays to a �� pair is radiated from the Z 0 boson as illustrated in
Figure 1(d). The masses mhD , m�, mZ0 and the constants gSM and gDM are free parameters of the model.
The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0. Similar to the
dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined by the values of the
mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks or radiate an hD

4

gq=0.25

gDM=1

Simplified vector model CMS DM summary plot

low sensitivity to off-shell region due 
to strong reduction of production 
cross-section  

Can we recover the sensitivity?  

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Dark_Matter_Summary_plots
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Spin-1 interactions 
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boson fusion (VBF) followed by the Higgs boson decay into DM particles can also lead to events with
large Emiss

T and two or more jets. Especially the ggH signal has a contribution comparable to or even
stronger than the VH process, since its cross section is about 20 times larger and the jets originating from
initial state radiation are more central than in the VBF process. The free parameter of this model is the
branching ratio BH!inv.. The cross sections for the di�erent Higgs boson production modes are taken to
be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production (a) in association with a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [20]; (b) via decay of the Higgs boson H
produced in association with the vector boson [9–13]; (c) in association with a final-state Z 0 boson via an additional
heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain a
Z 0 boson in the final state; the Z 0 boson is allowed to decay only hadronically. The Z 0

! tt̄ decay
channel, kinematically allowed for very heavy Z 0 resonances, is expected to contribute only negligibly to
the selected signal events and therefore the branching ratio BZ0!t t̄ is set to zero. In the first model, the
so-called dark-fermion model, the intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as
well as the lighter DM candidate fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a
free parameter of the model, in addition to the DM candidate mass m�1 , the mediator mass mZ0, and the Z 0

couplings to �1�2 (gDM) and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined
by the choice of the mass and coupling parameter values, assuming that the only allowed decay modes are
�2 ! Z 0�1, Z 0

! qq̄ and Z 0
! �2�1. Under these assumptions the decay widths are small compared to

the experimental dijet and large-radius-jet mass resolutions. In the second, so-called dark-Higgs model,
a dark-sector Higgs boson hD which decays to a �� pair is radiated from the Z 0 boson as illustrated in
Figure 1(d). The masses mhD , m�, mZ0 and the constants gSM and gDM are free parameters of the model.
The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0. Similar to the
dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined by the values of the
mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks or radiate an hD
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DM+tt

CMS: PRL122,011803(2019) 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Spin-0 mediator: simplified models
Signature: large MET and 1(2) top quarks
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choose X to exploit coupling ∝ to quark 
mass (or increase xsec)
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CMS: JHEP03(2019)141, (2016)
CMS: JHEP06(2018)027 (2016)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.011803
https://link.springer.com/article/10.1007/JHEP03(2019)141
http://link.springer.com/article/10.1007/JHEP06(2018)027
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1 - Selection: events categorized based on #leptons, # b-jets and #forward jets

DM+t(tt) search CMS: JHEP03(2019)141

0l 1l
leptons veto: e,µ 
≥ 3 jets (j small-cone) 
=1, ≥ 2 b-tagged jets 

MET > 250 GeV 
+0 or ≥1 forward jets (|η|>2.4)

1 lepton: isolated e,µ 
≥ 2 jets (j small-cone) 
=1, ≥ 2 b-tagged jets 

MET > 160 GeV 
+0 or ≥1 forward jets (|η|>2.4)

2- Bkg:  
- tt, V+jets main bkg, from 

CRs 
 
 

3- Results: combined fit of SRs 
and CRs
- systematic unc. included as 

nuisance parameters
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https://link.springer.com/article/10.1007/JHEP03(2019)141
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DM+t(tt) search 

scalar/pseudoscalar interaction
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                 at LHC for DM+t or DM+tt in scalar/pseudoscalar interactions 
up to x2 limits improvement at high mediator masses wrt previous DM+tt results
First search

3- Results: interpretation in terms of DM model with Dirac DM upper limits at 95% CL on xsec
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1 lepton: isolated e,µ 
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1 - Selection: events categorized based on #leptons, # b-jets and #forward jets

CMS: JHEP03(2019)141

https://link.springer.com/article/10.1007/JHEP03(2019)141
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Simplified scalar/pseudoscalar model

Spin-0 interactions: “the invisible through the visible”
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Selection:  
2 same-sign leptons or at least 
three leptons, and jets

mMED > 2 mt

CMS: EPJC80(2020)75full Run-2

https://link.springer.com/article/10.1140/epjc/s10052-019-7593-7
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=1 jets, pT (jet) > 250 GeV 
MET > 250 GeV 
invariant mass jet 
consistent with top quark 
3-prong structure inside jet 
BDT discriminant from 
substructure variables 

DM

DM

!14

1 - Selection: 2- Bkg:

major: tt, 
Z(vv), W(lv)

+jets from CRs

3- Results: signal extracted through combined fit of SRs and CRs (systematic unc. as nuisance parameters)

tight category

non-resonant model resonant model
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18

is roughly independent of mc, and the range 0.2 < mV < 1.75 TeV is excluded. This can be
compared to an expected exclusion of 0.2 < mV < 1.78 TeV. At very high mc (i.e., 2mc � mV),
the parameter space is not excluded because the available phase space for the decay to DM
decreases in this region. Figure 10 shows an analogous result, obtained with the assumptions
g

A
q = 0.25, g

A
c = 1, and g

V
q = g

V
c = 0. At mc ⇠ 1 GeV, the result in the axial case is very similar

to the vector case. An exclusion of 0.2 < mV < 1.75 TeV is obtained for the FCNCs, compared
to an expected exclusion of 0.2 < mV < 1.78 TeV. However, as mc approaches the off-shell
region, the shape of the exclusion is modified owing to the coupling structure.

 [TeV]Vm
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

 [T
eV

]
χ

m

0.2

0.4

0.6

0.8

1

2−10

1−10

1

10

210
 = 1 [FCNC]V

χ
 = 0.25, gV

qg
Median expected 95% CL

experimentσ 1 ±Exp. 
Observed 95% CL

theoryσ 1 ±Obs. 

 (13 TeV)-136 fb

th
eo

ry
σ/

95
%

 C
L

σ
O

bs
er

ve
d 

CMS

Figure 9: Results for the FCNC interpretation presented in the two-dimensional plane spanned
by the mediator and DM masses. The mediator is assumed to have purely vector couplings
to quarks and DM particles. The observed exclusion range (gold solid line) is shown. The
gold dashed lines show the cases in which the predicted cross section is shifted by the assigned
theoretical uncertainty. The expected exclusion range is indicated by a black solid line, demon-
strating the search sensitivity of the analysis. The experimental uncertainties are shown in
black dashed lines.

In addition to considering the dependence on the DM and mediator masses, limits are calcu-
lated as a function of the couplings between DM and the mediator, and between quarks and
the mediator. We fix mc = 1 GeV and show the 95% CL exclusion in the planes spanned by
the couplings and mV, assuming vector- (Fig. 11) and axial-only couplings (Fig. 12). Very little
difference is observed between the two coupling schemes. At low mediator and DM masses,
coupling combinations as small as g

V,A
c = 0.05, g

V,A
q = 0.25 and g

V,A
c = 1, g

V,A
q = 0.05 are ex-

cluded. Fig. A.7 in Appendix A shows the maximum excluded mV as a function of g
V
c and

g
V
q .

Figure 13 shows the results in the resonant model interpretation. The DM mass is fixed at
my = 100 GeV, and the couplings are assumed to be aq = bq = 0.1 and ay = by = 0.2. Scalars
with mass 1.5 < mf < 3.4 TeV are excluded at 95% CL.

A summary of the importance of the systematic uncertainties is presented in Table A.1. To

22
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Figure 13: Upper limits at 95% CL on the mass of the scalar particle f in the resonant model,
assuming fixed aq = bq = 0.1 and ay = by = 0.2. The green and yellow bands represent one
and two standard deviations of experimental uncertainties, respectively. The red hatched band
represents the signal cross section uncertainty as a function of mf.

DM+top (mono-top) 

t-channel 

interpretation

[large-cone jet,  
R=1.5]J

CMS: JHEP06(2018)027 (2016)

https://arxiv.org/abs/1407.7529
https://arxiv.org/abs/1407.7529
https://arxiv.org/abs/1407.7529
https://arxiv.org/abs/1407.7529
https://arxiv.org/abs/1407.7529
https://arxiv.org/abs/1407.7529
https://arxiv.org/abs/1407.7529
https://arxiv.org/abs/1407.7529
https://arxiv.org/abs/1407.7529
https://arxiv.org/abs/1407.7529
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https://arxiv.org/abs/1407.7529
https://arxiv.org/abs/1407.7529
http://link.springer.com/article/10.1007/JHEP06(2018)027


Higgs boson:  
extended sectors and invisible decays

Higgs boson discovery

 
 

mono-Higgs directly probe hard 
interaction (ISR Yukawa-suppressed)

X=

mono-H(inv)

H

CMS: PLB793(2019)520
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Signature: large MET and one Higgs boson candidate  

Various decay modes considered, H →

CMS(𝜏𝜏,𝛾𝛾): JHEP 09 (2018) 046 
(2016)

CMS(WW,ZZ): JHEP03(2020)025 
(2016)
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mono-H(bb)

H

CMS:EPJC79(2019)280, (2016)
CMS:JHEP11(2018)172, (2016)

https://www.sciencedirect.com/science/article/pii/S0370269319302576?via=ihub
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Figure 4. Resonance transverse mass mT
Vh distributions in the 0ℓ category (upper) and candidate

mass mVh in the 1ℓ (middle), and 2ℓ (lower) categories, and separately for the 1 (left) and 2 (right)
b-tagged subjet selections. Electron and muon categories are merged together. The expected
background events are shown as filled areas, and the shaded band represents the total background
uncertainty. The observed data are indicated by black markers, and the potential contribution of
a resonance produced in the context of the HVT model B with gV = 3, or a Z′-2HDM signal with
mA = 300GeV, mχ = 100GeV, and gZ′ = 0.8, are shown as dotted red lines. The bottom panels
depict the pulls in each bin, (Ndata − Nbkg)/σ, where σ is the statistical uncertainty in data, as
given by the Garwood interval [72].
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Figure 4. Resonance transverse mass mT
Vh distributions in the 0ℓ category (upper) and candidate

mass mVh in the 1ℓ (middle), and 2ℓ (lower) categories, and separately for the 1 (left) and 2 (right)
b-tagged subjet selections. Electron and muon categories are merged together. The expected
background events are shown as filled areas, and the shaded band represents the total background
uncertainty. The observed data are indicated by black markers, and the potential contribution of
a resonance produced in the context of the HVT model B with gV = 3, or a Z′-2HDM signal with
mA = 300GeV, mχ = 100GeV, and gZ′ = 0.8, are shown as dotted red lines. The bottom panels
depict the pulls in each bin, (Ndata − Nbkg)/σ, where σ is the statistical uncertainty in data, as
given by the Garwood interval [72].
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Figure 4. Resonance transverse mass mT
Vh distributions in the 0ℓ category (upper) and candidate

mass mVh in the 1ℓ (middle), and 2ℓ (lower) categories, and separately for the 1 (left) and 2 (right)
b-tagged subjet selections. Electron and muon categories are merged together. The expected
background events are shown as filled areas, and the shaded band represents the total background
uncertainty. The observed data are indicated by black markers, and the potential contribution of
a resonance produced in the context of the HVT model B with gV = 3, or a Z′-2HDM signal with
mA = 300GeV, mχ = 100GeV, and gZ′ = 0.8, are shown as dotted red lines. The bottom panels
depict the pulls in each bin, (Ndata − Nbkg)/σ, where σ is the statistical uncertainty in data, as
given by the Garwood interval [72].

– 14 –

https://link.springer.com/article/10.1140/epjc/s10052-019-6730-7
https://link.springer.com/article/10.1007/JHEP11(2018)172


 Deborah Pinna - UW  28 April 2020                              !19

Interpretation in terms of DM model with Dirac DM: upper limits at 95% CL on cross section

mono-Higgs combination: rich phenomenology 

Z’-2HDM: 2HDM + Z’ →h A, 
“resonant” to the Z’ mass

Z’ baryonic: Z’ radiates a Higgs 
and decays to DM, non-resonant

2HDM+a: 2HDM+light pseudo a, 
a couples DM to SM, mixes with A

2

coupling that is dependent on the hB vacuum expectation value. The Z0 couplings to quarks48

and the DM particles are proportional to the U(1)B gauge couplings. There is a mixing between49

hB and h states, allowing the Z0 to radiate an SM-like Higgs boson and results in SM-like Higgs50

boson decays.51

(a) Z0-2HDM model (b) Z0 baryonic model

Figure 1: Feynman diagrams for the two signal models considered for this paper, Z0-2HDM
model (left) and baryonic Z0 (right).

In the Z0-2HDM model, the predicted DM production cross section depends on several pa-52

rameters. However, if the A is produced on-shell, the kinematic distributions of the final-state53

particles depend only on the Z0 and A masses. In this paper, a scan in mZ0 between 450 and54

4000 GeV and in mA between 300 and 1000 GeV is performed. For this study, the masses of the55

2HDM heavy Higgs boson and the charged Higgs boson are both fixed to the mA mass. The mA56

masses below 300 GeV have been already excluded via existing constraints on flavor changing57

neutral currents in the b ! sg transitions [29], and hence not considered in this analysis. The58

ratio of the vacuum expectation values of the two Higgs doublets (tan b) in this model is varied59

from 0.4 to 10. The DM particle mass is fixed to 100 GeV, the DM-A coupling strength gc is60

fixed to 1, and the Z0 coupling strength gZ0 is fixed to 0.8. The branching fraction for the decay61

of A to DM particles decreases as mc increases for the range of mA considered in this analysis.62

Since the relative decrease in the branching rfraction is less than 7% as mc increases from 1 to63

10 GeV, the results shown here for mc = 100 GeV are also applicable to lighter DM particles.64

The results presented here use the final signal cross section including the branching fraction B65

of the A ! cc̄ decay. The branching fraction B is ⇡ 100% for mA = 300 GeV and decreases for66
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accessible. The contribution of Z0 ! Z(nn)h is not considered in this analysis, and for tan b = 168

this correspond to 20–40 %, depending on the Z0 mass. Further details on the choice of these69

parameters are given in Ref. [33]. We note that for the chosen set of parameters the Z0 masses70

within our sensitivity reach have been recently excluded by the ATLAS and CMS searches for71

dijet resonances at
p

s = 13 TeV [34–37]. Nevertheless, we keep this benchmark, specifically72

developed for the LHC Run 2 searches [28], to allow a direct comparison with the results of73

other mono-Higgs searches.74

For the baryonic Z0 model, we study Z0 resonance masses between 100 and 2500 GeV and DM75

particle masses between 1 and 700 GeV. The branching fractions of the Higgs boson decays76

are altered for mZ0 . mH/2, because the decay into Z0Z0(⇤) becomes kinematically accessible.77

Therefore mZ0 < 100 GeV are not considered for these results. In this model, the Z0-DM cou-78

pling is fixed to g
0
Z = 1 and the Z0-quark coupling is fixed to gq = 0.25. The mixing angle79

between the baryonic Higgs boson and the SM-like Higgs boson is set to sin q = 0.3, and the80

coupling between the Z0 boson and SM-like Higgs boson is assumed to be proportional to the81

mass of the Z0 boson.82
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mass. The exclusion limits presented above conservatively neglect the contribution from bb̄-initiated production,
which might be sizeable for tan � � 3 for the Z + E

miss
T channel and, to a lesser extent, for the h + E

miss
T one.
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Figure 8: The upper limits at 95% CL on the observed and expected s/sth for the Z0-2HDM
(left) and baryonic Z0 (right) model for the five individual decay modes of the Higgs boson,
and for their combination. The distributions are shown as a function of mZ0 for mA = 300 GeV
(Z0-2HDM) and mc = 1 GeV (baryonic Z0 model). The inner and outer shaded bands show the
68 and 95% CL uncertainties in the expected limit, respectively.
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Figure 9: The upper limits at 95% CL on the observed and expected s/sth in the mZ0–mA
and mZ0–mc planes for the Z0-2HDM (left) and baryonic Z0 model (right), respectively. The
region enclosed by the contours is excluded using the combination of the five decay channels
of the Higgs boson for the following benchmark scenarios: gZ0 = 0.8, gc = 1, tan b = 1,
mc = 100 GeV, and mA = mH = mH± for the Z0-2HDM, and gc = 1, gq = 0.25 for the baryonic
Z0 model.
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Figure 9: The observed and expected 95% CL upper limits on s/sth for the Z0-2HDM (left) and
baryonic Z0 (right) models for the five individual decay modes of the Higgs boson, h ! bb,
h ! gg, h ! tt, h ! WW, and h ! ZZ, as well as their combination. Various mass
hypotheses for Z0 are considered for a fixed value of mA = 300 GeV (mc = 1 GeV) for Z0-2HDM
(baryonic Z0) model. The inner and outer shaded bands show the 68 and 95% CL uncertainties
in the expected limit, respectively.

The results for the Z0-2HDM model are further interpreted in the mZ0–tan b plane for three dif-
ferent mA values: 300, 400, and 600 GeV. As shown in Fig. 2, the shape of the p

miss
T distribution

doesn’t change with tan b, which affects only the the product of the Z0 production cross section
and branching fraction to the mono-h channel. Therefore, the limit shown in Fig. 10 can be
simply rescaled for different values of tan b, from 0.5 to 10. These limits, in the mZ0–tan b plane,
are shown in Fig. 11. The area enclosed by the contour for a given value of mA is excluded at
95% CL.

Limits for the baryonic Z0 model are further reinterpreted in terms of limits on the s-channel
simplified DM model proposed by the ATLAS-CMS Dark Matter Forum [30] for comparison
with direct-detection experiments. In this model, Dirac DM particles couple to a vector Z0 me-
diator, which also couples to the SM quarks. A point in the parameter space of this model
is determined by four variables: the DM particle mass mDM, the mediator mass mmed, the
mediator-DM coupling gDM, and the universal mediator-quark coupling gq. The couplings for
this analysis are fixed to gDM = 1.0 and gq = 0.25, following the recommendation of Ref. [35].
The results are interpreted in terms of 90% CL limits on spin-independent (SI) cross section sSI

for the DM-nucleon scattering. The value of sSI for a given set of parameters in the s-channel
simplified DM model is given by [35]:

sSI =
f

2(gq)g
2
DMµ2

nDM

pm
4
med

, (2)

where µnDM is the reduced mass of the DM-nucleon system and f (gq) is the mediator-nucleon
coupling, which depends on gq. The resulting sSI limits as a function of the DM particle mass
are shown in Fig. 12. In the same plot, exclusions from several direct-detection experiments are
also shown. For the chosen set of parameters, the cross section limit from the present analysis
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baryonic Z0 (right) models for the five individual decay modes of the Higgs boson, h ! bb,
h ! gg, h ! tt, h ! WW, and h ! ZZ, as well as their combination. Various mass
hypotheses for Z0 are considered for a fixed value of mA = 300 GeV (mc = 1 GeV) for Z0-2HDM
(baryonic Z0) model. The inner and outer shaded bands show the 68 and 95% CL uncertainties
in the expected limit, respectively.

The results for the Z0-2HDM model are further interpreted in the mZ0–tan b plane for three dif-
ferent mA values: 300, 400, and 600 GeV. As shown in Fig. 2, the shape of the p
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T distribution

doesn’t change with tan b, which affects only the the product of the Z0 production cross section
and branching fraction to the mono-h channel. Therefore, the limit shown in Fig. 10 can be
simply rescaled for different values of tan b, from 0.5 to 10. These limits, in the mZ0–tan b plane,
are shown in Fig. 11. The area enclosed by the contour for a given value of mA is excluded at
95% CL.

Limits for the baryonic Z0 model are further reinterpreted in terms of limits on the s-channel
simplified DM model proposed by the ATLAS-CMS Dark Matter Forum [30] for comparison
with direct-detection experiments. In this model, Dirac DM particles couple to a vector Z0 me-
diator, which also couples to the SM quarks. A point in the parameter space of this model
is determined by four variables: the DM particle mass mDM, the mediator mass mmed, the
mediator-DM coupling gDM, and the universal mediator-quark coupling gq. The couplings for
this analysis are fixed to gDM = 1.0 and gq = 0.25, following the recommendation of Ref. [35].
The results are interpreted in terms of 90% CL limits on spin-independent (SI) cross section sSI

for the DM-nucleon scattering. The value of sSI for a given set of parameters in the s-channel
simplified DM model is given by [35]:

sSI =
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where µnDM is the reduced mass of the DM-nucleon system and f (gq) is the mediator-nucleon
coupling, which depends on gq. The resulting sSI limits as a function of the DM particle mass
are shown in Fig. 12. In the same plot, exclusions from several direct-detection experiments are
also shown. For the chosen set of parameters, the cross section limit from the present analysis
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Figure 9: The observed and expected 95% CL upper limits on s/sth for the Z0-2HDM (left) and
baryonic Z0 (right) models for the five individual decay modes of the Higgs boson, h ! bb,
h ! gg, h ! tt, h ! WW, and h ! ZZ, as well as their combination. Various mass
hypotheses for Z0 are considered for a fixed value of mA = 300 GeV (mc = 1 GeV) for Z0-2HDM
(baryonic Z0) model. The inner and outer shaded bands show the 68 and 95% CL uncertainties
in the expected limit, respectively.

The results for the Z0-2HDM model are further interpreted in the mZ0–tan b plane for three dif-
ferent mA values: 300, 400, and 600 GeV. As shown in Fig. 2, the shape of the p

miss
T distribution

doesn’t change with tan b, which affects only the the product of the Z0 production cross section
and branching fraction to the mono-h channel. Therefore, the limit shown in Fig. 10 can be
simply rescaled for different values of tan b, from 0.5 to 10. These limits, in the mZ0–tan b plane,
are shown in Fig. 11. The area enclosed by the contour for a given value of mA is excluded at
95% CL.

Limits for the baryonic Z0 model are further reinterpreted in terms of limits on the s-channel
simplified DM model proposed by the ATLAS-CMS Dark Matter Forum [30] for comparison
with direct-detection experiments. In this model, Dirac DM particles couple to a vector Z0 me-
diator, which also couples to the SM quarks. A point in the parameter space of this model
is determined by four variables: the DM particle mass mDM, the mediator mass mmed, the
mediator-DM coupling gDM, and the universal mediator-quark coupling gq. The couplings for
this analysis are fixed to gDM = 1.0 and gq = 0.25, following the recommendation of Ref. [35].
The results are interpreted in terms of 90% CL limits on spin-independent (SI) cross section sSI

for the DM-nucleon scattering. The value of sSI for a given set of parameters in the s-channel
simplified DM model is given by [35]:

sSI =
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where µnDM is the reduced mass of the DM-nucleon system and f (gq) is the mediator-nucleon
coupling, which depends on gq. The resulting sSI limits as a function of the DM particle mass
are shown in Fig. 12. In the same plot, exclusions from several direct-detection experiments are
also shown. For the chosen set of parameters, the cross section limit from the present analysis
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Figure 8: The upper limits at 95% CL on the observed and expected s/sth for the Z0-2HDM
(left) and baryonic Z0 (right) model for the five individual decay modes of the Higgs boson,
and for their combination. The distributions are shown as a function of mZ0 for mA = 300 GeV
(Z0-2HDM) and mc = 1 GeV (baryonic Z0 model). The inner and outer shaded bands show the
68 and 95% CL uncertainties in the expected limit, respectively.
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Figure 9: The upper limits at 95% CL on the observed and expected s/sth in the mZ0–mA
and mZ0–mc planes for the Z0-2HDM (left) and baryonic Z0 model (right), respectively. The
region enclosed by the contours is excluded using the combination of the five decay channels
of the Higgs boson for the following benchmark scenarios: gZ0 = 0.8, gc = 1, tan b = 1,
mc = 100 GeV, and mA = mH = mH± for the Z0-2HDM, and gc = 1, gq = 0.25 for the baryonic
Z0 model.
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Figure 6: Upper limits at 95% CL on the signal strength modifier, defined as µ = s/stheory,
where stheory is the predicted production cross section of DM candidates in association with a
Higgs boson and s is the upper limit on the observed cross section. Limits are shown for the
2HDM+a model when scanning mA and ma (upper left), the mixing angle q (upper right), or
tan b (lower). The uncertainty in the computation of stheory is 20% and is shown as a red band
around the exclusion line at µ = 1.

pseudoscalar boson) assuming ma = 150 GeV. Scanning over sin q with tan b = 1, we exclude
0.35 < sin q < 0.75 for mA = 600 GeV and ma = 200 GeV. Finally, tan b values between 0.5
and 2.0 (1.6) are excluded for mA = 600 GeV and ma = 100 (150) GeV and sin q = 0.35. In
all 2HDM+a interpretations, a DM mass of mc = 10 GeV is assumed. For the baryonic Z0

model, we exclude Z0 boson masses up to 1.6 TeV for a DM mass of 1 GeV, and DM masses
up to 430 GeV for a Z0 boson mass of 960 GeV. The reinterpretation of the results for the bary-
onic Z0 model in terms of an SI nucleon scattering cross section yields a higher sensitivity for
mc < 5 GeV than existing results from direct detection experiments, under the assumptions
imposed by the model.
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Figure 9: The observed and expected 95% CL upper limits on s/sth for the Z0-2HDM (left) and
baryonic Z0 (right) models for the five individual decay modes of the Higgs boson, h ! bb,
h ! gg, h ! tt, h ! WW, and h ! ZZ, as well as their combination. Various mass
hypotheses for Z0 are considered for a fixed value of mA = 300 GeV (mc = 1 GeV) for Z0-2HDM
(baryonic Z0) model. The inner and outer shaded bands show the 68 and 95% CL uncertainties
in the expected limit, respectively.

The results for the Z0-2HDM model are further interpreted in the mZ0–tan b plane for three dif-
ferent mA values: 300, 400, and 600 GeV. As shown in Fig. 2, the shape of the p

miss
T distribution

doesn’t change with tan b, which affects only the the product of the Z0 production cross section
and branching fraction to the mono-h channel. Therefore, the limit shown in Fig. 10 can be
simply rescaled for different values of tan b, from 0.5 to 10. These limits, in the mZ0–tan b plane,
are shown in Fig. 11. The area enclosed by the contour for a given value of mA is excluded at
95% CL.

Limits for the baryonic Z0 model are further reinterpreted in terms of limits on the s-channel
simplified DM model proposed by the ATLAS-CMS Dark Matter Forum [30] for comparison
with direct-detection experiments. In this model, Dirac DM particles couple to a vector Z0 me-
diator, which also couples to the SM quarks. A point in the parameter space of this model
is determined by four variables: the DM particle mass mDM, the mediator mass mmed, the
mediator-DM coupling gDM, and the universal mediator-quark coupling gq. The couplings for
this analysis are fixed to gDM = 1.0 and gq = 0.25, following the recommendation of Ref. [35].
The results are interpreted in terms of 90% CL limits on spin-independent (SI) cross section sSI

for the DM-nucleon scattering. The value of sSI for a given set of parameters in the s-channel
simplified DM model is given by [35]:

sSI =
f

2(gq)g
2
DMµ2

nDM

pm
4
med

, (2)

where µnDM is the reduced mass of the DM-nucleon system and f (gq) is the mediator-nucleon
coupling, which depends on gq. The resulting sSI limits as a function of the DM particle mass
are shown in Fig. 12. In the same plot, exclusions from several direct-detection experiments are
also shown. For the chosen set of parameters, the cross section limit from the present analysis
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Figure 9: The observed and expected 95% CL upper limits on s/sth for the Z0-2HDM (left) and
baryonic Z0 (right) models for the five individual decay modes of the Higgs boson, h ! bb,
h ! gg, h ! tt, h ! WW, and h ! ZZ, as well as their combination. Various mass
hypotheses for Z0 are considered for a fixed value of mA = 300 GeV (mc = 1 GeV) for Z0-2HDM
(baryonic Z0) model. The inner and outer shaded bands show the 68 and 95% CL uncertainties
in the expected limit, respectively.

The results for the Z0-2HDM model are further interpreted in the mZ0–tan b plane for three dif-
ferent mA values: 300, 400, and 600 GeV. As shown in Fig. 2, the shape of the p
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T distribution

doesn’t change with tan b, which affects only the the product of the Z0 production cross section
and branching fraction to the mono-h channel. Therefore, the limit shown in Fig. 10 can be
simply rescaled for different values of tan b, from 0.5 to 10. These limits, in the mZ0–tan b plane,
are shown in Fig. 11. The area enclosed by the contour for a given value of mA is excluded at
95% CL.

Limits for the baryonic Z0 model are further reinterpreted in terms of limits on the s-channel
simplified DM model proposed by the ATLAS-CMS Dark Matter Forum [30] for comparison
with direct-detection experiments. In this model, Dirac DM particles couple to a vector Z0 me-
diator, which also couples to the SM quarks. A point in the parameter space of this model
is determined by four variables: the DM particle mass mDM, the mediator mass mmed, the
mediator-DM coupling gDM, and the universal mediator-quark coupling gq. The couplings for
this analysis are fixed to gDM = 1.0 and gq = 0.25, following the recommendation of Ref. [35].
The results are interpreted in terms of 90% CL limits on spin-independent (SI) cross section sSI

for the DM-nucleon scattering. The value of sSI for a given set of parameters in the s-channel
simplified DM model is given by [35]:

sSI =
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where µnDM is the reduced mass of the DM-nucleon system and f (gq) is the mediator-nucleon
coupling, which depends on gq. The resulting sSI limits as a function of the DM particle mass
are shown in Fig. 12. In the same plot, exclusions from several direct-detection experiments are
also shown. For the chosen set of parameters, the cross section limit from the present analysis

22

to 1600 GeV.

500 600 1000 2000 3000 4000
 [GeV]Z'm

2−10

1−10

1

10

210

310

410

th
σ/

σ

combination )bh(b
σ1±combination )ττh(

σ2±combination )γγh(

h(ZZ) h(WW)

CMS Preliminary

Z'-2HDM, Dirac DM
=100 GeV
χ

=300 GeV, mAm
=1β=1, tan

χ
=0.8, g

Z'
g

H=m±H=mAm

 (13 TeV)-135.9 fb

Solid (dashed) lines:
observed (expected) 95% CL limits

500 1000 1500 2000
 [GeV]Z'm

2−10

1−10

1

10

210

310

th
σ/

σ

combination )bh(b
σ1±combination )ττh(

σ2±combination )γγh(

h(ZZ) h(WW)

CMS Preliminary

Baryonic Z', Dirac DM
 = 1 GeV
χ

 = 1, m
χ

 = 0.25, gqg

 (13 TeV)-135.9 fb

Solid (dashed) lines: observed (expected) 95% CL limits

Figure 9: The observed and expected 95% CL upper limits on s/sth for the Z0-2HDM (left) and
baryonic Z0 (right) models for the five individual decay modes of the Higgs boson, h ! bb,
h ! gg, h ! tt, h ! WW, and h ! ZZ, as well as their combination. Various mass
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The results for the Z0-2HDM model are further interpreted in the mZ0–tan b plane for three dif-
ferent mA values: 300, 400, and 600 GeV. As shown in Fig. 2, the shape of the p

miss
T distribution

doesn’t change with tan b, which affects only the the product of the Z0 production cross section
and branching fraction to the mono-h channel. Therefore, the limit shown in Fig. 10 can be
simply rescaled for different values of tan b, from 0.5 to 10. These limits, in the mZ0–tan b plane,
are shown in Fig. 11. The area enclosed by the contour for a given value of mA is excluded at
95% CL.

Limits for the baryonic Z0 model are further reinterpreted in terms of limits on the s-channel
simplified DM model proposed by the ATLAS-CMS Dark Matter Forum [30] for comparison
with direct-detection experiments. In this model, Dirac DM particles couple to a vector Z0 me-
diator, which also couples to the SM quarks. A point in the parameter space of this model
is determined by four variables: the DM particle mass mDM, the mediator mass mmed, the
mediator-DM coupling gDM, and the universal mediator-quark coupling gq. The couplings for
this analysis are fixed to gDM = 1.0 and gq = 0.25, following the recommendation of Ref. [35].
The results are interpreted in terms of 90% CL limits on spin-independent (SI) cross section sSI

for the DM-nucleon scattering. The value of sSI for a given set of parameters in the s-channel
simplified DM model is given by [35]:

sSI =
f

2(gq)g
2
DMµ2
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4
med

, (2)

where µnDM is the reduced mass of the DM-nucleon system and f (gq) is the mediator-nucleon
coupling, which depends on gq. The resulting sSI limits as a function of the DM particle mass
are shown in Fig. 12. In the same plot, exclusions from several direct-detection experiments are
also shown. For the chosen set of parameters, the cross section limit from the present analysis
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mono-Higgs combination: rich phenomenology 

Z’-2HDM: 2HDM + Z’ →h A, 
“resonant” to the Z’ mass

Z’ baryonic: Z’ radiates a Higgs 
and decays to DM, non-resonant

2HDM+a: 2HDM+light pseudo a, 
a couples DM to SM, mixes with A
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coupling that is dependent on the hB vacuum expectation value. The Z0 couplings to quarks48

and the DM particles are proportional to the U(1)B gauge couplings. There is a mixing between49

hB and h states, allowing the Z0 to radiate an SM-like Higgs boson and results in SM-like Higgs50

boson decays.51

(a) Z0-2HDM model (b) Z0 baryonic model

Figure 1: Feynman diagrams for the two signal models considered for this paper, Z0-2HDM
model (left) and baryonic Z0 (right).

In the Z0-2HDM model, the predicted DM production cross section depends on several pa-52

rameters. However, if the A is produced on-shell, the kinematic distributions of the final-state53

particles depend only on the Z0 and A masses. In this paper, a scan in mZ0 between 450 and54

4000 GeV and in mA between 300 and 1000 GeV is performed. For this study, the masses of the55

2HDM heavy Higgs boson and the charged Higgs boson are both fixed to the mA mass. The mA56

masses below 300 GeV have been already excluded via existing constraints on flavor changing57

neutral currents in the b ! sg transitions [29], and hence not considered in this analysis. The58

ratio of the vacuum expectation values of the two Higgs doublets (tan b) in this model is varied59

from 0.4 to 10. The DM particle mass is fixed to 100 GeV, the DM-A coupling strength gc is60

fixed to 1, and the Z0 coupling strength gZ0 is fixed to 0.8. The branching fraction for the decay61

of A to DM particles decreases as mc increases for the range of mA considered in this analysis.62

Since the relative decrease in the branching rfraction is less than 7% as mc increases from 1 to63

10 GeV, the results shown here for mc = 100 GeV are also applicable to lighter DM particles.64

The results presented here use the final signal cross section including the branching fraction B65

of the A ! cc̄ decay. The branching fraction B is ⇡ 100% for mA = 300 GeV and decreases for66

mA greater than twice the mass of the top quark, as the decay A ! tt becomes kinematically67

accessible. The contribution of Z0 ! Z(nn)h is not considered in this analysis, and for tan b = 168

this correspond to 20–40 %, depending on the Z0 mass. Further details on the choice of these69

parameters are given in Ref. [33]. We note that for the chosen set of parameters the Z0 masses70

within our sensitivity reach have been recently excluded by the ATLAS and CMS searches for71

dijet resonances at
p

s = 13 TeV [34–37]. Nevertheless, we keep this benchmark, specifically72

developed for the LHC Run 2 searches [28], to allow a direct comparison with the results of73

other mono-Higgs searches.74

For the baryonic Z0 model, we study Z0 resonance masses between 100 and 2500 GeV and DM75

particle masses between 1 and 700 GeV. The branching fractions of the Higgs boson decays76

are altered for mZ0 . mH/2, because the decay into Z0Z0(⇤) becomes kinematically accessible.77

Therefore mZ0 < 100 GeV are not considered for these results. In this model, the Z0-DM cou-78

pling is fixed to g
0
Z = 1 and the Z0-quark coupling is fixed to gq = 0.25. The mixing angle79

between the baryonic Higgs boson and the SM-like Higgs boson is set to sin q = 0.3, and the80

coupling between the Z0 boson and SM-like Higgs boson is assumed to be proportional to the81

mass of the Z0 boson.82
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Figure 8: The upper limits at 95% CL on the observed and expected s/sth for the Z0-2HDM
(left) and baryonic Z0 (right) model for the five individual decay modes of the Higgs boson,
and for their combination. The distributions are shown as a function of mZ0 for mA = 300 GeV
(Z0-2HDM) and mc = 1 GeV (baryonic Z0 model). The inner and outer shaded bands show the
68 and 95% CL uncertainties in the expected limit, respectively.
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Figure 9: The observed and expected 95% CL upper limits on s/sth for the Z0-2HDM (left) and
baryonic Z0 (right) models for the five individual decay modes of the Higgs boson, h ! bb,
h ! gg, h ! tt, h ! WW, and h ! ZZ, as well as their combination. Various mass
hypotheses for Z0 are considered for a fixed value of mA = 300 GeV (mc = 1 GeV) for Z0-2HDM
(baryonic Z0) model. The inner and outer shaded bands show the 68 and 95% CL uncertainties
in the expected limit, respectively.

The results for the Z0-2HDM model are further interpreted in the mZ0–tan b plane for three dif-
ferent mA values: 300, 400, and 600 GeV. As shown in Fig. 2, the shape of the p

miss
T distribution

doesn’t change with tan b, which affects only the the product of the Z0 production cross section
and branching fraction to the mono-h channel. Therefore, the limit shown in Fig. 10 can be
simply rescaled for different values of tan b, from 0.5 to 10. These limits, in the mZ0–tan b plane,
are shown in Fig. 11. The area enclosed by the contour for a given value of mA is excluded at
95% CL.

Limits for the baryonic Z0 model are further reinterpreted in terms of limits on the s-channel
simplified DM model proposed by the ATLAS-CMS Dark Matter Forum [30] for comparison
with direct-detection experiments. In this model, Dirac DM particles couple to a vector Z0 me-
diator, which also couples to the SM quarks. A point in the parameter space of this model
is determined by four variables: the DM particle mass mDM, the mediator mass mmed, the
mediator-DM coupling gDM, and the universal mediator-quark coupling gq. The couplings for
this analysis are fixed to gDM = 1.0 and gq = 0.25, following the recommendation of Ref. [35].
The results are interpreted in terms of 90% CL limits on spin-independent (SI) cross section sSI

for the DM-nucleon scattering. The value of sSI for a given set of parameters in the s-channel
simplified DM model is given by [35]:

sSI =
f

2(gq)g
2
DMµ2

nDM

pm
4
med

, (2)

where µnDM is the reduced mass of the DM-nucleon system and f (gq) is the mediator-nucleon
coupling, which depends on gq. The resulting sSI limits as a function of the DM particle mass
are shown in Fig. 12. In the same plot, exclusions from several direct-detection experiments are
also shown. For the chosen set of parameters, the cross section limit from the present analysis
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Limits for the baryonic Z0 model are further reinterpreted in terms of limits on the s-channel
simplified DM model proposed by the ATLAS-CMS Dark Matter Forum [30] for comparison
with direct-detection experiments. In this model, Dirac DM particles couple to a vector Z0 me-
diator, which also couples to the SM quarks. A point in the parameter space of this model
is determined by four variables: the DM particle mass mDM, the mediator mass mmed, the
mediator-DM coupling gDM, and the universal mediator-quark coupling gq. The couplings for
this analysis are fixed to gDM = 1.0 and gq = 0.25, following the recommendation of Ref. [35].
The results are interpreted in terms of 90% CL limits on spin-independent (SI) cross section sSI

for the DM-nucleon scattering. The value of sSI for a given set of parameters in the s-channel
simplified DM model is given by [35]:
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where µnDM is the reduced mass of the DM-nucleon system and f (gq) is the mediator-nucleon
coupling, which depends on gq. The resulting sSI limits as a function of the DM particle mass
are shown in Fig. 12. In the same plot, exclusions from several direct-detection experiments are
also shown. For the chosen set of parameters, the cross section limit from the present analysis
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hypotheses for Z0 are considered for a fixed value of mA = 300 GeV (mc = 1 GeV) for Z0-2HDM
(baryonic Z0) model. The inner and outer shaded bands show the 68 and 95% CL uncertainties
in the expected limit, respectively.
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simplified DM model proposed by the ATLAS-CMS Dark Matter Forum [30] for comparison
with direct-detection experiments. In this model, Dirac DM particles couple to a vector Z0 me-
diator, which also couples to the SM quarks. A point in the parameter space of this model
is determined by four variables: the DM particle mass mDM, the mediator mass mmed, the
mediator-DM coupling gDM, and the universal mediator-quark coupling gq. The couplings for
this analysis are fixed to gDM = 1.0 and gq = 0.25, following the recommendation of Ref. [35].
The results are interpreted in terms of 90% CL limits on spin-independent (SI) cross section sSI

for the DM-nucleon scattering. The value of sSI for a given set of parameters in the s-channel
simplified DM model is given by [35]:
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where µnDM is the reduced mass of the DM-nucleon system and f (gq) is the mediator-nucleon
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Figure 8: The upper limits at 95% CL on the observed and expected s/sth for the Z0-2HDM
(left) and baryonic Z0 (right) model for the five individual decay modes of the Higgs boson,
and for their combination. The distributions are shown as a function of mZ0 for mA = 300 GeV
(Z0-2HDM) and mc = 1 GeV (baryonic Z0 model). The inner and outer shaded bands show the
68 and 95% CL uncertainties in the expected limit, respectively.
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Figure 6: Upper limits at 95% CL on the signal strength modifier, defined as µ = s/stheory,
where stheory is the predicted production cross section of DM candidates in association with a
Higgs boson and s is the upper limit on the observed cross section. Limits are shown for the
2HDM+a model when scanning mA and ma (upper left), the mixing angle q (upper right), or
tan b (lower). The uncertainty in the computation of stheory is 20% and is shown as a red band
around the exclusion line at µ = 1.

pseudoscalar boson) assuming ma = 150 GeV. Scanning over sin q with tan b = 1, we exclude
0.35 < sin q < 0.75 for mA = 600 GeV and ma = 200 GeV. Finally, tan b values between 0.5
and 2.0 (1.6) are excluded for mA = 600 GeV and ma = 100 (150) GeV and sin q = 0.35. In
all 2HDM+a interpretations, a DM mass of mc = 10 GeV is assumed. For the baryonic Z0

model, we exclude Z0 boson masses up to 1.6 TeV for a DM mass of 1 GeV, and DM masses
up to 430 GeV for a Z0 boson mass of 960 GeV. The reinterpretation of the results for the bary-
onic Z0 model in terms of an SI nucleon scattering cross section yields a higher sensitivity for
mc < 5 GeV than existing results from direct detection experiments, under the assumptions
imposed by the model.
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Figure 9: The observed and expected 95% CL upper limits on s/sth for the Z0-2HDM (left) and
baryonic Z0 (right) models for the five individual decay modes of the Higgs boson, h ! bb,
h ! gg, h ! tt, h ! WW, and h ! ZZ, as well as their combination. Various mass
hypotheses for Z0 are considered for a fixed value of mA = 300 GeV (mc = 1 GeV) for Z0-2HDM
(baryonic Z0) model. The inner and outer shaded bands show the 68 and 95% CL uncertainties
in the expected limit, respectively.

The results for the Z0-2HDM model are further interpreted in the mZ0–tan b plane for three dif-
ferent mA values: 300, 400, and 600 GeV. As shown in Fig. 2, the shape of the p

miss
T distribution

doesn’t change with tan b, which affects only the the product of the Z0 production cross section
and branching fraction to the mono-h channel. Therefore, the limit shown in Fig. 10 can be
simply rescaled for different values of tan b, from 0.5 to 10. These limits, in the mZ0–tan b plane,
are shown in Fig. 11. The area enclosed by the contour for a given value of mA is excluded at
95% CL.

Limits for the baryonic Z0 model are further reinterpreted in terms of limits on the s-channel
simplified DM model proposed by the ATLAS-CMS Dark Matter Forum [30] for comparison
with direct-detection experiments. In this model, Dirac DM particles couple to a vector Z0 me-
diator, which also couples to the SM quarks. A point in the parameter space of this model
is determined by four variables: the DM particle mass mDM, the mediator mass mmed, the
mediator-DM coupling gDM, and the universal mediator-quark coupling gq. The couplings for
this analysis are fixed to gDM = 1.0 and gq = 0.25, following the recommendation of Ref. [35].
The results are interpreted in terms of 90% CL limits on spin-independent (SI) cross section sSI

for the DM-nucleon scattering. The value of sSI for a given set of parameters in the s-channel
simplified DM model is given by [35]:

sSI =
f

2(gq)g
2
DMµ2

nDM

pm
4
med

, (2)

where µnDM is the reduced mass of the DM-nucleon system and f (gq) is the mediator-nucleon
coupling, which depends on gq. The resulting sSI limits as a function of the DM particle mass
are shown in Fig. 12. In the same plot, exclusions from several direct-detection experiments are
also shown. For the chosen set of parameters, the cross section limit from the present analysis
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Figure 3.5: Schematic overview of the CMS tracker detector in the r-z plane [10].

particles of typically 1% for pT = 100 GeV [90].

3.2.2 Inner tracking detectors

The CMS inner tracking system [91–93] allows charged particles pattern recognition.
Exploiting the e�ect of the solenoid magnet, the momentum of charged particles is
then measured.

The tracker features silicon pixels and microstrip detectors. A schematic view of the
tracker system is shown in Figure 3.5.

Silicon pixels are placed close to the interaction point and constitute the innermost
layer of the tracker. Silicon pixel detectors are grouped in layers, three for the barrel
positioned at radii r = 4.4, 7.3 and 10.2 cm, and two for the endcaps positioned at z

values on both sides, with z = ±34.5 and ±46.5 cm. This configuration allows to pre-
cisely reconstruct primary and secondary vertices (Section 4.2.2), and to discriminate
heavy flavour from light flavour quarks. Silicon pixel detectors have a spatial resolution
of better than 10 µm in the r ≠ „ plane and of about 20 µm in the z-axis [87].

Silicon microstrips surround the pixel detector and are grouped in three larger sub-
systems: Tracker Inner Barrel and Disks (TIB/TID), Tracker Outer Barrel (TOB),
and Tracker End Cap (TEC). Silicon microstrips have a resolution between 35 µm and
52 µm depending on the direction [87].

The tracker system has a total length of 5.8 m and a diameter of 2.6 m, and it covers
a pseudorapidity region up to |÷| < 2.5. Using only the information from the inner
tracking system, the expected momentum resolution for a muon as a function of its
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3- Results: combined fit of SRs and CRs to mjj shape distribution
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The systematic uncertainties with the highest impact in the B(H ! inv) measurement are the
theoretical uncertainties affecting the Z(nn)/W(`n) and ZZ/WW ratios in the VBF and Z(``)H
channels, respectively, as well as the uncertainties in the lepton and photon reconstruction and
identification efficiencies, jet energy scale, and veto efficiency of th candidates.
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Figure 9: On the left, observed and expected 95% CL upper limits on (s/sSM)B(H ! inv) for
partial combinations based either on 7+8 or 13 TeV data as well as their combination, assuming
SM production cross sections for the Higgs boson with mass of 125.09 GeV. On the right, the
corresponding profile likelihood ratios as a function of B(H ! inv) are presented. The solid
curves represent the observations in data, while the dashed lines represent the expected result
obtained from the background-only hypothesis.

The relative sensitivity of each search considered in the combination depends on the assumed
SM production rates. The cross sections for the ggH, VBF and VH production modes are
parametrized in terms of coupling strength modifiers kV and kF, which directly scale the cou-
pling of the Higgs boson to vector bosons and fermions, respectively [69]. The contribution
from the gg ! ZH production is scaled to account for the interference between the tH and
ZH diagrams, as described in Ref. [34]. In this context, SM production rates are obtained for
kV = kF = 1. Figure 10 (left) shows the observed 95% CL upper limits on (s/sSM)B(H ! inv)
evaluated as a function of kV and kF. The LHC best estimates for kV and kF from Ref. [4] are
superimposed, along with the 68% and 95% CL limit contours. Within the 95% CL region, the
observed (expected) upper limit on B(H ! inv) varies between 0.14 (0.11) and 0.24 (0.19).

The upper limit on B(H ! inv), obtained from the combination of
p

s = 7, 8, and 13 TeV
searches, is interpreted in the context of Higgs-portal models of DM interactions, in which a
stable DM particle couples to the SM Higgs boson. Direct-detection experiments are sensitive
to the interaction between a DM particle and an atomic nucleus, which may be mediated by
the exchange of a Higgs boson, producing nuclear recoil signatures that can be interpreted in
terms of the DM-nucleon scattering cross section. The sensitivity of these experiments depends
mainly on the DM particle mass (mc). If mc is smaller than half of the Higgs boson mass, the
Higgs boson invisible width (Ginv) can be translated, within an effective field theory approach,
into a spin-independent DM-nucleon elastic scattering cross section, as outlined in Ref. [9].
This translation is performed assuming that the DM candidate is either a scalar or a Majorana
fermion, and both the central value and the uncertainty of the dimensionless nuclear form-
factor fN are taken from the recommendations of Ref. [78]. The conversion from B(H ! inv) to
Ginv uses the relation B(H ! inv) = Ginv/(GSM + Ginv), where GSM is set to 4.07 MeV [69]. Since

BR(H→inv) 
<0.19(0.15) 

obs(exp.)

 translated into a spin-independent DM-nucleon elastic scattering xsec limit

- mDM smaller than half of mH, interaction between DM and nucleus mediated by H exchange

21

renormalizable models predicting a vectorial DM candidate require an extended dark Higgs
sector, which may lead to modifications of kinematic distributions assumed for the invisible
Higgs boson signal, such interpretation is not provided in the context of this Letter. Figure 10
(right) shows the 90% CL upper limits on the spin-independent DM-nucleon scattering cross
section as a function of mc, for both the scalar and the fermion DM scenarios. These limits are
computed at 90% CL so that they can be compared with those from direct detection experiments
such as XENON1T [79], LUX [80], PandaX-II [81], CDMSlite [82], CRESST-II [83], and CDEX-
10 [84] which provide the strongest constraints in the mc range probed by this search. In the
context of Higgs-portal models, the result presented in this Letter provides the most stringent
limits for mc smaller than 18 (7) GeV, assuming a fermion (scalar) DM candidate.
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Figure 10: On the left, observed 95% CL upper limits on (s/sSM)B(H ! inv) for a Higgs
boson with a mass of 125.09 GeV, whose production cross section varies as a function of the
coupling modifiers kV and kF. Their best estimate, along with the 68% and 95% CL contours
from Ref. [4], are also reported. The SM prediction corresponds to kV = kF = 1. On the right,
90% CL upper limits on the spin-independent DM-nucleon scattering cross section in Higgs-
portal models, assuming a scalar (solid orange) or fermion (dashed red) DM candidate. Limits
are computed as a function of mc and are compared to those from the XENON1T [79], LUX [80],
PandaX-II [81], CDMSlite [82], CRESST-II [83], and CDEX-10 [84] experiments.

10 Summary
A search for invisible decays of a Higgs boson is presented using proton-proton (pp) collision
data at a center-of-mass energy

p
s = 13 TeV, collected by the CMS experiment in 2016 and

corresponding to an integrated luminosity of 35.9 fb�1. The search targets events in which a
Higgs boson is produced through vector boson fusion (VBF). The data are found to be consis-
tent with the predicted standard model (SM) backgrounds. An observed (expected) upper limit
of 0.33 (0.25) is set, at 95% confidence level (CL), on the branching fraction of the Higgs boson
decay to invisible particles, B(H ! inv), by means of a binned likelihood fit to the dijet mass
distribution. In addition, upper limits are set on the product of the cross section and branching
fraction of an SM-like Higgs boson, with mass ranging between 110 and 1000 GeV.

A combination of CMS searches for the Higgs boson decaying to invisible particles, using pp
collision data collected at

p
s = 7, 8, and 13 TeV (2015 and 2016), is also presented. The com-

bination includes searches targeting Higgs boson production via VBF, in association with a
vector boson (with hadronic decays of the W boson and hadronic or leptonic decays of the Z

CMS: PLB793(2019)520

https://www.sciencedirect.com/science/article/pii/S0370269319302576?via=ihub
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DM-SM interactions mediated by Higgs boson
- direct coupling to DM enhance H invisible decays (SM ~0.1%) 

Higgs production as in SM
- gluon fusion (MET+j)            
- associated VH (MET+V)          

vector-boson fusion (MET+2jets) 

Higgs
DM

DM

3- Results: combined fit of SRs and CRs to mjj shape distribution

20

The systematic uncertainties with the highest impact in the B(H ! inv) measurement are the
theoretical uncertainties affecting the Z(nn)/W(`n) and ZZ/WW ratios in the VBF and Z(``)H
channels, respectively, as well as the uncertainties in the lepton and photon reconstruction and
identification efficiencies, jet energy scale, and veto efficiency of th candidates.
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Figure 9: On the left, observed and expected 95% CL upper limits on (s/sSM)B(H ! inv) for
partial combinations based either on 7+8 or 13 TeV data as well as their combination, assuming
SM production cross sections for the Higgs boson with mass of 125.09 GeV. On the right, the
corresponding profile likelihood ratios as a function of B(H ! inv) are presented. The solid
curves represent the observations in data, while the dashed lines represent the expected result
obtained from the background-only hypothesis.

The relative sensitivity of each search considered in the combination depends on the assumed
SM production rates. The cross sections for the ggH, VBF and VH production modes are
parametrized in terms of coupling strength modifiers kV and kF, which directly scale the cou-
pling of the Higgs boson to vector bosons and fermions, respectively [69]. The contribution
from the gg ! ZH production is scaled to account for the interference between the tH and
ZH diagrams, as described in Ref. [34]. In this context, SM production rates are obtained for
kV = kF = 1. Figure 10 (left) shows the observed 95% CL upper limits on (s/sSM)B(H ! inv)
evaluated as a function of kV and kF. The LHC best estimates for kV and kF from Ref. [4] are
superimposed, along with the 68% and 95% CL limit contours. Within the 95% CL region, the
observed (expected) upper limit on B(H ! inv) varies between 0.14 (0.11) and 0.24 (0.19).

The upper limit on B(H ! inv), obtained from the combination of
p

s = 7, 8, and 13 TeV
searches, is interpreted in the context of Higgs-portal models of DM interactions, in which a
stable DM particle couples to the SM Higgs boson. Direct-detection experiments are sensitive
to the interaction between a DM particle and an atomic nucleus, which may be mediated by
the exchange of a Higgs boson, producing nuclear recoil signatures that can be interpreted in
terms of the DM-nucleon scattering cross section. The sensitivity of these experiments depends
mainly on the DM particle mass (mc). If mc is smaller than half of the Higgs boson mass, the
Higgs boson invisible width (Ginv) can be translated, within an effective field theory approach,
into a spin-independent DM-nucleon elastic scattering cross section, as outlined in Ref. [9].
This translation is performed assuming that the DM candidate is either a scalar or a Majorana
fermion, and both the central value and the uncertainty of the dimensionless nuclear form-
factor fN are taken from the recommendations of Ref. [78]. The conversion from B(H ! inv) to
Ginv uses the relation B(H ! inv) = Ginv/(GSM + Ginv), where GSM is set to 4.07 MeV [69]. Since

BR(H→inv) 
<0.19(0.15) 

obs(exp.)

 translated into a spin-independent DM-nucleon elastic scattering xsec limit

- mDM smaller than half of mH, interaction between DM and nucleus mediated by H exchange

21

renormalizable models predicting a vectorial DM candidate require an extended dark Higgs
sector, which may lead to modifications of kinematic distributions assumed for the invisible
Higgs boson signal, such interpretation is not provided in the context of this Letter. Figure 10
(right) shows the 90% CL upper limits on the spin-independent DM-nucleon scattering cross
section as a function of mc, for both the scalar and the fermion DM scenarios. These limits are
computed at 90% CL so that they can be compared with those from direct detection experiments
such as XENON1T [79], LUX [80], PandaX-II [81], CDMSlite [82], CRESST-II [83], and CDEX-
10 [84] which provide the strongest constraints in the mc range probed by this search. In the
context of Higgs-portal models, the result presented in this Letter provides the most stringent
limits for mc smaller than 18 (7) GeV, assuming a fermion (scalar) DM candidate.
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Figure 10: On the left, observed 95% CL upper limits on (s/sSM)B(H ! inv) for a Higgs
boson with a mass of 125.09 GeV, whose production cross section varies as a function of the
coupling modifiers kV and kF. Their best estimate, along with the 68% and 95% CL contours
from Ref. [4], are also reported. The SM prediction corresponds to kV = kF = 1. On the right,
90% CL upper limits on the spin-independent DM-nucleon scattering cross section in Higgs-
portal models, assuming a scalar (solid orange) or fermion (dashed red) DM candidate. Limits
are computed as a function of mc and are compared to those from the XENON1T [79], LUX [80],
PandaX-II [81], CDMSlite [82], CRESST-II [83], and CDEX-10 [84] experiments.

10 Summary
A search for invisible decays of a Higgs boson is presented using proton-proton (pp) collision
data at a center-of-mass energy

p
s = 13 TeV, collected by the CMS experiment in 2016 and

corresponding to an integrated luminosity of 35.9 fb�1. The search targets events in which a
Higgs boson is produced through vector boson fusion (VBF). The data are found to be consis-
tent with the predicted standard model (SM) backgrounds. An observed (expected) upper limit
of 0.33 (0.25) is set, at 95% confidence level (CL), on the branching fraction of the Higgs boson
decay to invisible particles, B(H ! inv), by means of a binned likelihood fit to the dijet mass
distribution. In addition, upper limits are set on the product of the cross section and branching
fraction of an SM-like Higgs boson, with mass ranging between 110 and 1000 GeV.

A combination of CMS searches for the Higgs boson decaying to invisible particles, using pp
collision data collected at

p
s = 7, 8, and 13 TeV (2015 and 2016), is also presented. The com-

bination includes searches targeting Higgs boson production via VBF, in association with a
vector boson (with hadronic decays of the W boson and hadronic or leptonic decays of the Z

CMS: PLB793(2019)520
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CMS: JHEP10(2019)139

Simplified models make minimal assumptions 

An extended dark sector might exist 

- contain DM candidate and a heavy resonance 
that couples dark sector to the SM 

- can lead to H exotic decays
SM

Y

dark sector

Massless dark photon 𝛾D couples to H and 
escape undetected (MET signature) 

- BR(H → 𝛾𝛾D) <5% not yet excluded 

- consider associated Z(ll)H production and heavy 
neutral H with masses [125, 300] GeV 

full Run-2

https://dx.doi.org/10.1007/JHEP10(2019)139
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New physics is a main physics goal at the LHC 

Rich MET+X analyses program at CMS

- various interactions and signatures investigated  

- new experimental tools used to improve sensitivity 

- essential complementarity with visible searches to 
investigate larger regions of parameter space of 
DM models  

 

no signs of an excess yet so far

Many new results expected with full 2016+2017+2018 data

- various analysis improvements foreseen

- new signatures investigated
Stay tuned !



Thank you!

[credit Lison Bernet, EWK Moriond ’19]



Backup


