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Outline

• What is “Beyond the SM with top in the final state”


• Tools of the trade


• Bird’s eye view


• VLQs


• Resonances (W’, b*)


• 2HDM


• Prospectives for the future
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Decay of a top quark
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top jet

Fully merged
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I Top quarks decay hadronically 68% of the times.
I as we reach higher energies, hadronic decay products start to merge.

The strategy:

I use a bigger, single jet to cluster the whole decay
I use substructure tools to filter and decluster the decay products:

I taggers: top-taggers, W-taggers, H-taggers

I substructure variables: N-subjettiness, mass drop, pruned mass, etc.
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! cluster whole decay in a large radius jet
! use top taggers
! add jet substructure variables on top of it
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boosted decays
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Mass drop 
decomposition

Top tagger

James Dolen 19

Pick the combination 
with filtered mass 

closest to the top mass. 
Recluster to force 3 

subjets

large-radius jet, R=0.8,1.5

low pT                                            moderate pT                             high pT 

• Particle flow candidates for computation of substructure Pileup mitigation:

• PUPPI [CMS, JINST 15 (2020) P09018]


• Soft drop for groomed jet mass

• N-Subjettiness ratios for 2- and 3-prong tagging

• Subjet b tagging for t and H jets
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ParticleNet

ImageTop
Boosted Event Shape Tagger

Phys. Rev. D 101, 056019 (2020)

J. Instrum. 2020, 15, P06005CERN-THESIS-2023-040



The tools of the trade
DeepAK8
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•Use of low-level inputs (Particle-flow candidates, secondary vertices)

•Up to 100 PF candidates 40 features/candidate

•Up to 5 secondary vertices, 14 features per secondary vix

J. Instrum. 2020, 15, P06005
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Figure 1. The ABCD method is used to estimate the background in region A as NA =
NBNC

ND
. It requires the signal to be relatively localized in region A and the observables to

be independent on background. The shaded planes (left) or lines (right) denote thresholds

which isolate the signal in region A.

small uncertainties — either because the e↵ect itself is small, or because the correction

is robust. But such corrections, together with the fact that simple kinematic features

are typically not optimal discriminants of signal versus background, generally limit

the e↵ectiveness of the ABCD method and the sensitivity of the analysis in question.

(See [8], however, for a proposal for extending the ABCD method using higher-order

information when the features are not independent.)

In this paper, we will explore the systematic application of deep learning to the

ABCD method. Deep learning has already demonstrated impressive success in finding

observables that are e↵ective at discrimination [9–63] and that are uncorrelated with

other observables [64–79]. Building on previous success, we will aim to use deep learn-

ing to automate the selection of features used in the ABCD method, simultaneously

optimizing their discrimination power while ensuring their independence.

The main tool we will use in automating the ABCD method will be a recently pro-

posed method for training decorrelated deep neural networks [71]. This method uses

a well-known statistical measure of non-linear dependence known as Distance Correla-

tion (DisCo) [80–83]. DisCo is a function of two random variables (or samples thereof)

and is zero if and only if the variables are statistically independent, otherwise it is

positive. Therefore it can be added as a regularization term in the loss function of a

neural network to encourage the neural network output to be decorrelated against any

other feature. In [71] it was shown that DisCo decorrelation achieves state-of-the-art

decorrelation performance while being easier and more stable to train than approaches

– 3 –

1 Introduction

A key component of high energy physics data analysis, whether for Standard Model

(SM) measurements or searches beyond the SM, is background estimation. While

powerful simulations and first-principles calculations exist and are constantly improv-

ing, they still remain inadequate for the task of precisely estimating backgrounds in

many situations. For example, events with a large number of hadronic jets have high-

multiplicity SM backgrounds whose cross sections are di�cult to estimate. Therefore

methods for data-driven background estimation remain a crucial part of the experi-

mental toolkit. The idea behind all data-driven background estimation strategies is to

extrapolate or interpolate from some control regions which are background dominated

into a signal region of interest.

One classic (see e.g. Ref. [1]) data-driven background method which is used in a

multitude [2–6] of physics analyses at the Large Hadron Collider (LHC) and elsewhere

is the ABCD method. The idea of the ABCD method is to pick two observables f

and g (for example, the invariant mass of a dijet system and the rapidity of that

system) which are approximately statistically independent for the background, and

which are e↵ective discriminators of signal versus background. Simple thresholds on

these observables partition events into four regions. Three of these regions, called B,

C and D, are background dominated. The fourth, A, is the signal region. If the

observables are independent then the background in the signal region can be predicted

from the other three regions via:

NA =
NBNC

ND
, (1.1)

where Ni is the number of events in region i. This setup is depicted schematically for

signal and background distributions in Fig. 1.

Typically, the observables f and g for the ABCD method are chosen to be simple,

physically well-motivated features such as mass, HT , missing ET , etc. Their indepen-

dence is always ensured manually, e.g. by choosing features that are known physically to

have little correlation or by trial-and-error.1 In some cases, independence can be guar-

anteed by using completely orthogonal sources of information, such as measurements

from di↵erent sub-detectors or properties of independently produced particles. How-

ever, more often than not, the features are not 100% independent and one has to apply

a residual correction derived from simulations. Ideally, this simulation correction has

1There are examples where f or g are chosen automatically, as is the case when one of them is a
neural network (see e.g. Ref. [7]). However, such analyses do not have an automated procedure for
ensuring that f and g are independent and the departure from Eq. (1.1) can be significant.

– 2 –

'DWD�'ULYHQ�%DFNJURXQG�(VWLPDWLRQ

)RXU�7RS�3UH�$SSURYDO��723�������������������������������������0D\��������������������������������������������$OO�+DGURQLF�&KDQQHO���������������������������� ��������

Ɣ 0HWKRG�WR�SUHGLFW�WKH�%'7�GLVFULPLQDQW�GLVWULEXWLRQ�RI�4&'�WWEDU�EDFNJURXQG�LQ�65�
ELQV�

'DWD�'ULYHQ�%DFNJURXQG�(VWLPDWLRQ

)RXU�7RS�3UH�$SSURYDO��723�������������������������������������0D\��������������������������������������������$OO�+DGURQLF�&KDQQHO���������������������������� ��������

Ɣ 0HWKRG�WR�SUHGLFW�WKH�%'7�GLVFULPLQDQW�GLVWULEXWLRQ�RI�4&'�WWEDU�EDFNJURXQG�LQ�65�
ELQV�

Simulation

Data

arXiv:2008.03636

Learn
Learn

Learn
Learn

Apply

• Reduce systematics impact with data-driven 
techniques

• ABCDnn

• Train autoregressive flow

• Learn transition MC  Data in control region

• Apply transformation to signal region

→

Phys. Rev. D 103, 035021 (2021)

PLB 844 (2023) 138076

http://dx.doi.org/10.1016/j.physletb.2023.138076
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Vector-like quarks

Leptoquarks

(Quasi-)

model-independent


Resonances

Excited quarks
Higgs doublet


Models

Z’ tt, W’ tb

res VLQ+t
→ →

→

T’ tH,tZ B’ tW→ →

b* tW→

LQLQ → tμtμ, tτtτ

pp H/A t  ttq→ →

Supersymmetric

Models

, g̃g̃ → tt̄tt̄χ̃0
1 t̃1 ˜̄t1 → tt̄χ̃0

1 χ0
1



Vector-like quarks
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phenomenology of the VLQ, often only the decay modes to third generation are consid-
ered [20, 21]. The main decay modes for the T quark are bW, tH, and tZ, while for the B
quark the decay modes are bH, bZ, and tW. The decay modes for the X and Y quarks are bW
and tW, respectively. Figure 1.5 shows a graphical representation of the decay modes of the
vector-like quarks. Vector-like quarks are produced at the LHC in pairs mediated by a gluon,

T’

X5/3 Y-4/3

b W

top Ztop H b

W

Z

top

H

B’
b

Wtop b W

2

vector-like quarks

Figure 1.5: Graphical representation of the decay modes of the vector-like quarks.

similarly to tt, in a pure QCD process. Additionally VLQs can be produced singly through
the coupling with vector bosons (thus an EW process), similarly to single-top production in
the t-channel. Figure 1.6 shows two representative Feynman diagrams for pair and single
VLQ production at the LHC.
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Figure 1.6: Representative Feynman diagrams for pair (left) and single (right) VLQ production
at the LHC [22, 23].

Single-VLQ production depends on the coupling strength of the VLQ to the EW sector.
Figure 1.7 shows the cross section of different VLQs for some production modes and for
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Pair production Single production



Pair Production of B’ VLQ, 2 leptons and Hadronic Final States
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CMS-PAS-B2G-20-014

• Fully hadronic and semileptonic final states independently using orthogonal 
datasets 
• 4-6 jet hadronic events (fully hadronic) 
• 3-4 jet + 2 Opposite sign leptons for semileptonic events (di-leptonic)


• Allow for merged H, Z, W, t jets 
• 1 AK8 / 2 AK4 ( H, Z, W ) 
• 	1 AK8 / 2 AK4 / 3 AK4 ( t )

• DeepFlavor tagging  

NEW
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Figure 17: Distributions of reconstructed VLQ mass for expected postfit background (blue
histogram), signal plus background (colored lines), and observed data (black points) for events
in the hadronic category. The channels shown are 6-jet bHbH (upper left), 6-jet bHbZ (upper
right), 6-jet bHbZ (middle left), 6-jet bHtW (middle right), and 6-jet bZtW (lower center). Five
signal masses are shown: 1000 (pink), 1200 (red), 1400 (orange), 1600 (yellow), and 1800 GeV
(green). The signal distributions are normalized to the number of events determined by the
expected VLQ production cross section. The assumed branching fractions are B(B ! bH) =
B(B ! bZ) = 50%, B(B ! tW) = 0%. The background distribution is independent of the
signal branching fractions. The hatched regions indicate the total systematic uncertainties in
the background estimate.

6. Event selection and reconstruction 9

distribution, and thus c2
mod is used to denote it. However, since c2

mod is only used for the event
selection, both to choose the channel and jet configuration as well as provide a discriminant,
this difference does not affect the outcome of the analysis.

The general form of c2
mod is as follows in the fully hadronic category:

c2
mod =

(DmVLQ � DmVLQ)
2

s2
DmVLQ

+
(m1 � m1)

2

s2
m1

+
(m2 � m2)

2

s2
m2

, (1)

where DmVLQ is the fractional mass difference of the two reconstructed VLQ candidates in the
event, given by DmVLQ = 2(mVLQ1 � mVLQ2)/(mVLQ1 + mVLQ2), m1,2 are the masses of the
two reconstructed bosons, m1,2 and DmVLQ are the average masses of the bosons and DmVLQ,
respectively, taken from simulation in the event mode considered, and the s values are the
standard deviations for these average values.

In the case where the event mode contains one or more B ! tW decays, another term is added
to the c2

mod value for each reconstructed t quark: (mt � mt)/s2
mt

, where mt is the reconstructed
t quark mass, and mt and smt

are the average and standard deviation of the t quark mass in
simulation. This term is added to aid in distinguishing them from events where one of the B
VLQs decays to bZ.

In the leptonic category, only the hadronically decaying boson is considered, so the c2
mod ex-

pression is simply:

c2
mod =

(DmVLQ � DmVLQ)
2

s2
DmVLQ

+
(m1 � m1)

2

s2
m1

, (2)

where m1 is the mass of the hadronically decaying Higgs or Z boson.

The values of m and sm are computed by using simulated signal samples with mB = 1400 GeV
and selecting events where the jets are matched in DR to the generated partons in simulation.
Mass distributions for the parent Z, W, H, or t are obtained, and then fitted with a bifurcated
Gaussian (i.e., a Gaussian which has a different s parameter above and below the mean). Con-
sequently, when the c2

mod value is computed, the appropriate s value is used depending on
whether the reconstructed mass is above or below m. These distributions are computed sep-
arately depending on whether the decay is to two resolved jets or one merged jet, and also
separately for each jet multiplicity. The values for sDmVLQ

typically lie around 0.1, while the
values for smi

are roughly 10–20 GeV.

Once the c2
mod value has been computed for all channels within an event category, the channel

with the least c2
mod/ndf is selected. The number of degrees of freedom, ndf, is 2 for the leptonic

channels; 3 for the fully hadronic modes bHbH, bHbZ, and bZbZ; and 4 for the fully hadronic
modes bHtW and bZtW. This method was found to have good accuracy, as determined by
tests with the signal simulations.

The performance of the c2
mod-based reconstruction is indicated by the reconstructed VLQ mass,

which is shown for simulated signal samples with mB = 1400 GeV in Fig. 3 (fully hadronic
channels) and Fig. 4 (dileptonic channels). The mass is well reconstructed for events near the
peak; the low-mass tail corresponds to events in which the selected jet permutation is incorrect.
Tests on simulated signal samples with different B VLQ masses have shown similar perfor-
mance.

In the leptonic channels, in order to account for a possible jet due to ISR or FSR, an extra
reconstructed jet not originating from VLQ pair production is allowed. Specifically, for events
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in data.121

The top quark pair production simulation is used as cross check for this analysis. The main122

generator used is POWHEG 2.0 [39–42]. The PDF sets are identical to the signal ones and are123

depending on the years studied.124

4 Event selection125

The targeted signal is the decay of a T quark to a t quark and a H or Z boson, which then decay126

as t ! bW ! bqq0 and H/Z ! bb. The final state is composed of five jets, three of which are127

produced by the hadronization of b quarks. As shown in figure 1, when the T quark is singly128

produced, two additional jets are present in the event.129

Events are selected online using a combination of hadronic trigger criteria. These triggers re-130

quire a sum of pT of the jets (HT) above a threshold: 400 GeV in 2016, and 300 GeV in 2017131

and 2018. For the 2016 data taking this combination includes a trigger requiring at least six jets132

with pT > 30 GeV, with at least two of them passing the online b tagging criteria. For the 2017133

and 2018 run periods, two main trigger paths are included: one requiring at least four jets with134

three of them b-tagged, and a second requiring at least six jets with two b-tagged jets. In these135

triggers the jet pT threshold was increased to 32 GeV.136

The invariant mass reconstructed from five jets is used as the main discriminating variable.137

In a fully hadronic final state, the main background processes are multijet events and tt +jets.138

While the signal is expected to have the five-jet invariant mass peaking at the resonance mass,139

the background events are not expected to have such a peak.140

Based on the trigger strategy, at least six jets with pT > 40 GeV and |h| < 4.5 are required.141

Furthermore, signal jets are coming from the decay chain of a high mass resonance, so the142

pT threshold is increased to pT > 170 GeV, pT > 130 GeV, and pT > 80 GeV for the leading,143

second-leading and, third-leading jets, respectively. Also, at least three b-tagged jets using the144

tight DeepCSV working point are required for jets with |h| < 2.4 in 2016. For 2017 and 2018,145

the h-range is extended to |h| < 2.5 thanks to the replacement of the pixel detectorFIXME: Find146

a Reference?. Looser requirements form different working points, medium and loose, which147

are used to estimate the background from data.148

4.1 T candidate identification149

A c2 minimization algorithm is used to identify the best Higgs or Z boson and top quark150

candidates in the five-jet final state. Resonance mass peaks are expected for the H/Z and W151

bosons and the top quark, which is exploited to increase the efficiency of identifying correct jet152

assignment.153

Algorithm first minimizes the c2
H/Z defined as:

c2
H/Z =

 
m

meas

H/Z � m
MC

H/Z

sMC

H/Z

!2

, (1)

considering all possible pairs of b-tagged jets to construct m
meas

H/Z. meas denotes the recon-154

structed mass from a given jet combination, and MC denotes the expected mass and width155

values drawn from Gaussian fits to simulated signal samples.156

Then all remaining jets are considered to form a W boson candidate from two jets, and a top
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quark candidate from the W boson candidate and an additional b-tagged jet. For these candi-
dates c2 measures for a given jet combination are calculated as

c2
W =

 
m

meas

W � m
MC

W

sMC

W

!2

, (2)

c2
t =

 
m

meas
t � m

MC
t

sMC
t

!2

, (3)

The total c2 function
c2 = c2

H/Z + c2
W + c2

t , (4)

is minimized using all possible jet combinations for the W and t candidates. This two-step157

procedure improves the signal-to-background ratio in the search by 30% compared to simply158

choosing the jet combination with the best total c2.159

The values used for the expected particle masses and widths are given in Table 1 and vary160

slightly across the simulated signal samples for each run period.161

Table 1: Mean and width values from a Gaussian fit of the H/Z, W and t mass distributions in
the 700 GeV T quark sample, requiring the jet kinematic criteria described above and matching
to generated particles. All quantities are in units of GeV.

2016 2017 2018
Particle Mean Width Mean Width Mean Width
mH 121.9 13.5 118.9 14.7 120.2 14.3
mW 83.8 10.9 82.5 12.6 83.9 10.8
mt 173.8 16.0 172.8 18.9 175.9 17.2
mZ 90.9 11.4 89.2 12.0 90.9 11.3

4.2 Event selection162

Several selection criteria are imposed to reduce the background contribution and ensure correct163

identification of H/Z, W boson and t quark candidates. The “baseline selection” includes on164

top of the already described kinematic selection, the following criteria:165

• c2  15.166

• The reconstructed H/Z boson must have a mass larger than 100 GeV for H, lower167

than 100 GeV for Z, making the two channels orthogonal to each others.168

• The “second top quark mass” is defined as the invariant mass of the H/Z candidate169

and the highest pT jet that is not used to form the primary top quark candidate de-170

scribed above. We require that the second top quark mass be greater than 250 GeV.171

The second top quark mass requirement removes a large fraction of tt events while retaining172

nearly all of the signal events. Indeed, although three b-tagged jets are required in the signal173

region of this search, charm quark misidentification by the b tagging algorithms introduces174

a large tt background. These events are more likely than signal events to contain a second t175

quark candidate with a mass near 172 GeV.176

Further selection criteria are focused on the quality of the H/Z, W, and t candidates and re-177

duce background by improving the correlations between particles under the t H/Z resonance178

hypothesis. These criteria described below are chosen to be as model independent as possible.179
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Figure 2: Z, Higgs, W and top candidate mass obtained with c2 sorting algorithm matched to
Monte Carlo Truth, in signal sample with MT0 = 700 GeV/c

2 produced with a b-quark after
kinematic selection only (trigger, h and pT, HT > 500 and 3 tight b-tag jets). The samples were
produced with different number of generated events. For 2016, the produced rootfiles were lost
in a disk crash, not exactly the same rootfiles are used to make the above plots, this is why the
values are not purely identical to the ones in the corresponding AN. Nevertheless the values
are compatibles within errors. The table contains proper values.
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1 Introduction
Despite the remarkable success of the standard model (SM), it is not sufficient to explain the full
set of physical observations. Among the most notable phenomena that require the existence
of new physics beyond the SM are the indications for the presence of dark matter and dark
energy, the baryon asymmetry of the Universe, the origin of neutrino masses, and the inclusion
of gravitational interactions in the framework of quantum mechanics. The SM also does not
provide a rationale for its internal structure, such as the fine tuning of the Higgs mass necessary
to be insensitive to SM corrections, or the hierarchy of fermion masses, suggesting the existence
of a more fundamental theory.

Several models have risen to provide an explanation for such open issues, often introducing
new particles in the energy range of the Large Hadron Collider (LHC). Many of them predict
the existence of new massive bosons, called Z0 and W0, with properties similar to the Z and
W bosons that act as mediators of the electroweak interaction [1–11]. Models with Z0 and W0

bosons coupling preferentially to third generation fermions are of particular interest as they
could be involved in the explanation of b physics flavor anomalies [12–14], or in the mechanism
of electroweak symmetry breaking [15, 16]. A particularly important role is played in this
context by the top quark, which has both a large Yukawa coupling to the Higgs boson and
a distinctive experimental signature because of its decay chain. Dedicated searches for Z0 and
W0 bosons coupling preferentially to third generation quarks and leptons have been performed
in the past by the CMS and ATLAS Collaborations [17–21]. No significant deviation from SM
expectations has been found.

In this note we present a search for W0 boson signatures where the new particle decays to top
and bottom quarks, targeting the high end of the accessible mass spectrum at LHC in the multi-
TeV range. The analysis focuses on the decay chains of the hypothesized W0 boson including
leptons, i.e. W0 ! tb ! Wbb ! `nbb, where ` represents either an electron or a muon. A
representative Feynman diagram of the W0 boson process considered here, with production
and decay at leading order, is shown in Fig. 1.

q

q
0

W
0

b

t

b

W

`

⌫

Figure 1: Representative leading-order Feynman diagram for a W0 boson produced in the s-
channel and decaying to a top and a bottom quark, with the former further decaying through
a leptonic decay chain.

Hypotheses for the new particle mass mW0 are considered in the range between 2.0 and 6.0 TeV,
and the analysis strategy is tailored towards reconstructing highly-energetic top quarks de-
caying leptonically, complementing searches already performed in the range below 3 TeV in
Ref. [17, 18]. Different hypotheses for the width as well as the chirality of the new particle are
explored to allow for interpretation in a wide array of models.

2

Depending on the model, the decay width of the W0 boson could be significant compared to
its mass, resulting in signatures that could escape standard searches. For the first time, this
analysis probes relative W0 widths (GW0/mW0 ) of 1, 10, 20 and 30%. In the model used here,
the couplings, and thus the partial widths, are not varied together with the total width. In
this interpretation this can be attributed to the presence of additional unconsidered decays,
as several models predict W0 bosons decaying to additional possible new particles [22, 23].
This results in a smaller branching fraction of W0 to top quarks. We consider cases where the
chirality of the W0 boson is left-handed, right-handed, or a combination of the two. We also
consider the interference with the SM production of single top quarks in the s channel, which
leads to a different signal phenomenology depending on the mixing of the chiral components.

Figure 2 shows representative parton-level mass distributions of the top-bottom quark pair
for narrow width and large width samples, for left-handed and right-handed chirality, respec-
tively, for a W0 mass hypothesis of 3.6 TeV.

For the left-handed hypothesis, the region of the W0 boson mass spectrum below 2 TeV is dom-
inated by the standard model s-channel production of a top-bottom quark pair. The width of
the W0 affects the reconstructed mass distribution, resulting in a broader peak and an asymme-
try favoring lower values. This is quite visible for the cases with large decay width, where the
tail towards small masses is dominant because of off-shell W0 production, enhanced by rapidly
increasing parton density functions for decreasing partonic momentum fractions.
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Figure 2: Representative parton-level distributions of the invariant mass of the top-bottom
quark pair for left-handed (left), right-handed (right) W0 boson, with relative width GW0/mW0
of 1, 10, 20, and 30% of the particle mass mW0 for a W0 mass hypothesis of mW0 = 3.6 TeV.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and silicon strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a
brass-and-scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the coverage in pseudorapidity (h) provided by the bar-
rel and endcap detectors. Muons are detected in gas-ionization chambers embedded in the
steel flux-return yoke outside the solenoid. A more detailed description of the CMS detector,
together with a definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [24].

• DeepJet for b tagging

• AK8 with SoftDrop for hadronic top veto

• ABCD method for background

• Reconstructed 
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Figure 11: Expected (left) and observed (right) 95% CL lower limit on the W0 boson mass for a
generalized left-right coupling of W0 boson to tb quarks.
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1 Introduction

Supersymmetry (SUSY) [1–6] is an appealing extension of the standard model (SM) of particle
physics, which is able to address several shortcomings of the SM by introducing a new sym-
metry that predicts superpartners to the existing bosons and fermions. The supersymmetric
partner of the gluon is the gluino (eg). The superpartners of the electroweak gauge bosons and
the Higgs bosons mix to form mass eigenstates called neutralinos (ec0) and charginos (ec±). In
SUSY models that conserve R-parity [7], the SUSY particles have to be produced in pairs and
the lightest SUSY particle (LSP) is stable, providing a possible dark matter candidate.

The search in this paper targets final states containing a single lepton (electron or muon), miss-
ing transverse momentum, and large hadronic activity. The proton-proton (pp) collision data
at

p
s = 13 TeV recorded by the CMS experiment at the CERN LHC during 2016–2018 and

corresponding to an integrated luminosity of 138 fb�1 are used. By defining exclusive search
regions (SRs) with and without b tagging requirements, the search is sensitive to different SUSY
models. The sensitivity is further enhanced by using a large number of SR bins defined by sev-
eral variables characterizing the event topology and kinematical properties. The results are
interpreted in terms of simplified SUSY models [8–12].

The diagrams of the specific R-parity conserving models of gluino pair production that are
used to interpret the results are shown in Fig. 1. The results of the search with at least one
b-tagged jet, referred to as “multi-b analysis”, are interpreted in terms of the simplified model,
labeled as “T1tttt” (left), where the gluino always decays to a top quark-antiquark pair (tt) and
the lightest neutralino (ec0

1), which is the LSP. The top quarks will decay into a bottom quark
(b quark) and a W boson, which further decays hadronically or into a lepton and a neutrino.
The observations in the SR bins with no b-tagged jets, referred to as “zero-b analysis”, are
interpreted in the model labeled as “T5qqqqWW” (right). In this model, each gluino decays
to a light-flavor quark-antiquark pair of different quark flavors (qq 0) and the lightest chargino
(ec±

1 ), which then decays further to a ec0
1 and a W boson, which finally decays hadronically or

into a lepton and a neutrino. In T5qqqqWW, the W boson can be virtual, depending on the
mass difference between the lightest chargino (ec±

1 ) and the lightest neutralino (ec0
1). The mass

of the ec±
1 is fixed at the value halfway between the masses of the eg and the ec0

1.
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Figure 1: Diagrams showing the simplified SUSY models T1tttt (left) and T5qqqqWW (right).

Searches targeting gluino pair production in the single-lepton final state have been performed
by both the ATLAS [13–17] and CMS [18–23] Collaborations. The investigated models have
also been tested by ATLAS [24–27] and CMS [28–35] in other final states. The results presented
in this paper supersede the CMS search presented in Ref. [19], which follows a similar strat-
egy and uses data recorded in 2016, corresponding to an integrated luminosity of 35.9 fb�1.
Improvements stem not only from the larger analyzed data set, but also from significantly re-
duced SM background contributions in the SR. This is achieved by requiring at least one jet to

23

for all parameters, including µ. The egeg pair production cross section is calculated at approx-
imate NNLO and NNLL accuracy, and exclusion limits are set as a function of the (meg , mec0

1
)

hypothesis.

For the T1tttt model, which describes gluino pair production with each gluino decaying to a
tt pair and a ec0

1, the cross section limits are obtained using the multi-b analysis. They are
shown in Fig. 11 (left) as functions of meg and mec0

1
, assuming branching fractions of 100%. The

observed limit is about one standard deviation lower than the expected one, which is caused
by the observation of two events in the last bin, while only 0.24 ± 0.16 events are expected.

The results of the zero-b analysis are interpreted in the T5qqqqWW model, in which pair-
produced gluinos decay to a (light) quark-antiquark pair and a chargino, which further decays
to a W boson and the ec0

1. The observed limit, shown in Fig. 11 (right), agrees with the expected
limit over most of the mass range.
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Figure 11: Cross section limits at 95% CL for the T1tttt (left) and for the T5qqqqWW (right)
model, as functions of the gluino and LSP masses, assuming a branching fraction of 100%. The
mass of the intermediate chargino is taken to be halfway between the gluino and the neutralino
masses. The solid black (dashed red) lines correspond to the observed (expected) mass limits,
with the thicker lines representing the central values and the thinner lines representing the ±1s
uncertainty bands related to the theoretical (experimental) uncertainties.

10 Summary

A search for supersymmetry has been performed using a sample of proton-proton collisions
at

p
s = 13 TeV corresponding to an integrated luminosity of 138 fb�1, recorded by the CMS

experiment in 2016–2018. Events with a single charged lepton (electron or muon) and multiple
jets are selected. Top quark and W boson identification algorithms based on machine-learning
techniques are employed to suppress the main background contributions in the analysis. Var-
ious exclusive search regions are defined that differ in the number of jets, the number of jets
identified as stemming from b quarks, the number of hadronically decaying top quarks or W
bosons, the scalar sum of all jet transverse momenta, and the scalar sum of the missing trans-
verse momentum and the transverse momentum of the lepton.

To reduce the main background processes from tt and W+jets production, the presence of a
lepton produced in the leptonic decay of a W boson in the event is exploited. Under the hy-
pothesis that all of the missing transverse momentum in the event originates from the neutrino
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Figure 9: Observed event yields in the MB SRs of the multi-b analysis compared to signal and
background predictions. The relative fraction of the different SM EW background contributions
determined in simulation is shown by the stacked, colored histograms, normalized so that their
sum is equal to the background estimated using data control regions. The QCD background
is predicted using the LP method. The signal is shown for two representative combinations of
(gluino, neutralino) masses with large (2.2, 0.1) TeV and small (1.8, 1.3) TeV mass differences.
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Figure 10: Observed event yields in the MB SRs of the zero-b analysis compared to signal and
background predictions. The W+jets, tt , and QCD predictions are extracted from data control
samples, while the other background contributions are estimated from simulation. The signal
is shown for two representative combinations of (gluino, neutralino) masses with large (2.2,
0.1) TeV and small (1.8, 1.3) TeV mass differences.

tion approach, which constrains the rate parameter for the background estimate in the signal
region. Multijet background and rare processes are treated as independent contributions. The
systematic uncertainties enter the likelihood as nuisance parameters and are taken into account
as a product of log-normal distributions. For the zero-b analysis, the bins are defined in Sec-
tion 6.1. The template fit on the nb distributions is performed separately. Thus, only the SB’
CR, SB’ SR, SB SR and MB SR search bins enter the likelihood. The different constraints on the
rate parameters implied by the extended RCS method are taken into account in a similar way
and the systematic uncertainties are again modeled by log-normal distributions. We set upper
limits on the production cross section at 95% confidence level (CL). These are estimated with
the modified frequentist CLs method [112, 113] using the asymptotic approximation [114]. The
CLs method is used with the test statistic qµ = �2 ln lµ, where lµ refers to the ratio of the
maximized likelihood for a given signal strength µ to the unconditional likelihood maximized

Challenging 4 tops +  final statepT,miss
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requiring ⇢tc to be small, even though discovery can still happen at any time.j Note
that we have dropped ⇢ct in Eq. (9), as it has to be rather small,53 because its e↵ect
in Bd and Bs mixing is CKM enhanced.

4. Probing Extra Top Yukawa Couplings in Production Processes

From the emergent “alignment” phenomenon,7 we learned that Nature has further
designs52 for suppressing FCNH e↵ects at low energy: small c� , or alignment in the
Higgs sector. This is reflected in Eq. (9), which can be read o↵ from Eq. (5). It
applies also to h ! ⌧µ, where there was once a hint8 from CMS Run 1 data, but
not supported by Run 2 data (see footnote j below). To probe the TCNH coupling
⇢tc without c� suppression, one has to access the direct production of the H, A and
H

+ bosons, where the mass range in Eq. (4) that follows from naturalness (O(1)
parameters) seems tailor-made for the LHC. We turn to such processes, namely68

cg ! tH, tA and69 cg ! bH
+, in this main section.

The existence of the extra diagonal Yukawa coupling ⇢tt means H, A can be
produced by gluon-gluon fusion. We relegate resonance production, namely gg !

H, A ! tt̄, tc̄ and ⌧µ to Sec. 5, as they face various and di↵erent challenges.

4.1. Top-associated H/A Production: cg ! tH/tA ! ttc̄, ttt̄

We first consider cg ! tH, tA production via the TCNH ⇢tc coupling (see Fig. 1),
with subsequent decay of H,A to tc̄ and tt̄ final states, which depends on H,A
masses and the strength of the extra diagonal ⇢tt coupling.

To compute the decay rates and parton cross sections, we simplify and take the
alignment limit of c� = 0. The extra Yukawa couplings for u-type quarks are,

⇢ij
p
2
ūiL(H + iA)ujR + h.c., (c� = 0) (10)

where ⇢ij should share the “flavor organization” attributes of SM, i.e. trickling down
o↵-diagonal elements. For sake of discussion, we keep only ⇢tc and ⇢tt finite (⇢ct is
constrained small53 by B physics) and set all other ⇢ijs to zero, including those
of down and lepton sectors, for the remainder of this section. For S = H, A, we

jIn contrast, one does not quite expect h ! ⌧µ to be seen, as the coupling ⇢⌧µc� is suppressed by
both ⇢⌧µ . �⌧ ⌧ ⇢tc (most likely) as well as the alignment parameter c� . There was once a CMS
hint from Run 1 data, but it subsequently disappeared by adding data.8
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Fig. 1. The cg ! tS (S = H,A) process.
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The nonprompt lepton background is estimated from control regions in the data using the fake
factor method [59]. A dijet enriched sample is selected from data, from which the probability
fp for a loose nonprompt lepton (originating from a jet) to also pass the tight lepton selection
criteria is estimated in bins of pT and |h|. The nonprompt lepton background contribution is
then estimated by applying fp to events in a data control sample in which at least one lepton
fails the tight lepton selection criteria. A similar data-driven approach is followed to evalu-
ate the background from misidentifying the lepton charge in the e±e± channel. The charge
misidentification rate varies from ⇠ 10�5 to ⇠ 10�2 depending on the phase space region.
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Figure 2: The pre-fit CvsL (left panel) and CvsB (right panel) distributions for the selected
highest-pT jet using the full Run 2 data. The predictions for mA = 350 GeV with A–H interfer-
ence assuming mA � mH = 50 GeV for rtu = 1.0 (solid blue line) and rtc = 1.0 (dashed red
line) are also displayed. The number in square brackets represents the yields for each sample.
The error bars on the points and the hatched bands represent the statistical uncertainties in the
data and in the background predictions, respectively. Beneath each plot is shown the ratio of
data to predictions. The error bars in the ratio plots consider statistical uncertainties in the data
and in the background predictions.

A boosted decision tree (BDT) discriminant is used to separate signal and background events.
We train the BDT model in the signal region, where process yields of both backgrounds and
signal are small. We use an optimized set of input observables, listed in Table 1, for our signal
topology.

Table 1: Input features of the BDT. Jets and leptons are ordered by pT. The transverse momenta
of the selected leptons are represented by pT(`i). The invariant mass of the two selected leptons
is denoted by m``, and the invariant mass of the two selected leptons along with the i

th highest-
pT jet by m``(ji). The observable HT represents the scalar sum of the pT of the jets.

Input features of the BDT
pT(`i

): i=1,2; HT, p
miss
T

CvsB(j
i
), CvsL(j

i
): i=1,2,3

m``, m``(j
i
): i=1,2,3

DR(j
n
, j

m
), m(j

n
, j

m
): 1  n < m  3

DR(j
n
, l

m
), m(j

n
, l

m
): n=1,2,3; m=1,2

We use half of the available simulated events for the BDT training. The main backgrounds
in the signal region are tt (fully leptonic decay where one lepton has a misidentified charge),
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Figure 6: Observed 95% CL upper limit on the signal strength as functions of mA and rtu
(left panel) and rtc (right panel) for the g2HDM signal model without A–H interference, using
the full Run 2 data set for the combination of e±e±, µ±µ±, and e±µ± categories. The color
axis represents the observed upper limit on the signal strength. Expected (dashed lines) and
observed (solid lines) exclusion contours are also shown.
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Figure 7: Observed 95% CL upper limit on the signal strength as functions of mA and rtu
(left panel) and rtc (right panel) for the g2HDM signal model with A–H interference, using
the full Run 2 data set for the combination of e±e±, µ±µ±, and e±µ± categories. The color
axis represents the observed upper limit on the signal strength. Expected (dashed lines) and
observed (solid lines) exclusion contours are also shown.
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Figure 6: Observed 95% CL upper limit on the signal strength as functions of mA and rtu
(left panel) and rtc (right panel) for the g2HDM signal model without A–H interference, using
the full Run 2 data set for the combination of e±e±, µ±µ±, and e±µ± categories. The color
axis represents the observed upper limit on the signal strength. Expected (dashed lines) and
observed (solid lines) exclusion contours are also shown.
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Figure 7: Observed 95% CL upper limit on the signal strength as functions of mA and rtu
(left panel) and rtc (right panel) for the g2HDM signal model with A–H interference, using
the full Run 2 data set for the combination of e±e±, µ±µ±, and e±µ± categories. The color
axis represents the observed upper limit on the signal strength. Expected (dashed lines) and
observed (solid lines) exclusion contours are also shown.
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8 Results
We use the Theta package [41] to derive the expected cross section limits at 95% confidence level
(CL) on the production of an RSG decaying to tt. The limits are computed using the asymptotic
CLs approach. A binned likelihood fit to the distributions of the reconstructed mtt is performed
in both the single-lepton and fully hadronic final states. The systematic uncertainties are in-
cluded as nuisance parameters with log-normal probability density functions. The results are
limited by the statistical uncertainties in the background estimates. These uncertainties are
scaled down by the projected integrated luminosity and are treated using the Barlow–Beeston
light method [42, 43]. The expected limits at 95% CL and the discovery potential at 3s and
5s significance for resonance masses from 2 to 12 TeV and two different projected integrated
luminosities for the combined single-lepton and fully hadronic final states are listed in Table 3.
The production of an RSG with a mass up to 6.6 TeV is excluded at 95% CL for a projected in-
tegrated luminosity of 3 ab�1, as shown in Fig. 7. An RSG with a mass up to 5.7 TeV could be
discovered at 5s significance.
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Figure 7: 95% CL expected upper limits (left) and 3s and 5s discovery reaches (right) for an
RSG decaying to tt at 300 fb�1 (top) and 3 ab�1 (bottom) for the combined single-lepton and
fully hadronic final states. The LO signal theory cross sections are scaled to NLO using a k
factor of 1.3 [44].

Figure 8 shows a comparison of the expected limits for RSG with corresponding results us-
ing exclusively the statistical uncertainties. Figure 8 also shows a comparison of the expected
sensitivity contribution from each final state.

The expected limits at 95% CL and the discovery potential at
p

s = 27 TeV for resonance masses
from 4 to 12 TeV and a projected integrated luminosity of 15 ab�1 for the combined single-
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fully hadronic final states. The LO signal theory cross sections are scaled to NLO using a k
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Figure 8 shows a comparison of the expected limits for RSG with corresponding results us-
ing exclusively the statistical uncertainties. Figure 8 also shows a comparison of the expected
sensitivity contribution from each final state.
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Prospective for the future
• Run 3 analyses are in progress


• Most high mass searches COM-limited


• No more low-hanging fruits 


• Exceptional improvements in


• Top tagging/ML


• Background techniques


• Crucial contribution from theory community to find new ideas/channels

21



Backup
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b*, LQ, W’ and Z’
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VLQs
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