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Motivation

• mono-top: a final state of a single-top plus large missing transverse 
energy (ETmiss)


• In SM, this signature could only occur as the loop-induced associate 
production with a Z boson decaying into a pair of neutrinos


• But such Flavour-Changing Neutral Current (FCNC) process is 
suppressed in SM (by the GIM mechanism) 


• Therefore, any significant excess in such a final state would be a clear 
and strong sign of new physics  

• Comparing with the final states of mono-jet, the mono-top search 
gives a much clearer and easier signature to discriminate than a 
light jet, and more advantages of fixing the flavor of the final state 
and restricting the partons in the initial state. 
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1 Introduction39

The discovery of a Standard Model (SM) Higgs-like boson in 2012 by the ATLAS [Aad:2012tfa] and40

CMS [Chatrchyan:2012xdj] collaborations has opened up new possibilities in searches for new phys-41

ics. Although strong evidence shows the existence of dark matter (DM), there is no evidence yet for42

non-gravitational interactions between DM and SM particles. If there is a DM that be detected in direct43

detection, it should be as well produced at the LHC because the DM necessarily has substantial coupling44

to nucleons in direct detection. The DM searches at the LHC tend to involve missing transverse mo-45

mentum (Emiss
T ) because DM particles are not expected to interact with the detectors. The specific search46

strategy depends on what type of particle or system is recoiling against the unseen DM. The ATLAS47

collaboration has carried out searches for pairs of DM particles (�) produced with a jet or dijet, a photon,48

a W/Z boson, heavy quarks, or a SM-like Higgs boson.49

The note describes a search for the production of DM associated with a single-top quark, which categor-50

izes events with a single-top and large missing transverse energy (Emiss
T ), known as "monotop". In the51

theory of SM, monotop signature could occur as the loop-induced associate production of a single-top52

quark in association with a Z boson decaying into a pair of neutrinos. Such a Flavour-Changing Neutral53

Current (FCNC) process is suppressed in the SM by the GIM mechanism. Therefore, the observation of54

such a final state would be a clear sign of new physics.55
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Figure 1: Feynman diagrams of t-channel (left) and s-channel (right) loop-induced associate production of a single-
top quark and a Z boson decaying into a pair of neutrinos in the SM.

The result described here uses 36.5 fb�1 of proton-proton collision data collected at the centre-of-mass56

energy of 13 TeV with the ATLAS detector in both 2015 and 2016. This note is organized as follows.57

Section ?? summarizes the DM production models in which the results of the analysis are interpreted.58

Section ?? describes the dataset and the signal and background Monte Carlo (MC) simulation samples59

used. Section ?? explains the reconstruction and identification of objects, while Section ?? outlines the60

optimization of the event selection and categorization. Section ?? summarizes the signal and background61

modeling. Section ?? discusses the experimental and theoretical systematic uncertainties that a↵ect the62

results. Section ?? presents the results and their interpretations, and Section ?? gives a summary.63
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Introduction of signal models

• Resonant scalar mediator:  
• Majorana fermion as DM, a colored scalar (ɸ) decaying to top quark and DM


• Non-resonant vector mediator FCNC model:  
• Dirac fermion as DM (or vector mediator as DM directly)
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1 Introduction

There is strong evidence for the existence of dark matter from astrophysical observations [1],
which to-date is only in the form of gravitational inference. Thus, direct confirmation of the
nature of dark matter particles has remained elusive. While many searches for dark matter are
carried out by looking for interactions between cosmic dark matter and detectors (via nuclear
recoil, for example) or for the abundance of particles produced in the annihilation or the decay
of cosmic dark matter, the LHC presents a unique opportunity to possibly produce dark matter
particles as well as study them. In this analysis summary we describe a search for events where
a dark matter candidate particle is produced in association with a top quark (“monotop”),
which was originally proposed in [2]. Such searches have been previously carried out by the
CDF Collaboration [3] at the Tevatron and the CMS [4–6] and ATLAS [7] Collaborations at
the LHC. This search utilizes the 13 TeV dataset accumulated in 2016, corresponding to an
integrated luminosity of 12.9 fb�1.

In this search we consider events with a hadronically decaying W boson resulting from top
quark decay. This decay channel has the largest branching fraction and is fully reconstructible.
We consider two interpretations of this signature. The first model includes a flavor-changing
neutral current, where a single top quark is produced in association with a vector boson that
has flavor-changing couplings to top and light quarks and decays to dark matter. The second
model contains a colored, charged scalar which decays to a top quark and an invisible fermion.
Example diagrams of monotop production are shown in Figure 1.
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Figure 1: Example of monotop production via a neutral flavor-changing current (left) and a
heavy scalar (right).

The effective Lagrangian [8] which describes monotop production by a flavor-changing neutral
current (FCNC) is given by [8]:

L = LSM + Lkin + Vµ(gRc c̄RgµcR + gLc c̄LgµcL) + Vµui[(aFC)
ijgµ + (bFC)

ijgµg5]uj + h.c., (1)

where LSM is the standard model (SM) Lagrangian, Lkin is the kinematic part of the Lagrangian,
aFC = (aR + aL)/2 and bFC = (aR � aL)/2. The aL and aR parameters denote the strengths
of the interactions of the vector field V with the quarks u; the L, R subscript refers to the
left/right handed nature of the interaction. In this search, we assume aFC = bFC = 0.25 for
flavor-changing tu-couplings and also assume a flavor-conserving coupling of the mediator
to u quarks (realized in the above equation by setting i = j) with a coupling constant that
has the same numerical value (0.25). This convention differs from previous monotop searches,
which assume a coupling of 0.1 (Ref. [6]). The change in convention is to facilitate comparison
with other dark matter searches, which adhere to the recommendations from the Dark Matter
Forum, given in Ref. [9].

2 3 Event Selection

Unlike previous monotop searches (such as Ref. [6]), we allow the vector V to decay. Previous
searches assumed the vector mediator to be stable. Allowing V to decay gives a physical value
for the width and allows us to probe different values of mc. We also include the possibility that
V decays to the initial partons tū or uū. For fixed mc = 10 GeV, the branching ratio for V ! cc̄
goes from 40% (mV = 50 GeV) to 18% (mV = 2.1 TeV).

In the resonant mode, we consider the case where the top quark recoils against an invisible
fermionic particle c. Both the top quark and c result from the decay of a heavy, colored scalar
f. In this scenario, the effective Lagrangian is given by:

L = LSM + Lkin(fs, c) + (fd
C
i [(aq

SR)
ij + (bq

SR)
ijg5]dj + ft[a1/2

SR + b1/2
SR g5]c + h.c.). (2)

As in previous monotop searches, we assume the interactions between the f and the quarks
aq

SR, bq
SR to be aq

SR = bq
SR = 0.1. We also assume a1/2

SR = b1/2
SR = 0.2. A more detailed motivation

of these conventions is given in Ref. [8].

2 CMS detector

The CMS detector, described in detail in Ref. [10], is a multi-purpose apparatus designed to
study high-pT physics processes in proton-proton and heavy-ion collisions. A superconduct-
ing solenoid occupies its central region, providing a magnetic field of 3.8 T parallel to the beam
direction. Charged-particle trajectories are measured by the silicon pixel and strip trackers,
which cover a pseudorapidity region of |h| < 2.5. A lead tungstate (PbWO4) crystal electro-
magnetic calorimeter (ECAL) and a brass/scintillator hadron calorimeter (HCAL) surround
the tracking volume and cover |h| < 3. The steel/quartz-fiber Cherenkov hadron forward
(HF) calorimeter extends the coverage to |h| < 5. The muon system consists of gas-ionization
detectors embedded in the steel flux return yoke outside the solenoid, and covers |h| < 2.4.
The first level of the CMS trigger system is designed to select events in less than 4 µs, using
information from the calorimeters and muon detectors. The high-level trigger processor farm
then further reduces the event rate to several hundred Hz.

3 Event Selection

This analysis summary presents the results of a search for monotop production in the hadronic
final state. When the top quark is highly boosted, its hadronic decays can be reconstructed as
a single jet of large cone radius. Furthermore, the jet substructure information can be exploited
to tag the top quark decays.

Data collected from the CMS detector are used to reconstruct collision events using the CMS
software [10]. Events in the signal region are selected with a trigger that requires either Emiss

T
> 110 GeV, where Emiss

T is calculated as the magnitude of the negative vectorial sum of the pT
of all particles at the trigger level, and Hmiss

T > 110 GeV, where Hmiss
T is defined as the negative

vectorial sum of the transverse momenta of all jets with pT greater than 20 GeV. While com-
puting Emiss

T and Hmiss
T , muons are not included so that the same trigger can also be utilized

to select events in the muon control regions used for the background prediction. Some addi-
tional selection requirements are imposed on the jets used in the Hmiss

T computation in order
to remove events resulting from anomalous detector behavior. For events passing the analysis
selection and having a Emiss

T > 250 GeV, the trigger efficiency is found to be greater than 99%.

Non-resonant (FCNC) Vector Model 

• non-resonant vector mediator model 

• Dirac fermion for DM 

• contains flavor-changing neutral current (FCNC) 

• allow the vector mediator to decay, minimal 
width (to quarks, DM) is used   
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Non-resonant (FCNC) Vector Model 

• non-resonant vector mediator model 

• Dirac fermion for DM 

• contains flavor-changing neutral current (FCNC) 

• allow the vector mediator to decay, minimal 
width (to quarks, DM) is used   
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NLO model is being used now in both CMS & ATLAS

http://feynrules.irmp.ucl.ac.be/wiki/DMsimp#no1
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Leptonic channel

4

muon pT = 372 GeV, 

bjet pT = 59 GeV, ETmiss = 419 GeV  
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Leptonic channel @ 8TeV

• Signature: one isolated charged lepton (electron/muon) from the W decay, 
one b-tagged jet, large ETmiss

• a well-defined electron or muon with pT > 30 GeV 

• one b-tagged jet with pT > 25 GeV (Eff: 57%)

• ETmiss > 35 GeV, mT(𝓁, ETmiss)+ETmiss > 60 GeV

5
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Fig. 2 Distributions normalised to unity of (left) mT(ℓ, Emiss
T ) and

of (right) "φ(ℓ, b) for events satisfying the pre-selection defined
in the text. The expected distributions for the resonant model with
m(S) = 500 GeV are shown for the m( fmet) = 0 GeV and m( fmet) =

100 GeV hypotheses, as well as for the non-resonant model for the
m(vmet) = 0 GeV and m(vmet) = 1,000 GeV hypotheses. All distri-
butions are compared to the expected distribution for the backgrounds.
For the mT(ℓ, Emiss

T ) distributions, the last bin includes overflows

to b-hadrons, such as long lifetime and large mass [68].
This analysis uses a neural-network-based b-tagger which
combines several b-tagging algorithms. The chosen working
point corresponds to a b-tagging efficiency of 57 % and a
light-quark selection efficiency of 0.2 %, as obtained in sim-
ulated t t̄ events.

The missing transverse momentum (with magnitude
Emiss

T ) is the negative vector sum of the transverse momen-
tum associated with topological clusters of energy deposits in
calorimeter cells and is further refined with object-level cor-
rections from identified electrons, muons, and jets [69,70].
This analysis requires events to have Emiss

T larger than 35 GeV
to reduce the multijet background.

The main background to this final-state selection are
t t̄ pairs where both top quarks decay semi-leptonically,
t → ℓνb, with large Emiss

T due to one lepton and one jet
not being reconstructed, and W +jets production, particu-
larly with jets from heavy-flavour quarks. The background
from multijet production due to misidentification as lep-
tons is reduced by imposing a requirement on the sum of
the Emiss

T and the transverse mass3 of the lepton–Emiss
T sys-

tem: mT(ℓ, Emiss
T ) + Emiss

T > 60 GeV. The distributions
of kinematic variables and their normalisation for the mul-
tijet background are estimated with a data-driven matrix
method [71]. All remaining background processes (t t̄ , single-
top, W +jets, Z+jets and diboson production) are modelled
using simulated samples and are scaled to the theory predic-
tions described in Sect. 3. Possible contributions from t t̄ Z

3 The transverse mass is defined as mT(ℓ, Emiss
T ) =

√
2pT (ℓ) Emiss

T

(
1 − cos "φ

(
pT (ℓ) , Emiss

T

))
, where pT (ℓ) denotes

the modulus of the lepton transverse momentum, and "φ(
pT (ℓ) , Emiss

T

)
the azimuthal difference between the missing trans-

verse momentum and the lepton directions.

and t Z processes [72] in the Z → νν decay mode are found
to be negligible.

A counting experiment approach is followed. The mono-
top signal is prominent in regions of the phase space
characterised by high mT(ℓ, Emiss

T ) values, as suggested
by Refs. [18,21]. Hence, in addition to the pre-selection
described previously, a criterion requiring mT(ℓ, Emiss

T ) >

150 GeV is used to define the signal region. In order to
improve the sensitivity of the search, an optimisation of the
event selection is performed with simulated data, using well-
modelled variables. The lepton and the b-tagged jet are closer
to each other when originating from the decay of a top quark
than in the case of W +jets and multijet background events.
Hence, a criterion imposing the rejection of events with large
values of the difference in azimuth between the lepton and
the b-tagged jet |"φ(ℓ, b)| is tested, together with increased
mT(ℓ, Emiss

T ) threshold values. Figure 2 shows the distribu-
tions of these two variables for the expected background
contribution, and for two mass hypotheses considered for
each signal model. For each set of cuts on mT(ℓ, Emiss

T ) and
|"φ(ℓ, b)|, the sensitivity is estimated by calculating the
expected limit on the production cross-section with the proce-
dure described in Sect. 6 including the systematic uncertain-
ties detailed in Sect. 5. The optimisation was performed using
one mass hypothesis m( fmet) = 100 GeV for the resonant
model, for which the kinematic distributions have only small
variations in the studied mass range. For the non-resonant
model, characterised by larger variations of the kinematic dis-
tributions with vmet, four signal mass hypotheses were stud-
ied: m(vmet) = 0, 100, 300, and 600 GeV. The resulting best-
performing selections, for the tested mass hypotheses, are:

• SRI (resonant model optimisation):
mT(ℓ, Emiss

T ) > 210 GeV and |"φ(ℓ, b)| < 1.2
• SRII (non-resonant model optimisation):

mT(ℓ, Emiss
T ) > 250 GeV and |"φ(ℓ, b)| < 1.4
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Fig. 2 Distributions normalised to unity of (left) mT(ℓ, Emiss
T ) and

of (right) "φ(ℓ, b) for events satisfying the pre-selection defined
in the text. The expected distributions for the resonant model with
m(S) = 500 GeV are shown for the m( fmet) = 0 GeV and m( fmet) =

100 GeV hypotheses, as well as for the non-resonant model for the
m(vmet) = 0 GeV and m(vmet) = 1,000 GeV hypotheses. All distri-
butions are compared to the expected distribution for the backgrounds.
For the mT(ℓ, Emiss

T ) distributions, the last bin includes overflows

to b-hadrons, such as long lifetime and large mass [68].
This analysis uses a neural-network-based b-tagger which
combines several b-tagging algorithms. The chosen working
point corresponds to a b-tagging efficiency of 57 % and a
light-quark selection efficiency of 0.2 %, as obtained in sim-
ulated t t̄ events.

The missing transverse momentum (with magnitude
Emiss

T ) is the negative vector sum of the transverse momen-
tum associated with topological clusters of energy deposits in
calorimeter cells and is further refined with object-level cor-
rections from identified electrons, muons, and jets [69,70].
This analysis requires events to have Emiss

T larger than 35 GeV
to reduce the multijet background.

The main background to this final-state selection are
t t̄ pairs where both top quarks decay semi-leptonically,
t → ℓνb, with large Emiss

T due to one lepton and one jet
not being reconstructed, and W +jets production, particu-
larly with jets from heavy-flavour quarks. The background
from multijet production due to misidentification as lep-
tons is reduced by imposing a requirement on the sum of
the Emiss

T and the transverse mass3 of the lepton–Emiss
T sys-

tem: mT(ℓ, Emiss
T ) + Emiss

T > 60 GeV. The distributions
of kinematic variables and their normalisation for the mul-
tijet background are estimated with a data-driven matrix
method [71]. All remaining background processes (t t̄ , single-
top, W +jets, Z+jets and diboson production) are modelled
using simulated samples and are scaled to the theory predic-
tions described in Sect. 3. Possible contributions from t t̄ Z

3 The transverse mass is defined as mT(ℓ, Emiss
T ) =

√
2pT (ℓ) Emiss
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(
1 − cos "φ

(
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))
, where pT (ℓ) denotes

the modulus of the lepton transverse momentum, and "φ(
pT (ℓ) , Emiss
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)
the azimuthal difference between the missing trans-

verse momentum and the lepton directions.

and t Z processes [72] in the Z → νν decay mode are found
to be negligible.

A counting experiment approach is followed. The mono-
top signal is prominent in regions of the phase space
characterised by high mT(ℓ, Emiss

T ) values, as suggested
by Refs. [18,21]. Hence, in addition to the pre-selection
described previously, a criterion requiring mT(ℓ, Emiss

T ) >

150 GeV is used to define the signal region. In order to
improve the sensitivity of the search, an optimisation of the
event selection is performed with simulated data, using well-
modelled variables. The lepton and the b-tagged jet are closer
to each other when originating from the decay of a top quark
than in the case of W +jets and multijet background events.
Hence, a criterion imposing the rejection of events with large
values of the difference in azimuth between the lepton and
the b-tagged jet |"φ(ℓ, b)| is tested, together with increased
mT(ℓ, Emiss

T ) threshold values. Figure 2 shows the distribu-
tions of these two variables for the expected background
contribution, and for two mass hypotheses considered for
each signal model. For each set of cuts on mT(ℓ, Emiss

T ) and
|"φ(ℓ, b)|, the sensitivity is estimated by calculating the
expected limit on the production cross-section with the proce-
dure described in Sect. 6 including the systematic uncertain-
ties detailed in Sect. 5. The optimisation was performed using
one mass hypothesis m( fmet) = 100 GeV for the resonant
model, for which the kinematic distributions have only small
variations in the studied mass range. For the non-resonant
model, characterised by larger variations of the kinematic dis-
tributions with vmet, four signal mass hypotheses were stud-
ied: m(vmet) = 0, 100, 300, and 600 GeV. The resulting best-
performing selections, for the tested mass hypotheses, are:

• SRI (resonant model optimisation):
mT(ℓ, Emiss

T ) > 210 GeV and |"φ(ℓ, b)| < 1.2
• SRII (non-resonant model optimisation):

mT(ℓ, Emiss
T ) > 250 GeV and |"φ(ℓ, b)| < 1.4
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Fig. 3 Sketch depicting the control and signal regions in the
(mT(ℓ, Emiss

T ), |"φ(ℓ, b)|)-space. The CR1 (CR2) control region is
defined as 60 GeV < mT(ℓ, Emiss

T ) < 120 GeV (120 GeV <

mT(ℓ, Emiss
T ) < 150 GeV and |"φ(ℓ, b)| < 1.8). The CR3 control

region corresponds to mT(ℓ, Emiss
T ) > 150 GeV and |"φ(ℓ, b)| < 1.8,

but with a second b-tagged jet. The SRI (SRII) signal selection opti-
mised for the resonant (non-resonant) signal model, is defined as
mT(ℓ, Emiss

T ) > 210 GeV and |"φ(ℓ, b)| < 1.2 (mT(ℓ, Emiss
T ) >

250 GeV and |"φ(ℓ, b)| < 1.4)

In order to validate the background model, three con-
trol regions orthogonal to the signal region are defined.
Figure 3 is a sketch describing the signal and control regions
in the (mT(ℓ, Emiss

T ), |"φ(ℓ, b)|)-plane. The first control
region (CR1) is enriched in W +jets and multijet back-
ground events by requiring events to satisfy 60 GeV <

mT(ℓ, Emiss
T ) < 120 GeV in addition to the pre-selection

criteria. In the second control region (CR2) with a kinematic
regime closer to the one of the signal region, the pre-selected
events are required to satisfy 120 GeV < mT(ℓ, Emiss

T ) <

150 GeV and the azimuthal separation "φ(ℓ, b) between the
lepton and the b-tagged jet must be less than 1.8. Finally,
the third control region (CR3) is defined in order to validate
the modelling of the background arising from t t̄ events. An
event sample dominated by t t̄ events is obtained by selecting
events with a second b-tagged jet; both b-tagged jets are iden-
tified with a b-tagging criterion with an efficiency of 80 %,
the sub-leading jet satisfies pT < 50 GeV, and the events
must satisfy mT(ℓ, Emiss

T ) > 150 GeV and |"φ(ℓ, b)| < 1.8
in addition to the pre-selection criteria. The distributions of
mT(ℓ, Emiss

T ) and of "φ(ℓ, b) in the three control regions are
depicted in Fig. 4. Reasonable agreement between the data
and the predicted background estimate is found.

5 Systematic uncertainties

The impact of systematic uncertainties is considered on the
yields of individual background and signal processes. The
main systematic uncertainties are those related to the jet

energy scale, the b-tagging efficiency, the effect of the choice
of PDF on signal and background acceptance, the effect of
the choice of MC generator and of additional radiation on t t̄
modelling, and the effect of the limited size of the samples.

5.1 Sample size

Due to the stringent kinematic cuts in the signal regions, the
impact of the limited size of the data and simulated sam-
ples on the signal and background estimates is a significant
source of systematic uncertainty. For the Z+jets, multijet, and
single-top-quark s- and t-channel processes, the expected
event yield is zero in both channels, for the SRI and SRII
selections, respectively. In such cases, a 68 % confidence
level (CL) upper limit on the yields is calculated, assum-
ing a Poisson distribution, and is taken into account in the
limit-setting procedure. This upper limit represents at most
10 % of the background contribution.

For the other processes, which have non-negligible con-
tributions, the effect of the limited sample size on expected
signal (background) yields varies between 2 and 5 % (2 and
9 %).

5.2 Object modelling

The effect of the uncertainty on the jet energy scale [67]
is a change in the signal (background) event yields of 1–
5 % (9–10 %), depending on the channel and on the signal
region. The impact of the jet energy resolution uncertainty,
evaluated by smearing the jet energy in the simulation [73],
is a 2–3 % (1–2 %) effect on the signal (background) rates.
The systematic uncertainty associated with the efficiency of
the cut on the jet vertex fraction results in yield variations
of 2–3 % (2–6 %) in the signal (background). Uncertainties
on b-tagging efficiency and mistagging rates are estimated
from data [68]; the effect on signal and background yields
is 3–5 %. The jet reconstruction efficiency uncertainty has
an effect below 1 %, except for the background in the SRII
region (up to 3 %).

Smaller uncertainties arise from the lepton trigger, recon-
struction, and identification efficiencies (up to 1 %) and from
lepton energy scale and resolution (up to 1 % for signal and
between 1 and 3 % for background). The systematic uncer-
tainties related to leptons and jets are propagated to the Emiss

T .
In addition, uncertainties on the estimation of the contribu-
tions of calorimeter energy deposits not associated with any
reconstructed objects have an effect below 1 % (up to 4 %)
on expected signal (background) contribution.

5.3 Signal and background acceptance modelling

The uncertainties on the signal and background accep-
tance due to the choice of PDF are estimated using the
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Fig. 4 Distributions of (left) mT(ℓ, Emiss
T ) and of (right) "φ(ℓ, b)

in (top) the CR1, (middle) the CR2, and (bottom) the CR3 control
region, for the electron and muon channels combined. The distribu-
tions observed in data, depicted with the points, are compared with the
predicted background contributions. In the CR2 and CR3 regions, the
negligible multijet contribution is not shown, and neither is the Z+jets
contribution in the CR3 region. The multijet background is normalised

by the data-driven method, and the other backgrounds are normalised
to their theoretical cross-sections. The error bands correspond to the
uncertainties due to the statistical uncertainty of the sample added in
quadrature with a conservative 50 % normalisation uncertainty on the
multijet contribution, and with the W +jets and t t̄ cross-section uncer-
tainties. The ratios of the observed distributions to the predicted back-
ground distributions are shown in the lower frame
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Fig. 4 Distributions of (left) mT(ℓ, Emiss
T ) and of (right) "φ(ℓ, b)

in (top) the CR1, (middle) the CR2, and (bottom) the CR3 control
region, for the electron and muon channels combined. The distribu-
tions observed in data, depicted with the points, are compared with the
predicted background contributions. In the CR2 and CR3 regions, the
negligible multijet contribution is not shown, and neither is the Z+jets
contribution in the CR3 region. The multijet background is normalised

by the data-driven method, and the other backgrounds are normalised
to their theoretical cross-sections. The error bands correspond to the
uncertainties due to the statistical uncertainty of the sample added in
quadrature with a conservative 50 % normalisation uncertainty on the
multijet contribution, and with the W +jets and t t̄ cross-section uncer-
tainties. The ratios of the observed distributions to the predicted back-
ground distributions are shown in the lower frame
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Fig. 4 Distributions of (left) mT(ℓ, Emiss
T ) and of (right) "φ(ℓ, b)

in (top) the CR1, (middle) the CR2, and (bottom) the CR3 control
region, for the electron and muon channels combined. The distribu-
tions observed in data, depicted with the points, are compared with the
predicted background contributions. In the CR2 and CR3 regions, the
negligible multijet contribution is not shown, and neither is the Z+jets
contribution in the CR3 region. The multijet background is normalised

by the data-driven method, and the other backgrounds are normalised
to their theoretical cross-sections. The error bands correspond to the
uncertainties due to the statistical uncertainty of the sample added in
quadrature with a conservative 50 % normalisation uncertainty on the
multijet contribution, and with the W +jets and t t̄ cross-section uncer-
tainties. The ratios of the observed distributions to the predicted back-
ground distributions are shown in the lower frame
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Good agreement between data and prediction!

CR1

CR2

CR3
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Leptonic channel @ 8TeV

• Experimental uncertainties in signal (background)

• jet energy scale: 1-5% (9-10%), jet energy resolution: 2-3% (1-2%)

• jet vertex fraction: 2-3% (2-6%), b-tagging efficiency 3-5%

• luminosity: 2.8%


• Signal & background acceptance modeling

• PDF+αS: 4-11% (5-6%)

• ttbar: 5-11% (different generators), Wt: 5-8%


• Background normalization

• ttbar: 5-6%, Wt: 7%, VV/W+jets: 25% 

7
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CT10 [36,37], MSTW2008 68 % CL NLO [32,33] and
NNPDF2.3 [49,74] PDF sets with their uncertainties, follow-
ing the PDF4LHC recommendations [48]. The variations of
the signal (background) yields are between 4–11 % (5–6 %).

The dependence of the t t̄ process on the generator and
parton showering simulation is evaluated by comparing the
nominal sample produced with Powheg+Pythia with three
samples generated using the CT10 PDF, one sample produced
with Powheg-Box v1_r2129, one sample using the Alpgen
LO multileg generator v2.14 [53], and one sample produced
using MC@NLO v4.06 [75,76]. Herwig v6.52 [55] is used
for parton showering and hadronisation and Jimmy v4.31 [77]
for the underlying event. The largest variation, representing
5–11 % of the total background yield, arises from the compar-
ison with the Alpgen+Herwig sample. For W t production,
the nominal Powheg+Pythia sample is compared with a
sample produced with MC@NLO v4.06, leading to a varia-
tion of 4–6 % on the total background yield. Furthermore, the
uncertainty associated with the NLO calculation schemes for
the W t process is evaluated by comparing the nominal sam-
ple generated with the diagram removal scheme to a sample
using the diagram subtraction (DS) scheme [78]; this uncer-
tainty is 3–5 % on the total background yield.

The dependence of the t t̄ event rate on additional radiation
is evaluated using a t t̄ sample generated with the AcerMC
LO generator v3.8 [38,39], with the CTEQ6L1 PDF set [40],
and coupled with Pythia v6.426. The Pythia parameters
are varied in a manner consistent with a measurement of
t t̄ production with additional jet activity [79]. The related

variation in the total background is around 5 % (9 %) in the
SRI (SRII) region.

5.4 Background normalisation

Theoretical uncertainties are −5.9/+5.1 % for the inclusive
t t̄ cross-section [41–47], and 6.8 % for the W t-channel
cross-section [51]. An uncertainty of 24.5 % on diboson and
W +light-quarks rates is also assigned. These estimates come
from the uncertainty on the inclusive diboson and W -boson
production cross-sections [57] (5 and 4 %, respectively) and
from a conservative assessment based on a prediction for the
ratio of the event rate with n + 1 jets to the event rate with
n jets [80,81], resulting in 24 % per additional jet, added in
quadrature. A 50 % uncertainty, as evaluated in Ref. [82], is
assigned to the W +bb, W +cc, and W +c rates.

5.5 Luminosity

The uncertainty on the integrated luminosity is 2.8 % [25],
affecting the signal estimates as well as the simulated back-
grounds.

6 Results and interpretation

Figure 5 shows the distributions of Emiss
T in the SRI and SRII

signal regions, comparing the data to the expected signal
and background contributions. The expected resonant (non-
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Fig. 5 Distributions of Emiss
T in the (left) SRI and (right) SRII sig-

nal regions, for the electron and muon channels combined. The dis-
tributions observed in data, depicted with the points, are compared
with the predicted background contributions, shown stacked together
with the expected resonant (non-resonant) signal contribution for the
m( fmet) = 100 GeV and m(S) = 500 GeV (m(vmet) = 700 GeV)
hypothesis. The expected backgrounds are normalised to their theoret-

ical cross-sections, and the expected resonant (non-resonant) signal is
normalised to the theoretical cross-section corresponding to ares = 0.2
(anon-res = 0.2). The error bands on the expected backgrounds corre-
spond to the uncertainties due to all systematic sources added in quadra-
ture. The first (last) bin includes underflows (overflows). The ratios of
the observed distributions to the predicted background distributions are
shown in the lower frame

123

SR1 SR2

Total 
background 240±10±50 124±11±27

Data 238 133

Good agreement between data and background, 

no significant excess is observed!
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Leptonic channel @ 8TeV

• No excess is observed. 

• At 95%CL, resonant model with effective coupling = 0.2 are excluded in the whole mass range

• For the non-resonant model, cross-sections corresponding to coupling = 0.1 (0.2, 0.3) are excluded up to 

mV = 432 GeV (657 GeV, 796 GeV)

8
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Table 1 Expected and observed
event yields in the SRI (SRII)
signal region, combining the
electron and muon channels.
The expected contribution of
resonant (non-resonant) signal
corresponding to the lowest and
highest mass hypotheses
considered in this analysis and
of SM backgrounds are given.
The first quoted uncertainty
gives the uncertainty due to
statistics. The second one gives
the uncertainties due to all other
systematic effects, symmetrised,
regrouped, and summed
quadratically, without taking
into account possible
anticorrelations between
systematic uncertainties and
between processes, for the
purpose of this table

SRI SRII

Resonant signal, m(S) = 500 GeV, m( fmet) = 0 GeV 253 ± 5 ± 34 –

Resonant signal, m(S) = 500 GeV, m( fmet) = 100 GeV 186 ± 4 ± 24 –

Non-resonant signal, m(vmet) = 0 GeV – 2,430 ± 130 ± 210

Non-resonant signal, m(vmet) = 1,000 GeV – 8.4 ± 0.1 ± 0.8

t t̄ 190 ± 7 ± 40 94 ± 5 ± 19

Single-top s-channel <0.05 <0.05

Single-top t-channel <0.10 <0.10

Single-top W t 19 ± 4 ± 14 10 ± 3 ± 11

W +light-quarks 2 ± 2 ± 4 3 ± 3 ± 4

W +bb 10 ± 3 ± 5 9 ± 3 ± 7

W +cc 5 ± 3 ± 3 2 ± 7 ± 2

W +c 12 ± 5 ± 8 4 ± 2 ± 4

Diboson 1.3 ± 0.6 ± 0.7 1.0 ± 0.5 ± 0.5

Z+jets <4 <4

Multijet <0.6 <1.3

Total background 240 ± 10 ±50 124 ± 11 ±27

Data 238 133
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Fig. 6 Observed and expected limits on the cross section times branch-
ing ratio (left) for the resonant model with m(S) = 500 GeV and (right)
for the non-resonant model, as a function of the mass of fmet and vmet,

respectively. The predicted signal cross-sections for different coupling
strengths are also shown

resonant) signal contribution for the m( fmet) = 100 GeV
(m(vmet) = 700 GeV) hypothesis, normalised to the theo-
retical cross-section corresponding to ares = 0.2 (anon-res =
0.2), is also shown.

Table 1 reports the expected event yields for the back-
ground and signal processes and the observed event yields in
the SRI and SRII signal regions. As no excess is observed in
data, 95 % CL upper limits on the signal production cross-
sections are set with the CLs procedure [83,84]. A log-
likelihood ratio (LLR) is used as the test statistic, defined
as the ratio of the signal-plus-background hypothesis to the
background-only hypothesis. For a given hypothesis, the
combined likelihood is the product of the likelihoods for the
two channels considered (electron and muon), each resulting

from the product of a Poisson distribution representing the
statistical fluctuations of the expected total event yield, and of
Gaussian distributions representing the effect of the system-
atic uncertainties. Pseudo-experiments are generated for both
hypotheses, taking into account correlations across channels
and processes. The fraction of pseudo-experiments for the
signal-plus-background (background-only) hypothesis with
LLR larger than a threshold defines CLs+b (CLb). This
threshold is set to the observed (background median) LLR
for the observed (expected) limit. Signal cross-sections for
which CLs = CLs+b/CLb < 0.05 are considered excluded
at the 95 % CL.

Figure 6 shows the expected and observed 95 % CL
excluded cross-section times branching ratio as a function

123
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mV = mχ = 

a = 0.3
a = 0.2

a = 0.1
a = 0.2

a = 0.15

a = 0.1
432 GeV       657 GeV         796 GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2013-11/


   
 F

rid
ay

,  
M

ay
 0

5,
 2

01
7 

   
   

   
R.

-J
. W

an
g 

 | 
 L

PN
H

E,
 In

st
itu

t L
ag

ra
ng

e 
de

 P
ar

is 
   

   

Leptonic channel @ 8TeV

• A muon channel of mono-top search is also performed by CMS

• one isolated muon (pT > 33 GeV), no extra leptons

• one b-tagged jet with pt > 70 GeV,  no extra jets (pT > 30 GeV)

• Δφ(muon, jets) < 1.7 rad, ETmiss > 100 GeV, mT(𝓁, ETmiss) > 50 GeV


• Two CRs (zero btag, two btags) are defined to estimate the W+jets and ttbar background from data

• Simultaneous fit is performed on the SR and two CRs, good agreement between the data and the SM 

predictions, no excess is observed.

• At 95%CL, mV < 523 GeV is excluded for vector mediator, mφ < 1.6 TeV is excluded for mDM = 10 GeV 

for scalar mediator 

9
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Figure 2: Data-MC comparisons of mW
T after the background-only fit in the W+jets control re-

gion (left), tt̄ control region (right) in log scale. Dashed areas are statistical uncertainties of the
MC. Signal distributions are superimposed and used to extract the signal contribution. The last
bin contains the overflow.

nominal and the varied samples are applied as a systematic uncertainty.
• Luminosity : The uncertainty on the luminosity is 2.6% and affects the normalisation

of simulated samples [45].
• Pileup : The uncertainty coming from the pileup modelling is estimated by varying

the minimum bias cross-section by 5% in the estimation of the number of pileup
events.

• Parton Distribution Function (PDF) : The PDF uncertainty is estimated using the
PDF4LHC prescriptions [46].

The post-fit event yields in the various regions can be seen in Table 1.

7 Results

The results of the template fit performed on the signal and control regions can be seen in Fig. 2
and Fig. 3 respectively, where the post-fit mW

T distributions are shown assuming a background-
only hypothesis. Statistical and systematic uncertainties are accounted for during the fit. Good
agreements between the data and the predictions are observed in the three regions.

No excess over the SM predictions is observed, and exclusion limits at 95% confidence level
(CL) are calculated from a likelihood template fit method implemented in the theta framework
[47], where systematic effects are treated as nuisance parameters. The likelihood fit is per-
formed simultaneously with three distributions of mW

T extracted from the signal region and
from the two control regions (W-enriched and tt̄-enriched). The limits are calculated in the
nonresonant scenario for invisible particle masses ranging from 100 GeV to 1 TeV, and in the
resonant scenario for an invisible particle mass ranging from 10 GeV to 200 GeV and resonant
particle masses ranging from 500 GeV to 2.1 TeV. The expected and observed limits on the sig-
nal cross section, together with the theoretical predictions for coupling strengths of 0.1 and 0.05
are presented in Fig. 4 for nonresonant model and for a resonant model with an invisible par-
ticle mass of 10 GeV. Figure 5 shows the excluded resonant mass as a function of the invisible
mass for a = 0.1.

For a coupling strength of a = 0.1, the nonresonant scenario is excluded for invisible particle

7
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Figure 3: Data-MC comparisons of mW
T after the background-only fit in the signal region in

linear scale. Dashed areas are statistical uncertainties of the MC. Signal distributions are super-
imposed as well as the sum of MC contribution used as input to see the effect of the fit. The
last bin contains the overflow. In the ratio plot, points with vertical error bar are data/(postfit
MC) ratio while the bold dashed line represents data/(prefit MC) ratio.

Table 1: Events yields after the likelihood fit. The fit is performed under the background-only
assumption. Only the statistical uncertainty is shown. Yields of signal events in the resonant
and non-resonant scenarios, for a coupling of a = 0.1 and for various resonant and invisible
masses, are also shown.

W-enriched CR tt̄-enriched CR Signal Region

tt̄ 4.0⇥103±20 7.4⇥103±20 560±10
Single top 4.7⇥103±40 1.9⇥103±30 120±8
W(c-flav.) 1.4⇥105±820 460±20 70±15
W(l-flav.) 1.0⇥106±2.1⇥103 1.3⇥103±50 40±9
W(b-flav.) 1.5⇥103±70 760±30 8.7±3.2
Diboson 8.9⇥103±30 110±3 8.8±1.0

QCD 1.0⇥104±200 0 ± 0 5.4±3.0
Drell-Yan 5.2⇥104±330 240±20 1.2±1.2
Total SM 1.23⇥106±2.27⇥103 1.21⇥104±80 825±20

Data 1.23⇥106 1.21⇥104 849
Resonant, mS = 500 GeV, mc = 100 GeV 4.2⇥103±70 77±9.9 5.8⇥103±90
Resonant, mS = 900 GeV, mc = 100 GeV 470±7 9.7±1.0 730±8
Resonant, mS = 1500 GeV, mc = 100 GeV 25±0.4 0.6±0.063 28±0.4

Nonresonant, mV = 100 GeV 5.4⇥103±130 200±25 1.3⇥103±60
Nonresonant, mV = 500 GeV 170±3 5.5±0.6 64±2
Nonresonant, mV = 1000 GeV 8.7±0.17 0.28±0.03 4.5±0.1

8 8 Conclusion
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Figure 4: Exclusion limits at 95% C.L. on the signal cross section for the nonresonant (left) and
resonant (right) cases.

masses up to 523 GeV, while the resonant scenario is excluded for invisible particle masses of
10 GeV and resonant particle masses up to 1610 GeV.
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Figure 5: For the resonant scenario (a = 0.1), excluded resonant mass as a function of the
invisible mass.

8 Conclusion

A search for resonant and nonresonant monotop events in the muon channel is performed
with the full 8 TeV data set recorded by the CMS detector. No significant sign of new physics is

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-15-001/index.html
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Hadronic channel @13TeV

• Signature: large ETmiss plus a hadronically decaying W boson from top quark 
decay

• largest branching fraction 

• reconstructible of boosted top quark: a single large-R jet, jet substructure 


• Trigger: no muon MET/MHT > 110 GeV, (Eff>99%, when ETmiss>250 GeV) 

• Background: 


• Z(νν) + jets, ttbar, W(𝓁ν) + jets (data-driven) 

• Single-top, VV, QCD (MC estimated)


• Selection:

• ETmiss > 250 GeV

• Narrow jet (anti-kT (0.4), pT>30 GeV, |eta|<4.5) — veto QCD and ttbar


• Δφ(ETmiss, jets) > 1.1, no extra b-jet with ΔR (Fatjet, bjets) < 1.5

• Electron (pT> 10 GeV), muon(pT> 15 GeV), hadronic tau( pT> 18 GeV) veto 

• Large-R jet

10

CMS-PAS-EXO-16-040

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-040/index.html
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Hadronic channel @13TeV— boost top tagging

• Large-R jet (Cambridge-Aachen (1.5), pT > 250 GeV, |eta|<2.5) — selecting hadronically-decaying top 
quark  
• mach with bjet inside the fat jet cone

• 110 GeV < mJ < 210 GeV

• τ3/τ2 (eff:13%), compatibility of a jet has N subjet (τN) 
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though here we take R = 0.8, and the cells are colored according to how the jet is divided into
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10 5 Algorithm Performance Results
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Figure 1: Top tagging variables for jets with pT > 500 GeV/c from a simulated tt POWHEG
sample and from a simulated QCD PYTHIA 6 sample: (a) jet mass, (b) jet mass after tagging se-
lections (Nsubjets � 3, mmin > 50, t3/t2 < 0.55), (c) mmin, (d) mmin after N-subjettiness selection
(t3/t2 < 0.55, 140 < mjet < 250 GeV/c2), (e) t3/t2, (f) t3/t2 after the CMS Top Tagger selection
(Nsubjets � 3, mmin > 50, 140 < mjet < 250 GeV/c2)
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CMS-PAS-EXO-16-040

Top jet

QCD jet

• top tagging efficiency: 3% (ttbar) 
• mis-tagging of a non-top jet: 3% (t𝛾+jets)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-040/index.html
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Hadronic channel @13TeV— Background estimation 

• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(𝓁ν) + jets, global simultaneous likelihood fits 
to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and 𝛾 + jets (large statistics, similar jet multiplicity, underlying 

event, and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(𝓁ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5

12

the expected number of signal events in SR

the number of bkg events in SR regions

transfer factor from SR to each of CRs

the number of other expected background in CR 
the number of other expected background in SR

the observed number of events in CR 
the observed number of events in SR 
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• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 

to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5

6

the number of events in CR regions in 
SR regions
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• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 
to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5
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• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 

to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5

6

the number of events in CR regions in 
SR regions
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• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 
to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5

6

DRAFT

8 CMS monotop334

LZ!⌫⌫ (µZ!⌫⌫
i , µ, ✓i) = Poisson *,dµµ

i |B
µµ
i (✓i) +

µZ!⌫⌫
i

Rµµ
i (✓i)

+
-

⇥Poisson *,dee
i |Bee

i (✓i) +
µZ!⌫⌫
i

Ree
i (✓i)

+
-

⇥Poisson *,d�i |B
�
i (✓i) +

µZ!⌫⌫
i

R�
i (✓i)

+
-

⇥Poisson
⇣
dSR
i |BSR

i (✓i) + µZ!⌫⌫
i + µ · Si (✓i)

⌘

(3)

LW!`⌫ (µW!`⌫
i , µ, ✓i) = Poisson *,dµ

i |B
µ
i (✓i) +

µW!`⌫
i

Rµ
i (✓i)

+
-

⇥Poisson *,de
i |Be

i (✓i) +
µW!`⌫
i

Re
i (✓i)

+
-

⇥Poisson
⇣
dSR
i |BSR

i (✓i) + µW!`⌫
i + µ · Si (✓i)

⌘

(4)

Lt t̄ (µt t̄i , µ, ✓i) = Poisson *,dµ,b
i |B

µ,b
i (✓i) +

µt t̄i

Rµ,b
i (✓i)

+
-

⇥Poisson *,de,b
i |B

e,b
i (✓i) +

µt t̄i

Re,b
i (✓i)

+
-

⇥Poisson
⇣
dSR
i |BSR

i (✓i) + µt t̄i + µ · Si (✓i)
⌘

(5)

LCR (µCR
i , µ, ✓i) =

ee,µµ,�,e,µ,eb,µbY

X

Poisson *,dX
i |BX

i (✓i) +
µCR
i

RX
i (✓i)

+
-

⇥ Poisson
⇣
dSR
i |BSR

i (✓i) + µCR
i + µ · Si (✓i)

⌘
(6)

X =

8>>>><>>>>:

ee, µµ, �, CR = Z ! ⌫⌫
e, µ, CR = W ! `⌫
eb, µb, CR = tt̄

(7)

25th April 2017 – 14:41 27

DRAFT

8 CMS monotop334

LZ!⌫⌫ (µZ!⌫⌫
i , µ, ✓i) = Poisson *,dµµ

i |B
µµ
i (✓i) +

µZ!⌫⌫
i

Rµµ
i (✓i)

+
-

⇥Poisson *,dee
i |Bee

i (✓i) +
µZ!⌫⌫
i

Ree
i (✓i)

+
-

⇥Poisson *,d�i |B
�
i (✓i) +

µZ!⌫⌫
i

R�
i (✓i)

+
-

⇥Poisson
⇣
dSR
i |BSR

i (✓i) + µZ!⌫⌫
i + µ · Si (✓i)

⌘

(3)

LW!`⌫ (µW!`⌫
i , µ, ✓i) = Poisson *,dµ

i |B
µ
i (✓i) +

µW!`⌫
i

Rµ
i (✓i)

+
-

⇥Poisson *,de
i |Be

i (✓i) +
µW!`⌫
i

Re
i (✓i)

+
-

⇥Poisson
⇣
dSR
i |BSR

i (✓i) + µW!`⌫
i + µ · Si (✓i)

⌘

(4)

Lt t̄ (µt t̄i , µ, ✓i) = Poisson *,dµ,b
i |B

µ,b
i (✓i) +

µt t̄i

Rµ,b
i (✓i)

+
-

⇥Poisson *,de,b
i |B

e,b
i (✓i) +

µt t̄i

Re,b
i (✓i)

+
-

⇥Poisson
⇣
dSR
i |BSR

i (✓i) + µt t̄i + µ · Si (✓i)
⌘

(5)

LBkg (µBkgi , µ, ✓i) =
ee,µµ,�,e,µ,eb,µbY

X

Poisson *,dX
i |BX

i (✓i) +
µBkgi

RX
i (✓i)

+
-

⇥ Poisson
⇣
dSR
i |BSR

i (✓i) + µ
Bkg
i + µ · Si (✓i)

⌘
(6)

X =

8>>>><>>>>:

ee, µµ, �, Bkg = Z ! ⌫⌫
e, µ, Bkg = W ! `⌫
eb, µb, Bkg = tt̄

(7)

25th April 2017 – 16:18 27

   
 F

rid
ay

,  
M

ay
 0

5,
 2

01
7 

   
   

   
R.

-J
. W

an
g 

 | 
 L

PN
H

E,
 In

st
itu

t L
ag

ra
ng

e 
de

 P
ar

is 
   

   
• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 

to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5

6

the number of events in CR regions in 
SR regions

   
 F

rid
ay

,  
M

ay
 0

5,
 2

01
7 

   
   

   
R.

-J
. W

an
g 

 | 
 L

PN
HE

, I
ns

tit
ut

 L
ag

ra
ng

e 
de

 P
ar

is 
   

   

• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 
to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5
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• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 
to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5
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the number of events in CR regions in 
SR regions
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• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 
to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5
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• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 
to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5

6

the number of events in CR regions in 
SR regions
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• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 
to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5
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• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 

to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5
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the number of events in CR regions in 
SR regions
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• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 
to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5
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• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 

to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5
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the number of events in CR regions in 
SR regions
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• To constrain three main backgrounds: Z(νν) + jets, ttbar, and W(!ν) + jets, global simultaneous likelihood fits 
to 7 CRs and SR are used

• Z(νν) + jets: CRs from Z(ee/μμ) + jets, and " + jets (large statistics, similar jet multiplicity, underlying event, 

and pileup conditions as the DY process for the region of interest at high pT region) 

• ttbar: Single-lepton CRs, requiring at least one narrow btagged jet, and  ΔR (Fatjet, bjets) > 1.5

• W(!ν) + jets: Single-lepton CRs, no narrow btagged jet with ΔR (Fatjet, bjets) > 1.5
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CMS-PAS-EXO-16-040

7 CRs 3 Bkgs

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-040/index.html
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Hadronic channel @13TeV— Background estimation 

13

Z(νν) + jets

ttbar
W(𝓁ν) + jets

CMS-PAS-EXO-16-040

Good agreement between 
data and prediction!

Recoil: 

MET with 
removal of 

leptons and 
photons

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-040/index.html
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Hadronic channel @13TeV— Results 

• Good agreement between data and 
background, no significant excess is 
observed! 

• Experimental uncertainties 

• electron/muon/photon/tau selection 

efficiency: 2-3%

• top tagging efficiency: 3% (ttbar) 
• mis-tagging of a non-top jet: 3% (t𝛾+jets)  
• luminosity: 6.2%


• Background modeling:

• V+jets: 1-4% (W+HF: 21%, Z+HF: 22%)

• single-top, VV: 20%

• QCD: 80% (negligible)

14

CMS-PAS-EXO-16-040

7 CRs only fit 7 CRs + 1 SR fit 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-040/index.html
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Hadronic channel @13TeV— Results

• Good agreement with SM predictions 

• The FCNC is excluded for vector mediator 0.3 < mV < 1.5 TeV, assuming mχ = 10 GeV 

• with 100% FC, much more sensitive than mono-V, complementary to mono-jet 

• For mχ = 100 GeV, the resonant scalar model is excluded for 0.9 < Mφ < 2.7 TeV at 95% CL

15
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Figure 2. 95% CL exclusion regions in Mmed � mDM plane for di↵erent /ET based DM searches
from CMS in the lepto-phobic AV and V models. It should be noted that the exclusion regions and
relic density contours in this plot are not applicable to other choices of coupling values or models.
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Figure 3. A comparison of CMS results to the mDM–�SD plane. Unlike in the mass-mass plane, the
limits are shown at 90% CL. The CMS contour in the SD plane is for an Axial Vector mediator,
Dirac DM and couplings gq = 0.25 and gDM = 1. The SD exclusion contour is compared with
limits from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the Super-
Kamiokande limit for the bb̄ annihilation channel. It should be noted that the CMS limits do not
include a constraint on the relic density and also the absolute exclusion of the di↵erent CMS searches
as well as their relative importance will strongly depend on the chosen coupling and model scenario.
Therefore, the shown CMS exclusion regions in this plot are not applicable to other choices of
coupling values or models.

– 2 –

CMS-PAS-EXO-16-040

2D limit contour is highly recommended  

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-040/index.html
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Conclusion & outlook

• Dark Matter searches in mono-top signature from ATLAS & CMS 
at 8/13 TeV are summarized


• Both leptonic and hadronic channels are considered

• @8 TeV: ATLAS LPC Clermont + CMS IPHC Strasbourg

• @13 TeV: ATLAS LPNHE-Paris: mono-top (hadronic, 

leptonic) + CMS IPHC Strasbourg  

• Consistent with Direct and Indirect searches, no DM candidate 
has been seen at the LHC yet

• with 100% FC, mono-top is more sensitive than mono-V, 

complementary to mono-jet  
• becoming one of important DM+HF channel: sizable 

contribution to tt+DM searches (in range 30% to 200%) 

• Results from using full 2015+2016 dataset is being prepared, 
stay tuned! 
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DM+single top: sensitivity

13

D.P, A. Zucchetta, 
M. R. Buckley, F. Canelli 

arXiv:1701.05195 

Impact on existing limits: improvements obtained including top+DM events in addition to tt+DM 

improvements in range 30% to factor 2 
without optimizing selection for DM
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Upper limits on DM production cross section 

following similar approach of CMS tt+DM analysis: 

- no shape information → counting experiment 

- data and SM bkg events (plus unc.) from  
CMS-PAS-EXO-16-005 
 

Limits are projected to future LHC data 

- 2016 dataset of 35 fb-1 

- 2023 dataset of 300 fb-1

from Deborah Pinna
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For which type of events to look at colliders between DM and SM particles? 

- different interactions can be assumed 

- many models available to describe each process 

Spin-0 simplified model: 

- scalar and/or pseudo-scalar mediators 

- minimal flavour violation, couplings proportional to 
SM fermions masses

Motivated various collider searches for tt+DM events, eg. CMS-EXO-16-005

scalar pseudoscalar
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yf f̄f gq
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5f

Dark matter and heavy flavour quarks

Phys. Rev. D91 015017 
arXiv:1507.00966

See M. Martinez’s talk
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Same spin-0 simplified model predicts a third previously overlooked channel  
DM produced with a single-top (top+DM)
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associated production with W boson

D.P, A. Zucchetta, 
M. R. Buckley, F. Canelli 

arXiv:1701.05195 Dark matter and single top
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