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

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 LHC!!



DM Signatures @ LHC
How do we detect DM at the LHC ?

• DM particles leave no trace in the detector 

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

• To produce significant MET, DM particles must recoil against some boosted system “X”

• X is typically some form of ISR 
➡ Gluon (jet), photon, W, Z 
➡ “Mono-X” or MET+X signatures
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DM pair recoils against a visible high pT object

Substantial MET

Monojet Mono-photon



Overview of the Talk
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• Quite a bit of discussion on the LHC DM searches yesterday 

• See Francesco’s talk on DM constraints from dijet, dilepton 
resonance searches 

• See Ren-Jie’s talk on the study of DM-Higgs interactions 

•  See Jeroen’s talk on interpretations of DM & SUSY searches 

• In this talk I will focus on two key DM search channels at the LHC 

• Monojet : Important channel particularly for spin-1 mediators 

• tt+MET  : Important channel for spin-0 mediators



Monojet Search at CMS & ATLAS
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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 

• Remove fake MET from detector noise, non-collision bkg 

➡ For example : energy fraction of leading jet due to 
charged particles  > 0.1 

• Veto on events with leptons 
➡ Kills backgrounds with genuine MET such as W+jets 

and top

pTjet = 1.26 TeV

ETmiss = 1.28 TeV

Large signal 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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• No mass peak or kinematic end-points (e.g. mT) 

• MET shape is the discriminant between signal 
and background 

• Signal has a harder MET spectrum compared 
to the background 

• Main thrust of this analysis is accurate 
determination of the Z+jets (and W+jets) pT 
spectrum

• Multiple control regions employed in data 

➡ Z(ll)+jets events (dilepton events) 

➡ W(lν)+jets (single lepton events) 

➡ And ɣ+jets events in case of CMS
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Figure 4: Measured distributions of the Emiss
T (top-left), leading-jet pT (top-right), leading-jet |⌘| (bottom-left), and

jet multiplicity (bottom-right) 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 di↵erent 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. Where appropriate, the last bin of the distribution contains overflows.

8.1 Model-independent exclusion limits

A likelihood fit is performed separately for each of the inclusive regions IM1–IM10. As a result, model-
independent observed and expected 95% confidence level (CL) upper limits on the visible cross section,
defined as the product of production cross section, acceptance and e�ciency � ⇥ A ⇥ ✏, are extracted,
taking into consideration the systematic uncertainties in the SM backgrounds and the uncertainty in the
integrated luminosity. The results are presented in Table 6. Values of � ⇥ A ⇥ ✏ above 531 fb (for IM1)
and above 1.6 fb (for IM10) are excluded at 95% CL.

8.2 Weakly-interacting massive particles

The results are translated into exclusion limits on the WIMP pair-production. Di↵erent simplified models
are considered with either the exchange of an axial-vector or a pseudoscalar mediator in the s-channel.
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• Background uncertainty constrained to  

• About 2% at MET ~ 250 GeV

• About 10% at MET ~ 1 TeV

• Achieved by using precise predictions 
of the V+jets cross section ratios

ATLAS-2017-060



Z ɣ
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Same process as Z→νν, 
same pT spectrum  

But statistically limited 

Z→μμ branching ratio ~3% 

Z→νν branching ratio 20%

Z→ll W→lνɣ+jets (Used by CMS)

Similar pT spectra to Z→νν 

Statistically rich 

Event rate ~ Z→νν x 2 

W

Similar pT spectra to Z→νν 

Event rate ~ Z→νν  

Also used to estimate W+jets 
background 

Control Regions In Monojet Analysis

How are these control regions tied to the electroweak 
backgrounds in signal region ?



Electroweak Background Estimation
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• Need precise estimates of Z/W and Z/ɣ 
cross section ratios to extrapolate from 
control regions to signal region 

• Predictions for these ratios obtained at 
NLO in QCD and EWK corrections 

• Theory uncertainties (e.g. QCD scale, 
PDF choice) largely cancel in the ratio 
leading to uncertainties at the level of a 
few percent 

• Detailed theoretical estimates for Z/W 
and Z/ɣ ratios and uncertainties  
proposed by Lindert et al (arXiv:
1705.04664)
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and naive exponentiation of the NLO EW (0.1–2.0%). The variations due to the effect of un-
known Sudakov logs is correlated across the Z + jets, W + jets, g + jets processes and also
correlated across the bins of hadronic recoil pT. The nuisance parameters related to the missing
NNLO effects and to the difference between the NLL Sudakov approximation and the naive
exponentiation are treated as uncorrelated across Z + jets, W + jets, g + jets processes, and an
independent nuisance parameter was used for each process.

EW and QCD corrections are combined with a multiplicative approach. To account for the
uncertainty due to nonfactorized mixed EW-QCD effects, ten percent of the difference between
the corrections done in the multiplicative description and the additive approach is used as a
separate nuisance parameter (0.01%-0.02%). This parameter is treated as correlated across the
process and across the pT bins.

Experimental uncertainties including the reconstruction efficiency (1% per muon or electron),
and selection efficiencies of leptons (1% per muon and 2% per electron), photons (2%), and
hadronically decaying t leptons (1–3%) are also incorporated. Uncertainties in the purity of
photons in the g + jets control sample (2%), and in the efficiency of the electron (2%), photon
(2%), and Emiss

T (1–4%) triggers, are included and are fully correlated across all the bins of
hadronic recoil pT.

An important cross-check of the application of pT-dependent NLO QCD and EW K-factors
is the pre-fit ratio in data and simulation for the Z + jets events to both g + jets events and
W + jets events in the control regions as a function of hadronic recoil. Figure 3 shows the
ratio between Z(``) + jets, and g + jets and the ratio of Z(``) + jets and W(`n) + jets events
as a function of the recoil for the monojet category. While we do not explicitly use a W(`n) +
jets /g + jets constraint in the analysis, the two cross sections are connected through the Z +
jets /g + jets and Z + jets /W + jets constraints. Therefore, it is instructive to examine the
data-MC comparison of the W(`n) + jets /g + jets ratio. This is shown in the same figure.
Good agreement is observed between data and simulation after the application of the NLO
corrections.
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Figure 3: Comparison between data and Monte Carlo simulation of the Z(``) /g + jets,
Z(``)/W(`n), and W(`n) /g + jets ratio as a function of the hadronic recoil in the monojet cat-
egory. The gray bands include both the (pre-fit) systematic uncertainties and the statistical
uncertainty in the simulation.

Figures 4–8 show the results of the combined fit in all control samples. Data in the control sam-
ples are compared to the pre-fit predictions from simulation and the post-fit estimates obtained
after performing the fit. The control samples with larger yields dominate the fit results.

Z(ll)/ɣ ratio

CMS-EXO-16-048



Monojet Results
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Spin-1 mediator masses up to ~2 TeV excluded
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Figure 5: Left: 95% CL axial-vector exclusion contours in the m�–mZA parameter plane. The solid (dashed) curve
shows the median of the observed (expected) limit, while the bands indicate the ±1� theory uncertainties in the
observed limit and ±1� and ±2� ranges of the expected limit in the absence of a signal. The red curve corresponds
to the expected relic density, as computed with MadDM [84]. The region excluded due to perturbativity, defined
by m� >

p
⇡/2 mZA , is indicated by the hatched area. The dotted line indicates the kinematic limit for on-shell

production mZA = 2 ⇥ m�. The cyan line indicates previous results at 13 TeV [1] using 3.2 fb�1. Right: A
comparison of the inferred limits (black line) to the constraints from direct detection experiments (purple line) on
the spin-dependent WIMP–proton scattering cross section in the context of the Z0-like simplified model with axial-
vector couplings. Unlike in the m�–mZA parameter plane, the limits are shown at 90% CL. The results from this
analysis, excluding the region to the left of the contour, are compared with limits from the PICO [85] experiment.
The comparison is model-dependent and solely valid in the context of this model, assuming minimal mediator width
and the coupling values gq = 1/4 and g� = 1.

plement the results from direct-detection experiments for m� < 10 GeV. The kinematic loss of model
sensitivity is expressed by the turn of the WIMP exclusion line, reaching back to low WIMP masses and
intercepting the exclusion lines from the direct-detection experiments at around m� = 200 GeV.

A simplified model with a pseudo-scalar mediator (mZP) was considered with couplings to quarks and dark
matter equal to unity. As shown in Figure 6, for WIMP masses in the range 0–300 GeV and mediator
masses mZP in the range 0–700 GeV the analysis does not have yet enough sensitivity.

8.3 Squark pair production

Di↵erent models for squark pair production are considered: stop pair production with t̃1 ! c + �̃0
1,

stop pair production with t̃1 ! b + f f
0
+ �̃0

1, sbottom pair production with b̃1 ! b + �̃0
1, and squark

pair production with q̃ ! q + �̃0
1 (q = u, d, c, s). In each case separately, the results are translated into

exclusion limits as a function of the squark mass for di↵erent neutralino masses.

The results are translated into exclusion limits on the pair production of top squarks with t̃1 ! c + �̃0
1

(with branching fraction BR=100%) as a function of the stop mass for di↵erent neutralino masses. The
typical A ⇥ ✏ of the selection criteria varies, with increasing stop and neutralino masses, between 0.7%

19

5.5 Nonthermal dark matter interpretation 17

Figure 11: Exclusion limits at 95% CL on the µ = s/sth in the mmed–mDM plane assuming vector
(left) and axial-vector (right) mediators. The solid (dotted) red (blue) line shows the contour
for the observed (expected) exclusion. The solid contours around the observed limit and the
dashed contours around the expected limit represent one standard deviation due to theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Constraints from the Planck satellite experiment [86] are
shown with the dark blue contours. DM is overabundant in the shaded area.
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Example of a bottom-up approach 

gq’  gDMgq
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mq’

Generic Lagrangian & width

q’, DM
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q

q

Adding a decay width for DM to our
simple Lagrangian!  

Spin-1 mediator  
(Vector or Axial-vector) 

gq = 0.25 ; gDM = 1
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 Spin-0 Mediators
• Also consider DM interactions mediated by scalar and pseudoscalar 

particles 

• Require the interaction between spin-0 mediator and quarks to have the SM 
Yukawa structure (Minimal Flavor Violation) 

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

• Mediator couples preferentially to the top quark

1

1 Introduction1

Astrophysical observations provide strong indirect evidence for the existence of particle dark2

matter (DM), and therefore of physics beyond the standard model (BSM). In a large class of3

BSM models, DM is considered to consist of long-lived, weakly interacting massive particles4

(WIMPs). At collider experiments, WIMP particles (c) may be pair-produced through the ex-5

change of new mediating particles that couple both to DM and to standard model (SM) par-6

ticles. Once produced, DM particles escape the experiments without interacting, creating an7

imbalance of transverse momentum (pmiss
T ).8

Mediator interactions inherit the Yukawa structure of the SM if the new physics associated9

with DM obeys the principle of Minimal Flavour Violation (MFV) [1, 2]. The MFV hypothesis is10

strongly motivated by the apparent lack of new flavor physics at the electroweak scale. Because11

only the top quark Yukawa is of O(1), WIMP DM preferentially couples to the heavy top quark12

in such scenarios. The top-mediator coupling gives rise to tt̄+ cc̄ at tree-level (Figure 1), and to13

the production of so-called “mono-X” final states (eg: monojet) through a top quark loop [3–7].14

At the LHC, the tt̄+cc̄ tree-level process can be directly probed via the tt̄+pmiss
T and bb̄+ pmiss

T15

signatures [8, 9]. The bb̄ + pmiss
T signature provides additional sensitivity to processes in which16

mediator couplings to up-type quarks are suppressed, as is the case in Type-II Two-Higgs-17

Doublet models (2HDM) at large tanb [10].18

Figure 1: Leading order Feynman diagram describing the production of DM particles (c) in
association with heavy flavor (top or bottom) quarks through scalar (F) and pseudoscalar (a)
mediators.

This article describes a search for DM produced in association with tt̄/bb̄ at
p

s = 13 TeV with19

the CMS experiment at the CERN Large Hadron Collider (LHC). A potential DM signal is ex-20

tracted from simultaneous shape fits to the pmiss
T distributions in the bb + pmiss

T and tt̄ + pmiss
T21

search channels. Data from background-enriched control regions are included in the fits in22

order to constrain the contributions of major backgrounds. All tt̄ decay modes – dileptonic23

(ee, µµ, eµ), semileptonic (e, µ) and fully hadronic – are explored. The search adopts a simpli-24

fied model framework to interpret results in terms of the decays of spin-0 mediators with pure25

scalar (F) or pseudoscalar (a) couplings. This work represents the first combination of dilep-26

tonic, semileptonic and hadronic tt̄+ cc̄ DM searches, and it is the first to statistically combine27

tt̄ + cc̄ and bb̄ + cc̄ search results.28

The document is organized as follows: Section 2 reviews the CMS detector and the recon-29

structed physics objects used in the analysis. Section 3 describes the modeling of tt̄/bb̄ + cc̄30

signal and SM background events. Section 4 describes the selections applied to reconstructed31

physics objects in data and simulation. Section 5 discusses the techniques used to extract a po-32

tential DM signal in the tt̄/bb̄ + pmiss
T channels, and the systematic uncertainties considered in33

2 3 Event selection
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Figure 2: Monojet (a) and mono-V (b) production and decay diagrams for a spin-0 mediator.

up to a pseudorapidity of |h| < 2.5. The tracker is surrounded by a lead tungstate crystal elec-35

tromagnetic calorimeter (ECAL), and a sampling hadron calorimeter (HCAL) made of brass36

and scintillator, which provide coverage up to |h| < 3. The steel and quartz-fiber Čerenkov37

hadron forward (HF) calorimeter extends the coverage to |h| < 5. The muon system consists38

of gas-ionization detectors embedded in the steel flux-return yoke of the solenoid, and covers39

|h| < 2.4.40

Simulated samples of background events are produced for the Z + jets and g + jets processes at41

leading order (LO) with up to four partons in the final state, using MADGRAPH5 AMC@NLO42

2.2.3 [38]. The W(`n) + jets and tt processes are simulated at next-to-leading order (NLO),43

whereas the QCD multijet background is simulated using MADGRAPH5 AMC@NLO at LO.44

The single top quark background sample is produced using POWHEG V2 [39], and a set of di-45

boson samples is produced with PYTHIA 8.205 [40]. The monojet DM signal is simulated at LO46

for spin-0 mediators and at NLO for spin-1 mediators using POWHEG. The mono-V DM signal47

samples are produced at LO with the JHUGEN 5.2.5 generator [41–43] for the scalar mediator,48

and with MADGRAPH5 AMC@NLO for the spin-1 mediators. SM Higgs boson signal events49

produced through gluon fusion and vector boson fusion are generated using POWHEG, while50

SM Higgs boson production in association with W or Z bosons is simulated using the JHUGEN51

generator.52

Events produced using MADGRAPH5 AMC@NLO, POWHEG, and JHUGEN generators are53

further processed with PYTHIA using the CUETP8M1 tune [44] for the simulation of frag-54

mentation, parton shower, hadronization, and the underlying event. In the case of the MAD-55

GRAPH5 AMC@NLO samples, jets from the matrix element calculations are matched to the56

parton shower description following the FxFx matching prescription [45] for the NLO samples57

and the MLM scheme [46] for the LO ones. The NNPDF 3.0 [47] parton distribution functions58

(PDFs) are used for all generated samples. Interactions of final-state particles with the CMS59

detector are simulated with GEANT4 [48]. Simulated events include the effect of additional un-60

correlated interactions in the same, or neighbouring bunch crossings (pileup), and are weighted61

to reproduce the distribution of reconstructed primary vertices observed in data.62

3 Event selection63

Candidate events are selected using triggers that have thresholds of 90, 100, or 110 GeV on64

both the Emiss
T trig and Hmiss

T trig, where Emiss
T trig is computed as the magnitude of the vector sum of65

the pT of all the particles reconstructed at the trigger level, and Hmiss
T trig is the magnitude of the66

vector sum of the pT of jets reconstructed at trigger level. Jets used in the Hmiss
T trig computation67

are required to have pT > 20 GeV and |h| < 5.0. The energy fraction attributed to neutral68

hadrons in these jets is required to be less than 0.9. This requirement helps to remove jets69

tt+DM Final State
(Sensitive for spin-0 mediators) 

Monojet or Mono-Z Final State
(Produced through gluon fusion)
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2 1 Introduction
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Figure 1: Feynman diagrams illustrative of the beyond the standard model processes consid-
ered in this paper: (a) dark matter production in a simplified model with a spin-1 mediator
A; (b) dark matter production in a simplified model with a spin-0 mediator f; (c) production
of a Higgs boson in association with Z boson with subsequent decay of the Higgs boson into
invisible particles; (d) graviton production in the scenario of large extra dimensions.



CMS tt(2l)+DM Search
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Main background : tt(2l) 
• Stransverse mass MT2 key discriminant 

between signal and background 

• Two kinematic end-points for the tt(2l) 
background 

• MT2(ll) ~ 80 GeV (W mass) 

• MT2(lblb) ~ 175 GeV (top mass)

4 4 Search strategy

Table 1: Overview of the preselection.
leptons 2 (e or µ), opposite charge

m(ll) � 20
|MZ � m(ll)| > 15 GeV, same flavor only

Njets � 2
Nbjets � 1
Emiss

T > 80 GeV
S > 5 GeV1/2

cos Df(Emiss
T , j1) < 0.80

cos Df(Emiss
T , j2) < 0.96

4 Search strategy
We select events with a pair of leptons (electrons or muons) with opposite charge and require
a minimum invariant mass of the lepton pair of 20 GeV in order to suppress backgrounds
with misidentified leptons from the hadronization of jets. Events with additional leptons with
pT > 15 GeV and satisfying a looser isolation criterion of RelIso03 < 0.4 are vetoed. In case
of a same-flavor lepton pair, we suppress contributions from SM Drell-Yan production with a
veto on the dilepton mass, |MZ � m(ll)| > 15 GeV where m(ll) is the invariant mass of the
dilepton system and MZ is the mass of the Z boson. To further suppress this and other vector
boson backgrounds, we require at least two jets and at least one b-tagged jet. After requiring
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defined in Table 1. For MT2(b`b`) and Emiss
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shaded band covers all uncertainties discussed in the text.
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Figure 9: Predicted backgrounds and observed yields in each search region. The shaded band
covers all uncertainties discussed in the text.
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Important Backgrounds
• tt(2l) background estimated from simulation 

➡ Validated in a control region having a 3rd, 
non-isolated lepton 

• ttZ(νν) background important at high MT2(ll) 
➡ Normalization obtained from events with three 

isolated leptons : tt(semi-leptonic) + Z(ll)  
➡ Validated using a control sample of ttɣ events

Analysis performed in bins of MT2(ll), MT2(lblb) and MET
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Figure 2: Distributions of MT2(``), MT2(b`b`), and Emiss
T in simulation after preselection and

requiring MT2(``) > 100 GeV.

one can be found in the event, the jet with the highest pT that does not pass the b-tag selection
is taken instead. The ambiguity when pairing leptons with b-jets for MT2(b`b`) is resolved by
selecting the configuration which minimizes the maximum invariant mass of the two lepton-jet
pairs. Similar to the procedure to obtain MT2(``) we break up ~pmiss

T into two parts, pair them
with ~pvis1,2

T to define MT and then use Eq. 1 to compute MT2(b`b`). After a tight threshold of
MT2(``) > 100 GeV both MT2(b`b`) and Emiss

T still exhibit significant discrimination power.
This is shown in Fig. 2b for MT2(b`b`) and Fig. 2c for Emiss

T , respectively.

Based on sensitivity studies for a wide range of supersymmetric mass configurations, the signal
regions listed in Table 2 are chosen. These regions are further split depending on the flavor of
the leptons, electrons or muons, into opposite-flavor and same-flavor signal regions. There is
no overlap between any of the signal regions with other signal or control regions used in the
following.

Table 2: Definition of the signal regions. The regions are furthermore split into opposite-flavor
and same-flavor regions.

MT2(b`b`)( GeV) Emiss
T ( GeV) 100  MT2(``) < 140 GeV 140  MT2(``) < 240 GeV MT2(``) � 240 GeV

0 � 100 80 � 200 SR0 SR6

SR12

� 200 SR1 SR7

100 � 200 80 � 200 SR2 SR8
� 200 SR3 SR9

� 200 80 � 200 SR4 SR10
� 200 SR5 SR11

5 Background prediction
The remaining backgrounds from SM processes in the search regions after the event selection
are single-t and tt events with either severely mismeasured Emiss

T or misidentified leptons, fol-
lowed by top quark pair production in association with a Z, W, or a H boson (ttZ, ttW, ttH,
tqZ), and Drell-Yan and di- or multi-boson production (WW, WZ, ZZ, WWW, WWZ, WZZ,
and ZZZ).
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Figure 10: As Fig. 9, but combining all channels.
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2 Scalar and Pseudoscalar Mediators
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Figure 7. 95% CL observed (full-line) and expected (dashed-line) exclusion limits for the Scalar
model as a function of Mmed for di↵erent /E

T

based DM searches from CMS. Following the recom-
mendation of the LHC DM working group [1, 2], the exclusions are computed for quark coupling
g
q

= 1.0 and for a DM coupling of gDM = 1.0 It should be noted that an exclusion away from
�/�

theory

⇡ 1 only applies to coupling combinations that yield the same kinematic distributions as
the benchmark model considered here.
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• Scalar mediator masses up to 100 GeV excluded by the tt(2l)+DM search 
• Monojet provides stronger limits for pseudoscalar mediator  

- Masses up to 400 GeV excluded
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Some key discriminating variables 
Transverse mass (mT) : Kills W+jets, tt(1l)
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Figure 8: Various kinematic distributions after the preselection: (top left) mass of the hadronic top-quark candidate
with the recursive reclustering method (mreclustered

top ) after the high-Emiss
T preselection, (top right) mT after the high-

Emiss
T preselection, (bottom left) Emiss

T after the low-Emiss
T preselection, and (bottom right) lepton pT after the

soft-lepton preselection. The SM background predictions are normalised to the theoretical cross-sections (pre-fit),
except for in the Emiss

T distribution, where the tt̄ events are scaled by the normalisation factors obtained from a
simultaneous likelihood fit of the CRs. The category Others in the top left panel stands for the sum of minor
SM backgrounds that contribute less than 5% of the total SM background. The hashed area around the total SM
prediction and the hashed band in the Data/SM ratio include statistical and experimental uncertainties. The last bin
contains overflows, except for the lepton pT distribution.

optimised for mt̃1
= 450 GeV). Furthermore, two additional SRs labelled bWN and bffN are dedicated to

the three-body (t̃1 ! bW �̃0
1) and four-body (t̃1 ! b f f 0 �̃0

1) decay searches, respectively.

Six SRs target various t̃1 ! b �̃±1 scenarios where the SR labels follow the same logic: the first two
characters bC stand for ‘bottom chargino’. The consecutive labels, 2x, bv, or soft, denote the targeted
electroweakino spectrum. For the wino NLSP scenario, three SRs are designed with the label bC2x
denoting the mass relation m �̃±1

⇠ 2⇥m �̃0
1

in the signal model. The label bCbv is used for the no b-tagged
jets (b-veto) SR. For the higgsino LSP scenario, three SRs are labelled as bCsoft because their selections
explicitly target soft-lepton signatures.

Finally, three SRs labelled as DM target the spin-0 mediator scenario, with the consecutive labels, low and
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tt+DM semi-leptonic final state
• Exactly 1 lepton (e,μ) in the event 
• Substantial MET (at least 230 GeV) 
• Four or more jets 
• One or more b-jets 

• At least 1 reconstructed top candidate with 
mass > 130 GeV 

Main backgrounds
➡ W(lν)+jets  
➡ tt(1l) 
➡ tt(2l) with one lost lepton  

• Suppressed using additional kinematic 
discriminating variables

ATLAS-CONF-2017-037
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tt+DM semi-leptonic final state
• Exactly 1 lepton (e,μ) in the event 
• Substantial MET (at least 230 GeV) 
• Four or more jets 
• One or more b-jets 

• At least 1 reconstructed top candidate with 
mass > 130 GeV 

Main backgrounds
➡ W(lν)+jets  
➡ tt(1l) 
➡ tt(2l) with one lost lepton  

• Suppressed using additional kinematic 
discriminating variables

Some key discriminating variables 
Asymmetric mT2 : Kills tt(2l) bkg
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Figure 5: Distributions of discriminating variables: (left) amT2 and (right) Hmiss
T,sig after the high-Emiss

T preselection
shown in Table 4 and mT > 120 GeV. In addition to the SM background prediction, a bino LSP signal model is
shown for a stop mass of 1 TeV, with a neutralino mass of 1 GeV, in the main figure this component is scaled up
for visibility. and scaled by a certain factor for visibility. The lower panels show the ratio of data over total SM
background and the signal expectation over total SM background. The category labelled ‘Others’ stands for minor
SM backgrounds that contribute less than 5% of the total SM background. The hashed area around the total SM
prediction and the hashed band in the Data/SM ratio include statistical and experimental uncertainties. The last bin
contains overflows.

a top-quark, where the three jets are selected by a �2-minimisation using the jet momenta and energy
resolutions.

After reconstructing the hadronic top-quark through the �2-minimisation, the remaining b-tagged jet12
is paired with the lepton to reconstruct the leptonic top-quark. Based on these objects, the azimuthal
separation between the hadronic and leptonic top-quark candidates, ��(t�had, t

�
lep) and between the ~pmiss

T
and the hadronic top-quark candidate, ��(~pmiss

T , t�had), are defined.

An alternate top-tagging method is used to target events where the top-quark is produced with a significant
boost. The top-quark candidates are reconstructed by considering all small-radius jets in the event and
clustering them into large-radius jets using the anti-kt algorithm with a radius parameter R0 = 3.0. The
radius of each jet is then iteratively reduced to an optimal radius, R(pT) = 2⇥mtop/pT, that matches their
pT. If a candidate loses a large fraction of pT in the shrinking process, it is discarded. In events where two
or more top-quark candidates are found, the one with the mass closest to the top-quark mass is taken. The
same algorithm is also used to define boosted hadronic W -boson candidates, where only non-b-tagged
jets are considered, and the mass of the W -boson is used to define the optimal radius. The masses of the
reclustered top-quark and W -boson candidates are referred to as mreclustered

top and mreclustered
W , respectively.

The ~pmiss
T in semi-leptonic tt̄ events is expected to closely align with the direction of the leptonic top-

quark. After boosting the leptonic top-quark and the ~pmiss
T into the tt̄ rest frame, the magnitude of the

perpendicular component of the ~pmiss
T with respect to the leptonic top-quark is computed. This Emiss

T,? is

12 In case that the event has exactly one b-tagged jet, the highest-pT jet is used instead of the second b-tagged jet.
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The event selections for DM_low_loose, DM_low, and DM_high are summarised in Table 11.

Table 11: Overview of the event selections for the DM_low_loose, DM_low, and DM_high SRs. Round brackets are
used to describe lists of values.

Signal region DM_low_loose DM_low DM_high

Preselection high-Emiss
T preselection

Number of (jets, b-tags) (� 4, � 1) (� 4, � 1) (� 4, � 1)
Jet pT [GeV] > (60, 60, 40, 25) > (120, 85, 65, 25) > (125, 75, 65, 25)
b-tagged jet pT [GeV] > 25 > 60 > 25
Emiss

T [GeV] > 300 > 320 > 380
mT [GeV] > 120 > 170 > 225
Hmiss

T,sig > 14 > 14 –
amT2 [GeV] > 140 > 160 > 190
mreclustered

top [GeV] – > 130 > 130
��(~pmiss

T , `) > 0.8 > 1.2 > 1.2
|��(jeti, ~pmiss

T ) | > 1.4 > 1.0 > 1.0
|��( j1,2, ~pmiss

T ) | > 0.4
m⌧

T2 based ⌧-veto [GeV] > 80
exclusion technique cut-and-count cut-and-count cut-and-count

8 Background estimates

The dominant background processes in this analysis originate from tt̄, single-top Wt, tt̄ + Z (! ⌫⌫̄), and
W+jets production. Most of the tt̄ and Wt events in the hard-lepton signal regions have both W -bosons
decaying leptonically (one of which is ‘lost’, meaning it is either not reconstructed, not identified, or
removed by the overlap removal procedure) or one W -boson decaying leptonically and the other via a
hadronically decaying ⌧ lepton. This is in contrast to the soft-lepton signal regions, where most of the tt̄
and Wt contribution arises from semi-leptonic decays.

The tt̄ background is treated separately in the decay components discussed above, referred to as 1L and
2L, which also includes dileptonic tt̄ process where a W -boson decays to ⌧ lepton subsequently decaying
hadronically. The tt̄ + Z background combined with a subdominant tt̄ +W contribution is referred to as
tt̄ + V . Other background processes considered are dibosons, Z+jets, and multijet events. The multijet
background is estimated from data using a fake-factor method [148]. It is found to be negligible in
all regions. All other backgrounds are determined from simulation, normalised to the most accurate
theoretical cross-sections available.

The main background processes are estimated via a dedicated CR, used to normalise the simulation to the
data with a simultaneous fit, discussed in Section 10. The CRs are defined as event selections that are
kinematically close to the SRs but with a few key variable requirements inverted to significantly reduce the
potential signal contamination and enhance the yield and purity of a particular background. Each SR has
dedicated CRs for the background processes that have the largest contributions. The following background

29

Key backgrounds estimated from dedicated control regions
• tt(2l) CR obtained by inverting the amT2 requirement 

• W+jets CR obtained by inverting the mT cut 

• ttZ CR obtained by requiring 3 leptons in the event

Event Selection : ATLAS-CONF-2017-037
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Pseudoscalar masses up to 220 GeV excluded
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Figure 28: Upper limit on the ratio of the DM production cross-section to the simplified model expectation under
the hypothesis of (left) a scalar or (right) a pseudoscalar mediator. The limit is shown as a function of: (top) the
mediator mass for a fixed mass of the DM candidate of 1 GeV, or (bottom) the DM candidate mass for a fixed
mediator mass of 10 GeV. The coupling of the mediator to SM and DM particles is assumed to be g = 1.
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Higgs Boson As a Dark Matter Portal
• Very small invisible branching ratio of the Higgs boson in SM (~0.1%) 

• But if Higgs boson couples to DM & mDM < mH/2 it will decay invisibly 

• Unlike the scalar simplified models discussed so far, the Higgs boson also 
couples directly to the W & Z bosons 

• This opens up new final states 

• VBF+MET is the most sensitive channel probing invisible Higgs decays 
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Figure 1.6 Leading order Feynman diagram for weak boson fusion

Associated Production

The other electroweak mode involves the production of the Higgs boson in as-

sociation with a W or a Z boson through the s-channel as shown in Fig. 1.7(a). This

mode is also known as ‘Higgs-strahlung’ since one can think of the Higgs boson as being

radiated o↵ of a weak boson. At the Tevatron, which is a p� p̄ collider, this mode turns

out to be more dominant than VBF. The presence of the associated W or Z boson in

the event provides a very useful handle in suppressing large QCD backgrounds in several

search modes. The cross-section for this process has been evaluated to NNLO in QCD

corrections [83–89] by carrying over the results from the classic ‘Drell-Yan’ cross-section

(this is possible because both processes are essentially s-channel processes involving a

weak boson). For the ZH process, however, when computing the cross-section at NNLO

one needs to also take into account gluon induced diagrams with a top-quark loop [90,91]

as shown in Fig. 1.7(b). Electroweak corrections are also available for this process at

NLO [92,93].
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Figure 1.7 Higgs boson production in association with a W or a Z boson.

See R. Wang’s talk for more details



Higgs → Invisible Combination

19

Dominated by mono-jetVBF
(Most sensitive channel)

Limit on H(inv) BR
• 24% (CMS) 
• 25% (ATLAS)
• 23% (ATLAS visible+invisible combined fit) 

• Limit on H→inv BR obtained from a combination of several final states 
• Limit dominated by the VBF+MET search 
• Monojet (gluon fusion) and mono-V(Higgsstrahlung) final states also included5.1 Upper limits on B(H ! inv) assuming SM production 17

the production cross sections take their SM values, the results can be used to constrain the
branching fraction of the Higgs boson to invisible particles. Assuming SM production rates for
the ggH, qqH, and VH modes, the combination yields an observed (expected) upper limit of
B(H ! inv) < 0.24 (0.23) at the 95% CL.
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Figure 6: Observed and expected 95% CL limits on s B(H ! inv)/s(SM) for individual com-
binations of categories targeting qqH, VH, and ggH production, and the full combination as-
suming a Higgs boson with a mass of 125 GeV.

The profile likelihood ratios as a function of B(H ! inv) using partial combinations of the
7+8 and 13 TeV analyses, and for the full combination are shown in Fig. 7 (left). The profile
likelihood ratio scans for the partial combinations of the qqH-tagged, VH-tagged, and ggH-
tagged analyses are shown in Fig. 7 (right). The results are shown for the data and for an
Asimov data set, defined as the data set for which the maximum likelihood estimates of all
parameters are equal to their true values [85], in which B(H ! inv) = 0 is assumed.

The dominant systematic uncertainties for the qqH-tagged, Z(`+`�), V(jj), and ggH-tagged
searches in the 13 TeV data set are listed in Tables 7, 8, 9, and 10, respectively.

The impact of each independent source of systematic uncertainty is calculated for an Asimov
data set in which s B(H ! inv)/s(SM) is assumed to be 1. The impact is defined as the
maximum difference in the fitted value of s B(H ! inv)/s(SM), when varying the nuisance
parameter associated to that source of systematic uncertainty within one standard deviation of
its maximum likelihood estimate. The total systematic uncertainty, and the total uncertainty
fixing all nuisance parameters associated to systematic uncertainties that are not expected to
improve with additional luminosity (statistical only), for each analysis is also shown. Finally,
the total uncertainty is given for each analysis. The statistical only and total uncertainties are
determined from the interval in s B(H ! inv)/s(SM) for which q < 1. The total systematic
uncertainty is determined by subtracting the statistical only uncertainty from the total uncer-
tainty in quadrature. With the luminosity of the 13 TeV data set, the sensitivity of the qqH-
tagged and Z(`+`�) analyses is dominated by the statistical uncertainty while for the V(jj) and
ggH-tagged analyses, a reduction in the theoretical and experimental systematic uncertainties
related to the modelling of the Z(nn)+jets and W(`n)+jets backgrounds would yield significant

CMS H(inv) Combination
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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
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Mono-H and mono-top signatures also searched for

ATLAS mono-H(bb) search

1

1 Introduction1

Astrophysical observations have provided strong evidence for the existence of dark matter2

(DM) in the universe [1]. However, its underlying nature remains unknown and cannot be3

accommodated within the standard model (SM). The recent discovery of a Higgs boson with4

mass of about 125 GeV by the ATLAS and CMS experiments [2–4] provides an additional han-5

dle to probe the dark sector beyond the SM. As explained below, in the analyses presented here,6

it is assumed that there are five physical Higgs bosons, and that the new state corresponds to7

the light neutral CP-even state h. If DM has origin in particle physics, and if other than grav-8

itational interactions exist between DM and SM particles, DM particles (c) could be produced9

at the CERN LHC. One way to observe DM particles would be through their recoil against a10

SM particle X (X = g, q, g, Z, W, or h) that is produced in association with the DM. This asso-11

ciated production of DM and SM particles is often referred to as mono-X production. The SM12

particle X can be emitted directly from a quark or gluon as initial-state radiation, or through13

a new interaction between DM and SM particles, or as final-state radiation. The Higgs boson14

radiation from an initial-state quark or gluon is suppressed through Yukawa or loop processes,15

respectively. A scenario in which the Higgs boson is part of the interaction producing the DM16

particles gives mono-h searches a uniquely enhanced sensitivity to the structure of couplings17

between the SM particles and the dark matter [5–7]. At the LHC, searches for DM in the mono-h18

channel have been performed by the ATLAS Collaboration using data corresponding to inte-19

grated luminosities of 20 fb�1 at
p

s = 8 TeV and 3.2 fb�1 at
p

s = 13 TeV, through the decay20

channels h ! bb [8, 9] and h ! gg [10].21

In this paper, a search for DM is presented in the mono-h channel in which the Higgs boson22

decays to either a pair of bottom quarks (bb) or photons (gg). The results have been interpreted23

using a benchmark “simplified model” recommended in the ATLAS-CMS Dark Matter Forum,24

which is described in Ref. [11]: a Z0-two-Higgs-doublet-model (Z0-2HDM) [7], where a heavy25

Z0 vector boson is produced resonantly and decays into a SM-like Higgs boson h and an in-26

termediate heavy pseudoscalar particle A, which in turn decays into a pair of DM particles, as27

shown in Fig. 1.

Figure 1: Leading order Feynman diagram of the Z0-2HDM “simplified model”. A pseu-
doscalar boson A decaying into invisible dark matter is produced from the decay of an on-shell
Z0 resonance. This gives rise to a Higgs boson and missing transverse momentum.

28

In the Z0-2HDM model, the gauge symmetry of the SM is extended by a U(1)Z0 group, with a29

new massive Z0 gauge boson. A Type-2 2HDM [12, 13] is used to formulate the extended Higgs30

sector. A doublet Fu couples only to up-type quarks, and a doublet Fd couples to down-type31

quarks and leptons. Only Fu and right-handed up-type quarks uR have an associated charge32

under the U(1)Z0 group, while Fd and all other SM fermions are neutral. After electroweak33

symmetry breaking, the Higgs doublets attain vacuum expectation values vu and vd, resulting34

in five physical Higgs bosons: a light neutral CP-even scalar h, assumed to be the observed35
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Figure 2: Exclusion contours for the Z0-2HDM scenario in the (mZ0 ,mA) plane for tan � = 1, gZ0 = 0.8, and
m� = 100 GeV. The observed limits (solid line) are consistent with the expectation under the SM-only hypothesis
(dashed line) within uncertainties (filled band). Observed limits from previous ATLAS results at

p
s = 13 TeV

(dash-dotted line) [30] are also shown.

Table 2: Observed (obs) and expected (exp) upper limits at 95% CL on �vis,h(bb̄)+DM ⌘ �h+DM ⇥B(h! bb̄)⇥A⇥ "
of h(bb̄) + DM events. Also shown are the acceptance ⇥ e�ciency (A ⇥ ") probabilities to reconstruct and select
an event in the same Emiss

T bin as generated.

Range in �obs
vis,h(bb̄)+DM

�exp
vis,h(bb̄)+DM

A ⇥ "
Emiss

T [GeV] [fb] [fb] [%]
[150, 200) 19.1 18.3+7.2

�5.1 15
[200, 350) 13.1 10.5+4.1

�2.9 35
[350, 500) 2.4 1.7+0.7

�0.5 40
[500,1) 1.7 1.8+0.7

�0.5 55

to analyze one Emiss
T range at a time in the SR. The Z0-2HDM model is used to evaluate the dependence of

the �vis,h(bb̄)+DM limits and ofA⇥ " on the event kinematics within a given Emiss
T bin, assuming a generic

back-to-back topology of the Higgs boson and ~Emiss
T . A wide range of (mZ0 ,mA) parameters that yield

a sizable contribution in a given Emiss
T bin is considered. Corresponding variations of 25% (70%) in the

expected limits and of 50% (25%) inA⇥ " are found in the resolved (merged) regime. Table 2 quotes the
least stringent limit and the lowest A ⇥ " value in a given Emiss

T bin after rounding. The limits are valid
for pT,h . 1.5 TeV.

In summary, a search for DM produced in association with a Higgs boson in final states with Emiss
T and a

bb̄ pair from the h! bb̄ decay was conducted using 36.1 fb�1 of pp collisions at
p

s = 13 TeV recorded
by the ATLAS detector at the LHC. The results are in agreement with SM predictions, and a substantial
region of the parameter space of a representative Z0-2HDM model is excluded, significantly improving
upon previous results. Stringent limits are also placed on the production cross-section of non-SM events
with large Emiss

T and a Higgs boson without extra model assumptions.

We thank CERN for the very successful operation of the LHC, as well as the support sta↵ from our
institutions without whom ATLAS could not be operated e�ciently.
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and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and
CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS, Colombia;
MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS,
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Figure 9: Results for the FCNC interpretation presented in the two-dimensional plane spanned
by the mediator and dark matter masses. The mediator is assumed to have purely vector cou-
plings to quarks and dark matter. The observed exclusion range (red solid line) is shown. The
red dashed lines show the cases in which the predicted cross section is shifted by the assigned
theory uncertainty. The expected exclusion range is indicated by a black solid line, demon-
strating the search sensitivity of the analysis. The experimental uncertainties are shown in
black dashed lines.
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1 Introduction
There are strong indications of the existence of dark matter from astrophysical observations [1],
which to date are only in the form of gravitational inference. Thus, the nature of dark matter
particles has remained elusive. 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 CERN LHC presents a unique opportunity to possibly produce dark matter particles as
well as study them. In this paper we describe a search for events where dark matter candidate
particles are produced in association with a top quark (dubbed “monotop”). Such searches
were originally proposed in Ref. [2] and have been carried out by the CDF Collaboration [3]
at the Tevatron and the CMS [4] and ATLAS [5] Collaborations at the LHC. The search pre-
sented in this paper utilizes the 13 TeV data set accumulated by the CMS experiment in 2016,
corresponding to an integrated luminosity of 35.8 fb�1.

In this search we consider events with a hadronically decaying W boson resulting from the top
quark decay. This decay channel has the largest branching fraction and is fully reconstructable.
Jets from boosted top quark decays are distinguished from other types of hadronic signatures
by use of a novel jet substructure discriminant, described in Section 3.

We interpret the results in terms of two monotop production mechanisms, example Feynman
diagrams of which are shown in Fig. 1.

t

V

g

ui

t

�̄

�

�

d̄j

d̄i

t

�

Figure 1: Example of monotop production via a flavor-changing neutral current (left) and a
heavy scalar (right).

The first model includes a flavor-changing neutral current, where a top quark is produced in
association with a vector boson that has flavor-changing couplings to quarks and can decay to
dark matter. It is referred to as the “nonresonant” mode in the following. If we take a simplified
model approach, the effective Lagrangian [2, 6, 7] describing nonresonant monotop production
is given by:

L = LSM + Lkin + Vµc̄gµ(gVc + gAc g5)c + h.c.

+ q̄ugµ(gVu + gAu g5)quVµ + q̄dgµ(gVd + gAd g5)qdVµ + h.c. (1)

In Eq. (1), V is the heavy mediator and c is the dark matter fermion. The couplings gVc and
gAc are the vector- and axial-couplings between c and V. In the quark-V interaction terms,
it is understood that qu and qd represent three generations of up- and down-type quarks, re-
spectively. Correspondingly, gVu and gAu are 3 ⇥ 3 flavor matrices that control the vector- and
axial-couplings between V and u,c,t. It is through the off-diagonal elements of these matri-
ces that monotop production is possible. To preserve SU(2)L symmetry, analogous down-type
couplings gVd and gAd must be introduced, and the following must be satisfied:

gVu � gAu = gVd � gAd . (2)

Mono-top from 
FCNC 
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Indirect DM Searches

Collider results recast into limits on the DM-nucleon cross section
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Figure 5: Left: 95% CL axial-vector exclusion contours in the m�–mZA parameter plane. The solid (dashed) curve
shows the median of the observed (expected) limit, while the bands indicate the ±1� theory uncertainties in the
observed limit and ±1� and ±2� ranges of the expected limit in the absence of a signal. The red curve corresponds
to the expected relic density, as computed with MadDM [84]. The region excluded due to perturbativity, defined
by m� >

p
⇡/2 mZA , is indicated by the hatched area. The dotted line indicates the kinematic limit for on-shell

production mZA = 2 ⇥ m�. The cyan line indicates previous results at 13 TeV [1] using 3.2 fb�1. Right: A
comparison of the inferred limits (black line) to the constraints from direct detection experiments (purple line) on
the spin-dependent WIMP–proton scattering cross section in the context of the Z0-like simplified model with axial-
vector couplings. Unlike in the m�–mZA parameter plane, the limits are shown at 90% CL. The results from this
analysis, excluding the region to the left of the contour, are compared with limits from the PICO [85] experiment.
The comparison is model-dependent and solely valid in the context of this model, assuming minimal mediator width
and the coupling values gq = 1/4 and g� = 1.

plement the results from direct-detection experiments for m� < 10 GeV. The kinematic loss of model
sensitivity is expressed by the turn of the WIMP exclusion line, reaching back to low WIMP masses and
intercepting the exclusion lines from the direct-detection experiments at around m� = 200 GeV.

A simplified model with a pseudo-scalar mediator (mZP) was considered with couplings to quarks and dark
matter equal to unity. As shown in Figure 6, for WIMP masses in the range 0–300 GeV and mediator
masses mZP in the range 0–700 GeV the analysis does not have yet enough sensitivity.

8.3 Squark pair production

Di↵erent models for squark pair production are considered: stop pair production with t̃1 ! c + �̃0
1,

stop pair production with t̃1 ! b + f f
0
+ �̃0

1, sbottom pair production with b̃1 ! b + �̃0
1, and squark

pair production with q̃ ! q + �̃0
1 (q = u, d, c, s). In each case separately, the results are translated into

exclusion limits as a function of the squark mass for di↵erent neutralino masses.

The results are translated into exclusion limits on the pair production of top squarks with t̃1 ! c + �̃0
1

(with branching fraction BR=100%) as a function of the stop mass for di↵erent neutralino masses. The
typical A ⇥ ✏ of the selection criteria varies, with increasing stop and neutralino masses, between 0.7%
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Figure 13: Exclusion limits at 90% CL in the mDM vs. sSI/SD plane for vector (left) and axial-
vector (right) mediator models. The solid red (dotted black) line shows the contour for the
observed (expected) exclusion in this search. Limits from CDMSLite [89], LUX [90], PandaX-
II [91], and CRESST-II [92] experiments are shown for the vector mediator. Limits from Pi-
casso [93], PICO-60 [94], IceCube [95], and Super-Kamiokande [96] experiments are shown for
the axial-vector mediator.
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annihilation cross section upper limits from Fermi-LAT [88]. There are no comparable limits
from direct detection experiments as the scattering cross section between DM particles and SM
quarks is suppressed at nonrelativistic velocities for a pseudoscalar mediator [97, 98].

• Note that LHC limits depend on the model assumptions (e.g. choice of couplings)

• For vector mediator LHC searches provide complementarity at low DM masses (below 5 GeV)

• For axial-vector mediator LHC limits most sensitive for DM masses up to a few 100 GeV

• For pseudoscalar mediator there are no constraints from direct searches 21
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Figure 13: Exclusion limits at 90% CL in the mDM vs. sSI/SD plane for vector (left) and axial-
vector (right) mediator models. The solid red (dotted black) line shows the contour for the
observed (expected) exclusion in this search. Limits from CDMSLite [89], LUX [90], PandaX-
II [91], and CRESST-II [92] experiments are shown for the vector mediator. Limits from Pi-
casso [93], PICO-60 [94], IceCube [95], and Super-Kamiokande [96] experiments are shown for
the axial-vector mediator.
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Figure 14: For the pseudoscalar mediator, limits are compared to the the velocity averaged DM
annihilation cross section upper limits from Fermi-LAT [88]. There are no comparable limits
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Concluding Remarks
• CMS and ATLAS are pursuing a wide ranging program to search for 

dark matter 

• Collider DM searches mostly complementary to the direct detection 
experiments 

• An exhaustive set of final states probing different types of dark 
matter interactions have been looked at  

• Spin-1 mediators with masses up to 2 TeV have been excluded 

• Searches targeting spin-0 mediators (scalar in particular) just 
starting to be sensitive 

➡ Will benefit most from more data

22
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Key features of event selection
• Select events with well-identified Z(ee), Z(μμ) 

candidates : |mll - mZ| < 15 GeV 
• At least 100 GeV MET in the event 
• At most 1 jet with pT > 30 GeV 

• Third lepton veto  
• b-jet veto 

Main backgrounds : Z(νν)Z(𝓁𝓁), W(𝓁ν)Z(𝓁𝓁) 

• Estimated using ZZ(4l), WZ(3lν) control regions 
• Use ZZ/WZ x-sec ratio to constrain the uncertainty on the 

ZZ background 

CMS-EXO-16-052

Target DM signal produced in association with ɣ or a Z

8 7 Background estimation

Similar to the WZ case, the emulated Emiss
T is calculated as the vectorial sum of the genuine Emiss

T
and the Z boson with the larger mass difference to the nominal value of mZ. Again, a signal-
like topology selection is applied using the emulated Emiss

T and the remaining Z candidate with
relaxed t lepton and b jet vetoes. The resulting emulated Emiss

T spectrum is shown in Fig. 2 (top
right).

Wed Mar 15 17:04:48 2017

miss
TEmulated E

200 400 600

Ev
en

ts
 / 

G
eV

2

4

6

8
data

(*)γV+
WZ
ZZ

VVV
 Non-prompt

WZ region

 (13 TeV)-135.9 fb

CMS
Preliminary

 [GeV]miss
TEmulated E

200 400 600

D
at

a/
Bk

g.

0.5
1

1.5
2

Mon Mar 20 13:31:54 2017

miss
TEmulated E

200 400 600

Ev
en

ts
 / 

G
eV

0.5

1

data
ZZ
VVV

ZZ region

 (13 TeV)-135.9 fb

CMS
Preliminary

 [GeV]miss
TEmulated E

200 400 600

D
at

a/
Bk

g.

0.5
1

1.5
2

 [GeV]miss
TEmulated E

100 200 300 400 500 600

ZZ
 / 

W
Z 

R
at

io

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Post-Fit MC

Data

Fit Uncertainty (1 s.d.)

Preliminary
CMS

 (13TeV)-1  35.9fb

Figure 2: Emulated Emiss
T distribution for the WZ ! 3`n (top left) and ZZ ! 4` (top right)

control regions, and the ratio between both distributions in data and simulation (bottom). Un-
certainty bands correspond to the combined statistical and systematic components.

7.1.3 VV ratio constraints

To tie the WZ and ZZ control regions and the signal region together, a transfer factor is formed
using the theoretical predictions for the WZ and ZZ processes. The prediction is formed from
fully reconstructed simulated events generated as described in Section 4 with the following
additional higher-order corrections applied:

• A Df(Z, Z)-dependent correction to ZZ from NLO to next-to-next-to-leading order
(NNLO) in QCD [63], a 15% effect;

10.1 Dark matter interpretation 15
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Figure 4: Distribution of the Emiss
T in the ee + µµ channel after the full selection, including the

region between 50 and 100 GeV. The last bin also includes any events with Emiss
T > 600 GeV.

The uncertainty band includes both statistical and systematic components. The ZH(inv.) signal
normalization assumes SM production rates and B(H ! inv.) = 1.

10.1 Dark matter interpretation

Figure 5 shows the 95% CL expected and observed limits for vector and axial-vector medi-
ated scenarios with couplings gDM = 1, gq = 0.25. Figure 6 shows the 95% CL expected and
observed limits for couplings gDM = 1, gq = 1 for scalar- and pseudoscalar-mediated scenar-
ios. Limits on the DM-nucleon scattering cross section are set at 90% CL as a function of the
DM particle mass. Both spin-dependent and spin-independent cases are considered. In both
cases, couplings gq = 0.25 and gDM = 1 are used. The limits are compared to the results from
direct-detection experiments in Fig. 7.
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Figure 5: The 95% CL expected and observed limits on sobs/stheo for the vector (left) and axial-
vector (right) mediated DM scenario with gq = 0.25. Limits are not shown for far off-shell
(2mDM > 1.5mmed) regions of the parameter space.
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Key features of event selection
• Photon pT > 150 GeV; |η| < 1.37 or 1.52 < |η| < 2.37 
• At least 150 GeV MET in the event 
• Non-collision bkg suppressed by :  

- Photon cleaning cuts , |z|ɣ < 0.25 m 
• Lepton veto  

• At most 1 jet with pT > 30 GeV 

• Δϕ(jet, MET) > 0.4 ; Δϕ(ɣ, MET) > 0.4  

• MET/sqrt(∑ET) > 8.5 GeV1/2 

Main backgrounds :  

• Largest background : Z(νν)ɣ

• 2nd largest : W(𝓁ν)ɣ (lost lepton, or electron faking 
photon) 

• Estimated from a combined fit of several CRs 
➡ Single muon, dimuon, dielectron, low MET ɣ+jets

ATLAS: Eur. Phys. J. C 77 (2017) 393

Target DM signal produced in association with ɣ

Table 5: Observed event yields in 36.1 fb�1 of data compared to expected yields from SM backgrounds in all signal
regions, as predicted from the simultaneous fit to their respective CRs (see text). The first three columns report the
yields obtained from the inclusive-SR fit, while the two last columns report the yields obtained from the multiple-
bin fit. The uncertainty includes both the statistical and systematic uncertainties described in Section 8. The
uncertainties are post-fit uncertainties and are constrained by the fit as the use of control regions to normalise the
dominant backgrounds allows to partially cancel some systematic uncertainties (see Section 8 for more details). The
individual uncertainties can be correlated and do not necessarily add in quadrature to equal the total background
uncertainty. The observed number of events in the four CRs relative to each SR is also shown. The total fitted
background does not match exactly the sum of the individual contributions because of the rounding applied.

SRI1 SRI2 SRI3 SRE1 SRE2

Observed events 2400 729 236 1671 493

Fitted Background 2600±160 765±59 273±37 1900±140 501±44

Z(! ⌫⌫)� 1600±110 543±54 210±35 1078±89 342±41
W(! `⌫)� 390±24 109±9 33±4 282±22 75±8
Z(! ``)� 35±3 7.8±0.8 2.2±0.4 27±3 5.7±0.7
� + jets 248±80 22±7 5.2±1.0 225±80 17±6
Fake photons from electrons 199±40 47±11 13±3 152±28 34±8
Fake photons from jets 152±22 37±15 9.7+10

�9.7 115±24 27±9

Observed events in 1muCR 1083 343 116 740 227

Observed events in 2muCR 254 86 27 168 59

Observed events in 2eleCR 181 59 21 122 38

Observed events in PhJetCR 5064 5064 5064 5064 5064
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Figure 3: Distribution of Emiss
T (left) and of E�T (right) in the signal regions for data and for the expected total

background; the total background expectation is normalised using the scale factors k0 derived from the multiple-bin
fit. Overflows are included in the third bin. The error bars are statistical, and the dashed band includes statistical
and systematic uncertainties determined by the fit. The expected yield of events from the simplified model with
m� = 10 GeV and an axial-vector mediator of mass mmed = 700 GeV with gq = 0.25 and g� = 1.0 is stacked on top
of the background prediction. The lower panel shows the ratio of data to expected background event yields.
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Table 5: Observed event yields in 36.1 fb�1 of data compared to expected yields from SM backgrounds in all signal
regions, as predicted from the simultaneous fit to their respective CRs (see text). The first three columns report the
yields obtained from the inclusive-SR fit, while the two last columns report the yields obtained from the multiple-
bin fit. The uncertainty includes both the statistical and systematic uncertainties described in Section 8. The
uncertainties are post-fit uncertainties and are constrained by the fit as the use of control regions to normalise the
dominant backgrounds allows to partially cancel some systematic uncertainties (see Section 8 for more details). The
individual uncertainties can be correlated and do not necessarily add in quadrature to equal the total background
uncertainty. The observed number of events in the four CRs relative to each SR is also shown. The total fitted
background does not match exactly the sum of the individual contributions because of the rounding applied.
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Fake photons from electrons 199±40 47±11 13±3 152±28 34±8
Fake photons from jets 152±22 37±15 9.7+10

�9.7 115±24 27±9

Observed events in 1muCR 1083 343 116 740 227

Observed events in 2muCR 254 86 27 168 59

Observed events in 2eleCR 181 59 21 122 38

Observed events in PhJetCR 5064 5064 5064 5064 5064
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Figure 3: Distribution of Emiss
T (left) and of E�T (right) in the signal regions for data and for the expected total

background; the total background expectation is normalised using the scale factors k0 derived from the multiple-bin
fit. Overflows are included in the third bin. The error bars are statistical, and the dashed band includes statistical
and systematic uncertainties determined by the fit. The expected yield of events from the simplified model with
m� = 10 GeV and an axial-vector mediator of mass mmed = 700 GeV with gq = 0.25 and g� = 1.0 is stacked on top
of the background prediction. The lower panel shows the ratio of data to expected background event yields.
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low energy recoils that such low-mass dark-matter particles would induce. Figure 5 (right) shows the
limit contours in the plane of the �–nucleon spin-independent (SI) scattering cross section vs. m� for the
vector mediator model V1 compared with results of direct DM searches [80–83]. In this case the limit on
the scattering cross section is of the order of 10�41cm2 up to m� masses of about 500 GeV.
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Figure 4: The observed and expected 95% CL exclusion contours for a simplified model of dark-matter production
involving an axial-vector operator, Dirac DM and couplings gq = 0.25, g� = 1 and g` = 0 as a function of the
dark-matter mass m� and the mediator mass mmed (upper left). The plane under the limit curve is excluded. The
same is shown for an axial-vector operator with couplings gq = 0.1, g� = 1 and g` = 0.1 (top right), for a vector
operator with couplings gq = 0.25, g� =1 and g` = 0 (bottom left) and for a vector operator with couplings gq = 0.1,
g� = 1 and g` = 0.01 (bottom right). The region on the left is excluded by the perturbative limit which is relevant
for axial-vector mediators [77]. The relic density curve [74, 76] is also shown: at higher mediator masses, the DM
would be overabundant; at lower values, it would be underabundant; for the axial-vector scenario shown in the
upper right figure, the region above the relic density curve at high dark-matter masses is also overabundant.

In the case of the model of ����̄ interactions, lower limits are placed on the e↵ective mass scale M⇤ as
a function of m�, as shown in Figure 6. In this model, which presents a hard Emiss

T spectrum, the signal
events mainly contribute to the Emiss

T > 300 GeV bin. The search excludes model values of M⇤ up to
about 790 GeV, which is a more stringent limit than the one placed in earlier searches [17]. The EFT
description is not always valid at these scales. The e↵ect of the truncation for two representative values of
the EFT coupling, g⇤, is shown in the same figure, assuming that the scale at which the EFT description
becomes invalid (Mcut) is related to M⇤ through Mcut = g⇤M⇤. For the maximal coupling value of 4⇡, the
truncation has almost no e↵ect; for lower coupling values, the exclusion limits are confined to a smaller
area of the parameter space.
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Figure 4: Distribution of the Emiss
T in the ee + µµ channel after the full selection, including the

region between 50 and 100 GeV. The last bin also includes any events with Emiss
T > 600 GeV.

The uncertainty band includes both statistical and systematic components. The ZH(inv.) signal
normalization assumes SM production rates and B(H ! inv.) = 1.

10.1 Dark matter interpretation

Figure 5 shows the 95% CL expected and observed limits for vector and axial-vector medi-
ated scenarios with couplings gDM = 1, gq = 0.25. Figure 6 shows the 95% CL expected and
observed limits for couplings gDM = 1, gq = 1 for scalar- and pseudoscalar-mediated scenar-
ios. Limits on the DM-nucleon scattering cross section are set at 90% CL as a function of the
DM particle mass. Both spin-dependent and spin-independent cases are considered. In both
cases, couplings gq = 0.25 and gDM = 1 are used. The limits are compared to the results from
direct-detection experiments in Fig. 7.
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Figure 5: The 95% CL expected and observed limits on sobs/stheo for the vector (left) and axial-
vector (right) mediated DM scenario with gq = 0.25. Limits are not shown for far off-shell
(2mDM > 1.5mmed) regions of the parameter space.

Mono-Z search excludes spin-1 mediators with masses up to 700 GeV 
Mono-ɣ search excludes spin-1 mediators with masses up to 1.2 TeV 
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Example of a bottom-up approach 

gq’  gDMgq

Mmed

mq’

Generic Lagrangian & width

q’, DM

q’, DM

q

q

Adding a decay width for DM to our
simple Lagrangian!  

Spin-1 mediator  
(Vector or Axial-vector) 

gq = 0.25 ; gDM = 1
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