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Dark Matter
Existence of dark matter known through its gravitational interactions
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Weak lensing CMBGalactic rotation

But the underlying nature of dark matter (DM) remains unknown
There is a well established case for weakly interacting DM particles (WIMPs)

Such particles may be produced in high energy p-p collisions at the LHC!!



DM Signatures @ LHC

• DM particles would leave no trace in the 
detector


• But they may create a transverse momentum 
imbalance in the event (MET)


• To produce large MET, DM particles must recoil 
against some high pT, visible system “X”
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MET+X Searches

Wide range of possibilities for X 

‣ X could be gluon (jet), photon, W, Z, H, 
top, …


• This has led to a rich and diverse DM 
search program at the LHC

2 3 Data and simulated samples

Figure 1: Dominant diagram contributing to the production of DM particles in association with
top quarks at the LHC.

2 The CMS Detector31

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-32

eter, providing a magnetic field of 3.8 T. Within the field volume are a silicon pixel and strip33

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-34

tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Muons35

are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the36

solenoid. Extensive forward calorimetry complements the coverage provided by the barrel37

and endcap detectors. A more detailed description of the CMS detector, together with a def-38

inition of the coordinate system used and the relevant kinematic variables, can be found in39

Ref. [13].40

3 Data and simulated samples41

The data used in this search were recorded with the CMS detector at the LHC at
p

s = 8 TeV,42

and correspond to an integrated luminosity of 19.7 fb�1. The data were collected using single-43

electron and single-muon triggers, with transverse momentum (pT) thresholds of 27 and 24 GeV,44

respectively. The efficiencies of these triggers in data and simulation are compared, measured45

using a tag-and-probe method [14], and correction factors are applied to the simulation.46

DM signals are generated with MADGRAPH v5.1.5.11 [15] leading order (LO) matrix element47

generator using the CTEQ6L1 parton distribution functions (PDF) [16]. The dominant standard48

model (SM) background processes for this search are tt+jets, tt + g/W/Z, W+jets, single top49

quark, diboson (WW, WZ, and ZZ) and Drell–Yan events. All of these backgrounds except50

single top quark and WW events, are generated with the MADGRAPH using CTEQ6L1 PDF.51

The top-quark pT distributions in the tt+jet sample generated from MADGRAPH are reweighted52

to match the CMS measurements, following the method described in Ref. [17]. Single top quark53

processes are generated with the next-to-LO (NLO) generator POWHEG v1.0 using the CTEQ6M54

PDF [16]. The WW background is generated with the PYTHIA v6.424 [18]. All events generated55

with MADGRAPH are matched to the PYTHIA [18] parton shower description. All events are56

passed through the detailed simulation of the CMS detector based on GEANT4 v9.4 [19].57

The cross sections of tt+jets [20] and W/Z+jets [21] backgrounds are calculated at next-to-NLO.58

Other backgrounds are calculated at NLO. The single top quark cross section is taken from59

Mono-photon



Simplified Dark Matter Models
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• Searches interpreted using generic ‘simplified models’ 
• Assume one pair of fermionic DM, and a massive boson that 

mediates the interaction between DM and SM quarks


• Parameters of the model : 

➡ Spin/parity of the mediator

➡ Mediator mass (Mmed)

➡ DM mass (mDM)

➡ Mediator coupling to quarks (gq)

➡ Mediator coupling to DM (gDM)

q

q

!

!

Mediator

Mmed

(mDM)

gq gDM
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Spin-1 Mediator

 5

• Probed through several ISR based MET+X searches 
• Look for MET + a high pT photon, Z or jet
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Fig. 1 Pair production of
dark-matter particles (χχ̄ ) in
association with a photon via an
explicit s-channel mediator
(left), or via an effective γ γχχ̄
vertex (right)
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duction of the intermediate state, as shown in Fig. 1 (left),
avoid this limitation. This paper focuses on simplified models
assuming Dirac-fermion DM candidates produced via an s-
channel mediator with vector or axial-vector interactions [8–
10]. There are five free parameters in this model: the WIMP
mass mχ , the mediator mass mmed, the width of the media-
tor #med, the coupling gq of the mediator to quarks, and the
coupling gχ of the mediator to the dark-matter particle. In
the limit of a large mediator mass, these simplified models
map onto the EFT operators, with the suppression scale1 M∗
linked to mmed by the relation M∗ = mmed/

√gqgχ [11].
The paper also considers a specific dimension-7 EFT oper-

ator with direct couplings between DM and electroweak
(EW) bosons, for which there is neither a corresponding
simplified model nor a simplified model yielding similar
kinematic distributions implemented in an event genera-
tor [10,12]. The process describing a contact interaction of
type γ γχχ̄ is shown in Fig. 1 (right). In this model, DM pro-
duction proceeds via qq̄→ γ → γχχ̄ , generating an ener-
getic photon without requiring initial-state radiation. There
are four free parameters in this model: the EW coupling
strengths k1 and k2 (which respectively control the strength
of the coupling to the SM U(1) and SU(2) gauge sectors),
mχ , and the suppression scale M∗.

Many BSM models [13,14 ] introduce new bosons through
either an extension of the Higgs sector or additional gauge
fields. In some of those, the bosons are predicted to decay
into electroweak gauge bosons: the analysis presented here
also searches for such a resonance decaying into Zγ , which
would lead to an excess of energetic γ +Emiss

T events when
the Z boson subsequently decays to neutrinos.

The ATLAS and CMS collaborations have reported lim-
its in various models based on searches for an excess of
γ + Emiss

T events using pp collisions at centre-of-mass ener-
gies of

√
s = 7 and 8 TeV (LHC Run 1) and with the first

LHC Run-2 data collected in 2015 at a centre-of-mass energy
of 13 TeV [15–19]. A χχ̄ pair can also be produced in asso-
ciation with other objects leading to different X+Emiss

T sig-
natures, where X can be a jet, a W boson, a Z boson or a
Higgs boson. DM searches are hence performed in a vari-

1 The suppression scale, also referred to as $, is the effective mass scale
of particles that are integrated out in an EFT. The non-renormalisable
operators are suppressed by powers of 1/M∗.

ety of complementary final states [20–24 ]. The γ + Emiss
T

final state has the advantage of a clean signature providing
a good complementarity with respect to the other X+Emiss

T
processes. Moreover it also offers the unique possibility to
probe for DM models in which the photon does not come
from initial-state radiation. This paper reports the results of
a search for dark matter and for a BSM Zγ resonance in
γ + Emiss

T events in pp collisions at a centre-of-mass energy
of

√
s = 13 TeV using the Run-2 data collected in 2015 and

2016, corresponding to an integrated luminosity of 36.1 fb−1.
As described in Sect. 5, this search follows a strategy similar
to that implemented in Ref. [17], but with multiple signal
regions optimised to take advantage of the tenfold increase
in integrated luminosity.

The paper is organised as follows. A brief description
of the ATLAS detector is given in Sect. 2. The signal and
background Monte Carlo (MC) simulation samples used are
described in Sect. 3. The reconstruction of physics objects
is explained in Sect. 4 , and the event selection is described
in Sect. 5. Estimation of the SM backgrounds is outlined in
Sect. 6. The results are described in Sect. 7 and the systematic
uncertainties are given in Sect. 8. The interpretation of results
in terms of models of pair production of dark-matter candi-
dates and of BSM production of a high-mass Zγ resonance
is described in Sect. 9. A summary is given in Sect. 10.

2 The ATLAS detector

The ATLAS detector [25] is a multipurpose particle physics
apparatus with a forward–backward symmetric cylindrical
geometry and near 4 π coverage in solid angle.2 The inner
tracking detector (ID), covering the pseudorapidity range
|η| < 2.5, consists of a silicon pixel detector including the
insertable B-layer [26,27], which was added around a new,
smaller-radius beam-pipe before the start of Run 2; a silicon
microstrip detector; and, for |η| < 2.0, a straw-tube transi-

2 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upward. Cylindrical coordinates (r,φ)
are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar θ angle
as η = −ln [tan(θ/2)].
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Figure 1. (a) Diagram for the pair-production of weakly interacting massive particles χ, with a
mediator ZA with axial-vector couplings exchanged in the s-channel. (b)(c)(d) Example of diagrams
for the pair-production of weakly interacting massive particles χ via a coloured scalar mediator η.
(e) A generic diagram for the pair-production of squarks with the decay mode q̃ → q + χ̃0

1. The
presence of a gluon from initial-state radiation resulting in a jet is indicated for illustration purposes.

mediators, leading to a different phenomenology. A set of representative diagrams relevant

for a monojet final state are collected in figures 1(b)–1(d). A model with simplified as-

sumptions is defined by the following three parameters: mχ, a single mediator mass (mη),

and a flavour-universal coupling to quarks and WIMPs (gqχ ≡ g). The mediator is also

assumed to couple only to the first two generations of quarks, with minimal decay widths

of the form:

Γ(η)min =
g2

16πm3
η

!
m2

η −m2
q −m2

χ

"
#$

m2
η − (mq +mχ)

2
%$

m2
η − (mq −mχ)

2
%
,

where, to ensure that the DM particle is stable and the mediator width is always defined,

m2
χ +m2

q < m2
η and 4m2

χ/m
2
η <

!
1−m2

q/m
2
η +m2

χ/m
2
η

"2
are required.

Supersymmetry is a theory of physics beyond the SM which naturally solves the hier-

archy problem and provides candidates for dark matter [20–28]. SUSY introduces a new

supersymmetric partner (sparticle) for each particle in the SM. Specifically, a new scalar

– 3 –

Monojet

ATLAS (36 fb-1) : 
- JHEP 01 (2018) 126

CMS Monojet (36 fb-1) : 
- PRD 97 (2018) 092005



Monojet Search
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Key features of event selection 

• Large MET (250 GeV or more)

➡ Driven by trigger thresholds


• At least one high pT, central jet 


➡ pT > 100 (250) GeV for CMS (ATLAS)


➡ |η| < 2.4


• Veto on events with leptons

➡ Suppress backgrounds with genuine 

MET : W+jets, top

pTjet = 1.26 TeV

ETmiss = 1.28 TeV

Large cross section, typically the most sensitive final state

Main backgrounds
➡ Z(νν)+jets (~ 60%)


➡ W(lν)+jets where lepton is lost (~30%)


➡ Minor bkg : Top, dibosons, etc.



Monojet Analysis Strategy
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• Signal has no mass peak or kinematic 
end-points (e.g. mT)


• Use MET shape to extract signal

➡ Signal has harder MET spectrum 

w.r.t. bkg


• Need to precisely model the Z+jets, 
W+jets pT spectrum 

• Multiple control regions in data 
constrain electroweak backgrounds

➡ Z(ll)+jets events

➡ W(lν)+jets 

➡ And ɣ+jets (in case of CMS)

Background uncertainty constrained to  

• About 2% at MET ~ 250 GeV

• About 10% at MET ~ 1 TeV

• Similar for both ATLAS and CMS
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Figure 4. Measured distributions of the (a) Emiss
T , (b) leading-jet pT, (c) leading-jet |η|, and (d)

jet multiplicity for the Emiss
T > 250 GeV selection compared to the SM predictions. The latter

are normalized with normalization factors as determined by the global fit that considers exclusive
Emiss

T regions. For illustration purposes, the distributions of example ADD, SUSY, and WIMP
scenarios are included. The error bands in the ratios shown in the lower panels include both the
statistical and systematic uncertainties in the background predictions. The last bin of the Emiss

T and
leading-jet pT distributions contains overflows. The contributions from multijet and non-collision
backgrounds are negligible and are only shown in the case of the Emiss

T distribution.

Inclusive Signal Region Exclusive Signal Region

Region Predicted Observed Region Predicted Observed

IM1 245900± 5800 255486 EM1 111100± 2300 111203

IM2 138000± 3400 144283 EM2 67100± 1400 67475

IM3 73000± 1900 76808 EM3 33820± 940 35285

IM4 39900± 1000 41523 EM4 27640± 610 27843

IM5 12720± 340 13680 EM5 8360± 190 8583

IM6 4680± 160 5097 EM6 2825± 78 2975

IM7 2017± 90 2122 EM7 1094± 33 1142

IM8 908± 55 980 EM8 463± 19 512

IM9 464± 34 468 EM9 213± 9 223

IM10 238± 23 245 EM10 226± 16 245

Table 5. Data and SM background predictions in the signal region for the different selections. For
the SM predictions both the statistical and systematic uncertainties are included.
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Axial vector mediator masses up to 1.8 TeV excluded 
Similar results for the vector mediator 
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Figure 3. 95% CL observed and expected exclusion regions in Mmed�mDM plane for di↵erent /ET

based DM searches from CMS in the lepto-phobic Axial-vector model. Following the recommendation
of the LHC DM working group [1, 2], the exclusions are computed for a universal quark coupling
gq = 0.25 and for a DM coupling of gDM = 1.0. It should also be noted that the absolute exclusion
of the di↵erent searches as well as their relative importance, will strongly depend on the chosen
coupling and model scenario. Therefore, the exclusion regions, relic density contours, and unitarity
curve shown in this plot are not applicable to other choices of coupling values or model.
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MonoX searches not sensitive to the off-shell region (Mmed < 2 mDM) 
- Cross section is heavily suppressed
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But Z’ could decay to quarks (or even leptons) 
- Derive constraints from searches looking for visible Z’ decays
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Example of a bottom-up approach 
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Adding a decay width for DM to our
simple Lagrangian!  
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Limits for Spin-1 Mediator

Constraints on Z’ from visible and invisible decays
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Limits for Spin-1 Mediator

Constraints on Z’ from visible and invisible decays



Spin-0 Mediator
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• Interaction between spin-0 mediator and quarks required to have the SM Yukawa 
structure (Minimal Flavor Violation)


• Coupling to quarks proportional to the quark mass (like the SM Higgs boson)


• Spin-0 mediator couples preferentially to the top quark

ATLAS : 
- arXiv:1711.11520 
- EPJC (2018) 78:18 
CMS : 
- PRD 97, 032009 (2018) 
- CMS-EXO-16-049

Monojet

ATLAS : 
- JHEP 01 (2018) 126

CMS : 
- PRD 97 (2018) 092005

18 Page 2 of 36 Eur. Phys. J. C (2018) 78 :18

φ/a

g

g

b̄

χ

χ̄

b

(a)

φ/a

g

g

t̄

χ

χ̄

t

(b)

φb

φb

g

b

χ̄

b

χ

(c)

Fig. 1 Representative diagrams at the lowest order for spin-0 media-
tor associated production with top and bottom quarks: a colour-neutral
spin-0 mediator associated production with bottom quarks b̄b+φ/a; b

colour-neutral spin-0 mediator associated production with top quarks t t̄
+φ/a; c colour-charged scalar mediator model decaying into a bottom
quark and a DM particle b-FDM

different kinematics of the events under study, those searches
are not optimal for the DM models considered in this paper.
The search in the channel where one W boson decays into
hadrons and one W boson decays into leptons (semileptonic
t t̄ decays) is presented together with the searches for top
squarks in the same channel [20]. Signatures with bottom
quarks in the final state are denoted b̄b+ φ/a in the fol-
lowing. Representative diagrams for tree-level production of
these models are shown in Fig. 1a, b. Processes with similar
kinematic properties might also occur in two-Higgs-doublet
models [21]. Following the notation of Ref. [14], the model
has four parameters: the mass of the mediator mφ or ma,
the DM mass mχ , the DM–mediator coupling gχ , and the
flavour-universal SM–mediator coupling gq. The mediator
width is assumed to be the minimal width, which is the one
calculated from the masses and couplings assumed by the
model [13]. The mediator can decay into SM particles or into
DM particles. This search is sensitive to decays of the medi-
ator into a pair of DM particles. Off-shell DM production
is also taken into account. The effective production cross-
section of DM particles at pp colliders is a function of the
production cross-section of the mediator, depending on gq,
and on the branching ratio for the mediator to decay into a
pair of DM particles, which is a function of gq and gχ [13].
The cross-section for DM production is therefore propor-
tional to the squared product of the couplings (gq ·gχ )2, and
an additional assumption of gq= gχ = gis made to reduce
the number of parameters. Since the cross-section of annihi-
lation and scattering from nucleons has the same functional
dependence on the couplings, the same assumption is made
when the results are compared to non-collider experiments.

The second category of models considered in this search is
the case of colour-charged scalar mediators [22]. The model
assumes bottom-flavoured dark matter (b-FDM) and was pro-
posed to explain the excess of gamma rays from the galactic
centre observed by the Fermi Gamma-ray Space Telescope,

if this excess is to be interpreted as a signal for DM anni-
hilation [23], while alternative conjectures without DM are
also discussed [24]. A representative diagram for the pro-
duction of this signal is shown in Fig. 1c. In this model, a
new scalar field, φb, mediates the interaction between DM
and quarks. Dark matter is assumed to be the lightest Dirac
fermion that belongs to a flavour-triplet coupling to right-
handed, down-type quarks. The cosmological DM is the third
component of the triplet and couples preferentially to bottom
quarks. It explains the galactic-centre excess if a DM mass
around 35 GeV is assumed. The other Dirac fermions in the
flavour-triplet are heavy and couple weakly, and are therefore
neglected. Theb-FDM model has three parameters: the medi-
ator and the DM masses (m(φb) andm(χ), respectively), and
the coupling strength between the mediator and the DM par-
ticle, λb[22]. For each pair of mass values considered, λbis
set to the value, generally larger than one, predicting a DM
relic density compatible with the astrophysical observations
as detailed in Ref. [22]. Strong-interaction pair production
of φb, which does not depend on the coupling, is equivalent
to the pair production of the lightest supersymmetric part-
ner of the bottom quark (bottom squark, b̃1) assuming that
it decays exclusively into a bottom quark and the lightest
neutralino (χ̃0

1 ). Exclusion limits on m(b̃1), which depend
on m(χ̃

0
1 ), are set in dedicated searches by the ATLAS and

CMS collaborations [25,26]. The target of this search is the
single production mode represented in Fig. 1(c), which can
dominate the production rate of the φbmediator due to the
relatively large values assumed for λb. The parameter space
considered corresponds to φbmasses of a few hundred GeV.
A search by the ATLAS Collaboration with the

√
s = 8 TeV

LHC Run-1 dataset has already excluded m(φb) < 600 GeV
for m(χ) = 35 GeV [27].

Four experimental signatures are considered in this paper.
The first two signatures consist of event topologies with large
missing transverse momentum and either one or two bot-
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Fig. 1 Feynman diagrams
illustrative of the processes
beyond the SM considered in
this paper: (upper left) DM
production in a simplified model
with a spin-1 mediator Z′;
(upper right) DM production in
a simplified model with a spin-0
mediator φ; (lower
left) production of a Higgs
boson in association with Z
boson with subsequent decay of
the Higgs boson into invisible
particles; (lower
right) unparticle or graviton
production. The diagrams were
drawn using the
TikZ- Feynman package [11]

q

q

gq gDM
χ

χ

ℓ−

ℓ+

Z′

Z

gq gDM
χ

χ

ℓ−

ℓ+

t

φ

Z

q

q

ℓ

ℓ

Z

H

Z

q

q

U/G

ℓ−

ℓ+

Z

axial-vector coupling is obtained by making the replace-
ment γ µ → γ 5γ µ. In the case of a spin-0 mediator φ,
the couplings between mediator and quarks are assumed
to be Yukawa-like, with gq acting as a multiplicative mod-
ifier for the SM Yukawa coupling yq =

√
2mq/v (where

v = 246 GeV is the SM Higgs field vacuum expectation
value), leading to the Lagrangian:

Lscalar = gDMφχχ + gq
φ√
2

!

q

yqqq.

The Lagrangian with pseudoscalar couplings is obtained by
inserting a factor of iγ 5 into each of the two terms (i.e.,
χ̄χ → i χ̄γ 5χ and q̄q → i q̄γ 5q). Example diagrams of
DM production via spin-1 and spin-0 mediators are shown
in Fig. 1 (upper left and right, respectively).

A primary focus of the LHC physics program after the
discovery of a Higgs boson (H) [12–14] by the ATLAS and
CMS Collaborations is the study of the properties of this
new particle. The observation of a sizable branching frac-
tion of the Higgs boson to invisible states [15–17] would
be a strong sign of BSM physics. Supersymmetric (SUSY)
models embodying R-parity conservation contain a stable
neutral lightest SUSY particle (LSP), e.g., the lightest neu-
tralino [18], leading to the possibility of decays of the Higgs
boson into pairs of LSPs. Certain models with extra spa-
tial dimensions predict graviscalars that could mix with the
Higgs boson [19]. As a consequence, the Higgs boson could
oscillate to a graviscalar and disappear from the SM brane.
The signature would be equivalent to an invisible decay of the
Higgs boson. There could also be contributions from Higgs
boson decays into graviscalars [20]. With the same effect as
the simplified DM models presented earlier, “Higgs portal”

models [21–23] construct a generic connection between SM
and DM particles via a Higgs boson mediator. This analysis
considers decays into invisible particles of an SM-like Higgs
boson produced in association with a Z boson, as shown in
Fig. 1 (lower left).

Another popular BSM paradigm considered here is the
Arkani-Hamed–Dimopoulos–Dvali (ADD) model with large
extra spatial dimensions [24–26], which is motivated by
the hierarchy problem, i.e., the disparity between the elec-
troweak unification scale (MEW ∼ 1 TeV) and the Planck
scale (MPl ∼ 1016 TeV). This model predicts graviton (G)
production via the process qq → Z+G. The graviton escapes
detection, leading to a mono-Z signature (Fig. 1, lower right).
In the ADD model, the apparent Planck scale in four space-
time dimensions is given by M2

Pl ≈ Mn+2
D Rn, where MD is

the true Planck scale of the full n+4 dimensional space-time
and R is the compactification radius of the extra dimensions.
Assuming MD is of the same order as MEW, the observed
large value of MPl points to an R of order 1 mm to 1 fm for
2 to 7 extra dimensions. The consequence of the large com-
pactification scale is that the mass spectrum of the Kaluza–
Klein graviton states becomes nearly continuous, resulting
in a broad Z boson transverse momentum (pT) spectrum.

The final BSM model considered in this analysis is
the phenomenologically interesting concept of unparticles,
which appear in the low-energy limit of conformal field
theories. In the high-energy regime, a new, scale invariant
Banks–Zaks field with a nontrivial infrared fixed point is
introduced [27]. The interaction between the SM and Banks–
Zaks sectors is mediated by particles of large mass scale
MU, below which the interaction is suppressed and can be
treated via an effective field theory (EFT). The low-energy
regime will include unparticles, which have phase space fac-
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Fig. 1 Feynman diagrams
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(upper right) DM production in
a simplified model with a spin-0
mediator φ; (lower
left) production of a Higgs
boson in association with Z
boson with subsequent decay of
the Higgs boson into invisible
particles; (lower
right) unparticle or graviton
production. The diagrams were
drawn using the
TikZ- Feynman package [11]
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axial-vector coupling is obtained by making the replace-
ment γ µ → γ 5γ µ. In the case of a spin-0 mediator φ,
the couplings between mediator and quarks are assumed
to be Yukawa-like, with gq acting as a multiplicative mod-
ifier for the SM Yukawa coupling yq =

√
2mq/v (where

v = 246 GeV is the SM Higgs field vacuum expectation
value), leading to the Lagrangian:

Lscalar = gDMφχχ + gq
φ√
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yqqq.

The Lagrangian with pseudoscalar couplings is obtained by
inserting a factor of iγ 5 into each of the two terms (i.e.,
χ̄χ → i χ̄γ 5χ and q̄q → i q̄γ 5q). Example diagrams of
DM production via spin-1 and spin-0 mediators are shown
in Fig. 1 (upper left and right, respectively).

A primary focus of the LHC physics program after the
discovery of a Higgs boson (H) [12–14] by the ATLAS and
CMS Collaborations is the study of the properties of this
new particle. The observation of a sizable branching frac-
tion of the Higgs boson to invisible states [15–17] would
be a strong sign of BSM physics. Supersymmetric (SUSY)
models embodying R-parity conservation contain a stable
neutral lightest SUSY particle (LSP), e.g., the lightest neu-
tralino [18], leading to the possibility of decays of the Higgs
boson into pairs of LSPs. Certain models with extra spa-
tial dimensions predict graviscalars that could mix with the
Higgs boson [19]. As a consequence, the Higgs boson could
oscillate to a graviscalar and disappear from the SM brane.
The signature would be equivalent to an invisible decay of the
Higgs boson. There could also be contributions from Higgs
boson decays into graviscalars [20]. With the same effect as
the simplified DM models presented earlier, “Higgs portal”

models [21–23] construct a generic connection between SM
and DM particles via a Higgs boson mediator. This analysis
considers decays into invisible particles of an SM-like Higgs
boson produced in association with a Z boson, as shown in
Fig. 1 (lower left).

Another popular BSM paradigm considered here is the
Arkani-Hamed–Dimopoulos–Dvali (ADD) model with large
extra spatial dimensions [24–26], which is motivated by
the hierarchy problem, i.e., the disparity between the elec-
troweak unification scale (MEW ∼ 1 TeV) and the Planck
scale (MPl ∼ 1016 TeV). This model predicts graviton (G)
production via the process qq → Z+G. The graviton escapes
detection, leading to a mono-Z signature (Fig. 1, lower right).
In the ADD model, the apparent Planck scale in four space-
time dimensions is given by M2

Pl ≈ Mn+2
D Rn, where MD is

the true Planck scale of the full n+4 dimensional space-time
and R is the compactification radius of the extra dimensions.
Assuming MD is of the same order as MEW, the observed
large value of MPl points to an R of order 1 mm to 1 fm for
2 to 7 extra dimensions. The consequence of the large com-
pactification scale is that the mass spectrum of the Kaluza–
Klein graviton states becomes nearly continuous, resulting
in a broad Z boson transverse momentum (pT) spectrum.

The final BSM model considered in this analysis is
the phenomenologically interesting concept of unparticles,
which appear in the low-energy limit of conformal field
theories. In the high-energy regime, a new, scale invariant
Banks–Zaks field with a nontrivial infrared fixed point is
introduced [27]. The interaction between the SM and Banks–
Zaks sectors is mediated by particles of large mass scale
MU, below which the interaction is suppressed and can be
treated via an effective field theory (EFT). The low-energy
regime will include unparticles, which have phase space fac-
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Combination of three final states

DM@LHC 2018 S. Sevova

tt̄ decay channel searches

 3
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tt̄(1l)+DM tt̄(2l)+DM

• Channel selections target events with tt̄ topology and moderate to large MET 
• Background-enriched control regions (CRs) used to constrain SM processes in signal regions (SRs)  

[tt̄(0l)+DM & tt̄(1l)+DM channels only] 
• Signal extracted via simultaneous fit of MET templates in SRs & CRs 

+ +

• MET > 200 GeV


• At least 4 jets,1 b-jet


• Main bkg : tt(1l) where lepton is 
lost

• MET > 160 GeV, mT>160 GeV


• At least 3 jets,1 b-jet


• Main bkg : tt(2l) where one 
lepton is lost 

• MET > 50 GeV


• At least 2 jets, 1 b-jet


• Main bkg : tt(2l) irreducible

MET contribution also from neutrinos
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• Suppress top background in each channel 
using dedicated discriminating variables


• Resolved top tagger (RTT) in 0-lep 
channel

- Identify jet triplets from top decays

- Two event categories : 0/1 & 2 RTT


• Stransverse mass variables MT2W and 
MT2(ll) used in 1-lep and 2-lep channels


• Fit the MET distribution in data to extract 
signal


• Dedicated control regions used to 
constrain W, Z, top backgrounds

6.2 BDT discriminant analysis 7
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Figure 2: The M``
T2 distributions for events passing selection requirements for the (a) eµ and (b)

ee + µµ channels. The M``
T2 distribution of two example signals (scalar and pseudoscalar medi-

ator, mf/a = 100 GeV) with mc = 1 GeV is scaled up by a factor of 200. The last bin includes
overflow. Uncertainties are statistical only.

pmiss
T significance are therefore to be expected. The pmiss

T significance is defined in [52]
and is determined from the p-value corresponding to the hypothesis that the ob-
served pmiss

T is consistent with a truly zero pmiss
T . To calculate the pmiss

T significance,
the resolution of all observed particles is taken into account.

• M``
T2 : stransverse mass of the dilepton pair as described in Sec. 6.1.

• M`b,`b
T2 : stransverse mass of `b pairs. This variable is constructed similarly to the

M``
T2 variable but now the lepton is paired up with a b-jet. The `b permutation which

gives rise to the minimum M`b,`b
T2 is chosen in the event.

• |Df(pmiss
T , ``) |: the difference in azimuthal angle between the pmiss

T and the dilepton
pair in the event.

• kinematic reconstruction weight ln(w): the weight, w, returned by the kinematic
reconstruction algorithm as described in Sec. 5 is a measure for the quality of the tt
reconstruction. As the pmiss

T in tt + DM events is not solely due to the tt neutrinos, a
lower weight is expected in signal events.

• |Dh(``)|: the pseudo-rapidity difference between the two leptons in the lab frame.
• cos F``: the cosine of the full opening angle between the two leptons in their respec-

tive parent rest frames.

The distributions of these variables are shown in Fig. 2 and Figs. 4-6. To ensure sufficient statis-
tics in each bin of the template fit, trainings were chosen which smear the tt background over
a large amount of bins. The BDT training at the working point mc = 1 GeV, mF = 500 GeV for
scalar and pseudoscalar provides generally optimal limits for all mass points of the respective
spin hypothesis. The scalar and pseudoscalar hypothesis are trained independently, giving two
BDT trainings which are used to evaluate the SM backgrounds and the DM signals to obtain
input templates for the fits to data. Below, the BDT discriminant distributions are shown in
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Figure 1: Selected p
miss
T distributions in SRs: 2RTT SR for the all-hadronic (left), the `+jets

(middle), and the different-flavor, M
``
T2 > 110 GeV SR in the dileptonic channel (right). The

background distributions (filled histograms) are obtained after the background-only fit. The ex-
pected p

miss
T distribution for a signal corresponding to a pseudoscalar mediator of mass 100 GeV

is overlaid (solid red line). The last bin contains the overflow events. The lower panel shows
the ratio of the observed to the fitted distribution (points), and the ratio of the background
expectation before the fit to the fitted distribution (dashed magenta line). The vertical bars
indicate the statistical uncertainty on the data. The horizontal bars on the rightmost plot indi-
cate the bin width. The uncertainty bands in both panels include the statistical and systematic
uncertainties on the total background.

where the upper limit on µ is less than 1. Due to the narrow width of the mediator, the signal185

cross section drops rapidly across the ma/f = 2mc line, from the on-shell to the off-shell region.186

Therefore, the exclusion contour runs close to the ma/f = 2mc line but does not cross it. The187

observed (expected) upper limits on µ exclude scalar and pseudoscalar masses of 160 (240) and188

220 (320) GeV, respectively, at 95% CL. The observed exclusion is weaker than the expected189

due to tension in the fit between CRs and SRs of the all-hadronic channel. This arises because190

the a priori background expectation in the CRs over-predicts the data to a larger degree than191

in the SRs. Consequently, the signal+background fit, in contrast to the background-only fit, re-192

duces this tension between CRs and SRs by accommodating for some signal, which contributes193

primarily to the SRs.194
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Figure 2: The exclusion limits at 95% CL on the signal strength µ = s/sth computed as a func-
tion of the mediator and DM mass, assuming a scalar (left) and pseudoscalar (right) mediator.
The mediator couplings are assumed to be gq = gc = 1.

The limits on µ are also expressed in terms of the mediator coupling strength to quarks in Fig. 3.195
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Mono-H(bb)

contribution comparable to or even stronger than the V H process, since its cross section is about 20 times
larger and the jets originating from the 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 in association with (a) a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [19] and (b) via decay of the SM-like Higgs
boson produced in association with the vector boson [9–13] or in association with a final-state Z 0 boson via (c) 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 the
Z 0 boson in the final state, which is allowed to decay only hadronically, i.e. Z 0 ! qq̄ with all possible
quark flavors, except for the tt̄ decay channel. 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 , mediator mass mZ0, as well as 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 di-jet
and large-radius jet mass resolutions. In the second, so-called dark-Higgs model, a dark-sector Higgs
boson which decays to � � pair is radiated from the Z 0 boson as illustrated in Figure 1(d). The mass mhD

and the width �hD of the dark Higgs boson are free parameters of the model, in addition to m�, mZ0,
gSM and gDM. The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0.
Similarly as for 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 boson. The dark Higgs boson is assumed to decay only into � � or Z 0Z 0(⇤). The latter
decay mode is suppressed for mhD < 2mZ0, which is the case for the parameter space considered in this
note.
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DM produced with hadronically decaying heavy boson

and generate the Z0 boson mass (denoted by mZ0
B
). The

second model [from a Z0-two-Higgs doublet model
(Z0-2HDM) [13], Fig. 1(b)] involves the Z0 boson decaying
to the SM Higgs boson and an intermediate heavy pseudo-
scalar boson A0, which then decays to a pair of Dirac
fermionic DM particles. The minimum decay widths of
the mediators are assumed for both the Z0

B and Z0-2HDM
models to be the sum of the partial widths for all decays into
DM and quarks that are kinematically accessible [12].
Alongside those simplified models recommended in
Ref. [12], a third model [referred to as the heavy-scalar
model [14], Fig. 1(c)] introduces a heavy scalar boson H
produced primarily via gluon-gluon fusion (ggF)with amass
in the range 2mh < mH < 2mtop, in which mh and mtop

represent the masses of the SM Higgs boson and top quark,
respectively. The upper bound onmH is introduced to avoid a
large branching fraction for H → tt̄, which would saturate
the entire H width leading to aH → hχχ branching fraction
close to zero. The lower bound onmH is required to be more
than twice ofmh to ensure the SM Higgs boson is produced
on shell. An effective quartic coupling between h,H, and χ is
considered, where the DM χ is assumed to be a scalar
particle. The decay branching fraction of H to h and two χ
particles is assumed to be 100% for this model, to simplify
the interpretations. The DMmass (mχ) is taken to be roughly
half of the SMHiggs-bosonmass to ensure on-shell decay of
H → hχχ, and to suppress invisible decay modes of h, as
described in Ref. [15]. While no assumptions are made here
as to the nature ofH, it can be viewed as a part of a 2HDMþ
χ scenariowhereHmay be considered as theCP-even heavy
scalar boson [14].
This paper is organized as follows. Section II gives a

brief description of the ATLAS detector. Section III
describes the data set and the signal and background
Monte Carlo (MC) simulation samples used. Section IV
explains the event reconstruction, while Sec. Voutlines the
optimization of the event selection and categorization.
Section VI summarizes the signal and background model-
ing. Section VII discusses the experimental and theoretical
systematic uncertainties that affect the results. Section VIII
presents the results and their interpretations, and finally a
summary of the results is given in Sec. IX.

II. ATLAS DETECTOR

The ATLAS detector [16,17] is a multipurpose
particle physics detector with approximately forward-
backward symmetric cylindrical geometry.1 The inner
detector (ID) tracking system covers jηj < 2.5 and
consists of a silicon pixel detector, a silicon microstrip
detector and a transition radiation tracker (TRT). The ID
allows a precise reconstruction of charged-particle
trajectories and of decay vertices of long-lived particles.
The ID is surrounded by a thin superconducting
solenoid providing a 2 T axial magnetic field. A
high-granularity lead/liquid-argon (LAr) sampling calo-
rimeter measures the energy and the position of electro-
magnetic showers in the central (jηj < 1.475) and
endcap (1.375 < jηj < 3.2) regions. It includes a pre-
sampler (for jηj < 1.8) and three sampling layers up to
jηj < 2.5. The longitudinal and lateral segmentation of
the calorimeter allows a measurement of the shower
direction without assuming that the photon originates
from a specific point along the beam line. LAr sampling
calorimeters with copper and tungsten absorbers are also
used to measure hadronic showers in the endcap
(1.5 < jηj < 3.2) and forward (3.1 < jηj < 4.9) regions,
while a steel/scintillator-tile calorimeter measures had-
ronic showers in the central region (jηj < 1.7). The
muon spectrometer surrounds the calorimeters and con-
sists of three large superconducting air-core toroid
magnets, each with eight coils, a system of precision
tracking chambers (jηj < 2.7), and fast tracking cham-
bers for triggering (jηj < 2.4). Reconstructed events are
selected by a two-level trigger system. The first-level
trigger is hardware based, while the second-level trigger
is implemented in software [18].

(a) (b) (c)

FIG. 1. The Feynman diagrams for the production of DM (χ) in association with a SM Higgs boson (h) arising from three theoretical
models considered in this paper: (a) Z0

B model, (b) Z0-2HDM model, (c) heavy-scalar model.

1ATLASuses a right-handed coordinate systemwith its origin at
the nominal interaction point (IP) in the center of the detector and
the z axis along the beam pipe. The x axis points from the IP to the
center of the LHC ring, and the y axis points upward. Cylindrical
coordinates ðr;ϕÞ are used in the transverse plane, ϕ being the
azimuthal angle around the beam pipe. The pseudorapidity
is defined in terms of the polar angle θ as η ¼ − ln½tanðθ=2Þ&.
The photon transverse energy is ET ¼ E= coshðηÞ, where E is its
energy.
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contribution comparable to or even stronger than the V H process, since its cross section is about 20 times
larger and the jets originating from the 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 in association with (a) a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [19] and (b) via decay of the SM-like Higgs
boson produced in association with the vector boson [9–13] or in association with a final-state Z 0 boson via (c) 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 the
Z 0 boson in the final state, which is allowed to decay only hadronically, i.e. Z 0 ! qq̄ with all possible
quark flavors, except for the tt̄ decay channel. 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 , mediator mass mZ0, as well as 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 di-jet
and large-radius jet mass resolutions. In the second, so-called dark-Higgs model, a dark-sector Higgs
boson which decays to � � pair is radiated from the Z 0 boson as illustrated in Figure 1(d). The mass mhD

and the width �hD of the dark Higgs boson are free parameters of the model, in addition to m�, mZ0,
gSM and gDM. The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0.
Similarly as for 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 boson. The dark Higgs boson is assumed to decay only into � � or Z 0Z 0(⇤). The latter
decay mode is suppressed for mhD < 2mZ0, which is the case for the parameter space considered in this
note.
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• Look for events with large MET (~200 GeV), and


• Hadronic decays of X(=H, V, Z’) into two resolved jets or a single fat-jet


• Use jet substructure techniques to identify 2-prongs in a fat jet

ATLAS (H→bb): 
- PRL 119, 181804 (2017)
CMS (H→bb) : 
- CMS-B2G-17-004

ATLAS : 
- ATLAS-CONF-2018-005
CMS : 
- PRD 97 (2018) 092005

ATLAS : 
- ATLAS-CONF-2018-005
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contribution comparable to or even stronger than the V H process, since its cross section is about 20 times
larger and the jets originating from the 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 in association with (a) a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [19] and (b) via decay of the SM-like Higgs
boson produced in association with the vector boson [9–13] or in association with a final-state Z 0 boson via (c) 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 the
Z 0 boson in the final state, which is allowed to decay only hadronically, i.e. Z 0 ! qq̄ with all possible
quark flavors, except for the tt̄ decay channel. 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 , mediator mass mZ0, as well as 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 di-jet
and large-radius jet mass resolutions. In the second, so-called dark-Higgs model, a dark-sector Higgs
boson which decays to � � pair is radiated from the Z 0 boson as illustrated in Figure 1(d). The mass mhD

and the width �hD of the dark Higgs boson are free parameters of the model, in addition to m�, mZ0,
gSM and gDM. The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0.
Similarly as for 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 boson. The dark Higgs boson is assumed to decay only into � � or Z 0Z 0(⇤). The latter
decay mode is suppressed for mhD < 2mZ0, which is the case for the parameter space considered in this
note.
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and generate the Z0 boson mass (denoted by mZ0
B
). The

second model [from a Z0-two-Higgs doublet model
(Z0-2HDM) [13], Fig. 1(b)] involves the Z0 boson decaying
to the SM Higgs boson and an intermediate heavy pseudo-
scalar boson A0, which then decays to a pair of Dirac
fermionic DM particles. The minimum decay widths of
the mediators are assumed for both the Z0

B and Z0-2HDM
models to be the sum of the partial widths for all decays into
DM and quarks that are kinematically accessible [12].
Alongside those simplified models recommended in
Ref. [12], a third model [referred to as the heavy-scalar
model [14], Fig. 1(c)] introduces a heavy scalar boson H
produced primarily via gluon-gluon fusion (ggF)with amass
in the range 2mh < mH < 2mtop, in which mh and mtop

represent the masses of the SM Higgs boson and top quark,
respectively. The upper bound onmH is introduced to avoid a
large branching fraction for H → tt̄, which would saturate
the entire H width leading to aH → hχχ branching fraction
close to zero. The lower bound onmH is required to be more
than twice ofmh to ensure the SM Higgs boson is produced
on shell. An effective quartic coupling between h,H, and χ is
considered, where the DM χ is assumed to be a scalar
particle. The decay branching fraction of H to h and two χ
particles is assumed to be 100% for this model, to simplify
the interpretations. The DMmass (mχ) is taken to be roughly
half of the SMHiggs-bosonmass to ensure on-shell decay of
H → hχχ, and to suppress invisible decay modes of h, as
described in Ref. [15]. While no assumptions are made here
as to the nature ofH, it can be viewed as a part of a 2HDMþ
χ scenariowhereHmay be considered as theCP-even heavy
scalar boson [14].
This paper is organized as follows. Section II gives a

brief description of the ATLAS detector. Section III
describes the data set and the signal and background
Monte Carlo (MC) simulation samples used. Section IV
explains the event reconstruction, while Sec. Voutlines the
optimization of the event selection and categorization.
Section VI summarizes the signal and background model-
ing. Section VII discusses the experimental and theoretical
systematic uncertainties that affect the results. Section VIII
presents the results and their interpretations, and finally a
summary of the results is given in Sec. IX.

II. ATLAS DETECTOR

The ATLAS detector [16,17] is a multipurpose
particle physics detector with approximately forward-
backward symmetric cylindrical geometry.1 The inner
detector (ID) tracking system covers jηj < 2.5 and
consists of a silicon pixel detector, a silicon microstrip
detector and a transition radiation tracker (TRT). The ID
allows a precise reconstruction of charged-particle
trajectories and of decay vertices of long-lived particles.
The ID is surrounded by a thin superconducting
solenoid providing a 2 T axial magnetic field. A
high-granularity lead/liquid-argon (LAr) sampling calo-
rimeter measures the energy and the position of electro-
magnetic showers in the central (jηj < 1.475) and
endcap (1.375 < jηj < 3.2) regions. It includes a pre-
sampler (for jηj < 1.8) and three sampling layers up to
jηj < 2.5. The longitudinal and lateral segmentation of
the calorimeter allows a measurement of the shower
direction without assuming that the photon originates
from a specific point along the beam line. LAr sampling
calorimeters with copper and tungsten absorbers are also
used to measure hadronic showers in the endcap
(1.5 < jηj < 3.2) and forward (3.1 < jηj < 4.9) regions,
while a steel/scintillator-tile calorimeter measures had-
ronic showers in the central region (jηj < 1.7). The
muon spectrometer surrounds the calorimeters and con-
sists of three large superconducting air-core toroid
magnets, each with eight coils, a system of precision
tracking chambers (jηj < 2.7), and fast tracking cham-
bers for triggering (jηj < 2.4). Reconstructed events are
selected by a two-level trigger system. The first-level
trigger is hardware based, while the second-level trigger
is implemented in software [18].

(a) (b) (c)

FIG. 1. The Feynman diagrams for the production of DM (χ) in association with a SM Higgs boson (h) arising from three theoretical
models considered in this paper: (a) Z0

B model, (b) Z0-2HDM model, (c) heavy-scalar model.

1ATLASuses a right-handed coordinate systemwith its origin at
the nominal interaction point (IP) in the center of the detector and
the z axis along the beam pipe. The x axis points from the IP to the
center of the LHC ring, and the y axis points upward. Cylindrical
coordinates ðr;ϕÞ are used in the transverse plane, ϕ being the
azimuthal angle around the beam pipe. The pseudorapidity
is defined in terms of the polar angle θ as η ¼ − ln½tanðθ=2Þ&.
The photon transverse energy is ET ¼ E= coshðηÞ, where E is its
energy.
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Higgs boson [41]. The exclusion limits are presented as an exclusion of the mZ0 and mA pa-
rameter space in Fig. 10. With the current dataset, mZ0 up to 3.2 TeV and mA up to 800 GeV
are excluded, providing a more sensitive result compared to the ATLAS search performed on a
similar dataset [35], which excluded a mZ0 < 2.5 TeV and mA < 600 GeV, and setting the most
stringent constrain to date on the Z0-2HDM model.
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Figure 10: Observed and expected exclusion on the parameter plane [mZ0 , mA]. The excluded
region in the considered benchmark scenario (gZ0 = 0.8, gc = 1, tan b = 1, mc = 100 GeV, and
mA = mH = mH±) is represented by the shaded area.

9 Summary
A search for a resonance with mass between 800 and 4500 GeV, decaying to a standard model
(SM) vector boson and a SM Higgs boson, is reported. The data sample was collected by the
CMS experiment at

p
s = 13 TeV, and corresponds to an integrated luminosity of 35.9 fb�1. The

final states contained the leptonic decays of the vector bosons, in events with zero, exactly one,
and two electrons or muons. The standard model Higgs boson is reconstructed from its decay
to b quark-antiquark pairs. Depending on the resonance mass, upper limits in the range 0.8–60
fb are set on the product of the cross sections and the branching fractions for the decay of the
resonance into a Higgs and a vector boson, and for the decay of the Higgs boson into a pair of b
quarks. In a triplet of narrow spin-1 resonances, vector bosons with a mass lower than 2.8 and
2.9 TeV are excluded in the benchmark scenarios A and B, respectively. Furthermore, the results
of this search provide an exclusion in the two Higgs doublet model (2HDM) parameter space
up to 2 TeV, which is a kinematic region previously unexplored by previous CMS searches,
and a heavy pseudoscalar boson with mass lower than 1.1 TeV and 1.2 TeV is excluded in the
cos(b � a) = 0.25 and tan b = 1 scenario. A significant reduction of the allowed parameter
space is also placed on the Z’-2HDM model that includes a dark matter candidate, excluding
a Z0 boson mass up to 3.2 TeV, and a pseudoscalar boson A up to 800 GeV in the considered
benchmark scenario, placing the most stringent limits on this model to date.
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H decay to invisible particles2
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Figure 1: Feynman diagrams for the main production processes targeted in the searches con-
sidered in the combination: qq ! qqH (left), qq ! VH (centre), and gg ! gH (right).

2 The CMS detector46

The CMS detector is a multi-purpose apparatus designed to study a wide range of physics47

processes in both pp and heavy ion collisions. The central feature of the experiment is a super-48

conducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T parallel to the49

beam direction. Within the solenoid volume a silicon pixel and strip tracker, a lead tungstate50

crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter51

(HCAL) are installed, each composed of a barrel and two endcap sections. The tracker sys-52

tem measures the momentum of charged particles up to a pseudorapidity of |h| = 2.5, while53

the ECAL and HCAL provide coverage up to |h| = 3.0. Moreover, the steel and quartz-fiber54

Čerenkov hadron forward calorimeter extends the coverage to |h| = 5.0. Muons are detected55

in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid, which56

cover up to |h| = 2.4.57

Events of interest are selected using a two-tiered trigger system [19]. The first level (L1) is58

composed by custom hardware processors, which use information from the calorimeters and59

muon detectors to select events at a rate of about 100 kHz. The second level, known as high-60

level trigger (HLT), is a software-based system which runs a version of the CMS full event61

reconstruction optimized for fast processing, reducing the event rate to about 1 kHz.62

A more detailed description of the CMS detector, together with a definition of the coordinate63

system used and the relevant kinematic variables, can be found in Ref. [20].64

3 Event reconstruction65

The particle-flow (PF) algorithm [21] aims to reconstruct and identify each individual particle in66

an event with an optimized combination of information from the various elements of the CMS67

detector. The energy of photons is directly obtained from the ECAL measurement, corrected68

for zero-suppression effects. The energy of electrons is determined from a combination of the69

electron momentum at the primary interaction vertex, as determined by the tracker, the energy70

of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially71

compatible with originating from the electron track. The momentum of muons is obtained from72

the curvature of the corresponding tracks. The energy of charged hadrons is determined from73

a combination of their momentum measured in the tracker and the matching of ECAL and74

HCAL energy deposits, corrected for zero-suppression effects and for the response function of75

the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from76

the corresponding corrected ECAL and HCAL energy.77

The missing transverse momentum vector (~pmiss
T ) is computed as the negative vector pT sum78

of all the PF candidates in an event, and its magnitude is denoted as p
miss
T . Hadronic jets are79
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• We still don’t know a lot about the 125 GeV Higgs boson

• Limit on BR(H→BSM) is 34% (Run-1 Higgs measurements : JHEP 08 (2016) 045)

• Plenty of room for the Higgs boson to couple to a new hidden, dark sector

CMS 13 TeV H→inv combination : CMS-HIG-17-023

ATLAS 8 TeV H→inv combination : JHEP11 (2015) 206

ATLAS 13 TeV

• Mono-Z(ll) : EPJC 78 (2018) 291

• Mono-V(qq) : ATLAS-CONF-2018-005 

H decay to dark photons

80 GeV [48]. In the mass range of 10 MeV–10 GeV, values of ✏ above ⇠ 10�3 are ruled out [49–54].The
experiments at the LHC are the only ones sensitive to the production of Higgs bosons, and this makes
possible the search for the presence of a Higgs portal presented here. Constraints on the Higgs mixing
parameter  are probed through the H ! ZdZd ! 4` search while constraints on the kinetic mixing
parameter and the mass-mixing parameter � can be obtained through the H ! Z Zd ! 4` search.
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Figure 1: Exotic Higgs boson decays to four leptons induced by intermediate dark vector bosons via (left) the
hypercharge portal and (right) the Higgs portal, where S is a dark Higgs boson [14]. The Zd gauge boson decays
to SM particles through kinetic mixing with the hypercharge field or through mass mixing with the Z boson. The
HZ Zd vertex factor is proportional to ✏ whereas the HZdZd vertex factor is proportional to .

2.2 Pseudoscalar-boson model

Another possibility to extend the SM with a hidden sector is to consider two-Higgs-doublet models
extended by one complex scalar singlet field (2HDM+S) [15].

Two-Higgs-doublet models predict two charged scalars (H±), two neutral scalars (H, H) and one neutral
pseudoscalar (A). The real mass eigenstate H is considered to be the observed Higgs boson, while other
states are taken to be heavy in the decoupling limit to ensure that highly non-standard Higgs decays (e.g.
involving CP-violation) which are significantly constrained by existing data, are avoided [55, 56]. The
scalar singlet added to 2HDM only couples to the two Higgs complex fields in the potential and has no
Yukawa couplings. Therefore, all of its couplings to SM fermions are acquired through mixing of the
scalar field with the Higgs complex fields, which needs to be small to preserve the SM nature of the Higgs
sector.

With these assumptions, the decay H ! aa is allowed, where a is a light pseudoscalar mass eigenstate
mostly composed of the imaginary part of the singlet field.2 The aforementioned constraints on two-
Higgs-doublet models can be incorporated in the 2HDM+S by choosing a region of the 2HDM phase
space not yet excluded, and giving the real and imaginary components of the singlet separate masses
and small mixings to the Higgs doublets. The branching ratios of a into fermions are determined by the
Yukawa couplings of a to fermions, and lead to a rich decay phenomenology [15], albeit with typically
negligible branching ratio to pairs of electrons, and smaller branching ratios to pairs of muons than the
dark vector bosons described in the previous section. Among all the models predicting di�erent decay
possibilities, type II are theoretically well motivated,3 since light pseudoscalars can correspond to the

2 The pseudoscalar state is a = cos ✓aSI + sin ✓aA, where ✓a ⌧ 1 is a small mixing angle and SI is the imaginary part of the
complex singlet field.

3 The right-handed states dR and eR couple to H1, uR to H2, where H1 and H2 are the two Higgs doublets. See Ref. [15] for
more information.
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pseudoscalar (A). The real mass eigenstate H is considered to be the observed Higgs boson, while other
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scalar singlet added to 2HDM only couples to the two Higgs complex fields in the potential and has no
Yukawa couplings. Therefore, all of its couplings to SM fermions are acquired through mixing of the
scalar field with the Higgs complex fields, which needs to be small to preserve the SM nature of the Higgs
sector.

With these assumptions, the decay H ! aa is allowed, where a is a light pseudoscalar mass eigenstate
mostly composed of the imaginary part of the singlet field.2 The aforementioned constraints on two-
Higgs-doublet models can be incorporated in the 2HDM+S by choosing a region of the 2HDM phase
space not yet excluded, and giving the real and imaginary components of the singlet separate masses
and small mixings to the Higgs doublets. The branching ratios of a into fermions are determined by the
Yukawa couplings of a to fermions, and lead to a rich decay phenomenology [15], albeit with typically
negligible branching ratio to pairs of electrons, and smaller branching ratios to pairs of muons than the
dark vector bosons described in the previous section. Among all the models predicting di�erent decay
possibilities, type II are theoretically well motivated,3 since light pseudoscalars can correspond to the

2 The pseudoscalar state is a = cos ✓aSI + sin ✓aA, where ✓a ⌧ 1 is a small mixing angle and SI is the imaginary part of the
complex singlet field.
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• VBF signature: two jets with large η-gap 
& dijet mass


• Start with some loose VBF requirements 
on two leading jets 

➡ |Δηjj| > 1.0  |Δϕjj| < 1.5

➡ mjj > 200 GeV

➡ pT(j1) > 80 GeV, pT(j2) > 40 GeV 


• Require large MET > 250 GeV


• Lepton veto to suppress W+jets, top bkg.


Main backgrounds : Z(νν)+jets, W(𝓁v)+jets 

Fit to the dijet mass spectrum
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Figure 7: The observed mjj distribution of the shape analysis SR compared to the post-fit back-
grounds from various SM processes. On the left, the predicted backgrounds are obtained from
a combined fit to the data in all the CRs, but excluding the SR. On the right, the predicted
backgrounds are obtained from a combined fit to the data in all the CRs, as well as in the SR,
assuming the absence of any signal. Expected signal distributions for a 125 GeV Higgs boson
produced through ggH and VBF modes, and decaying to invisible particles with a branching
fraction B(H ! inv) = 1, are overlaid. The last bin includes all events with mjj > 3.5 TeV. The
description of the ratio panels is the same as in Fig. 5.

tions (s.d.). The excess is mainly driven by a discrepancy with the predicted background at low422

mjj, in the range between 1.3 and 1.5 TeV, and at intermediate |Dhjj| values, 4.5 < |Dhjj| < 5.5,423

and is therefore incompatible with the presence of a genuine VBF signal. An excess is also424

observed in the shape analysis in the same mjj range, as shown in Fig. 7. This excess comes425

entirely from events with large Df(p
miss
T , p

j
T), thus it cannot be related to a contamination from426

instrumental backgrounds since they tend to populate the low Df(p
miss
T , p

j
T) region. Moreover,427

the Z(nn̄)+jets prediction in the SR is reduced compared to the SM expectation because of a428

data deficit in the dimuon CR. In fact, as shown in Fig. 5 (left), the largest difference is lo-429

cated in the mjj region between 1.5 and 2.0 TeV. Detailed studies have been performed and430

none of the dimuon CR selections is found to be the cause of this discrepancy. Therefore, both431

the deficit observed in the dimuon CR and the excess in the SR are attributed to a statistical432

fluctuation. Figure 8 (left) shows the mjj distribution in the SR, obtained after applying the433

cut-and-count selection, where backgrounds are normalized either to the post-fit rate obtained434

from the CR–only fit (solid stack) or to the prediction from a b–only fit performed across the435

SR and CRs (dark blue). Figure 8 (right) shows the same results for the |Dhjj| spectrum. Sim-436

ilarly, the observed mjj and |Dhjj| distributions in the CRs of the cut-and-count analysis, along437

with the results obtained from both the CR–only fit and the b–only one, are reported in Figs. 13438

and 14 in Appendix A.439

95% CL limit on BR(H→inv) 
Obs (Exp) : 0.28 (0.21)

CMS-HIG-17-023

Most sensitive channel to look for H→inv
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among all the searches. In addition, the uncertainties in the inclusive signal production cross491

sections, due to renormalization and factorization scale variations, and the PDF uncertainties,492

are also correlated across the categories. In contrast, since the jet kinematics in the VBF search493

differ from those in the other analyses, jet energy scale and resolution uncertainties are corre-494

lated only across the ggH and VH tagged categories. Finally, theoretical uncertainties applied495

to the V+jets (QCD) ratios are assumed to be uncorrelated between the VBF analysis and the496

other searches. The correlation schema applied in the combination is summarized in Table 7 in497

Appendix A.498

Observed and expected upper limits on sB(H ! inv)/sSM are computed at 95% CL and are499

presented in Fig. 10 (left). Assuming SM cross sections for each production mode, the com-500

bination yields an observed (expected) upper limit of B(H ! inv) < 0.24 (0.18). The profile501

likelihood ratios as a function of B(H ! inv), for both the combined fit and each individual502

search channel, are reported in Fig. 10 (right). Results are shown for both data and an Asimov503

dataset [70], defined by fixing the nuisances parameters to their maximum likelihood estimate504

obtained from a fit to the data in which B(H ! inv) = 0 is assumed. While the observed limit505

coincides with the one presented in Ref. [9], the median expectation shows a relative improve-506

ment of about 22%.507
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Figure 10: On the left, observed and expected 95% CL upper limits on sB(H ! inv)/sSM for
both individual categories targeting VBF, Z(``)H, V(qq’)H, and ggH production model, as well
as their combination, assuming an SM Higgs boson with a mass of 125 GeV. On the right, pro-
file likelihood ratios as a function of B(H ! inv). The solid curves represent the observations
in data, while the dashed lines represent the expected result assuming the absence of any sig-
nal. The observed and expected likelihood scans are reported for the full combination, as well
as for the individual VBF, Z(``)H, V(qq’)H and ggH tagged analyses.

8.1 Non-SM production and DM interpretation508

The relative sensitivity of each search considered in the combination depends on the assumed509

SM production rates. The cross sections for the ggH, VBF and VH production modes are510

parametrized in terms of coupling strength modifiers kV and kF, which directly scale the cou-511

pling of the Higgs boson to vector bosons and fermions, respectively [73]. The contribution512

from the gg ! ZH production is scaled to account for the interference between the tH and513

ZH diagrams, as described in Ref. [36]. In this context, SM production rates are obtained for514

invBR

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

1-
C

L

-310

-210

-110

1

Obs.
SM exp.

ATLAS

-1 = 8 TeV, 20.3 fbs

-1 = 7 TeV, 4.5 fbs

Figure 7: The (1 � CL) versus BR(h ! invisible) scan for the combined search for invisible Higgs boson decays.
The horizontal dashed lines refer to the 68% and 95% confidence levels. The vertical dashed lines indicate the
observed and expected upper bounds at the 95% CL on BR(h! invisible) for the combined search.

Channels Upper limit on BR(h! inv.) at the 95% CL
Obs. �2 std. dev. �1 std. dev. Exp. +1 std. dev. +2 std. dev.

VBF h 0.28 0.17 0.23 0.31 0.44 0.60
Z(! ``)h 0.75 0.33 0.45 0.62 0.86 1.19
V(! j j)h 0.78 0.46 0.62 0.86 1.19 1.60

Combined Results 0.25 0.14 0.19 0.27 0.37 0.50

Table 6: Summary of upper bounds on BR(h ! invisible) at the 95% CL from the individual searches and their
combination. The Higgs boson production rates via VBF and Vh associated production are assumed to be equal to
their SM values. The numerical bounds larger than 1 can be interpreted as an upper bound on �/�SM, where �SM
is the Higgs boson production cross section in the SM.

The overall upper limit on the branching ratio of the Higgs boson to invisible final states, BRinv, is derived
using a statistical combination of measurements from both the visible and invisible Higgs boson decays.
The visible decay channels are h! ��, h!ZZ⇤! 4`, h!WW⇤! `⌫`⌫, h!Z�, h ! ⌧⌧, h ! µµ, and
h! bb, with a variety of production mode selections used. The invisible decay channels are described in
Section 9.1 and involve the Higgs boson being produced via VBF or Z(``)h, and then decaying invisibly.
The V( j j)h production mode is not included due to overlap of the event selection with the 0-lepton
category of the Vh(bb) measurement.

The extraction of BRinv is performed using a coupling parameterisation that includes separate scale factors
for the couplings of the Higgs boson to the W boson, Z boson, top quark, bottom quark, tau lepton, and
muon, as well as scale factors for e↵ective loop-induced couplings to gluons, photons, and Z� to absorb
the possible contributions of new particles through loops. The Higgs boson production modes are taken
to be the same as those in the SM.

As for the visible decay rates alone, the invisible branching ratio is conservatively estimated by taking the

21

8 TeV ATLAS H(inv) Combination

JHEP11 (2015) 206

CMS-HIG-17-023

95% CL limit on BR(H→inv) 
Obs (Exp) : 0.24 (0.18) 

95% CL limit on BR(H→inv) 
Obs (Exp) : 0.25 (0.27) 

Channel Obs. Exp. +1 std. 
dev.

-1 std. 
dev

MET+Z(ll) 0.67 0.39 0.56 0.28

MET+V(qq) 0.83 0.58 0.81 0.42

ATLAS 13 TeV BR(H→inv) results



H Decays to Dark Photon
80 GeV [48]. In the mass range of 10 MeV–10 GeV, values of ✏ above ⇠ 10�3 are ruled out [49–54].The
experiments at the LHC are the only ones sensitive to the production of Higgs bosons, and this makes
possible the search for the presence of a Higgs portal presented here. Constraints on the Higgs mixing
parameter  are probed through the H ! ZdZd ! 4` search while constraints on the kinetic mixing
parameter and the mass-mixing parameter � can be obtained through the H ! Z Zd ! 4` search.
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Figure 1: Exotic Higgs boson decays to four leptons induced by intermediate dark vector bosons via (left) the
hypercharge portal and (right) the Higgs portal, where S is a dark Higgs boson [14]. The Zd gauge boson decays
to SM particles through kinetic mixing with the hypercharge field or through mass mixing with the Z boson. The
HZ Zd vertex factor is proportional to ✏ whereas the HZdZd vertex factor is proportional to .

2.2 Pseudoscalar-boson model

Another possibility to extend the SM with a hidden sector is to consider two-Higgs-doublet models
extended by one complex scalar singlet field (2HDM+S) [15].

Two-Higgs-doublet models predict two charged scalars (H±), two neutral scalars (H, H) and one neutral
pseudoscalar (A). The real mass eigenstate H is considered to be the observed Higgs boson, while other
states are taken to be heavy in the decoupling limit to ensure that highly non-standard Higgs decays (e.g.
involving CP-violation) which are significantly constrained by existing data, are avoided [55, 56]. The
scalar singlet added to 2HDM only couples to the two Higgs complex fields in the potential and has no
Yukawa couplings. Therefore, all of its couplings to SM fermions are acquired through mixing of the
scalar field with the Higgs complex fields, which needs to be small to preserve the SM nature of the Higgs
sector.

With these assumptions, the decay H ! aa is allowed, where a is a light pseudoscalar mass eigenstate
mostly composed of the imaginary part of the singlet field.2 The aforementioned constraints on two-
Higgs-doublet models can be incorporated in the 2HDM+S by choosing a region of the 2HDM phase
space not yet excluded, and giving the real and imaginary components of the singlet separate masses
and small mixings to the Higgs doublets. The branching ratios of a into fermions are determined by the
Yukawa couplings of a to fermions, and lead to a rich decay phenomenology [15], albeit with typically
negligible branching ratio to pairs of electrons, and smaller branching ratios to pairs of muons than the
dark vector bosons described in the previous section. Among all the models predicting di�erent decay
possibilities, type II are theoretically well motivated,3 since light pseudoscalars can correspond to the

2 The pseudoscalar state is a = cos ✓aSI + sin ✓aA, where ✓a ⌧ 1 is a small mixing angle and SI is the imaginary part of the
complex singlet field.

3 The right-handed states dR and eR couple to H1, uR to H2, where H1 and H2 are the two Higgs doublets. See Ref. [15] for
more information.
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Dark photon : New U(1) gauge symmetry of dark sector
Talks to SM through kinetic mixing

2 A kinetically mixed dark U(1)

In this section, we review the theory of kinetic mixing between a broken dark Abelian gauge symme-
try, U(1)D, and the SM hypercharge, U(1)Y . The relevant gauge terms in the Lagrangian are

L ⇢ �
1

4
B̂µ⌫ B̂

µ⌫
�

1

4
ẐDµ⌫ Ẑ

µ⌫
D +

1

2

✏

cos ✓
ẐDµ⌫ B̂

µ⌫ +
1

2
m

2
D,0 Ẑ

µ
D ẐDµ . (2.1)

Here the hatted fields indicate the original fields with non-canonical kinetic terms, before any field
redefinitions. The U(1)Y and U(1)D field strengths are respectively B̂µ⌫ = @µB̂⌫ � @⌫B̂µ and
ẐDµ⌫ = @µẐD⌫ � @⌫ẐDµ, ✓ is the Weinberg mixing angle, and ✏ is the kinetic mixing parameter.

Since the interaction in Eq. (2.1) is renormalizable, the parameter ✏ can take on any value. In
particular, ✏ is not required to be small, which is one reason why the hypercharge portal may provide
the dominant interaction between the SM and a hidden sector. Calculable values of ✏ are obtained
in various scenarios. For example, if the U(1)D is embedded in a Grand Unified Theory (GUT),
the mixing is absent above the GUT scale, but can be generated below it by particles charged under
both U(1)Y and U(1)D. If it is generated through a one-(two-)loop interaction, one naturally obtains
✏ ⇠ 10�3

� 10�1 (⇠ 10�5
� 10�3) [25, 79, 81, 87]. A much larger range of ✏ has been suggested in

certain string theory scenarios [28, 88–90]; see [28–30] for recent reviews.
Meanwhile, the general renormalizable potential for the SM and dark Higgs fields is

V0(H,S) = �µ
2
|H|

2 + �|H|
4
� µ

2
S |S|

2 + �S |S|
4 + |S|

2
|H|

2
. (2.2)

Here H is the SM Higgs doublet, while S is the SM-singlet ‘dark Higgs’ with U(1)D charge qS .
The Higgs portal coupling, , which links the dark and SM Higgs fields is again a renormalizable
parameter, and may again be sizeable. After spontaneous symmetry breaking in the dark and visible
sectors,  controls the mixing between the SM Higgs boson h0 and the uneaten component of the dark
Higgs, s0. The importance of an additional Higgs portal coupling to sectors containing a dark vector
boson has been realized before [68, 91], particularly in the context of hidden valley models [92].
While some collider studies have been performed [50, 67, 69, 93], its consequences have not been as
widely explored as those of the hypercharge portal. The physical dark Higgs boson could in principle
be produced at colliders and give an additional experimental handle on the model. However, in this
paper we focus on the additional SM Higgs decays to dark photons generated by this interaction, and
assume the Higgs decay to dark scalars is kinematically forbidden.

We have also constructed a fully consistent MadGraph 5 [94] implementation of this model using
FeynRules 2.0 [95]. This MadGraph model consistently implements all field redefinitions, thereby
accurately modeling interference effects, and has been extensively validated by comparing its output
to various analytical predictions. We utilize this model in the collider studies of Secs. 4 and 6, as well
as for the calculation of the three-body decay width h ! ZD`` below, and make it publicly available
for follow-up investigations. See Appendix C for more information.

The minimal model we consider here can be extended to include strongly-coupled hidden sectors,
supersymmetry, and mass mixing, among other possibilities; see e.g. [24, 51, 80, 96–99] for related
work. The remainder of this section is devoted to a detailed discussion of the properties of the mass
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Figure 1: Exotic Higgs boson decays to four leptons induced by intermediate dark vector bosons via (left) the
hypercharge portal and (right) the Higgs portal, where S is a dark Higgs boson [14]. The Zd gauge boson decays
to SM particles through kinetic mixing with the hypercharge field or through mass mixing with the Z boson. The
HZ Zd vertex factor is proportional to ✏ whereas the HZdZd vertex factor is proportional to .

2.2 Pseudoscalar-boson model

Another possibility to extend the SM with a hidden sector is to consider two-Higgs-doublet models
extended by one complex scalar singlet field (2HDM+S) [15].

Two-Higgs-doublet models predict two charged scalars (H±), two neutral scalars (H, H) and one neutral
pseudoscalar (A). The real mass eigenstate H is considered to be the observed Higgs boson, while other
states are taken to be heavy in the decoupling limit to ensure that highly non-standard Higgs decays (e.g.
involving CP-violation) which are significantly constrained by existing data, are avoided [55, 56]. The
scalar singlet added to 2HDM only couples to the two Higgs complex fields in the potential and has no
Yukawa couplings. Therefore, all of its couplings to SM fermions are acquired through mixing of the
scalar field with the Higgs complex fields, which needs to be small to preserve the SM nature of the Higgs
sector.

With these assumptions, the decay H ! aa is allowed, where a is a light pseudoscalar mass eigenstate
mostly composed of the imaginary part of the singlet field.2 The aforementioned constraints on two-
Higgs-doublet models can be incorporated in the 2HDM+S by choosing a region of the 2HDM phase
space not yet excluded, and giving the real and imaginary components of the singlet separate masses
and small mixings to the Higgs doublets. The branching ratios of a into fermions are determined by the
Yukawa couplings of a to fermions, and lead to a rich decay phenomenology [15], albeit with typically
negligible branching ratio to pairs of electrons, and smaller branching ratios to pairs of muons than the
dark vector bosons described in the previous section. Among all the models predicting di�erent decay
possibilities, type II are theoretically well motivated,3 since light pseudoscalars can correspond to the

2 The pseudoscalar state is a = cos ✓aSI + sin ✓aA, where ✓a ⌧ 1 is a small mixing angle and SI is the imaginary part of the
complex singlet field.

3 The right-handed states dR and eR couple to H1, uR to H2, where H1 and H2 are the two Higgs doublets. See Ref. [15] for
more information.
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H mixes with dark Higgs

H→Z Zd H→ Zd Zd

• Select 4-lepton events : 4μ, 2e2μ, 4e 

• H candidate : 115 < m4l < 130 GeV


• Z candidate (m12) :50 < m12 < 106 GeV


• Zd candidate (m34) : 12 < m34 < 115 GeV


• Fit m34 distribution

• 15 < mZd < 60 GeV : 4μ, 2e2μ, 4e  

•   1 < mZd < 15 GeV : 4μ 

• H(4l) candidate : 120 < m4l < 130 GeV


• Zd candidates : m34 / m12 > 0.85


• Fit average mll distribution

(ATLAS) arXiv:1802.03388
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parameter and the mass-mixing parameter � can be obtained through the H ! Z Zd ! 4` search.
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Figure 1: Exotic Higgs boson decays to four leptons induced by intermediate dark vector bosons via (left) the
hypercharge portal and (right) the Higgs portal, where S is a dark Higgs boson [14]. The Zd gauge boson decays
to SM particles through kinetic mixing with the hypercharge field or through mass mixing with the Z boson. The
HZ Zd vertex factor is proportional to ✏ whereas the HZdZd vertex factor is proportional to .

2.2 Pseudoscalar-boson model

Another possibility to extend the SM with a hidden sector is to consider two-Higgs-doublet models
extended by one complex scalar singlet field (2HDM+S) [15].

Two-Higgs-doublet models predict two charged scalars (H±), two neutral scalars (H, H) and one neutral
pseudoscalar (A). The real mass eigenstate H is considered to be the observed Higgs boson, while other
states are taken to be heavy in the decoupling limit to ensure that highly non-standard Higgs decays (e.g.
involving CP-violation) which are significantly constrained by existing data, are avoided [55, 56]. The
scalar singlet added to 2HDM only couples to the two Higgs complex fields in the potential and has no
Yukawa couplings. Therefore, all of its couplings to SM fermions are acquired through mixing of the
scalar field with the Higgs complex fields, which needs to be small to preserve the SM nature of the Higgs
sector.

With these assumptions, the decay H ! aa is allowed, where a is a light pseudoscalar mass eigenstate
mostly composed of the imaginary part of the singlet field.2 The aforementioned constraints on two-
Higgs-doublet models can be incorporated in the 2HDM+S by choosing a region of the 2HDM phase
space not yet excluded, and giving the real and imaginary components of the singlet separate masses
and small mixings to the Higgs doublets. The branching ratios of a into fermions are determined by the
Yukawa couplings of a to fermions, and lead to a rich decay phenomenology [15], albeit with typically
negligible branching ratio to pairs of electrons, and smaller branching ratios to pairs of muons than the
dark vector bosons described in the previous section. Among all the models predicting di�erent decay
possibilities, type II are theoretically well motivated,3 since light pseudoscalars can correspond to the

2 The pseudoscalar state is a = cos ✓aSI + sin ✓aA, where ✓a ⌧ 1 is a small mixing angle and SI is the imaginary part of the
complex singlet field.

3 The right-handed states dR and eR couple to H1, uR to H2, where H1 and H2 are the two Higgs doublets. See Ref. [15] for
more information.
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Dark photon : New U(1) gauge symmetry of dark sector
Talks to SM through kinetic mixing

2 A kinetically mixed dark U(1)

In this section, we review the theory of kinetic mixing between a broken dark Abelian gauge symme-
try, U(1)D, and the SM hypercharge, U(1)Y . The relevant gauge terms in the Lagrangian are
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Here the hatted fields indicate the original fields with non-canonical kinetic terms, before any field
redefinitions. The U(1)Y and U(1)D field strengths are respectively B̂µ⌫ = @µB̂⌫ � @⌫B̂µ and
ẐDµ⌫ = @µẐD⌫ � @⌫ẐDµ, ✓ is the Weinberg mixing angle, and ✏ is the kinetic mixing parameter.

Since the interaction in Eq. (2.1) is renormalizable, the parameter ✏ can take on any value. In
particular, ✏ is not required to be small, which is one reason why the hypercharge portal may provide
the dominant interaction between the SM and a hidden sector. Calculable values of ✏ are obtained
in various scenarios. For example, if the U(1)D is embedded in a Grand Unified Theory (GUT),
the mixing is absent above the GUT scale, but can be generated below it by particles charged under
both U(1)Y and U(1)D. If it is generated through a one-(two-)loop interaction, one naturally obtains
✏ ⇠ 10�3

� 10�1 (⇠ 10�5
� 10�3) [25, 79, 81, 87]. A much larger range of ✏ has been suggested in

certain string theory scenarios [28, 88–90]; see [28–30] for recent reviews.
Meanwhile, the general renormalizable potential for the SM and dark Higgs fields is
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4 + |S|

2
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Here H is the SM Higgs doublet, while S is the SM-singlet ‘dark Higgs’ with U(1)D charge qS .
The Higgs portal coupling, , which links the dark and SM Higgs fields is again a renormalizable
parameter, and may again be sizeable. After spontaneous symmetry breaking in the dark and visible
sectors,  controls the mixing between the SM Higgs boson h0 and the uneaten component of the dark
Higgs, s0. The importance of an additional Higgs portal coupling to sectors containing a dark vector
boson has been realized before [68, 91], particularly in the context of hidden valley models [92].
While some collider studies have been performed [50, 67, 69, 93], its consequences have not been as
widely explored as those of the hypercharge portal. The physical dark Higgs boson could in principle
be produced at colliders and give an additional experimental handle on the model. However, in this
paper we focus on the additional SM Higgs decays to dark photons generated by this interaction, and
assume the Higgs decay to dark scalars is kinematically forbidden.

We have also constructed a fully consistent MadGraph 5 [94] implementation of this model using
FeynRules 2.0 [95]. This MadGraph model consistently implements all field redefinitions, thereby
accurately modeling interference effects, and has been extensively validated by comparing its output
to various analytical predictions. We utilize this model in the collider studies of Secs. 4 and 6, as well
as for the calculation of the three-body decay width h ! ZD`` below, and make it publicly available
for follow-up investigations. See Appendix C for more information.

The minimal model we consider here can be extended to include strongly-coupled hidden sectors,
supersymmetry, and mass mixing, among other possibilities; see e.g. [24, 51, 80, 96–99] for related
work. The remainder of this section is devoted to a detailed discussion of the properties of the mass
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80 GeV [48]. In the mass range of 10 MeV–10 GeV, values of ✏ above ⇠ 10�3 are ruled out [49–54].The
experiments at the LHC are the only ones sensitive to the production of Higgs bosons, and this makes
possible the search for the presence of a Higgs portal presented here. Constraints on the Higgs mixing
parameter  are probed through the H ! ZdZd ! 4` search while constraints on the kinetic mixing
parameter and the mass-mixing parameter � can be obtained through the H ! Z Zd ! 4` search.
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Figure 1: Exotic Higgs boson decays to four leptons induced by intermediate dark vector bosons via (left) the
hypercharge portal and (right) the Higgs portal, where S is a dark Higgs boson [14]. The Zd gauge boson decays
to SM particles through kinetic mixing with the hypercharge field or through mass mixing with the Z boson. The
HZ Zd vertex factor is proportional to ✏ whereas the HZdZd vertex factor is proportional to .

2.2 Pseudoscalar-boson model

Another possibility to extend the SM with a hidden sector is to consider two-Higgs-doublet models
extended by one complex scalar singlet field (2HDM+S) [15].

Two-Higgs-doublet models predict two charged scalars (H±), two neutral scalars (H, H) and one neutral
pseudoscalar (A). The real mass eigenstate H is considered to be the observed Higgs boson, while other
states are taken to be heavy in the decoupling limit to ensure that highly non-standard Higgs decays (e.g.
involving CP-violation) which are significantly constrained by existing data, are avoided [55, 56]. The
scalar singlet added to 2HDM only couples to the two Higgs complex fields in the potential and has no
Yukawa couplings. Therefore, all of its couplings to SM fermions are acquired through mixing of the
scalar field with the Higgs complex fields, which needs to be small to preserve the SM nature of the Higgs
sector.

With these assumptions, the decay H ! aa is allowed, where a is a light pseudoscalar mass eigenstate
mostly composed of the imaginary part of the singlet field.2 The aforementioned constraints on two-
Higgs-doublet models can be incorporated in the 2HDM+S by choosing a region of the 2HDM phase
space not yet excluded, and giving the real and imaginary components of the singlet separate masses
and small mixings to the Higgs doublets. The branching ratios of a into fermions are determined by the
Yukawa couplings of a to fermions, and lead to a rich decay phenomenology [15], albeit with typically
negligible branching ratio to pairs of electrons, and smaller branching ratios to pairs of muons than the
dark vector bosons described in the previous section. Among all the models predicting di�erent decay
possibilities, type II are theoretically well motivated,3 since light pseudoscalars can correspond to the

2 The pseudoscalar state is a = cos ✓aSI + sin ✓aA, where ✓a ⌧ 1 is a small mixing angle and SI is the imaginary part of the
complex singlet field.

3 The right-handed states dR and eR couple to H1, uR to H2, where H1 and H2 are the two Higgs doublets. See Ref. [15] for
more information.
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H mixes with dark Higgs

H→Z Zd H→ Zd Zd

e�ciencies are measured using tag-and-probe techniques on Z ! `+`�, J/ ! `+`� and ⌥ ! µ+µ�

data and simulated events. The small di�erences found are corrected for in the simulation. The combined
e�ect of all these uncertainties results in an overall normalisation uncertainty in the signal and background
ranging up to 10%. The dominant uncertainties arise in the reconstruction and identification of leptons.

MC background modelling: Uncertainties in the factorisation and renormalisation scales, the parton
shower, the choice of PDF, and the hadronisation and underlying-event model a�ect those backgrounds
normalised with their theory cross-sections. Uncertainties in the modelling of H ! Z Z

⇤ ! 4` are found
to be between 3% and 9% depending on the Higgs boson production mode, while for Standard Model
qq̄/gg ! Z Z

⇤ processes uncertainties from these sources add in quadrature to 5%.

Signal modelling: Several sources of systematic uncertainty a�ect the theoretical modelling of the signal
acceptance. Uncertainties originating from the choice of PDFs, the factorisation and renormalisation
scales, and the modelling of parton shower, hadronisation, and underlying-event account for a total e�ect
of 9% [92, 93].

Data-driven estimation of the background: Uncertainties coming from the data-driven estimation of
the background are also considered. They depend on the channel and a�ect the normalisation of the
reducible background [79].

5.5 Results

The distribution of the invariant mass of the subleading dilepton pair m34 in the selected events in all four
final states is shown in Figure 2. The numbers of events observed in each channel after the event selection,
as well as the expected background, are presented in Table 2. A total of 102 events are observed for an
expected background of 86.8 ± 7.5.
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Figure 2: Distribution of m34 for data and background events in the mass range m4` 2 [115, 130] GeV after the
H ! Z X ! 4` selection. Three signal points for the H ! Z Zd ! 4` model are shown. The signal strength
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corresponding to the SM prediction [93]). The uncertainties include statistical and systematic contributions.
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Figure 4: Distribution of (a) hm``i = 1
2 (m12+m34) and (b) m34 vs m12, for events selected in the H ! X X ! 4` (15 <

mX < 60 GeV) analysis. The example signal distributions in (a) correspond to the expected yield normalized with
�(pp ! H ! ZdZd ! 4`) = 1

10�SM(pp ! H ! Z Z
⇤ ! 4`). The crossed-through points in (b) fail the Z

Veto. The events outside the (shaded green) signal region in figure (b) are events that fail the m34/m12 > 0.85
requirement. The diagonal dashed line marks where m12 = m34, and in this range of dilepton masses all events will
have m34 < m12.

7 H ! XX ! 4µ (1 GeV < mX < 15 GeV) analysis

7.1 Monte Carlo simulation

The generation of the signal processes H ! ZdZd ! 4` and H ! aa ! 4µ follows the prescription
described in Section 6.1. Four samples were generated with Zd masses of 1 GeV, 2 GeV, 5 GeV and
10 GeV, while the mass of the a-boson was varied for 10 di�erent signal hypotheses in the range
0.5 GeV  ma  15 GeV.

The background processes considered in this analysis are described in the following:

H ! ZZ
⇤ ! 4`: The modelling of this process is the same as for the H ! Z Zd ! 4` analysis,

described in Section 5.1.

ZZ
⇤ ! 4`: This process was simulated with S����� 2.1.1 due to an implicit particle-level

requirement on the mass of the Z
⇤ in the P�����-B�� MC sample used for the high-mass selection

described in Section 6.1. The gg-initiated production mechanism was modelled in the same way
as for the H ! Z Zd ! 4` analysis, see Section 5.1. Both production mechanisms are estimated
using the CT10 PDFs.

VVV/VBS: The modelling of this process is described in Section 6.1.

7.2 Event selection

In this search, only events with at least four muons are considered. Similarly to the searches described
above, the selected muons are combined into 4µ quadruplets in all possible permutations of pairs of
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Figure 9: Upper limit at 95% CL on the branching ratio for the H ! Z Zd process.
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Interaction of Zd with SM fermions is similar to Z/ɣ (x-sec suppressed by ϵ2)

Assuming Zd decays only to SM, its width (lifetime) depends on ϵ


• Prompt regime : ϵ > 10-3


• Displaced regime : ϵ < 10-4   … O(1mm) cτ for sub-GeV dark photons

Salient Features

Dark Photon Search at LHCb

XSU(3)xSU(2)xU(1)

Standard Model U(1)Y U(1)D GD

Dark Sector

Higgsed:  WD, hD, …

`
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Figure 1: We consider a dark sector with non-Abelian gauge group GD, which is Higgsed
or confined at O(MeV − 10 GeV). We assume that GD contains a Higgsed Abelian factor
U(1)D, so that the dark sector interacts with Standard Model matter through kinetic mixing
of hypercharge with the U(1)D gauge boson A′, of mass in the same range. Either the Higgsed
or confined phases of GD necessarily include new states that can be produced through A′

interactions.

undiscovered in data collected by BaBar, BELLE, CLEO-c and KLOE. Reconstructing new
resonances in these events would reveal the dynamics of the dark sector.

Evidence for a low-mass dark sector is emerging from a surprising source: accumulating
hints from terrestrial and satellite dark matter experiments indicate that dark matter is not
an afterthought of the Standard Model’s hierarchy problem, but instead has rich dynamics of
its own. The local electron/positron excesses reported by HEAT [1], PAMELA [2, 3], PPB-
BETS [4], ATIC [5], and others [6, 7] are suggestive of weak-scale dark matter interacting
with a new light boson, for which the U(1)D is a natural candidate if its mass is O(GeV).
Dark-sector interactions can also generate the mass splittings among dark-matter states
suggested by other experiments [8, 9]. Dark matter scattering inelastically into an excited
state split by O(100 keV) can simultaneously explain the annual modulation signal reported
by DAMA/NaI [10] and DAMA/LIBRA [11] and the null results of other direct-detection
experiments [12, 13]. Likewise, the INTEGRAL 511 keV excess at the galactic center appears
consistent with the excitation of dark matter states, but requires a slightly larger splitting of
O(MeV) [14, 15].

The electron/positron excesses and the splittings suggested by the DAMA and INTE-
GRAL signals independently motivate an O(GeV)-mass dark sector. If any of these anoma-
lies are signals of dark matter, the new dynamics required to explain them can be discovered
at e+e− colliders. Among the anomalies, DAMA’s signal offers the most precise predictions
for e+e− collider physics: the scattering rate is sensitive to the strength of kinetic mixing
between the Standard Model and the dark sector, and gives reason to expect an observable
direct production cross-section for the dark sector.

Outline

In the remainder of this introduction, we further develop the motivation for a kinetically
mixed light dark sector, and briefly describe the resulting events in low-energy e+e− collisions.
In Section 1.1, we discuss the kinetic mixing that couples the Standard Model to the dark
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2 A kinetically mixed dark U(1)

In this section, we review the theory of kinetic mixing between a broken dark Abelian gauge symme-
try, U(1)D, and the SM hypercharge, U(1)Y . The relevant gauge terms in the Lagrangian are
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Here the hatted fields indicate the original fields with non-canonical kinetic terms, before any field
redefinitions. The U(1)Y and U(1)D field strengths are respectively B̂µ⌫ = @µB̂⌫ � @⌫B̂µ and
ẐDµ⌫ = @µẐD⌫ � @⌫ẐDµ, ✓ is the Weinberg mixing angle, and ✏ is the kinetic mixing parameter.

Since the interaction in Eq. (2.1) is renormalizable, the parameter ✏ can take on any value. In
particular, ✏ is not required to be small, which is one reason why the hypercharge portal may provide
the dominant interaction between the SM and a hidden sector. Calculable values of ✏ are obtained
in various scenarios. For example, if the U(1)D is embedded in a Grand Unified Theory (GUT),
the mixing is absent above the GUT scale, but can be generated below it by particles charged under
both U(1)Y and U(1)D. If it is generated through a one-(two-)loop interaction, one naturally obtains
✏ ⇠ 10�3

� 10�1 (⇠ 10�5
� 10�3) [25, 79, 81, 87]. A much larger range of ✏ has been suggested in

certain string theory scenarios [28, 88–90]; see [28–30] for recent reviews.
Meanwhile, the general renormalizable potential for the SM and dark Higgs fields is
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Here H is the SM Higgs doublet, while S is the SM-singlet ‘dark Higgs’ with U(1)D charge qS .
The Higgs portal coupling, , which links the dark and SM Higgs fields is again a renormalizable
parameter, and may again be sizeable. After spontaneous symmetry breaking in the dark and visible
sectors,  controls the mixing between the SM Higgs boson h0 and the uneaten component of the dark
Higgs, s0. The importance of an additional Higgs portal coupling to sectors containing a dark vector
boson has been realized before [68, 91], particularly in the context of hidden valley models [92].
While some collider studies have been performed [50, 67, 69, 93], its consequences have not been as
widely explored as those of the hypercharge portal. The physical dark Higgs boson could in principle
be produced at colliders and give an additional experimental handle on the model. However, in this
paper we focus on the additional SM Higgs decays to dark photons generated by this interaction, and
assume the Higgs decay to dark scalars is kinematically forbidden.

We have also constructed a fully consistent MadGraph 5 [94] implementation of this model using
FeynRules 2.0 [95]. This MadGraph model consistently implements all field redefinitions, thereby
accurately modeling interference effects, and has been extensively validated by comparing its output
to various analytical predictions. We utilize this model in the collider studies of Secs. 4 and 6, as well
as for the calculation of the three-body decay width h ! ZD`` below, and make it publicly available
for follow-up investigations. See Appendix C for more information.

The minimal model we consider here can be extended to include strongly-coupled hidden sectors,
supersymmetry, and mass mixing, among other possibilities; see e.g. [24, 51, 80, 96–99] for related
work. The remainder of this section is devoted to a detailed discussion of the properties of the mass
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Interaction of Zd with SM fermions is similar to Z/ɣ (x-sec suppressed by ϵ2) 
Assuming Zd decays only to SM, it’s width (lifetime) depends on ϵ 

• Prompt regime : ϵ > 10-3 

• Displaced regime : ϵ > 10-5   … O(cm) cτ for sub-GeV dark photons
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Figure 1: We consider a dark sector with non-Abelian gauge group GD, which is Higgsed
or confined at O(MeV − 10 GeV). We assume that GD contains a Higgsed Abelian factor
U(1)D, so that the dark sector interacts with Standard Model matter through kinetic mixing
of hypercharge with the U(1)D gauge boson A′, of mass in the same range. Either the Higgsed
or confined phases of GD necessarily include new states that can be produced through A′

interactions.

undiscovered in data collected by BaBar, BELLE, CLEO-c and KLOE. Reconstructing new
resonances in these events would reveal the dynamics of the dark sector.

Evidence for a low-mass dark sector is emerging from a surprising source: accumulating
hints from terrestrial and satellite dark matter experiments indicate that dark matter is not
an afterthought of the Standard Model’s hierarchy problem, but instead has rich dynamics of
its own. The local electron/positron excesses reported by HEAT [1], PAMELA [2, 3], PPB-
BETS [4], ATIC [5], and others [6, 7] are suggestive of weak-scale dark matter interacting
with a new light boson, for which the U(1)D is a natural candidate if its mass is O(GeV).
Dark-sector interactions can also generate the mass splittings among dark-matter states
suggested by other experiments [8, 9]. Dark matter scattering inelastically into an excited
state split by O(100 keV) can simultaneously explain the annual modulation signal reported
by DAMA/NaI [10] and DAMA/LIBRA [11] and the null results of other direct-detection
experiments [12, 13]. Likewise, the INTEGRAL 511 keV excess at the galactic center appears
consistent with the excitation of dark matter states, but requires a slightly larger splitting of
O(MeV) [14, 15].

The electron/positron excesses and the splittings suggested by the DAMA and INTE-
GRAL signals independently motivate an O(GeV)-mass dark sector. If any of these anoma-
lies are signals of dark matter, the new dynamics required to explain them can be discovered
at e+e− colliders. Among the anomalies, DAMA’s signal offers the most precise predictions
for e+e− collider physics: the scattering rate is sensitive to the strength of kinetic mixing
between the Standard Model and the dark sector, and gives reason to expect an observable
direct production cross-section for the dark sector.

Outline

In the remainder of this introduction, we further develop the motivation for a kinetically
mixed light dark sector, and briefly describe the resulting events in low-energy e+e− collisions.
In Section 1.1, we discuss the kinetic mixing that couples the Standard Model to the dark
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q

q μ

2 A kinetically mixed dark U(1)

In this section, we review the theory of kinetic mixing between a broken dark Abelian gauge symme-
try, U(1)D, and the SM hypercharge, U(1)Y . The relevant gauge terms in the Lagrangian are

L ⇢ �
1

4
B̂µ⌫ B̂

µ⌫
�

1

4
ẐDµ⌫ Ẑ

µ⌫
D +

1

2

✏

cos ✓
ẐDµ⌫ B̂

µ⌫ +
1

2
m

2
D,0 Ẑ

µ
D ẐDµ . (2.1)

Here the hatted fields indicate the original fields with non-canonical kinetic terms, before any field
redefinitions. The U(1)Y and U(1)D field strengths are respectively B̂µ⌫ = @µB̂⌫ � @⌫B̂µ and
ẐDµ⌫ = @µẐD⌫ � @⌫ẐDµ, ✓ is the Weinberg mixing angle, and ✏ is the kinetic mixing parameter.

Since the interaction in Eq. (2.1) is renormalizable, the parameter ✏ can take on any value. In
particular, ✏ is not required to be small, which is one reason why the hypercharge portal may provide
the dominant interaction between the SM and a hidden sector. Calculable values of ✏ are obtained
in various scenarios. For example, if the U(1)D is embedded in a Grand Unified Theory (GUT),
the mixing is absent above the GUT scale, but can be generated below it by particles charged under
both U(1)Y and U(1)D. If it is generated through a one-(two-)loop interaction, one naturally obtains
✏ ⇠ 10�3

� 10�1 (⇠ 10�5
� 10�3) [25, 79, 81, 87]. A much larger range of ✏ has been suggested in

certain string theory scenarios [28, 88–90]; see [28–30] for recent reviews.
Meanwhile, the general renormalizable potential for the SM and dark Higgs fields is

V0(H,S) = �µ
2
|H|

2 + �|H|
4
� µ

2
S |S|

2 + �S |S|
4 + |S|

2
|H|

2
. (2.2)

Here H is the SM Higgs doublet, while S is the SM-singlet ‘dark Higgs’ with U(1)D charge qS .
The Higgs portal coupling, , which links the dark and SM Higgs fields is again a renormalizable
parameter, and may again be sizeable. After spontaneous symmetry breaking in the dark and visible
sectors,  controls the mixing between the SM Higgs boson h0 and the uneaten component of the dark
Higgs, s0. The importance of an additional Higgs portal coupling to sectors containing a dark vector
boson has been realized before [68, 91], particularly in the context of hidden valley models [92].
While some collider studies have been performed [50, 67, 69, 93], its consequences have not been as
widely explored as those of the hypercharge portal. The physical dark Higgs boson could in principle
be produced at colliders and give an additional experimental handle on the model. However, in this
paper we focus on the additional SM Higgs decays to dark photons generated by this interaction, and
assume the Higgs decay to dark scalars is kinematically forbidden.

We have also constructed a fully consistent MadGraph 5 [94] implementation of this model using
FeynRules 2.0 [95]. This MadGraph model consistently implements all field redefinitions, thereby
accurately modeling interference effects, and has been extensively validated by comparing its output
to various analytical predictions. We utilize this model in the collider studies of Secs. 4 and 6, as well
as for the calculation of the three-body decay width h ! ZD`` below, and make it publicly available
for follow-up investigations. See Appendix C for more information.

The minimal model we consider here can be extended to include strongly-coupled hidden sectors,
supersymmetry, and mass mixing, among other possibilities; see e.g. [24, 51, 80, 96–99] for related
work. The remainder of this section is devoted to a detailed discussion of the properties of the mass

– 4 –

μ

This Letter presents searches for both promptlike and
long-lived dark photons produced in pp collisions at a
center-of-mass energy of 13 TeV, using A0 → μþμ− decays
and a data sample corresponding to an integrated lumi-
nosity of 1.6fb−1 collected with the LHCb detector in
2016. The promptlike A0 search is performed from near the
dimuon threshold up to 70 GeV, above which the mðμþμ−Þ
spectrum is dominated by the Z boson. The long-lived A0

search is restricted to the mass range 214< mðA0Þ <
350 MeV, where the data sample potentially provides
sensitivity.
The LHCb detector is a single-arm forward spectrometer

covering the pseudorapidity range 2 < η < 5, described in
detail in Refs. [53,54]. Simulated data samples, which are
used to validate the analysis, are produced using the
software described in Refs. [55–57]. The online event
selection is performed by a trigger [58], which consists of a
hardware stage using information from the calorimeter
and muon systems, followed by a software stage, which
performs a full event reconstruction. At the hardware stage,
events are required to have a muon with pT ≳ 1.8GeV,
where pT is the momentum transverse to the beam
direction, or a dimuon in which the product of the pT of
each muon is in excess of ð≈1.5 GeVÞ2. The long-lived A0

search also uses events selected at the hardware stage
independently of the A0 → μþμ− candidate. In the software
stage, A0 → μþμ− candidates are built from two oppositely
charged tracks that form a good quality vertex and satisfy
stringent muon-identification criteria. The muons are
required to have 2 < η < 4.5, pT > 0.5 ð1.0Þ GeV,
momentum p > 10 ð20Þ GeV, and be inconsistent (con-
sistent) with originating from the PV in the long-lived
(promptlike) A0 search. Finally, the A0 candidates are
required to satisfy pT > 1 GeV, 2 < η < 4.5, and have a
decay topology consistent with originating from the PV.
The promptlike A0 search is based on a data sample

where all online-reconstructed particles are stored, but most
lower-level information is discarded, greatly reducing the
event size. This data-storage strategy, made possible by
advances in the LHCb data-taking scheme introduced in
2015 [59,60], permits the recording of all events that
contain a promptlike dimuon candidate without placing
any requirements on mðμþμ−Þ. The mðμþμ−Þ spectrum
recorded by the trigger is provided in the Supplemental
Material [61].
Three main types of background contribute to the

promptlike A0 search: prompt γ$ → μþμ− production,
which is irreducible; resonant decays to μþμ−, whose
mass-peak regions are avoided in the search; and various
types of misreconstruction. The misreconstruction back-
ground consists of three dominant contributions: double
misidentification of prompt hadrons as muons, hh; a
misidentified prompt hadron combined with a muon
produced in a decay of a hadron containing a heavy-flavor
quark, Q, where the muon is misreconstructed as

promptlike, hμQ; and the misreconstruction of two muons
produced in Q-hadron decays, μQμQ. These backgrounds
are highly suppressed by the stringent muon-identification
and promptlike requirements applied in the trigger;
however, in the region ½mðϕÞ; mðϒÞ&, the misreconstructed
backgrounds overwhelm the signal-like γ$ → μþμ−

contribution.
For masses below (above) the ϕ meson mass, dark

photons are expected to be predominantly produced in
meson-decay (Drell-Yan) processes in pp collisions at
LHCb. A well-known signature of Drell-Yan production is
dimuons that are largely isolated, and a high-mass dark
photon would inherit this property. The signal sensitivity
is enhanced by applying a jet-based isolation requirement
for mðA0Þ > mðϕÞ, which improves the sensitivity by
up to a factor of 2 at low masses and by Oð10%Þ for
mðA0Þ > 10 GeV. Jet reconstruction is performed by
clustering charged and neutral particle-flow candidates
[62] using the anti-kT clustering algorithm [63] with
R ¼ 0.5 as implemented in FASTJET [64]. Muons with
pTðμÞ/pTðjetÞ < 0.7 are rejected, where the contribution to
pTðjetÞ from the other muon is excluded if both muons are
clustered in the same jet, as this is found to provide nearly
optimal sensitivity for all mðA0Þ > mðϕÞ. Figure 1 shows
the resulting promptlike mðμþμ−Þ spectrum using Δm bins
that are σ½mðμþμ−Þ&/2 wide, where σ½mðμþμ−Þ& is the mass
resolution which varies from about 0.7 MeV near threshold
to 0.7 GeV at mðμþμ−Þ ¼ 70 GeV.
The promptlike A0 search strategy involves determining

the observed A0 → μþμ− yields from fits to the mðμþμ−Þ
spectrum, and normalizing them using Eq. (1) to obtain
constraints on ε2. To determine nγ

$

ob½mðA0Þ& for use in
Eq. (1), binned extended maximum likelihood fits are
performed using the dimuon vertex-fit quality,
χ2VFðμþμ−Þ, and min½χ2IPðμ( Þ& distributions, where χ2IPðμÞ
is defined as the difference in χ2VFðPVÞ when the PV is
reconstructed with and without the muon track. The
χ2VFðμþμ−Þ and min½χ2IPðμ( Þ& fits are performed independ-
ently at each mass, with the mean of the nγ

$

ob½mðA0Þ& results
used as the nominal value and half the difference assigned
as a systematic uncertainty.
Both fit quantities are built from features that approx-

imately follow χ2 probability density functions (PDFs) with

FIG. 1. Promptlike mass spectrum, where the categorization
of the data as prompt μþμ−, μQμQ, and hhþ hμQ is determined
using the fits described in the text.
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Additional Figures
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Best limits on  
dark photons above  

10 GeV

Sensitivity to 
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Getting competitive  
with BaBar below 10 GeV



• Extensive, on-going program at LHC searching for dark matter 
and, in general, a hidden dark sector 


• Searches span a broad spectrum of final states and signal 
models

- Could not cover all of them in this talk

- See talks from S. Ahuja (CMS), J. Frost (ATLAS) F. Redi 

(LHCb) 

• The canonical MET+X searches continue to expand their reach 
with more data 


• At the same we are exploring new DM models and signatures

Summary
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Thank you for your attention!


