
Top-quark physics 

in ATLAS and CMS

Markus Cristinziani 
on behalf of the ATLAS and CMS collaborations


Workshop on the Standard Model and Beyond

Corfu, August 27 – September 7, 2023



M. Cristinziani Top-quark physics @ Corfu2023

Plan
Overview of most recent top-quark results by ATLAS and CMS

Since Corfu 2022

• 12 new results by CMS (6 papers submitted, 6 preliminary results) [Link]

• 20 new results by ATLAS (13 papers submitted, 7 preliminary results) [Link]

• cannot cover them all in 25 minutes
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Plan
Overview of most recent top-quark results by ATLAS and CMS

Since Corfu 2022

• 12 new results by CMS (6 papers submitted, 6 preliminary results) [Link]

• 20 new results by ATLAS (13 papers submitted, 7 preliminary results) [Link]

• cannot cover them all in 25 minutes

Focus on 

• papers submitted in the last 6 months 

• preliminary results in the last 4 months

Covers many different aspects of the top programme at the LHC
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Top-quark production
The top quark: the heaviest known fundamental particle, mt ~ 172.5 GeV

Produced in pairs, singly, and with additional particles; sensitive to NP


LHC as top factory: ~120M pairs in Run-2 (140 fb–1) in each experiment
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tt̄ cross section in eμ channel
Analysis at 13 TeV collision energy

• inclusive and (double-)differential lepton distributions

• fiducial region and full phase space

• profits from latest luminosity measurement

• improved reconstruction

4
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tt̄ cross section in eμ channel
Analysis at 13 TeV collision energy

• inclusive and (double-)differential lepton distributions

• fiducial region and full phase space

• profits from latest luminosity measurement

• improved reconstruction

Inclusive result

•  pb

• world-record 1.8% tt̄ cross section uncertainty

• agrees with NNLO prediction

σtt̄ = 829 ± 1(stat.) ± 13(syst.) ± 8(lumi.) ± 2(beam)

4

JHEP 07 (2023) 141

Source of uncertainty ��
fid
tt̄ /�

fid
tt̄ [%] ��tt̄/�tt̄ [%]

Data statistics 0.15 0.15
MC statistics 0.04 0.04
Matrix element 0.12 0.16
hdamp variation 0.01 0.01
Parton shower 0.08 0.22
tt̄ + heavy flavour 0.34 0.34
Top pT reweighting 0.19 0.58
Parton distribution functions 0.04 0.43
Initial-state radiation 0.11 0.37
Final-state radiation 0.29 0.35
Electron energy scale 0.10 0.10
Electron e�ciency 0.37 0.37
Electron isolation (in situ) 0.51 0.51
Muon momentum scale 0.13 0.13
Muon reconstruction e�ciency 0.35 0.35
Muon isolation (in situ) 0.33 0.33
Lepton trigger e�ciency 0.05 0.05
Vertex association e�ciency 0.03 0.03
Jet energy scale & resolution 0.10 0.10
b-tagging e�ciency 0.07 0.07
tt̄/Wt interference 0.37 0.37
Wt cross-section 0.52 0.52
Diboson background 0.34 0.34
tt̄V and tt̄H 0.03 0.03
Z + jets background 0.05 0.05
Misidentified leptons 0.32 0.32
Beam energy 0.23 0.23
Luminosity 0.93 0.93

Total uncertainty 1.6 1.8

tt̄ 
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tt̄ cross section in eμ channel
Analysis at 13 TeV collision energy

• inclusive and (double-)differential lepton distributions

• fiducial region and full phase space

• profits from latest luminosity measurement

• improved reconstruction

Inclusive result

•  pb

• world-record 1.8% tt̄ cross section uncertainty

• agrees with NNLO prediction

σtt̄ = 829 ± 1(stat.) ± 13(syst.) ± 8(lumi.) ± 2(beam)

Differential results

• somewhat in tension with state-of-the-art simulation
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Jet substructure in boosted tt̄ events
Top-quark jet substructure

• anti-kt R=1.0 jets in single lepton chan.     

and fully hadronic tt̄ events

• pT (top-jet)  (350,600) GeV


Differential cross section

• unfolded at particle level (IBU)

• using charged components of jet                
→ 50% better resolution


Eight variables, 1D & 2D

• N-subjettiness τ3, τ32, τ21; 

• norm. energy correlation f. ECF2, D2, C3; 

• angularities LHA, 


• predicted substructure is more 3-body-like

∈

pd,*
T
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ATLAS-CONF-2023-027

tt̄ 

3 Definition of Top Jets in Boosted Topologies. QCD

background studies.

At very high pT the tt̄ system should have a boosted topology. That means instead of
having several jets due the top products decays, we can cluster all in a unique jet (fat
jet) (Fig.3). We will consider as high pT jets those with pT > 400GeV.

Figure 3: Boosted topology at high pT

3.1 Boosted Top Scenarios

The fat jet is clustered with the ANTI-KT algorithm [5] using �R = 0.8. Two jets with
pT > 400GeV (Fig.4) are required and the top candidates will be the leading (jet with
the higher pT ) and sub-leading (jet with the second higher pT ) jets. Then we can cluster
these fat jets in two sub-jets (Fig.5) using the Soft Drop Mass Mechanism [6] where
ideally we can identify the W and the bHadron separately and removing soft radiation.

t t
∆=0.8∆=0.8

_

Figure 4: Fat Jets.

3.1.1 Jets and sub-jets mass distribution. Cross sections.

In Fig.6 it can be seen how the top mass can be reconstructed in the fat jet for leading
and sub-leading jets, while for sub-jet0 a peak exists in the W mass region. There is
also a contribution of lower masses suggesting that the W is not always clustered in this
sub-jet. For sub-jet1 no peak is observed suggesting that b-Hadron is inside this jet.
From this analysis we can say that Leading and Sub-leading jets are supposed to be the
Top-Jets, and the first Sub-Jet in both leading jets could contain the W decay products.
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tt̄ production at 13.6 TeV
First tt̄ measurement in Run-3 at new energy, 1.21 fb-1

• single and dilepton channels
• pT(ℓ)>35 GeV; new jet calibration; data driven Z+jets & QCD multijet
• ML fit with cut&count cross-check in eμ channel

6
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Measurement of single-top and top-pair
production processes with ATLAS and CMS

EPS-HEP2023 conference - Hamburg

Timothée Theveneaux-Pelzer
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CPPM – CNRS/IN2P3 – Aix-Marseille Université

Tuesday, August 22nd 2023
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tt̄ production at 13.6 TeV
First tt̄ measurement in Run-3 at new energy, 1.21 fb-1

• single and dilepton channels
• pT(ℓ)>35 GeV; new jet calibration; data driven Z+jets & QCD multijet
• ML fit with cut&count cross-check in eμ channel

•  pb  (  pb expected)σtt̄ = 882 ± 23 (stat. + syst.) ± 20 (lumi.) 921+29
−37

6

arXiv:2303.10680

Measurement of single-top and top-pair
production processes with ATLAS and CMS

EPS-HEP2023 conference - Hamburg

Timothée Theveneaux-Pelzer
on behalf of the ATLAS and CMS collaborations

CPPM – CNRS/IN2P3 – Aix-Marseille Université

Tuesday, August 22nd 2023

T. Theveneaux-Pelzer CPPM CNRS/IN2P3 AMU top-pair and single-top with ATLAS and CMS – EPS-HEP2023 Tuesday, August 22nd 2023 1 / 19

Source Uncertainty (%)
Lepton ID efficiencies 1.6
Trigger efficiency 0.3
JES 0.7
b tagging efficiency 1.1
Pileup reweighting 0.5
ME scale, tt 0.6
ME scale, backgrounds 0.1
ME/PS matching 0.1
PS scales 0.3
PDF and aS 0.3
Single t background 1.0
Z+jets background 0.3
W+jets background 0.0
Diboson background 0.5
QCD multijet background 0.3
Statistical uncertainty 0.5
Combined uncertainty 2.6
Integrated luminosity 2.3
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tt̄ production at 13.6 TeV
Measure tt̄ and Z cross-section simultaneously, 29 fb-1

• eμ channel for tt̄ 

• ee and μμ for Z cross-section

• ratio cancels lumi dependence

7
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tt̄ production at 13.6 TeV
Measure tt̄ and Z cross-section simultaneously, 29 fb-1

• eμ channel for tt̄ 

• ee and μμ for Z cross-section

• ratio cancels lumi dependence

Strategy

• count b-tag multiplicity

• also extract b-tag efficiency


7

arXiv:2308.09529

#1 = !fC C̄n4`2n1 (1 � ⇠1n1) + #
bkg
1 , (1)

#2 = !fC C̄n4`⇠1n
2
1 + #

bkg
2 , (2)

where ! is the integrated luminosity, fC C̄ is the measured CC̄ cross-section, n1 is the combined probability to
reconstruct and 1-tag a 1-jet after the selection, n4` is the efficiency for a CC̄ event to pass the opposite-sign
4` selection, ⇠1 is a tagging correlation coefficient that is close to unity and #

bkg
1(2) is the number of

background events with one (two) 1-tags. The correlation factor, ⇠1, is defined as ⇠1 = n11/n
2
1, where

n11 represents the probability to reconstruct and tag both 1-jets, and it is estimated from the Monte Carlo
(MC) simulation. The deviation of ⇠1 from unity is caused by kinematic correlations of the two 1-jets
produced in a CC̄ event, implying that the probability to tag two 1-jets simultaneously is not exactly equal
to the probability to tag one 1-jet squared. The deviation of the ⇠1 parameter from unity is measured in
simulation and is found to be less than 1%.

Using a binned profile-likelihood technique, the CC̄ production cross-section, the /-boson production
cross-sections and the ratio of the cross-sections, 'C C̄// , are measured. The /-boson production cross-
section f

fid.
/!✓✓ is measured with events with reconstructed <✓✓ satisfying 66 < <✓✓ < 116 GeV on the

detector-level, matching the fiducial-phase-space definition. Two separate fits are performed. In the first fit
fC C̄ , ffid.

/!✓✓ and n1 are implemented as unconstrained parameters, while in the second fit 'C C̄// , ffid.
/!✓✓and

n1 are used. In both fits, 44, `` and 4` events are used.

3 ATLAS detector

The ATLAS experiment [19] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4c coverage in solid angle.1 It consists of an inner tracking
detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field,
electromagnetic and hadron calorimeters, and a muon spectrometer (MS). The inner tracking detector
covers the pseudorapidity range |[ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition
radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM)
energy measurements with high granularity. A steel/scintillator-tile hadron calorimeter covers the central
pseudorapidity range (|[ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters
for both the EM and hadronic energy measurements up to |[ | = 4.9. The muon spectrometer surrounds the
calorimeters and is based on three large superconducting air-core toroidal magnets with eight coils each.
The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon
spectrometer includes a system of precision tracking chambers and fast detectors for triggering. A two-level
trigger system is used to select events. The first-level trigger is implemented in hardware and uses a subset
of the detector information to accept events at a rate below 100 kHz. This is followed by a software-based
trigger that reduces the accepted event rate to 3 kHz on average, depending on the data-taking conditions.
An extensive software suite [38] is used in data simulation, in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and data acquisition systems of the experiment.
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.
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1 + #
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where ! is the integrated luminosity, fC C̄ is the measured CC̄ cross-section, n1 is the combined probability to
reconstruct and 1-tag a 1-jet after the selection, n4` is the efficiency for a CC̄ event to pass the opposite-sign
4` selection, ⇠1 is a tagging correlation coefficient that is close to unity and #

bkg
1(2) is the number of

background events with one (two) 1-tags. The correlation factor, ⇠1, is defined as ⇠1 = n11/n
2
1, where

n11 represents the probability to reconstruct and tag both 1-jets, and it is estimated from the Monte Carlo
(MC) simulation. The deviation of ⇠1 from unity is caused by kinematic correlations of the two 1-jets
produced in a CC̄ event, implying that the probability to tag two 1-jets simultaneously is not exactly equal
to the probability to tag one 1-jet squared. The deviation of the ⇠1 parameter from unity is measured in
simulation and is found to be less than 1%.

Using a binned profile-likelihood technique, the CC̄ production cross-section, the /-boson production
cross-sections and the ratio of the cross-sections, 'C C̄// , are measured. The /-boson production cross-
section f

fid.
/!✓✓ is measured with events with reconstructed <✓✓ satisfying 66 < <✓✓ < 116 GeV on the

detector-level, matching the fiducial-phase-space definition. Two separate fits are performed. In the first fit
fC C̄ , ffid.

/!✓✓ and n1 are implemented as unconstrained parameters, while in the second fit 'C C̄// , ffid.
/!✓✓and

n1 are used. In both fits, 44, `` and 4` events are used.

3 ATLAS detector

The ATLAS experiment [19] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4c coverage in solid angle.1 It consists of an inner tracking
detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field,
electromagnetic and hadron calorimeters, and a muon spectrometer (MS). The inner tracking detector
covers the pseudorapidity range |[ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition
radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM)
energy measurements with high granularity. A steel/scintillator-tile hadron calorimeter covers the central
pseudorapidity range (|[ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters
for both the EM and hadronic energy measurements up to |[ | = 4.9. The muon spectrometer surrounds the
calorimeters and is based on three large superconducting air-core toroidal magnets with eight coils each.
The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon
spectrometer includes a system of precision tracking chambers and fast detectors for triggering. A two-level
trigger system is used to select events. The first-level trigger is implemented in hardware and uses a subset
of the detector information to accept events at a rate below 100 kHz. This is followed by a software-based
trigger that reduces the accepted event rate to 3 kHz on average, depending on the data-taking conditions.
An extensive software suite [38] is used in data simulation, in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and data acquisition systems of the experiment.
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.
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Category Uncertainty [%]
fC C̄ ffid.

/!✓✓ 'C C̄//

CC̄ CC̄ parton shower/hadronisation 0.9 < 0.2 0.9
CC̄ scale variations 0.4 < 0.2 0.4
CC̄ normalisation - < 0.2 -
Top quark ?T reweighting 0.6 < 0.2 0.6

/ / scale variations < 0.2 0.4 0.3
Bkg. Single top modelling 0.6 < 0.2 0.6

Diboson modelling < 0.2 < 0.2 0.2
CC̄+ modelling < 0.2 < 0.2 < 0.2
Fake and non-prompt leptons 0.6 < 0.2 0.6

Lept. Electron reconstruction 1.2 1.0 0.4
Muon reconstruction 1.4 1.4 0.3
Lepton trigger 0.4 0.4 0.4

Jets/tagging Jet reconstruction 0.4 - 0.4
Flavour tagging 0.4 - 0.3
PDFs 0.5 < 0.2 0.5
Pileup 0.7 0.8 < 0.2
Luminosity 2.3 2.2 0.3
Systematic uncertainty 3.2 2.8 1.8
Statistical uncertainty 0.3 0.02 0.3
Total uncertainty 3.2 2.8 1.9
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Rtt̄/Z = 1.145 ± 0.003 (stat.) ± 0.021 (syst.) ± 0.002 (lumi.)
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Preliminary result, full Run-2 dataset
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•   pb,    σt+t̄ = 221 ± 13 Rt = σt /σt̄ = 1.636+0.036
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single top
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Typical signal region: 1e/μ, 1 b-jet, 1 forward jet
• NN to separate signal from background

Preliminary result, full Run-2 dataset
•   pb,    pb,    σt = 137 ± 8 σt̄ = 84+6

−5

•   pb,    σt+t̄ = 221 ± 13 Rt = σt /σt̄ = 1.636+0.036
−0.034

• cancellation of systematics
• sensitive to PDFs

Wtq vertex in production and decay
 σ and Γ sensitive to |Vtq|→

• assuming   |Vtb | ≫ |Vtd(s) | → fLV ⋅ |Vtb | = 1.016 ± 0.031
• additionally  at 95% C.L.|Vtb | ∈ [0,1] → |Vtb | > 0.95
• 2D contours, relaxing constraints, three scenarios

single top
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t-channel 5 TeV cross section
Preliminary result, 5 TeV pp collisions 257 pb−1

• similar analysis strategy as for 13 TeV collisions

• significance: 6.1σ (6.4σ expected)


Measurements compatible with SM predictions

Additional probe for PDFs, at lower energies

11

ATLAS-CONF-2023-033

5 6 7 8 9 10 11 12 13 14
 [TeV]s

10

210

In
cl

us
iv

e 
cr

os
s-

se
ct

io
n 

[p
b]

top+antitop

top

antitop

74 (2015) 10, CPC191 (2010) NPPS205 NLO QCD 
,top= m

f
µ= rµ= 172.5 GeV, topm 

CT10nlo, MSTW2008nlo, NNPDF2.3nlo (PDF4LHC) 

ATLAS-CONF-2023-033 -1 257 pb
ATLAS-CONF-2023-026 -1 140 fb
PRD90 (2014) 112006 -1 4.59 fb
EPJ C77 (2017) 531 -1 20.2 fb

ATLAS Preliminary
t-channel single-top-quark production

Stat.
Total

1 1.5 2 2.5 3 3.5 4 4.5
tR

ABMP 1.6 (5 flav.)

ATLAS epWZ16

ATLAS epWZtop18

ATLAS epWZVjet20

ATLASpdf21

CT18

MSHT2020

NNPDF 3.0

NNPDF 3.1

NNPDF 4.0

PDF4LHC21

-1=5.02 TeV, 257 pbs Preliminary                            ATLAS

Measured value

Pred. calculated with MCFM v10.1
JHEP 02 (2021) 040 Stat.  syst.⊕Stat. 

 scale⊕ sα ⊕PDF Scale
NNLO Pred.

 pb

 pb


pb


σt = 19.5+3.8
−3.1(stat.)+2.9

−2.2(syst.)
σt̄ = 7.1+3.2

−2.1(stat.)+2.8
−1.5(syst.)

σt+t̄ = 26.6+4.3
−4.0(stat.)+4.4

−3.6(syst.)
Rt = 2.74+1.44

−0.83(stat.)+1.04
−0.29(syst.)

single top

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-033


M. Cristinziani Top-quark physics @ Corfu2023

Single top pp cross-sections summary

12
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tt̄W inclusive and differential
Rare process & important background for 4t, tt̄H


Analysis strategy

• 2ℓSS and 3ℓ regions, jets and b-tags

• tt̄Z and WZ from control regions

• misidentified leptons from sidebands
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Figure 1: Signal diagrams for the dominant production modes of CC̄, . (a) The LO contribution (UU2
B), (b) a real

emission diagram from the NLO QCD contribution (UU3
B), (c) the tree-level EWK contribution (U3), and (d) a

representative diagram of the combined NLO QCD and EWK contributions (U3
UB). The pink circles correspond to

QCD couplings and the blue circles correspond to EWK couplings.

order (NLO) QCD corrections for CC̄, production with up to two additional partons in the initial state.
Considering only QCD corrections, the predicted cross-section is f(CC̄,)QCD = 691.1+9.5%

�10.7%, while virtual
EWK corrections are negative and 2.4% of the f(CC̄,)QCD value, and the remaining EWK contribution
(including C,-scattering, as shown in Figure 1(d)) gives a 6.9% positive correction to the f(CC̄,)QCD

calculation.

In this note, measurements of inclusive and di�erential cross-sections of CC̄, production at
p
B = 13 TeV

are presented, including measurements of the CC̄, relative charge asymmetry. This is the first measurement
of di�erential cross-sections of CC̄, production at the LHC. The measurements are performed by analysing
the two same-sign lepton, 2✓SS and three-lepton, 3✓, final states. The paper is structured as follows:
Section 2 describes the ATLAS detector, Section 3 provides an overview of the data and simulated samples
used in the measurements, Section 4 details the object reconstruction and selection and Section 5 defines
the analysis strategy. Section 6 provides a description of the strategy to estimate non-prompt lepton
backgrounds. An overview of the systematic uncertainties is given in Section 7. The results are presented
in Section 8 and conclusions are given in Section 9.

2 ATLAS detector

The ATLAS detector [29] at the LHC covers nearly the entire solid angle around the collision point.1 It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and
hadron calorimeters, and a muon spectrometer incorporating three large superconducting air-core toroidal
magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range |[ | < 2.5. The high-granularity silicon pixel detector covers the vertex region and
typically provides four measurements per track, the first hit normally being in the insertable B-layer (IBL)
installed before Run 2 [30, 31]. It is followed by the silicon microstrip tracker (SCT), which usually provides

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.

3
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tt̄W inclusive and differential
 fb 


• agrees with ref. prediction 
 fb                     

(JHEP 11 (2021) 029)

σtt̄W = 890 ± 80

722+70
−78 (scale) ± 7 (PDF)
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tt̄W inclusive and differential
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tt̄W inclusive and differential
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• agrees with ref. prediction 
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• agrees with simulations
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8.2 Di�erential cross-section measurement

The di�erential CC̄, measurements have been made as a function of seven di�erent observables. The
chosen observables were selected either because they have an experimental motivation (e.g. variables
where modelling discrepancies were observed before), or a theoretical motivation (e.g. variables which
have significant shape changes due to NLO corrections). The full set of measured observables is given in
Table 9.

Table 9: Definition of observables measured.

Variable Definition
#jets Number of selected jets with ?T > 25 GeV and |[ | < 2.5
�T,jets Scalar sum of the transverse momenta of selected jets with ?T > 25 GeV and |[ | < 2.5
�T,lep Scalar sum of the transverse momenta of selected leptons

�Rlb, lead Angular distance between the leading lepton and the leading 1-tagged jet
|�qll, SS | Absolute azimuthal separation between the two leptons of the same-sign pair
|�[ll, SS | Absolute pseudo-rapidity separation between the two leptons of the same-sign pair
"jj, lead Invariant mass of the two leading jets with ?T > 25 GeV and |[ | < 2.5

A profile likelihood unfolding procedure [115] (PLU) is used to measure di�erential cross-sections at
particle level in the fiducial phase-space defined in Section 5 for one observable at a time. A likelihood
model is built for a detector-level distribution by treating the contribution from each truth-level bin as a
subcomponent of the detector-level signal. The likelihood takes the following form:

L(f, Æ\, Æ_) =
÷
8

%

 
#8 |!int

’
9

R8 9 ( Æ\)f9 ( Æ\) + ⌫8 ( Æ\, Æ_)
!
⇥

÷
:

⌧ (\:) ⇥ '(f9 , g9) (7)

where 8 indicates the detector-level bin index, 9 indicates the particle-level bin index and : the systematic
uncertainty index. #8 is the number of signal events in detector-level bin 8, !int is the integrated luminosity,
R8 9 is the (8, 9) bin of the response matrix, f9 is the unfolded cross-section in particle-level bin 9 and ⌫8 is
the number of background events in detector-level bin 8, which depends on _, the ratio of the measured
background yields to the predicted values. The g9 parameter controls the level of regularisation used in
the unfolding of truth bin 9 . In practice the value of f9 is extracted by fitting for the number of events in
particle-level bin 9 , # 9 = !intf9 with f9 = ` 9f

MC
9 and it is the signal strengths ` 9 that vary in the fit.

The response matrix is defined as:

R8 9 =
1
U8

n 9M8 9 . (8)

The migration matrix, M8 9 , which quantifies the bin-to-bin migrations of events from particle level to
detector level due to resolution e�ects, is defined as:

M8 9 =
#

det.\fid.
8 9

#
det.\fid.
9

. (9)

The superscript det. \ fid. indicates events that pass both the detector-level event selection and the fiducial
selection. The numerator #det.\fid.

8 9 is the number of expected detector-level events in detector-level bin 8
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Four top-quark production
Very rare process sensitive to Higgs boson properties and BSM

• enhanced in BSM scenarios: gluino pairs, heavy bosons in 2HDM, 4-fermion interactions

• sensitive to top Yukawa coupling strengths, charge and CP properties 

15

4-top production measurement

o 4-top production is a very rare process sensitive to Higgs boson properties and BSM particles

– Can be enhanced in BSM scenarios: gluino pairs, new heavy bosons in two-Higgs-doublet, 4-fermion interactions

– Sensitive to the top Yukawa coupling strengths, charge and CP properties

tt̄W and 4-top production with ATLAS Rustem Ospanov for the ATLAS collaboration 12

4-top production measurement

o 4-top production is a very rare process sensitive to Higgs boson properties and BSM particles

– Can be enhanced in BSM scenarios: gluino pairs, new heavy bosons in two-Higgs-doublet, 4-fermion interactions

– Sensitive to the top Yukawa coupling strengths, charge and CP properties

tt̄W and 4-top production with ATLAS Rustem Ospanov for the ATLAS collaboration 12
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Four top-quark production
Observation combining several channels

• 2ℓSS and 3ℓ channels

• 8 control regions – tt̄W+ and tt̄W- are determined independently 

• non-prompt leptons determined from pT (3rd lepton)

• employ Graph Neural Network, check distributions for GNN score > 0.6

• measure:  pb, 6.1σ significanceσtt̄tt̄ = 22.5+6.6

−5.5

16
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4-top production: tt̄W control regions

o tt̄W
+ and tt̄W

� are measured independently from corresponding CRS

– Measure normalisation and scaling as a function of jet multiplicity
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4-top production: control regions for mis-identified leptons

o Normalise mis-identified leptons from dedicated CRs

– Non-prompt electrons and muons produced in b/c jets ! use pT of 3rd lepton

– Photons interacting with detector and mis-identified as electrons
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4-top production: signal region

o Select signal candidates with Graph Neural Network (GNN)

– Fit GNN distribution to measure 4-top signal strength µ = 1.9 ± 0.4(stat.) +0.7
�0.4(syst.)

– Study di↵erential distributions for GNN> 0.6
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Four top-quark production
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4-top production: tt̄W control regions
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4-top production: control regions for mis-identified leptons

o Normalise mis-identified leptons from dedicated CRs

– Non-prompt electrons and muons produced in b/c jets ! use pT of 3rd lepton

– Photons interacting with detector and mis-identified as electrons

15 20 25 30 35 40 45 50
 [GeV]3l

T
p

0.7
0.85

1
1.15

 

Da
ta

 / 
Pr

ed
. 0

10

20

30

40

50

60

Ev
en

ts
 / 

15
 G

eV ATLAS
-1 = 13 TeV, 140 fbs

CR HF e
Post-Fit

Data tttt
Wtt Ztt
Htt Mat. Conv.

HF e *γLow m
µHF Others

ttt Uncertainty
Pre-Fit

15 20 25 30 35 40 45 50
 [GeV]3l

T
p

0.7
0.85

1
1.15

 

Da
ta

 / 
Pr

ed
. 0

20

40

60

80

100

Ev
en

ts
 / 

15
 G

eV ATLAS
-1 = 13 TeV, 140 fbs

µCR HF 
Post-Fit

Data tttt
Wtt Ztt
Htt Mat. Conv.

HF e *γLow m
µHF Others

ttt Uncertainty
Pre-Fit

 0.6
0.8

1
1.2

 

Da
ta

 / 
Pr

ed
. 0

50

100

150

200

250

300

350

400

450

Ev
en

ts

ATLAS
-1 = 13 TeV, 140 fbs

CR Mat. Conv.
Post-Fit

Data tttt
Wtt Ztt
Htt QmisID

Mat. Conv. HF e
*γLow m µHF 

Others ttt
Uncertainty Pre-Fit

tt̄W and 4-top production with ATLAS Rustem Ospanov for the ATLAS collaboration 15

4-top production: signal region

o Select signal candidates with Graph Neural Network (GNN)

– Fit GNN distribution to measure 4-top signal strength µ = 1.9 ± 0.4(stat.) +0.7
�0.4(syst.)

– Study di↵erential distributions for GNN> 0.6
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4-top production: signal region distributions

o Study di↵erential distributions for GNN> 0.6

– Excellent agreement of observed data with the shapes predicted by SM
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M. Cristinziani Top-quark physics @ Corfu2023

Four top-quark production
Observation combining several channels

• 2ℓSS and 3ℓ channels

• 8 control regions – tt̄W+ and tt̄W- are determined independently 

• non-prompt leptons determined from pT (3rd lepton)

• employ Graph Neural Network, check distributions for GNN score > 0.6

• measure:  pb, 6.1σ significanceσtt̄tt̄ = 22.5+6.6
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4-top production: tt̄W control regions

o tt̄W
+ and tt̄W

� are measured independently from corresponding CRS

– Measure normalisation and scaling as a function of jet multiplicity
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4-top production: control regions for mis-identified leptons

o Normalise mis-identified leptons from dedicated CRs

– Non-prompt electrons and muons produced in b/c jets ! use pT of 3rd lepton

– Photons interacting with detector and mis-identified as electrons
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4-top production: signal region

o Select signal candidates with Graph Neural Network (GNN)

– Fit GNN distribution to measure 4-top signal strength µ = 1.9 ± 0.4(stat.) +0.7
�0.4(syst.)

– Study di↵erential distributions for GNN> 0.6
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4-top production: signal region distributions

o Study di↵erential distributions for GNN> 0.6

– Excellent agreement of observed data with the shapes predicted by SM
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4-top production: measurements of SM parameters

o Measure independently pairs of SM parameters

– 3-top and 4-top cross-sections

– Top-Higgs Yukawa coupling and mixing angle between the CP-even and CP-odd components

o Measure EFT parameter - Higgs oblique parameter
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Four top-quark production
Observation combining several channels

• 2ℓSS, 3ℓ and 4ℓ channels

• improvements in lepton id, b-tagging, MVA analysis: 2 BDTs with 34 variables

• expected significance 4.9σ (ATLAS 4.3σ)

• measure:  pb, 5.6σ significanceσtt̄tt̄ = 17.7+4.4

−4.0
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tWZ production
Rare process  test of SM

• multilepton channel

→

Analysis performed in 2 regions 
with different jet requirements

• top quark almost at rest

• top quark with large pT

tt̄Z background

• large and interfering at NLO

• main systematics

• diagram removal vs. subtraction
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Figure 2: Output node score of tWZ in SR3`,2j (left). Output node score of tWZ in SR3`,3j for
events with exactly one b jet (middle), and of ttZ in SR3`,3j for events with more than one b jet
(right). The WZ+light jets process is denoted with WZ+j in the legend. The grey uncertainty
band shows the uncertainty after the fit.

the tWZ and ttZ output node scores from SR3`,3j are shown in Fig. 2 (left, middle, and right,
respectively) after the fit.

Sources of systematic uncertainty are considered that may affect the statistical interpretation
of the results, through their modification of both the normalization and the shape of the tem-
plates for the signal and background processes. The DNNs are re-evaluated on modified in-
puts to propagate the uncertainties to the templates. The most impactful sources of experi-
mental uncertainty arise from the b-tagging efficiency corrections and from the estimation of
nonprompt leptons. Additional uncertainties arise from our imperfect knowledge encoded
in the MC event generator parameters and settings. In this category, uncertainties associated
with the matrix element renormalization and factorization scales, the PS simulation, and the
PDFs are considered. Furthermore, variations in templates of the tWZ signal arising from the
difference between DR1 and DR2 schemes are included as uncertainties associated with the sig-
nal modeling. Theoretical uncertainties on the cross sections of the background processes are
also taken into account. In particular, a normalization uncertainty of 15% is conservatively at-
tributed to the ttZ cross section following previous ttZ measurements, where the cross section
was found to be shifted by approximately one standard deviation with respect to the theory
prediction [38, 39]. The integrated luminosity measured in each data-taking period, used to
normalize simulated distributions, is associated with a systematic uncertainty of 1.2–2.5% [40].
Finally, uncertainties arising from the finite size of simulated samples are also accounted for
following the Barlow-Beaston method [41]. The systematic uncertainties are included as nui-
sance parameters in binned maximum likelihood fit to extract the tWZ signal significance and
cross section.

The tWZ process is extracted at the level of evidence, with a statistical significance of 3.5
standard deviations, against an expected of 1.4. The signal strength is measured to be 2.7 ±
0.4 (stat) ± 0.7 (syst), and the cross section is found to be 0.37 ± 0.05 (stat) ± 0.10 (syst) pb. This
result is 2.1 standard deviations away from the SM expectations. The uncertainty associated
with the ttZ normalization is found to have the dominant contribution to the systematic un-
certainties. The reason of this behavior lies in the very similar nature of the tWZ and ttZ
processes, observed as an anti-correlation feature in the statistical analysis. Nonetheless, the
measured signal strength of the ttZ process is found to be well in agreement with the SM ex-
pectations, within uncertainties.
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Figure 2: Output node score of tWZ in SR3`,2j (left). Output node score of tWZ in SR3`,3j for
events with exactly one b jet (middle), and of ttZ in SR3`,3j for events with more than one b jet
(right). The WZ+light jets process is denoted with WZ+j in the legend. The grey uncertainty
band shows the uncertainty after the fit.

the tWZ and ttZ output node scores from SR3`,3j are shown in Fig. 2 (left, middle, and right,
respectively) after the fit.

Sources of systematic uncertainty are considered that may affect the statistical interpretation
of the results, through their modification of both the normalization and the shape of the tem-
plates for the signal and background processes. The DNNs are re-evaluated on modified in-
puts to propagate the uncertainties to the templates. The most impactful sources of experi-
mental uncertainty arise from the b-tagging efficiency corrections and from the estimation of
nonprompt leptons. Additional uncertainties arise from our imperfect knowledge encoded
in the MC event generator parameters and settings. In this category, uncertainties associated
with the matrix element renormalization and factorization scales, the PS simulation, and the
PDFs are considered. Furthermore, variations in templates of the tWZ signal arising from the
difference between DR1 and DR2 schemes are included as uncertainties associated with the sig-
nal modeling. Theoretical uncertainties on the cross sections of the background processes are
also taken into account. In particular, a normalization uncertainty of 15% is conservatively at-
tributed to the ttZ cross section following previous ttZ measurements, where the cross section
was found to be shifted by approximately one standard deviation with respect to the theory
prediction [38, 39]. The integrated luminosity measured in each data-taking period, used to
normalize simulated distributions, is associated with a systematic uncertainty of 1.2–2.5% [40].
Finally, uncertainties arising from the finite size of simulated samples are also accounted for
following the Barlow-Beaston method [41]. The systematic uncertainties are included as nui-
sance parameters in binned maximum likelihood fit to extract the tWZ signal significance and
cross section.

The tWZ process is extracted at the level of evidence, with a statistical significance of 3.5
standard deviations, against an expected of 1.4. The signal strength is measured to be 2.7 ±
0.4 (stat) ± 0.7 (syst), and the cross section is found to be 0.37 ± 0.05 (stat) ± 0.10 (syst) pb. This
result is 2.1 standard deviations away from the SM expectations. The uncertainty associated
with the ttZ normalization is found to have the dominant contribution to the systematic un-
certainties. The reason of this behavior lies in the very similar nature of the tWZ and ttZ
processes, observed as an anti-correlation feature in the statistical analysis. Nonetheless, the
measured signal strength of the ttZ process is found to be well in agreement with the SM ex-
pectations, within uncertainties.
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Figure 2: Output node score of tWZ in SR3`,2j (left). Output node score of tWZ in SR3`,3j for
events with exactly one b jet (middle), and of ttZ in SR3`,3j for events with more than one b jet
(right). The WZ+light jets process is denoted with WZ+j in the legend. The grey uncertainty
band shows the uncertainty after the fit.

the tWZ and ttZ output node scores from SR3`,3j are shown in Fig. 2 (left, middle, and right,
respectively) after the fit.

Sources of systematic uncertainty are considered that may affect the statistical interpretation
of the results, through their modification of both the normalization and the shape of the tem-
plates for the signal and background processes. The DNNs are re-evaluated on modified in-
puts to propagate the uncertainties to the templates. The most impactful sources of experi-
mental uncertainty arise from the b-tagging efficiency corrections and from the estimation of
nonprompt leptons. Additional uncertainties arise from our imperfect knowledge encoded
in the MC event generator parameters and settings. In this category, uncertainties associated
with the matrix element renormalization and factorization scales, the PS simulation, and the
PDFs are considered. Furthermore, variations in templates of the tWZ signal arising from the
difference between DR1 and DR2 schemes are included as uncertainties associated with the sig-
nal modeling. Theoretical uncertainties on the cross sections of the background processes are
also taken into account. In particular, a normalization uncertainty of 15% is conservatively at-
tributed to the ttZ cross section following previous ttZ measurements, where the cross section
was found to be shifted by approximately one standard deviation with respect to the theory
prediction [38, 39]. The integrated luminosity measured in each data-taking period, used to
normalize simulated distributions, is associated with a systematic uncertainty of 1.2–2.5% [40].
Finally, uncertainties arising from the finite size of simulated samples are also accounted for
following the Barlow-Beaston method [41]. The systematic uncertainties are included as nui-
sance parameters in binned maximum likelihood fit to extract the tWZ signal significance and
cross section.

The tWZ process is extracted at the level of evidence, with a statistical significance of 3.5
standard deviations, against an expected of 1.4. The signal strength is measured to be 2.7 ±
0.4 (stat) ± 0.7 (syst), and the cross section is found to be 0.37 ± 0.05 (stat) ± 0.10 (syst) pb. This
result is 2.1 standard deviations away from the SM expectations. The uncertainty associated
with the ttZ normalization is found to have the dominant contribution to the systematic un-
certainties. The reason of this behavior lies in the very similar nature of the tWZ and ttZ
processes, observed as an anti-correlation feature in the statistical analysis. Nonetheless, the
measured signal strength of the ttZ process is found to be well in agreement with the SM ex-
pectations, within uncertainties.
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Figure 2: Output node score of tWZ in SR3`,2j (left). Output node score of tWZ in SR3`,3j for
events with exactly one b jet (middle), and of ttZ in SR3`,3j for events with more than one b jet
(right). The WZ+light jets process is denoted with WZ+j in the legend. The grey uncertainty
band shows the uncertainty after the fit.

the tWZ and ttZ output node scores from SR3`,3j are shown in Fig. 2 (left, middle, and right,
respectively) after the fit.

Sources of systematic uncertainty are considered that may affect the statistical interpretation
of the results, through their modification of both the normalization and the shape of the tem-
plates for the signal and background processes. The DNNs are re-evaluated on modified in-
puts to propagate the uncertainties to the templates. The most impactful sources of experi-
mental uncertainty arise from the b-tagging efficiency corrections and from the estimation of
nonprompt leptons. Additional uncertainties arise from our imperfect knowledge encoded
in the MC event generator parameters and settings. In this category, uncertainties associated
with the matrix element renormalization and factorization scales, the PS simulation, and the
PDFs are considered. Furthermore, variations in templates of the tWZ signal arising from the
difference between DR1 and DR2 schemes are included as uncertainties associated with the sig-
nal modeling. Theoretical uncertainties on the cross sections of the background processes are
also taken into account. In particular, a normalization uncertainty of 15% is conservatively at-
tributed to the ttZ cross section following previous ttZ measurements, where the cross section
was found to be shifted by approximately one standard deviation with respect to the theory
prediction [38, 39]. The integrated luminosity measured in each data-taking period, used to
normalize simulated distributions, is associated with a systematic uncertainty of 1.2–2.5% [40].
Finally, uncertainties arising from the finite size of simulated samples are also accounted for
following the Barlow-Beaston method [41]. The systematic uncertainties are included as nui-
sance parameters in binned maximum likelihood fit to extract the tWZ signal significance and
cross section.

The tWZ process is extracted at the level of evidence, with a statistical significance of 3.5
standard deviations, against an expected of 1.4. The signal strength is measured to be 2.7 ±
0.4 (stat) ± 0.7 (syst), and the cross section is found to be 0.37 ± 0.05 (stat) ± 0.10 (syst) pb. This
result is 2.1 standard deviations away from the SM expectations. The uncertainty associated
with the ttZ normalization is found to have the dominant contribution to the systematic un-
certainties. The reason of this behavior lies in the very similar nature of the tWZ and ttZ
processes, observed as an anti-correlation feature in the statistical analysis. Nonetheless, the
measured signal strength of the ttZ process is found to be well in agreement with the SM ex-
pectations, within uncertainties.
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1

1 Introduction

Searches for new fundamental particles and interactions are motivated by the strong evidence
for phenomena (such as dark matter [1, 2]) that are not described by the standard model (SM)
of particle physics. However, there is no a priori reason to assume that particles will be light
enough to be produced on-shell at the CERN LHC. Indirect methods of probing higher en-
ergy scales are thus an important part of searches for new physics at the energy frontier. One
example of this type of approach is effective field theory (EFT), a flexible framework that com-
prehensively describes the off-shell effects of new physics phenomena at a mass scale L. The
EFT treats the SM Lagrangian as the lowest order term in an expansion of a more complete
Lagrangian at a mass scale L in the form of a series of higher-dimensional operators, which
are built from products of SM fields that respect the SM symmetries. The EFT Lagrangian is
written as

LEFT = LSM + Â
d,i

c
d

i

Ld�4O
d

i
, (1)

where LSM is the SM Lagrangian, Od

i
are the EFT operators of dimension d, and c

d

i
are the

Wilson coefficients (WCs) which control the strength of the EFT effects. Since each higher or-
der term in Eq. (1) is suppressed by powers of Ld�4, the smallest dimension operators tend
to produce the largest expected deviations from the SM (d  4) processes. We do not con-
sider operators that violate baryon or lepton number, so all operators of odd dimension are
excluded, making the dimension-six operators the leading new physics contributions [3]. The
next contributions would arise from dimension-eight operators, which are not considered here.

This paper focuses specifically on operators that couple the top quark to leptons, bosons, and
other heavy (top or bottom) quarks. Searching for new physics in the top quark sector is moti-
vated by the uniquely large mass of the top quark [4, 5] and the resulting Yukawa coupling to
the Higgs field [6] of roughly unity. The LHC provides a rich environment of top quarks pro-
duced with additional leptons. Furthermore, the leptonic final-state decays of the top quark
provide experimentally clean signatures with relatively low background contributions. The
dominant SM contributions to these signatures arise from processes in which one or more top
quarks are produced in association with a heavy boson or other top quarks. Referred to as asso-
ciated top quark production, these processes include ttH [7], ttW [8], ttZ [9], tZq [10], tHq [7],
tttt [11]. While each of these processes have been studied individually, the analysis presented
in this paper takes a more global approach, using the EFT framework to probe the potential
effects of heavy new physics impacting these associated top quark processes simultaneously.

The analysis described in this paper builds on the approach developed in Ref. [12], which stud-
ied 16 dimension-six EFT operators with data collected in 2017, corresponding to an integrated
luminosity of 41.5 fb�1. With this approach, EFT effects are incorporated into the event weights
of the simulated samples, allowing detector-level predictions that account for all relevant in-
terference effects (not only between new physics and the SM, but also among new physics op-
erators) and correlations among WCs. This approach has been subsequently utilized to study
ttZ, tZq, and tWZ [13] and to study ttH and ttZ processes in which the Higgs or Z boson
is boosted [14]; the former simultaneously probes five WCs, while the latter simultaneously
probes eight WCs. Expanding on these previous analyses, we study the effects of 26 operators,
incorporate additional signatures, and improve the sensitivity by fitting differential kinemat-
ical distributions and making use of all data collected by the CMS experiment in 2016–2018,
corresponding to a total integrated luminosity of 138 fb�1. This paper thus represents the most
global detector-level EFT analysis to date.

The sections in this paper are organized as follows. The CMS detector is introduced in Section 2.
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1 Introduction

Searches for new fundamental particles and interactions are motivated by the strong evidence
for phenomena (such as dark matter [1, 2]) that are not described by the standard model (SM)
of particle physics. However, there is no a priori reason to assume that particles will be light
enough to be produced on-shell at the CERN LHC. Indirect methods of probing higher en-
ergy scales are thus an important part of searches for new physics at the energy frontier. One
example of this type of approach is effective field theory (EFT), a flexible framework that com-
prehensively describes the off-shell effects of new physics phenomena at a mass scale L. The
EFT treats the SM Lagrangian as the lowest order term in an expansion of a more complete
Lagrangian at a mass scale L in the form of a series of higher-dimensional operators, which
are built from products of SM fields that respect the SM symmetries. The EFT Lagrangian is
written as

LEFT = LSM + Â
d,i

c
d

i

Ld�4O
d

i
, (1)

where LSM is the SM Lagrangian, Od

i
are the EFT operators of dimension d, and c

d

i
are the

Wilson coefficients (WCs) which control the strength of the EFT effects. Since each higher or-
der term in Eq. (1) is suppressed by powers of Ld�4, the smallest dimension operators tend
to produce the largest expected deviations from the SM (d  4) processes. We do not con-
sider operators that violate baryon or lepton number, so all operators of odd dimension are
excluded, making the dimension-six operators the leading new physics contributions [3]. The
next contributions would arise from dimension-eight operators, which are not considered here.

This paper focuses specifically on operators that couple the top quark to leptons, bosons, and
other heavy (top or bottom) quarks. Searching for new physics in the top quark sector is moti-
vated by the uniquely large mass of the top quark [4, 5] and the resulting Yukawa coupling to
the Higgs field [6] of roughly unity. The LHC provides a rich environment of top quarks pro-
duced with additional leptons. Furthermore, the leptonic final-state decays of the top quark
provide experimentally clean signatures with relatively low background contributions. The
dominant SM contributions to these signatures arise from processes in which one or more top
quarks are produced in association with a heavy boson or other top quarks. Referred to as asso-
ciated top quark production, these processes include ttH [7], ttW [8], ttZ [9], tZq [10], tHq [7],
tttt [11]. While each of these processes have been studied individually, the analysis presented
in this paper takes a more global approach, using the EFT framework to probe the potential
effects of heavy new physics impacting these associated top quark processes simultaneously.

The analysis described in this paper builds on the approach developed in Ref. [12], which stud-
ied 16 dimension-six EFT operators with data collected in 2017, corresponding to an integrated
luminosity of 41.5 fb�1. With this approach, EFT effects are incorporated into the event weights
of the simulated samples, allowing detector-level predictions that account for all relevant in-
terference effects (not only between new physics and the SM, but also among new physics op-
erators) and correlations among WCs. This approach has been subsequently utilized to study
ttZ, tZq, and tWZ [13] and to study ttH and ttZ processes in which the Higgs or Z boson
is boosted [14]; the former simultaneously probes five WCs, while the latter simultaneously
probes eight WCs. Expanding on these previous analyses, we study the effects of 26 operators,
incorporate additional signatures, and improve the sensitivity by fitting differential kinemat-
ical distributions and making use of all data collected by the CMS experiment in 2016–2018,
corresponding to a total integrated luminosity of 138 fb�1. This paper thus represents the most
global detector-level EFT analysis to date.

The sections in this paper are organized as follows. The CMS detector is introduced in Section 2.
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der term in Eq. (1) is suppressed by powers of Ld�4, the smallest dimension operators tend
to produce the largest expected deviations from the SM (d  4) processes. We do not con-
sider operators that violate baryon or lepton number, so all operators of odd dimension are
excluded, making the dimension-six operators the leading new physics contributions [3]. The
next contributions would arise from dimension-eight operators, which are not considered here.

This paper focuses specifically on operators that couple the top quark to leptons, bosons, and
other heavy (top or bottom) quarks. Searching for new physics in the top quark sector is moti-
vated by the uniquely large mass of the top quark [4, 5] and the resulting Yukawa coupling to
the Higgs field [6] of roughly unity. The LHC provides a rich environment of top quarks pro-
duced with additional leptons. Furthermore, the leptonic final-state decays of the top quark
provide experimentally clean signatures with relatively low background contributions. The
dominant SM contributions to these signatures arise from processes in which one or more top
quarks are produced in association with a heavy boson or other top quarks. Referred to as asso-
ciated top quark production, these processes include ttH [7], ttW [8], ttZ [9], tZq [10], tHq [7],
tttt [11]. While each of these processes have been studied individually, the analysis presented
in this paper takes a more global approach, using the EFT framework to probe the potential
effects of heavy new physics impacting these associated top quark processes simultaneously.

The analysis described in this paper builds on the approach developed in Ref. [12], which stud-
ied 16 dimension-six EFT operators with data collected in 2017, corresponding to an integrated
luminosity of 41.5 fb�1. With this approach, EFT effects are incorporated into the event weights
of the simulated samples, allowing detector-level predictions that account for all relevant in-
terference effects (not only between new physics and the SM, but also among new physics op-
erators) and correlations among WCs. This approach has been subsequently utilized to study
ttZ, tZq, and tWZ [13] and to study ttH and ttZ processes in which the Higgs or Z boson
is boosted [14]; the former simultaneously probes five WCs, while the latter simultaneously
probes eight WCs. Expanding on these previous analyses, we study the effects of 26 operators,
incorporate additional signatures, and improve the sensitivity by fitting differential kinemat-
ical distributions and making use of all data collected by the CMS experiment in 2016–2018,
corresponding to a total integrated luminosity of 138 fb�1. This paper thus represents the most
global detector-level EFT analysis to date.
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Reports from the Large Hadron Collider experiments

Despite its exceptional success, we  
know that the standard model (SM) is 
incomplete. To date, the LHC has not 
yet found clear indications of physics 
beyond the SM (BSM), which might mean 
that the BSM energy scale is above what 
can be directly probed at the LHC. An 
alternative way to probe BSM physics 
is through searches of off-shell effects, 
which can be done using the effective 
field theory framework �E1T�. By treat-
ing the SM Lagrangian as the lowest 
order term in a perturbative expansion, 
E1T allows us to include higher-dimen-
sion operators in the Lagrangian, while 
respecting the experimentally verified 
SM symmetries.

Operators

The CMS collaboration recently per-
formed a search for BSM physics using 
E1T, analysing data containing top 
quarks with additional final-state 
leptons. The top quark is of particu-
lar interest because of its large mass, 
resulting in a Higgs–Yukawa coupling of 
order unity. Many BSM models connect 
the top-quark mass to large couplings 
to new physics. In the context of top 
quark E1T, there are  $ total opera-
tors at dimension six, controlled by 
the so-called Bilson coefficients, �! 
of which produce final-state leptons. 
These coefficients enter the model as 
corrections to the SM matrix element, 
with a first term corresponding to 
the interference between the SM and 
BSM contributions, and a second term 
reʮecting pure BS8 effects. 

The analysis was performed on the 
Run � protonɧproton collisions sample, 
corresponding to an integrated lumi-
nosity of 138 fb–1. It obtained limits on 
those �! dimension-six coefficients, 
simulated at detector level with leading 
order precision (plus an additional par-
ton when possible�, exploiting six final-
state signals, with different numbers of 
top quarks and leptons: tt–H, tt–ʊi, tt–ʊʊ, 
tʊʊq, tHq and tt–tt–. The analysis splits the 
data into 43 discrete categories, based 
primarily on lepton multiplicity, total 
lepton charge, and total Uet or b-quark Uet 
multiplicities. The events are analysed 

CMS

Using top quarks to probe nature’s secrets

all �! Bilson coefficients by varying one 
of them while profiling the other � . All 
the coefficients are compatible with eero 
(i.e. in agreement with the SM) at the 
$ � confidence level. 1or many of them, 
these results are the most competitive 
to date, even when compared to analy-
ses that fit only one or two coefficients. 
1igure � shows how the $ � confidence 
intervals ��σ limit) translate into upper 
limits on the energy scale of the probed 
BSM interaction. 

The CMS collaboration will continue to 
refine these measurements by expand-
ing upon the final-state observables and 
leveraging the Run � data sample. Bith 
the HL-LHC quickly approaching, the 
future of BSM physics searches is full 
of potential.

Further reading
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Fig. 1. The 95% confidence intervals obtained for the energy 
scale (TeV) when setting each of the 26 coefficients to 1 and 
profiling the other 25. These intervals can be seen as the current 
reach of these EFT searches. For example, if nature selected  
c t = 1, we would derive the upper limit R < 0.4 TeV, meaning  
that potential signs of new physics coupling to top quarks and  
Z bosons should be observable at the LHC. 

With the HL-LHC 

quickly approaching, 

the future of BSM 

physics searches is 

full of potential

Fig. 2. A four top-quark candidate event, 
with muons (red lines) coming from two 
decaying top quarks and jets (yellow 
cones) produced by hadronic decays of  
the other two.
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MegaRAD10 produce color
or monochrome video up to 
1 x 107 rads total dose

Find out more at thermofisher.com/cidtec
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 Got radiation?                        
See what you’ve been missing

WWW.
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Lorentz invariance in tt̄ eμ events
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CMS preliminary result, 2016+2017 data 

• differential tt̄ cross section vs. sidereal time

• probing of Lorentz invariance in tt̄ production,                        

given LHC rotation in time


Using eμ channel – estimating tt̄ yield                          
vs. sidereal time

• expected variations due to changes in                                      

LHC conditions vs. time

• profile likelihood fit — no unfolding needed


No clear deviation of measurement wrt. SM

• limits set on Wilson coefficients which parametrise           

Lorentz-variant terms in SME Lagrangian   



• compatible with Lorentz invariance with a precision of 0.1−0.8%

ℒSME =
1
2

iψ̄(γν + cμνγμ + dμνγ5γμ)
↔
∂νψ − mtψ̄ψ

searches

Measurement of single-top and top-pair
production processes with ATLAS and CMS

EPS-HEP2023 conference - Hamburg

Timothée Theveneaux-Pelzer
on behalf of the ATLAS and CMS collaborations

CPPM – CNRS/IN2P3 – Aix-Marseille Université

Tuesday, August 22nd 2023
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http://cds.cern.ch/record/2859658
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Summary
Rich top-physics programme pursued at LHC 


tt̄ cross section

• uncertainty reduced to 1.8%; several energies; first Run-3 measurements

• detailed differential studies


Single top production

• extract Vtb; now also at 5 TeV


Top+X processes

• tt̄tt̄ observed by ATLAS and CMS

• tt̄W; tWZ 


Searches with top quarks

• Lorentz invariance violation

• EFT interpretation

24


