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Introduction
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2 − 4mt
2( )Λ2 ≈ − 0.2 Λ( )2

In SM there is no symmetry which protects a strong dependence of
Higgs mass on a possible new scale  

Loop corrections to the Higgs mass

Λ ~ 1 TeV

Something is needed in addition to the SM top… => Rather light top partner
is one of the most robust prediction to resolve the hierarchy problem

The simplest Higgs mechanism SM is not stable with respect
to quantum corrections (naturalness problem) 

δmH < 160 GeV (95% CL limit on SM Higgs)

One might expect deviations from the SM predictions in the top sector.

e.g. SUSY’s solution: (natural) cancellations given by the top’s superpartner, stop 

Heaviest elementary particle discovered so far: mass close to that of gold nucleus! 
It decays much faster than timescale for formation of strong bound states

Why the top quark is so interesting - and all the searches involving it? 
“Massive” and “point-like” at the same time - key source of fundamental information 

Large Yukawa coupling (close to unity) - main contribution to virtual mH corrections: 
Close connection to hierarchy problem (and its natural solution?)
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Stop: Decays
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2 1 Introduction

the basis for our searches are displayed in Fig. 1.

(a) (b) (c)

(d) (e)

p

p t̃1

t̃1

c

χ̃
0
1

χ̃
0
1

c

(f)

Figure 1: Feynman diagrams for pair production of top squarks with the decay modes of the
simplified models that are studied in this analysis. An asterisk indicates the particle may be
produced off-shell.

The search regions (SR) are optimized for different models and ranges of Dm. The simplest
decays that we consider are et1 ! t(⇤) ec0

1, denoted “T2tt”, and et1 ! bec±
1 ! bW± ec0

1, denoted
“T2bW”, under the assumption that the ec±

1 mass lies halfway between the et1 and ec0
1 masses.

The choice of moderate ec±
1 mass in the latter model permits high momentum objects in the

final state. The ec±
1 represents the lightest chargino, and ec0

1 is the stable LSP, which escapes
detection to produce a large transverse momentum imbalance in the event. Another model,
denoted “T2tb”, is considered under the assumption of equal branching fractions of the two
aforementioned decay modes. This model, however, assumes a compressed mass spectrum in
which the mass of the ec±

1 is only 5 GeV greater than that of the ec0
1. As a result, the W bosons

from chargino decays are produced far off-shell.

In models with Dm less than the W boson mass mW, the et1 can decay through the T2tt decay
mode with off-shell t and W, through the same decay chain as in the T2bW model, via off-
shell W bosons, or decay through a flavor changing neutral current process (et1 ! cec0

1, where
c is the charm quark). These will be referred to as the “T2ttC”, “T2bWC”, and “T2cc” models,
respectively, where C denotes the hypothesis of a compressed mass spectrum in the first two
cases. Observations in such low Dm models are experimentally challenging since the visible
decay products are typically very soft (low-momentum), and therefore often evade identifi-
cation. Nevertheless, such models are particularly interesting because their dark matter relic
density is predicted to be consistent with the cosmological observations [49]. Specialized jet
reconstruction tools and event selection criteria are therefore developed to enhance sensitivity
to these signals.

This paper is organized as follows. A brief description of the CMS detector is presented in
Section 2, while Section 3 discusses the simulation of background and signal processes. Event
reconstruction is presented in Section 4, followed by a description of the search strategy in Sec-
tion 5. Methods employed to estimate the SM backgrounds and their corresponding systematic
uncertainties are detailed in Sections 6 and 7, respectively. The discussion of the systematic un-

mono-jet
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Main Backgrounds
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Typical signature involves large ET, b-jets and 0, 1 or 2 leptons
Control (CR) and validation (VR) regions used to extract / x-check background predictions 
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Stop 1L, ATLAS: Strategy (I)
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Stop 1L, ATLAS: Strategy (II)
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arXiv:1711.11520

Compressed, “diagonal” region 
                    : signal kinematics very close to SM tt 

𝝌

𝝌

𝝌

𝝌

ISR jet(s) ET

Need ISR activity to “misalign” 
and get contribution to ET

-mt̃ �m�̃ ⇡ mt

𝜒𝜒
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Stop 1L, ATLAS: Strategy (II)
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Thrust Axis & ISR Identification
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DRAFT
   Identifying ISR in CM Frame

• ISR is identified in the CM frame by minimizing the 
sparticle system and ISR system masses 
!

• Can think of this in 2 equivalent ways 
!

1. Large jet clustering along two jet axis that are back 
to back using mass as a distance metric 

!
2. Minimizing Ms and MISR is identical to maximizing the 

amount of back to back PT of the two systems. 

• Because Etot = sqrt(MS

2
 + PT S

2
) + sqrt(MISR

2
 + PT ISR

2
) 

• Etot is constant for the event and PT = PT S = -PT ISR 

• Maximizing PT along a back to back axis is the 
same thing as calculating the thrust axis 

• The event is then divided into hemisphere wheres 
the hemisphere containing the MET is the sparticle 
system and other hemisphere the ISR system.

5

Accepted 
Jets

MET

Thrust 
Axis

ISR 
Hemisphere

Sparticle 
Hemisphere

CM Frame

Figure 43: Diagram of an event, where the calculation of a thrust axis allows for the designation of two distinct
hemispheres. All objects can be categorized into one of these hemispheres, which become the S frame (if the Emiss

T
vector is present) or the ISR frame.

After this frame assignment, all objects are in one of the three final state frames, and there is a full1032

kinematic description of the decay tree in the transverse plane. From here, it is possible to analyze events1033

by building unique jigsaw variables and using these to discriminate signal from background. Due to our1034

planned ignorance of the longitudinal momentum in each event, the masses of the di�erent states are1035

actually transverse masses.1036

8.4.3 Discriminating Kinematic Variables1037

With the decay tree kinematics fully specified and all objects combinatorically assigned to a single group,1038

we can then extract useful information and observables for use in event analysis. A principle of these1039

ISR-assisted signals is that in the limit of mt̃1
� m�̃0

1
⇡ mt , we expect the ratio of the Emiss

T to pISR
T to be1040

equal to the ratio of �̃0
1 and stop masses. Use of the RJR scheme allows consideration of events with an1041

arbitrary number of ISR emissions, while better resolving the key ratio of m�̃0
1

to mt̃1
.1042

25th April 2017 – 02:52 65

Thrust axis used to divide transverse plane  
into two hemispheres, by maximizing 

the “amount of back-to-back pT” 

(1) the hemisphere containing pT,miss  
is labeled as the “SPARTICLE” one 

(2) the other one one is flagged as  
“ISR”; all (jet) vectors assigned to the ISR  
system sum up to give the pT,ISR vector   

  further split into “INVISIBLE” (MET)  
&  “VISIBLE” (everything else) systems
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Figure 3: Decay Tree corresponding to ISR-assisted Emiss
T signal analysis strategy.

massive particles produced in the event, in our case two stop quarks. This state decays to a collection of170

visible particles (V frame), which we reconstruct and observe in the detector and one or more invisible171

particles (I frame) which escape detection, leaving only a transverse imbalance of momenta in the event.172

On the other side of the decay tree is the ISR frame, representing all of the objects in the event not coming173

from sparticle decays. The center of mass frame (CM frame) is then the sum of all of these reconstructed174

or missing objects, sparticles and accompanying particles. Each of these frames can be made up one or175

many individual reconstructed particles, and is indentified with a four-vector sum of all particles (which176

we will denote state, rather than frame), which can be evaluated in any of the reference frames implicitly177

defined in our decay tree. For example, the energy of the S state evaluated in the CM frame corresponds178

to the energy component of the four-vector associated with all the constituents of S evaluated in the rest179

frame of all the CM constituents.180

To impose this decay tree on an event involves both assigning reconstructed objects to these di�erent181

frames and making choices/guesses for any missing pieces of information required to assign a four-vector182

to each state. The latter of these two steps is relevant for our treatment of the I frame. We interpret the183

vectorial Emiss
T reconstructed in each event as the transverse momentum of I, evaluated in the lab frame.184

This leaves two four-vector components unspecified: these can be expressed as the mass of I and it’s185

longitudinal momentum in the lab frame. For the first, we choose mI = 0; while this isn’t necessarily a186

correct assignment (certainly not for signals with massive invisible particles) it is a convenient one that we187

find does not prevent us from resolving the kinematic e�ect we hope to observe. Rather than attempting188

to guess p lab
I, z a di�erent approach is taken: we purposefully ignore the longitudinal momentum of all the189

objects we reconstruct, resulting in an exclusively transverse view of the event.190

What remains is to assign each of the visible, reconstructed objects we observe to either the V frame or
ISR frame. This is accomplished by applying a Jigsaw rule, e�ectively an inter-changeable algorithmic

20th May 2016 – 19:00 7

Figure 42: Decay tree corresponding to ISR-assisted Emiss
T strategy.

to group objects together which are closest in phase-space in the lab transverse plane (flying in the1015

same direction) by minimizing the masses MISR and MS simultaneously over all the choices of object1016

assignment. There is no unique way to accomplish this (one could minimize the sum of masses, the sum1017

of masses squared, the product of masses, etc.), so we can think of this minimization in two di�erent ways.1018

The first is that we are simply performing an exclusive two-jet re-clustering, using transverse mass as a1019

distance metric and treating the Emiss
T as just another jet. The second is that minimizing MISR and MS1020

is equivalent to maximizing the amount of back-to-back pT of the two systems. Specifically, in the CM1021

frame:1022

MCM =

q
M2

S + (pCM
ISR )2 +

q
M2

S + (pCM
S )2 (3)

where pCM
ISR = pCM

S are the momenta of the two systems, equal in magnitude and opposite in direction in1023

the CM frame. Regardless of how we partition objects between ISR and V, the total mass MCM is constant1024

in each event. This means that by maximizing pCM
ISR/S we are, in e�ect, simultaneously minimizing MISR1025

and MS .1026

We can think of maximizing back-to-back pT as calculating the thrust axis, which can then be used to1027

divide the event into two hemispheres. The hemisphere that contains the Emiss
T is thus the sparticle S frame,1028

and the other hemisphere must be the ISR frame. Figure ?? provides a diagram of this hemispherical1029

separation along the thrust axis, showing how all of the objects in the event will then fall into one of the1030

two frames.1031

25th April 2017 – 02:52 64

RISR = ET/pT,ISR  (in CM)

𝜒𝜒Compressed, “diagonal” region 
                    : signal kinematics very close to SM tt -mt̃ �m�̃ ⇡ mt
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Stop 1L, ATLAS: Strategy (III)
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Table 3: Overlap removal procedure for physics objects. The first two rows list the types of overlapping objects:
electron (e), muon (µ), electron or muon (`), jet ( j), and hadronically decaying ⌧ lepton (⌧). All objects refer to the
baseline definitions, except for ⌧ where no distinction between baseline and signal definition is made. The third row
specifies when an object pair is considered to be overlapping. The fourth row describes an optional condition which
must also be met for the pair of objects to be considered overlapping. The last row lists the object given precedence.
Object 1 is retained and Object 2 is discarded if the condition is not met, and vice versa. More information is given
in the text.

Object 1 e e µ j e
Object 2 µ j j ` ⌧

Matching
criteria shared track �R < 0.2 ghost-matched �R < min

⇣
0.4, 0.04 + 10

p
`
T/GeV

⌘
�R < 0.1

Condition calo-tagged µ j not b-tagged
j not b-tagged and✓

n j

track < 3 or p
µ
T

p
j
T
> 0.7

◆
– –

Precedence e e µ j e

the dominant background after this requirement arises from dileptonic tt̄ events, in which one lepton is
not identified, is outside the detector acceptance, or is a hadronically decaying ⌧ lepton. On the other
hand, the mT selection is not applied in the signal regions targeting the higgsino LSP scenarios, hence the
background is dominated by semileptonic tt̄ events. A series of additional variables described below are
used to discriminate between the tt̄ background and the signal processes.

6.1 Common discriminating variables

The asymmetric mT2 (amT2) [153–156] and m⌧
T2 are both variants of the variable mT2 [157], a generalisation

of the transverse mass applied to signatures where two particles are not directly detected. The amT2 variable
targets dileptonic tt̄ events where one lepton is not reconstructed, while the m⌧

T2 variable targets tt̄ events
where one of the two W bosons decays via a hadronically decaying ⌧ lepton. In addition, the Hmiss

T,sig variable
is used in some signal regions to reject background processes without invisible particles in the final state.
It is defined as:

Hmiss
T,sig =

| ÆHmiss
T | � M
�| ÆHmiss

T |
,

where ÆHmiss
T is the negative vectorial sum of the momenta of the signal jets and signal lepton. The

denominator is computed from the per-event jet energy uncertainties, while the lepton is assumed to be
well measured. The o�set parameter M , which is a characteristic scale of the background processes, is
fixed at 100 GeV in this analysis. These variables are detailed in Ref. [158]. Figure 5 shows distributions
of the amT2 and Hmiss

T,sig variables.

Reconstructing the hadronic top-quark decay (top-tagging) can provide additional discrimination against
dileptonic tt̄ events, which do not contain a hadronically decaying top quark. In events where the top
quark is produced with moderate pT, a �2 technique is used to reconstruct candidate hadronic top-quark
decays. For every selected event with four jets of which at least one is b-tagged, the m�

top variable is defined
as the invariant mass of the three jets in the event most compatible with the hadronic decay products of
a top quark, where the three jets are selected by a �2 minimisation using the jet momenta and energy
resolutions.
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Negative vector sum  
of all jets momenta 

Offset  
(100 GeV)

Two signal regions, simple requirements on powerful variables

Targeting, respectively, intermediate and high stop masses

Obtained from 
per-event jet energy 

uncertainties

            ↳ shape fit in ET : 5 bins above 250 GeV  



S. Zambito, Harvard University- 3rd generation SUSY & rare top processes/decays

Stop 0L, CMS: Strategy (I)
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+ BDT + BDT
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Low Δm (<mW): reconstruct ISR from large-R jets; soft b-tagging via Nsv (secondary vertices) 
High Δm: reconstruct hadronic t and W candidates (from stop decays)

Reconstructing kinematics of stop decay products key to reject backgrounds

JHEP 10 (2017) 005
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Stop 0L, CMS: Strategy (II)
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Simplified models: excluded up to mt ~1.1 TeV (and up to m𝜒0 ~500 GeV) 
However, interesting holes at light stop mass: very challenging region! 

Stop: Exclusion Limits
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Simplified models: excluded up to mt ~1.1 TeV (and up to m𝜒0 ~500 GeV) 
However, interesting holes at light stop mass: very challenging region! 

pMSSM-inspired models show weaker limits: mt ~600 GeV + light LSP allowed


Stop: Exclusion Limits
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Sbottom: Strategy
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Sbottom: Exclusion Limits
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Rare Top Processes/Decays
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SM: B (t→qH) ~10-14;  B (t→qZ) ~3x10-15 ; can go up to ~10-3  in some BSM scenarios: 
non-minimal H sector, SUSY, warped extra dimensions, composite H models, etc…
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FCNC tqZ vertices (3L final state, ATLAS+CMS)

   ➙  Main backgrounds: diboson, ttZ, tZ, ttH  
   ➙  Largest uncertainties: background modeling  

18

Rare Top Processes/Decays

u/c

g

u/c
t

H

W
+

b

⌫`

`+

b̄

b

g

g

g
t

H

W
+

b

⌫`

`+
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FCNC tqH vertices (ATLAS: H→𝛾𝛾, CMS: H→bb)

   ➙  Main backgrounds: 𝛾𝛾+jets, tt𝛾 and V𝛾 (ATLAS);  tt, single-top (CMS)   
   ➙  Largest uncertainties: tt hard-process generation (ATLAS) and b-tagging (CMS) 

-
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CMS-PAS-TOP-17-017 
arXiv:1712.02399

FCNC highly suppressed in SM → enhanced rates signal of new physics

SM: B (t→qH) ~10-14;  B (t→qZ) ~3x10-15 ; can go up to ~10-3  in some BSM scenarios: 
non-minimal H sector, SUSY, warped extra dimensions, composite H models, etc…
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FCNC: t→qH, H→𝛾𝛾
JHEP 10 (2017) 129
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FCNC: t→qH, H→bb
arXiv:1712.02399
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Events with 1L, Njets≥3 and Nb-tag≥2 are split into 5 Njets+Nb-tag categories

Full event kinematics reconstruction: all possible lepton, ν and (b-)jets combinations

BDTRECO trained on simulation to select the correct b-jet assignment: 75% success rate

1 BDT per Njets+Nb-tag category, maximizing S/B separately for t→uH and t→cH

Main variables in training are BDTRECO, lepton charge, b-tagging discriminant score, mbb 
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ATLAS-CONF-2017-070

FCNC: t→qZ (3L Final State)
CMS-PAS-TOP-17-017
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In order to avoid double counting of single final state objects, such as an isolated electron being recon-
structed both as an electron and as a jet with the requirements above, the following procedures are used
to remove overlaps between final state objects. Electron candidates which share a track with a muon
candidate are removed. If the distance in �R between a jet and an electron candidate is �R < 0.2, then
the jet is dropped. If multiple jets are found with this requirement, only the closest one is dropped. If
the distance in �R between a jet and a baseline electron is 0.2 < �R < 0.4, then the electron is dropped.
If the distance in �R between a jet and a muon candidate is �R < 0.4, and if the jet has more than two
associated tracks then the muon is dropped, otherwise the jet is removed.

5 Event selection and reconstruction

Events considered in the analysis must meet the criteria described in the following. At least one of the
selected leptons must be matched, with �R < 0.15, to the appropriate trigger object and have transverse
momentum greater than 25 GeV or 27 GeV for the data collected in 2015 or 2016, respectively. The events
are required to have at least one primary vertex. The primary vertex must have at least two associated
tracks, each with pT > 400 MeV. The primary vertex is chosen as the one with the highest

P
p2

T over all
associated tracks. Exactly three isolated charged leptons with |⌘ | < 2.5 and pT > 15 GeVare required. The
Z boson candidate is reconstructed from the two leptons that have the same flavour, opposite charge and a
reconstructed mass within 15 GeV of the Z boson mass (mZ ). If more than one compatible lepton-pair is
found, the one with the reconstructed mass closest to mZ is chosen as the Z-boson candidate. According
to the signal topology, the events are then required to have Emiss

T > 40 GeV and at least two jets. All jets
are required to have pT > 25 GeV and |⌘ | < 2.5. Exactly one of the jets must be b-tagged.

Applying energy–momentum conservation, the kinematic properties of the top quarks are reconstructed
from the corresponding decay particles by minimising, without constraints, the following expression:

�2 =

⇣
mreco

ja`a`b
� mtFCNC

⌘2

�2
tFCNC

+

⇣
mreco

jb`c⌫
� mtSM

⌘2

�2
tSM

+

⇣
mreco

`c⌫
� mW

⌘2

�2
W

, (1)

where mreco
ja`a`b

, mreco
jb`c⌫

and mreco
`c⌫

are the reconstructed masses of the qZ , bW and `⌫ systems, respectively.
For each jet combination jb must correspond to the b-tagged jet, while any jet can be assigned to ja.
Since the neutrino from the semileptonic decay of the top quark (t ! bW ! b`⌫) is undetected, its
four-momentum must be estimated. This can be done by assuming that the lepton not previously assigned
to the Z boson and the b-tagged jet (labelled b-jet) originate from the W boson and SM top-quark decays,
respectively, and that Emiss

T is the transverse momentum of the neutrino in the W boson decay. The
longitudinal component of the neutrino momentum (p⌫z ) is then determined by the minimisation of Eq. 1.
The central value for the masses and the widths of the top quarks and W boson are taken from reconstructed
simulated signal events. This is done by matching the particles in the simulated events to the reconstructed
ones, setting the longitudinal momentum of the neutrino to the pz of the simulated neutrino, and then
performing Bukin fits5 [68] to the masses of the matched reconstructed top quarks and W boson. The
obtained values are mtFCNC = 169.6 GeV, �tFCNC = 12.0 GeV, mtSM = 167.2 GeV, �tSM = 24.0 GeV,
mW = 81.2 GeV and �W = 15.1 GeV. The �2 minimisation gives the most probable value for p⌫z . From
all combinations, the one with the minimum �2 is chosen, along with the corresponding p⌫z value. The
5 This is a piecewise function with a Gaussian function in the centre and two asymmetric tails. Six parameters determine the

overall normalisation, the peak position, the width of the core, the asymmetry, the size of the lower tail, and the size of the
higher tail. Of these, only the peak position and the width enter Eq. 1
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jet from the top-quark FCNC decay is referred to as the light-quark (q) jet. The fractions of correct
assignments between the reconstructed top quarks and the true simulated particles (evaluated as a match
within a cone of size �R = 0.4) are around ✏ tFCNC = 80% and ✏ tSM = 58%, where the di�erence comes
from the fact that for the SM top quark decay it is less e�cient to match the Emiss

T with the simulated
neutrino.

The final requirements to define the signal region are | mreco
ja`a`b

� 172.5 GeV| < 40 GeV, |mreco
jb`c⌫

�
172.5 GeV| < 40 GeV and |mreco

`c⌫
� 80.4 GeV| < 30 GeV. Figure 1 shows the mass of the Z boson

candidate as well as the Emiss
T and the masses of both top quark candidates for the events fulfilling these

requirements. The stacked histograms are backgrounds with three real leptons, normalised to the theory
prediction, and the scaled non-prompt leptons background as discussed in the next section.

6 Background estimation and control regions

The main sources of background events containing three real prompt leptons are: di-boson production, tt̄ Z
and tZ processes. In addition, events where one or more of the reconstructed leptons are non-prompt, either
mis-reconstructed or from heavy flavour decays, must be considered as potential background sources. To
assess the agreement between data and the simulated samples of the expected background five control
regions (CRs) are defined and described below. The control regions are included in the final fit to allow a
tighter constraint of background expectations and of systematic uncertainties in the signal yield.

Backgrounds from events containing at least one non-prompt lepton are estimated by a semi-data-driven
technique using dedicated selections. This technique is used to determine the normalisation of simulated
Z+jets and tt̄ events with a non-prompt lepton. Four di�erent selections are applied to define regions
enriched with non-prompt electrons or muons from Z+jets events (“light” region) and tt̄ events (“heavy”
region). The non-prompt lepton scale factors are determined by a simultaneous likelihood fit to the
inclusive yields in the four regions, taking into account statistical and systematic uncertainties, leading to
�eZ+jets = 2.1± 0.8, �µZ+jets = 2.0± 1.1, �e

tt̄
= 1.1± 0.3 and �µ

t t̄
= 1.1± 0.7. Agreement between data and

expectation in the CRs is significantly improved after applying the non-prompt lepton scale factors to the
simulated samples.

Table 3: Selection cuts applied to derive the four non-prompt scale factors. OS indicates pair of opposite sign
leptons, OSSF indicates pair of opposite-sign same-flavour leptons. Additionally, events with at least 2 jets, one
b-tag, 20 GeV < Emiss

T < 40 GeV and present in the SR are rejected from the “light” regions.

“light” region - electrons “light” region - µ “heavy” region - electrons “heavy” region - µ
eee or eµµ, OSSF µµµ or µee, OSSF eµµ , OS no OSSF µee, OS no OSSF

|m`` � 91.2 GeV| < 15 GeV |m`` � 91.2 GeV| < 15 GeV
� 1 jet � 1 jet � 2 jet � 2 jet

Emiss
T < 40 GeV Emiss

T < 40 GeV
mT  50 GeV mT  50 GeV

The following five CRs are used in the final fit to search for the signal (described in Section 8).
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Signal region defined by:

qZ bW lν

→ from reconstructed simulation

𝝌2-based tt reconstruction -Simultaneous fit to 5 regions

5

The NPL backgrounds coming from tt̄+jets, are constrained by two control regions, TTCR and
STCR, one for each signal region (TTSR and STSR). Here, the dominating process is tt̄+jets. Its
rate is estimated by taking the Monte Carlo prediction of all other background predictions from
data and fitting the remainder.

There were no selection criteria found to make a clear rejection of the background events with-
out sacrificing a significant amount of expected signal. For this reason, a BDT that combines
several discriminating variables in the TMVA framework [32] is used in the STSR and TTSR
to respectively discriminate single top quark FCNC and top quark pair FCNC events from
backgrounds. The variables going into the BDT consist of kinematic observables as well as
b-tagging information. The BDTs are trained separately in each of the four different lepton
channels against all background except the NPL background. In the STSR, only single top
quark FCNC is used as signal for the training, while in the TTSR, single top quark and top
quark pair FCNC are used for training.

The BDT settings avoid over-training and maintain good discriminating power against all back-
grounds during training. The background and signal yields follow the relative fractions pre-
dicted by the simulation and data. Since the most important backgrounds have three leptons
in the final state, but differ in the number and kinematics of jets, the variables used in the BDTs
are variables related to the angles and distances in the events, masses, as well as b tagging in-
formation. The resulting discriminating output variable from each BDT is denoted by D and
shown in Fig. 3. The values of the NPL background as well as the WZ+jets background process
are estimated from the control regions in the global fit.

Table 1: The statistically independent regions used in the analysis.
WZ single top top quark single top top quark

quark pair quark pair
control region signal region signal region control region control region

(WZCR) (STSR) (TTSR) (STCR) (TTCR)
Number of jets � 1,  3 1 � 2,  3 1 � 2,  3

Number of b jets 0 1 � 1 1 � 1
|M(Zreco)� MZ| Yes Yes Yes No No

< 7.5 GeV

6 Systematic uncertainties

The sources of systematic uncertainty can influence either the number of events passing the se-
lection (normalization uncertainty), or the shape of the fitted distributions (shape uncertainty).

The uncertainty on the normalization of the overall NPL yield is taken to be 50% of the yield
such that the normalization is left to float in the global fit [33].

The systematic uncertainties on the normalization of the main background (WZ, tZq and tt̄Z)
processes are set to 30% of the cross section [33].

The integrated luminosity of the recorded data is measured with an uncertainty of 2.5% [34]. A
negligible trigger inefficiency is estimated from simulation and data, with a 1% (5%) normal-
ization uncertainty for the 3µ+1e2µ (2e1µ+3e) channel.

The pileup is estimated by multiplying the instantaneous luminosity by the total inelastic cross
section of the proton collisions at 13 TeV. This minimum bias cross section is measured to be

Constrain bkg., isolate signal

BDT to improve S/B

Mainly defined by Njets, Nb-tag requirements
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95% CL Limits

B (t→uH) < 0.22 (0.16) % 
B (t→cH) < 0.24 (0.17) %

B (t→uH) < 0.47 (0.34) % 
B (t→cH) < 0.47 (0.44) %

B (t→uZ) < 0.017 (0.024) % 
B (t→cZ) < 0.023 (0.032) %

B (t→uZ) < 0.024 (0.015) % 
B (t→cZ) < 0.045 (0.037) %
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2 2 Data and simulation samples

Monte Carlo simulation augmented in the dominant backgrounds by control regions that are
expected to be depleted in signal events and dominated by background. The control regions
can be particularly useful for backgrounds such as DY+jets, where the particle reconstructed
as a third lepton is actually a hadron or a hadronic event, a case where simulation may be less
accurate. The sample of prompt leptons is contaminated by real leptons either from decays
of tau leptons or from hadronized mesons or baryons (collectively referred as “non-prompt
leptons”) as well as by hadrons or jets misidentified as leptons. We refer to these two classes of
contamination as “not prompt-lepton” (NPL). They are typically evaluated with similar data-
driven methods and constitute the main background of this search.

The FCNC process is characterized using the effective field theory (EFT) approach. The lead-
ing effects are parametrized by a set of dimension six operators that are added to the SM
Lagrangian in the fully gauge symmetric theory [11, 12]. In this search, the trilinear boson-
quark-top couplings are considered, while four fermion couplings are neglected. Furthermore,
the assumption is made that the new physics effects are solely coming from the dimension six
operators. Focusing on the FCNC involving a tZq vertex, the FCNC Lagrangian in the elec-
troweak broken phase becomes

LtZq

FCNC = Â
q=u,c

"p
2

4
g

cos qW

ktZq

L
t̄sµn

⇣
f

L
ZqPL + f

R
ZqPR

⌘
qZµn

#
+ h.c. (1)

where ktZq/L represents the value of the couplings at scale L. These are assumed to be real and
positive, with the units of GeV�1. The left- and right-handed chirality projector operators are
denoted by PL and PR. The electroweak interaction is parametrized by the coupling constant
g and the electroweak mixing angle qW. The complex chiral parameters are denoted by f

R/L
Zq ,

and are assumed to be real and fulfil the relation | f
L
Zq|2 + | f

R
Zq|2 = 1.

2 Data and simulation samples

PYTHIA v8.22 [13] was used for all events to simulate parton shower, hadronization, and under-
lying event. The SM tZq sample is generated using the MG5 aMC@NLO generator (v2.2.2) [14] at
leading order accuracy. The tt̄Z and triboson samples were generated using the MG5 aMC@NLO
generator (v2.2.2), interfaced through the dedicated MC@NLO matching scheme [15] to PYTHIA.
The WZ+jets and tt̄W samples are produced with up to one additional parton at next-to-
leading order accuracy using MG5 aMC@NLO (v2.2.2) and interfaced to PYTHIA using the FxFx
approach [16] for matching and merging. The samples of tt̄H, WW, ZZ, and single top quark
production channels are generated with the POWHEG box (v1,v2) [17–20]. The JHU genera-
tor [21–24] is used for the tqH sample, while the tWZ sample is generated using MG5 aMC@NLO
(v2.3.3) at LO.

The FCNC processes are generated by interfacing the Lagrangian of Eq. 1, by means of the
FEYNRULES package (v4.0) [25] and its Universal Feynrules Output format [26], with
MG5 aMC@NLO (v2.2.2) and showered with PYTHIA. The complex chiral parameters are arbi-
trarily chosen to be f

L
Xq = 0 and f

R
Xq = 1. The new physics signal has two components: events

describing the production of tt̄ followed by an FCNC decay of one of the top quarks, and the
FCNC single top quark production in which the top quark decays according to the SM. The
leading order generation of the single top quark FCNC process tZ+0,1 jet including a merging
technique cannot be done since tZ+1 jet also contains contributions from top quark pair FCNC
where one quark is decaying in tZ. Therefore, single top quark and top quark pair processes
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Figure 6: Distributions of m�� for the selected sample in the (a) hadronic category 1, (b) hadronic category 2, (c)
leptonic category 1 and (d) leptonic category 2 channels. The result of fitting the data with the sum (full line)
of a signal component with the mass of the Higgs boson fixed to mH = 125.09 GeV, a continuum background
component (dashed line) and the SM Higgs boson contribution (di↵erence between the dotted and dashed lines) is
superimposed. The leptonic categories have only two bins: the seven-GeV-wide SR and the CR (see text). The CR
region bin extends from the signal region to both higher and lower masses; the content of the CR is shared equally
between the low-mass part (100 GeV to 122 GeV) and the high-mass part (129 GeV to 160 GeV) of the CR bin.

charm quark as opposed to the up quark. The observed limit for t ! uH is 2.4 ⇥ 10�3 and the expected
limit is 1.7 ⇥ 10�3, both at the 95% CL.

These limits on B can be translated to limits on the o↵-diagonal Yukawa coupling via the relation

�tqH = (1.92 ± 0.02) ⇥
p
B,

where the mass of the light quark is neglected [33]. The �tqH coupling corresponds to the sum in quad-
rature of the couplings relative to the two possible chirality combinations of the quark fields, �tqH ⌘q
|�tLqR |

2 + |�qLtR |
2 [77]. The observed (expected) limits are �tcH < 0.090 (0.077) and �tuH < 0.094 (0.079)

at the 95% CL. As the analysis does not distinguish between the two channels, the limit can be written as:q
�2

tcH + 0.92�2
tuH < 0.090, where the factor 0.92 is due to the di↵erence in acceptance between the two

modes. With this limit ATLAS reaches the sensitivity region where an observation is possible according
to models predicting the largest yields (see Section 1 and Ref. [31]).
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Limits on off-diagonal Yukawa couplings: Limits on FCNC couplings @ scale Λ:
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Closing Remarks
Top quark plays a key role in many BSM searches 
   ➙  Great deal of efforts in ATLAS+CMS to look for t- and b-quark super-partners  
            ↳  a small fraction presented today, through the 0L and 1L workhorses  
            ↳  only stringent limits so far, but we’re not yet at the end of the journey…  
   ➙  Limits on DM+HF models nicely complement direct-detection experiments  
   ➙  Searches for rare top processes/decays start to show sensitivity for BSM rates  
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with nearly equal masses of the t̃1and �̃±1 . The model considered assumes the mass-splitting between
the t̃1 and �̃±1 , �m(t̃1, �̃

±
1 ) = 10 GeV and that the top squark decays via the process t̃1 ! b �̃±1 with

a branching ratio of 100%. In this scenario, the jets originating from the bottom quarks are too low
in energy (soft) to be reconstructed and hence the signature is characterised by large Emiss

T and no
jets initiated by bottom quarks (referred to as b-jets).

(c) Higgsino LSP model:

‘Natural’ models of SUSY [23, 24, 68] suggest low-mass stops and a higgsino-like LSP. In such
scenarios, a typical�m( �̃±1 , �̃0

1 ) varies between a few hundred MeV to several tens of GeV depending
mainly on the mass relations amongst the electroweakinos. For this analysis, a simplified model is
designed for various �m( �̃±1 , �̃0

1 ) of up to 30 GeV satisfying the mass relation as follows:

�m( �̃±1 , �̃0
1 ) = 0.5 ⇥ �m( �̃0

2, �̃
0
1 ).

The stop decays into either b �̃±1 , t �̃0
1 , or t �̃0

2 , followed by the �̃±1 and �̃0
2 decay through the emission

of a highly o�-shell W/Z boson. Hence the signature is characterised by low-momentum leptons
or jets from o�-shell W/Z bosons, and the analysis benefits from reconstructing low-momentum
leptons (referred to as soft leptons). The stop decay branching ratio strongly depends on the t̃R and
t̃L composition of the stop. Stops composed mainly of t̃R have a large branching ratio B(t̃1 ! b �̃±1 ),
whereas stops composed mainly of t̃L have a large B(t̃1 ! t �̃0

1 ) or B(t̃1 ! t �̃0
2 ). In this search,

the three cases are considered separately: t̃1 ⇠ t̃R, t̃1 ⇠ t̃L, and a case in which the stop decays
democratically into the three decay modes.

(d) Bino/higgsino mix model:

The ‘well-tempered neutralino’ [69] scenario seeks to provide a viable dark-matter candidate while
simultaneously addressing the problem of naturalness by targeting an LSP that is an admixture of
bino and higgsino. The mass spectrum of the electroweakinos (higgsinos and bino) is expected
to be slightly compressed, with a typical mass-splitting between the bino and higgsino states of
20–50 GeV. A pMSSM signal model is designed such that only a low level of fine-tuning [70, 71]
of the pMSSM parameters is needed and the annihilation rate of neutralinos is consistent with the
observed dark-matter relic density5 (0.10 < ⌦h2 < 0.12) [72].

The final state produced by many of the models described above is consistent with a tt̄ + Emiss
T final

state. Exploiting the similarity, signal models with a spin-0 mediator decaying into dark-matter particles
produced in association with tt̄ are also studied assuming either a scalar (�) or a pseudoscalar (a)
mediator [51, 73]. An example diagram for this process is shown in Figure 4.

2.2 Analysis strategy

The search presented is based on 16 dedicated analyses that target the various scenarios mentioned above.
Each of these analyses corresponds to a set of event selection criteria, referred to as a signal region (SR),
and is optimised to target one or more signal scenarios. Two di�erent analysis techniques are employed in
the definition of the SRs, which are referred to as ‘cut-and-count’ and ‘shape-fit’. The former is based on
counting events in a single region of phase space, and is employed in the 16 analyses. The latter is used

5 The quantities ⌦ and h are the density parameter and Hubble constant, respectively.
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Low Δm High Δm

Trigger on ET (offline: >250 GeV), veto events with isolated leptons 

Njets≥5, Nb-tag≥1, Δ𝜙(ET,j1..4)≥0.5Njets≥2, Nt=NW=0, mT(ET,b-jet)<175 GeV 
one ISR jet, pT,ISR> 300 GeV, Δ𝜙(ET,ISR)>2, …
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Table 1: Summary of the 51 non-overlapping search regions that mainly target high Dm signal.
The high Dm baseline selection is Nj � 5, pmiss

T � 250 GeV, no leptons, Nb � 1, and Df1234 � 0.5.

mb
T < 175 GeV

Nj Nt NW Nres Nb pmiss
T [GeV]

�7 �0 �0 �1 1, �2 250-300, 300-400, 400-500, �500

mb
T � 175 GeV

Nj Nt NW Nres Nb pmiss
T [GeV]

�7 0 0 0 1, �2 250-350, 350-450, 450-550, �550

�5

�1 0 0

1

550-650, �650
0 0 �1 250-350, 350-450, 450-550, 550-650, �650
�1 �1 0 �550
0 �1 �1 250-350, 350-450, 450-550, �550

�5

1 0 0

�2

550-650, �650
0 1 0 250-350, 350-450, 450-550, 550-650, � 650
0 0 1 250-350, 350-450, 450-550, 550-650, �650
1 1 0 �550
0 1 1 250-350, 350-450, 450-550, �550
1 0 1 250-350, 350-450, �450
�2 0 0 �250
0 �2 0 �250
0 0 �2 �250

Table 2: Summary of the 53 non-overlapping search regions that mainly target low Dm signal.
The low Dm baseline selection is Nj � 2, pmiss

T � 250 GeV, no leptons, Nt = NW = Nres = 0,
mb

T < 175 GeV (when applicable), |Df(j1,~pmiss
T )| � 0.5, |Df(j2,3,~pmiss

T )| � 0.15, and an ISR jet
with pISR

T � 300 GeV, |h|  2.4, |Df(jISR,~pmiss
T )| � 2, and SET/ � 10

p
GeV.

Nj Nb NSV pISR
T [GeV] pb

T [GeV] pmiss
T [GeV]

2–5

0

0

�500 —

450–550, 550–650, 650–750, �750
�6 0 450–550, 550–650, 650–750, �750
2–5 �1 450–550, 550–650, 650–750, �750
�6 �1 450–550, 550–650, 650–750, �750

�2 1

0 300–500 20–40 300–400, 400–500, 500–600, �600
0 300–500 40–70 300–400, 400–500, 500–600, �600
0 �500 20–40 450–550, 550–650, 650–750, �750
0 �500 40–70 450–550, 550–650, 650–750, �750
�1 �300 20–40 300–400, 400–500, �500

�2

�2 �0

300–500 40–80 300–400, 400–500, �500
�2 300–500 80–140 300–400, 400–500, �500
�7 300–500 �140 300–400, 400–500, �500
�2 �500 40–80 450–550, 550–650, �650
�2 �500 80–140 450–550, 550–650, �650
�7 �300 �140 450–550, 550–650, �650

6 Background estimation
The contribution of each SM background process to the search sample is estimated through
measurements of dedicated control data events that are translated to predictions for event
counts in the corresponding SR with the aid of simulation. The strategy makes use of methods
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that both reclustered jets are compatible with a W-boson candidate. The SRt2 signal region is optimised
instead for high-mass spin-0 mediators (100 GeV < m(�/a) < 350 GeV). Requirements on the two
leading reclustered jet masses with radius 1.2 (mjet 1

R=1.2, mjet 2
R=1.2) are used to exploit the more boosted

topology of these signal events compared to the backgrounds. The requirements applied in SRt2 are such
that the leading large-radius jet is compatible with a top-quark candidate and the subleading large-radius
jet is compatible with a W-boson candidate. The specific requirements for each discriminating observable
in SRt1 and SRt2 are summarised in Table 3.

Finally, events assigned to SRt3 are required to have exactly two opposite-sign leptons (NM
` = 2 OS),

electrons or muons, either same- or di�erent-flavour, with an invariant mass (regardless of the flavours
of the leptons in the pair), m`` , being larger than 20 GeV. In addition, for same-flavour lepton pairs,
events with m`` within 20 GeV of the Z-boson mass are vetoed. Furthermore, candidate signal events
are required to have at least one medium b-tagged jet. Events are required to pass the two-lepton triggers
and the leading and subleading lepton transverse momenta in the event are required to be at least 25 and
20 GeV, respectively, which also guarantees that the plateau of e�ciency of the triggers is reached. The
main reducible backgrounds for this analysis are dileptonic tt̄ decays, Z + jets and dibosons. The main
handle for the rejection of these backgrounds is the lepton-based "stransverse mass", m``

T2 [92–94], which
is a kinematic variable with an endpoint at the W-boson mass for events containing two W bosons decaying
into leptons. In this selection it is used in linear combination with the Emiss

T , in order to maximise the
discrimination power of the two variables [90]:

⇠+ = m``
T2 + 0.2 · Emiss

T .

Further requirements are placed on ��boost [92], the azimuthal angular distance between Æpmiss
T and the

vector sum of Æpmiss
T and the transverse momentum of the leptons, and on mmin

b2` , which is the smallest
invariant mass computed between the b-tagged jet and each of the two leptons in the event. Both variables
are used to further reject residual contamination from reducible backgrounds for this selection. The
variable ��boost, can be interpreted as the azimuthal angular di�erence between the Æpmiss

T and the opposite
of the vector sum of all the transverse hadronic activity in the event. The requirement on this variable reject
Z(`+`�)+jets events where the Emiss

T arises from jet mismeasurements, while retaining a large fraction of
the signal. In events with two top quarks decaying dileptonically such as in the signal topology, at least one
of the two mass combinations must be bounded from above by mmin

b2` <
q

m2
t � m2

W . This variable helps
to reject residual reducible backgrounds, while retaining 99% of the signal. The specific requirements for
SRt3 are summarised in Table 3.

5 Background estimation

The SM backgrounds contributing to each of the five SRs are estimated with the aid of the MC simulation
and using control regions (CRs) constructed to enhance a particular background and to be kinematically
similar but orthogonal to the SRs. The expected background is determined separately in each SR through
a profile likelihood fit based on the HistFitter package [95]. The CR yields constrain the normalisation
of the dominant SM background processes. Such normalisation factors are treated as free fit parameters
and are uncorrelated between fits of di�erent SRs. The systematic uncertainties are included as nuisance
parameters in the fit. In the case of a "background-only" fit set-up, only the CRs are considered and the
signal contribution is neglected. The number of background events predicted by simulation in the SRs is
normalised according to the results of the fit. When computing exclusion limits as described in Sect. 7,
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