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Top Measurements at ATLAS & CMS 



Why top quark physics?
• Mass: Heaviest known elementary particle,  

Yukawa coupling (yt) ≈ 1 

• Lifetime: Extremely short-lived → decays before  
hadronizing → observe properties of bare quark  

• A unique candidate for studying QCD processes, and provides a 
window to new physics through direct & indirect searches 

• Many new results over the past year! Focusing  
here on select recent results, see also:  
✦ ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults   
✦ CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP 
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 Top Quark Physics in Production and Decay
Top quark production in pairs, 
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other quarks/bosons)
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charge

Top quark measurements play an essential role in testing the 
Standard Model (SM)

tX+ttX processes discussed in Peter Berta’s talk!

https://agenda.infn.it/event/38205/timetable/?view=standard#31-ttx-and-tx
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Compatibility with theory predictions 
at high order in perturbation theory

•Test QCD predictions & extract SM parameters  
•Constrain top quarks as background process

LHCTopWGSummaryPlots

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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13 TeV
New ATLAS result 

now reaches a 
precision of 1.8%! 

 

JHEP 07 (2023) 141

LHCTopWGSummaryPlots

Compatibility with theory predictions 
at high order in perturbation theory

•Test QCD predictions & extract SM parameters  
•Constrain top quarks as background process

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
https://arxiv.org/abs/2303.15340
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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13.6 TeV
Test scaling with 

sqrt(s) and 
upgraded 

detectors/SW

LHCTopWGSummaryPlots

Compatibility with theory predictions 
at high order in perturbation theory

•Test QCD predictions & extract SM parameters  
•Constrain top quarks as background process

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots


tt @ 13.6 TeV (CMS)
• Combination of dilepton (ee, eµ, µµ) and e/µ+jets channels 

✦ Using 1.21 fb-1 of data collected during summer 2022 

• Likelihood fit in bins of: 
✦ Number/flavor of leptons 
✦ Number of b-jets  
✦ Number of jets 

• b-tagging and lepton ID 
efficiency calibrated in-situ 

• Dominant uncertainties: 
✦ Integrated luminosity,  

lepton identification, b-tagging efficiency 

• Inclusive cross section:
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Figure 4: Comparison of the number of observed (points) and predicted (filled histograms)
events in the final analysis binning. The predictions are shown before (upper) and after (lower)
fitting the model to the data. The lower panel of each plot displays the ratio of the event
yields in data to the sum of predicted signal and background yields. The vertical bars on
the points represent the statistical uncertainties in the data, while the hatched bands represent
the systematic uncertainty in the predictions, excluding the integrated luminosity. No b jet
efficiency scale factors are applied in the upper plot, and no systematic uncertainty entering
into the hatched bands is intended to cover these factors, which are free parameters in the fit.

~3.5% total uncertainty

-

<latexit sha1_base64="an45deh0LMbRvxVgF7EY2wCov4I="></latexit>

�theory
tt̄ = 924+32

�40 pb

<latexit sha1_base64="zh6WI6c4zqluqokiv+0523RXL1I="></latexit>

�tt̄ = 881± 23(stat + syst)± 20(lumi) pb

https://arxiv.org/abs/2303.10680


tt @ 13.6 TeV (ATLAS)
• Measurement targets most pure final state (dilepton eµ)  

✦ Using full 2022 data of 29 fb-1 

• Simultaneously extracting σZ in  
ee/µµ channels and σZ/σtt ratio 
✦ Cross section extracted together 

with efficiency to reconstruct & tag  
a bottom jet 

• Dominant uncertainties: 
✦ Integrated luminosity, lepton  

reconstruction, ttbar modelling 

• Inclusive cross section:  
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PLB 848 (2024) 138376

The simulated distribution of the ?T of the dilepton pair is known to not be accurately modelled by the
MC simulation [92]. As a cross check, the simulated distribution of the ?T of the dilepton pair has been
reweighted to match the data in 44 and `` events, assuming that only /-boson events contribute. After the
reweighting, the impact on the total predicted yields was found to be below 0.13%, thus negligible.
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Figure 2: Comparison of data and prediction for the event yields before (left) and after the fit (right) in the regions
used in the CC̄ fit. The bottom panel shows the ratio of data over the prediction. The hashed bands represent the total
uncertainty. Correlations of the NPs as obtained from the fit are used to build the uncertainty band in the post-fit
distribution. The error bars on the data points are smaller than the displayed points.
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~3.2% total uncertainty

-
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20 Top-Quark Phenomenology

comparison to pp̄ collider experiments because antiquarks occur only as sea quarks.

As the top quark is the heaviest known SM particle, a higher minimal centre-of-mass
energy

p
s for its production is needed in comparison to other particles. The minimal

energy needed for the production of a top-quark pair is
p
ŝ = 2 ·mtop ⇡ 345GeV. The

centre-of-mass energy of the colliding hadrons (e.g. protons) is related to the partonic
centre-of-mass energy

p
ŝ via the proton momentum fractions x1 and x2 of the two

initial state partons:
p

ŝ =
p
x1x2s. (3.2)

3.1.2 Single Top-Quark Production

In addition to the previously discussed production of top-quark pairs, also single top
quarks can be produced in hadron colliders. The production cross section for these
processes is lower because the production mechanism involves the weak interaction, i.e.
Wtb vertices. The possible LO Feynman diagrams (s-channel, t-channel and tW-channel)
are shown in Figure 3.3.
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Figure 3.3: Feynman diagrams of the LO production of single top quarks in hadron
colliders: s-channel (top,right), t-channel (top,left) and tW-channel (bottom).

In the t-channel, the top quark is created by a fusion of a b quark and a virtual W
boson. This channel is the predominant production mode for single top quarks at the
LHC with

p
s = 8 TeV. The charge of the initial state quark determines if a top quark

or an antitop quark is produced. For a pp collider, up quarks dominate the PDFs of
the valence quark. Therefore, the production of top quarks (�pp!t,t�channel ⇡ 56.4 pb)
is preferred over the production of antitop quarks (�pp!t̄,t�channel ⇡ 30.7 pb) [47].

In the s-channel, a W boson creates either a top and an antibottom quark or an
antitop and a bottom quark. This depends on the charge of the W boson, which is
determined by the charge of the initial state quarks. Therefore, the same argumentation
as for the t-channel holds and the production of top quarks (�pp!t,s�channel ⇡ 3.8 pb) is
preferred over the production of antitop quarks (�pp!t̄,s�channel ⇡ 1.8 pb) [47].

In the tW-channel, the top (antitop) quark is produced in association with a W boson.

tW ~70 pb

Observation @ Tevatron only!
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ŝ via the proton momentum fractions x1 and x2 of the two

initial state partons:
p
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Figure 3.3: Feynman diagrams of the LO production of single top quarks in hadron
colliders: s-channel (top,right), t-channel (top,left) and tW-channel (bottom).

In the t-channel, the top quark is created by a fusion of a b quark and a virtual W
boson. This channel is the predominant production mode for single top quarks at the
LHC with

p
s = 8 TeV. The charge of the initial state quark determines if a top quark

or an antitop quark is produced. For a pp collider, up quarks dominate the PDFs of
the valence quark. Therefore, the production of top quarks (�pp!t,t�channel ⇡ 56.4 pb)
is preferred over the production of antitop quarks (�pp!t̄,t�channel ⇡ 30.7 pb) [47].

In the s-channel, a W boson creates either a top and an antibottom quark or an
antitop and a bottom quark. This depends on the charge of the W boson, which is
determined by the charge of the initial state quarks. Therefore, the same argumentation
as for the t-channel holds and the production of top quarks (�pp!t,s�channel ⇡ 3.8 pb) is
preferred over the production of antitop quarks (�pp!t̄,s�channel ⇡ 1.8 pb) [47].

In the tW-channel, the top (antitop) quark is produced in association with a W boson.

s-channel ~10 pb
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Figure 3.3: Feynman diagrams of the LO production of single top quarks in hadron
colliders: s-channel (top,right), t-channel (top,left) and tW-channel (bottom).

In the t-channel, the top quark is created by a fusion of a b quark and a virtual W
boson. This channel is the predominant production mode for single top quarks at the
LHC with

p
s = 8 TeV. The charge of the initial state quark determines if a top quark

or an antitop quark is produced. For a pp collider, up quarks dominate the PDFs of
the valence quark. Therefore, the production of top quarks (�pp!t,t�channel ⇡ 56.4 pb)
is preferred over the production of antitop quarks (�pp!t̄,t�channel ⇡ 30.7 pb) [47].

In the s-channel, a W boson creates either a top and an antibottom quark or an
antitop and a bottom quark. This depends on the charge of the W boson, which is
determined by the charge of the initial state quarks. Therefore, the same argumentation
as for the t-channel holds and the production of top quarks (�pp!t,s�channel ⇡ 3.8 pb) is
preferred over the production of antitop quarks (�pp!t̄,s�channel ⇡ 1.8 pb) [47].

In the tW-channel, the top (antitop) quark is produced in association with a W boson.

~220 pbt-channel

• Electroweak 
production of tops 

• Cross section 
extractions rely on 
multivariate 
techniques to 
distinguish signal 
from backgrounds
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In the t-channel, the top quark is created by a fusion of a b quark and a virtual W
boson. This channel is the predominant production mode for single top quarks at the
LHC with

p
s = 8 TeV. The charge of the initial state quark determines if a top quark

or an antitop quark is produced. For a pp collider, up quarks dominate the PDFs of
the valence quark. Therefore, the production of top quarks (�pp!t,t�channel ⇡ 56.4 pb)
is preferred over the production of antitop quarks (�pp!t̄,t�channel ⇡ 30.7 pb) [47].

In the s-channel, a W boson creates either a top and an antibottom quark or an
antitop and a bottom quark. This depends on the charge of the W boson, which is
determined by the charge of the initial state quarks. Therefore, the same argumentation
as for the t-channel holds and the production of top quarks (�pp!t,s�channel ⇡ 3.8 pb) is
preferred over the production of antitop quarks (�pp!t̄,s�channel ⇡ 1.8 pb) [47].

In the tW-channel, the top (antitop) quark is produced in association with a W boson.

tW ~70 pb
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p
ŝ = 2 ·mtop ⇡ 345GeV. The

centre-of-mass energy of the colliding hadrons (e.g. protons) is related to the partonic
centre-of-mass energy

p
ŝ via the proton momentum fractions x1 and x2 of the two

initial state partons:
p

ŝ =
p
x1x2s. (3.2)

3.1.2 Single Top-Quark Production

In addition to the previously discussed production of top-quark pairs, also single top
quarks can be produced in hadron colliders. The production cross section for these
processes is lower because the production mechanism involves the weak interaction, i.e.
Wtb vertices. The possible LO Feynman diagrams (s-channel, t-channel and tW-channel)
are shown in Figure 3.3.
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Figure 3.3: Feynman diagrams of the LO production of single top quarks in hadron
colliders: s-channel (top,right), t-channel (top,left) and tW-channel (bottom).

In the t-channel, the top quark is created by a fusion of a b quark and a virtual W
boson. This channel is the predominant production mode for single top quarks at the
LHC with

p
s = 8 TeV. The charge of the initial state quark determines if a top quark

or an antitop quark is produced. For a pp collider, up quarks dominate the PDFs of
the valence quark. Therefore, the production of top quarks (�pp!t,t�channel ⇡ 56.4 pb)
is preferred over the production of antitop quarks (�pp!t̄,t�channel ⇡ 30.7 pb) [47].

In the s-channel, a W boson creates either a top and an antibottom quark or an
antitop and a bottom quark. This depends on the charge of the W boson, which is
determined by the charge of the initial state quarks. Therefore, the same argumentation
as for the t-channel holds and the production of top quarks (�pp!t,s�channel ⇡ 3.8 pb) is
preferred over the production of antitop quarks (�pp!t̄,s�channel ⇡ 1.8 pb) [47].

In the tW-channel, the top (antitop) quark is produced in association with a W boson.

s-channel ~10 pb
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comparison to pp̄ collider experiments because antiquarks occur only as sea quarks.

As the top quark is the heaviest known SM particle, a higher minimal centre-of-mass
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3.1.2 Single Top-Quark Production

In addition to the previously discussed production of top-quark pairs, also single top
quarks can be produced in hadron colliders. The production cross section for these
processes is lower because the production mechanism involves the weak interaction, i.e.
Wtb vertices. The possible LO Feynman diagrams (s-channel, t-channel and tW-channel)
are shown in Figure 3.3.
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Figure 3.3: Feynman diagrams of the LO production of single top quarks in hadron
colliders: s-channel (top,right), t-channel (top,left) and tW-channel (bottom).

In the t-channel, the top quark is created by a fusion of a b quark and a virtual W
boson. This channel is the predominant production mode for single top quarks at the
LHC with

p
s = 8 TeV. The charge of the initial state quark determines if a top quark

or an antitop quark is produced. For a pp collider, up quarks dominate the PDFs of
the valence quark. Therefore, the production of top quarks (�pp!t,t�channel ⇡ 56.4 pb)
is preferred over the production of antitop quarks (�pp!t̄,t�channel ⇡ 30.7 pb) [47].

In the s-channel, a W boson creates either a top and an antibottom quark or an
antitop and a bottom quark. This depends on the charge of the W boson, which is
determined by the charge of the initial state quarks. Therefore, the same argumentation
as for the t-channel holds and the production of top quarks (�pp!t,s�channel ⇡ 3.8 pb) is
preferred over the production of antitop quarks (�pp!t̄,s�channel ⇡ 1.8 pb) [47].

In the tW-channel, the top (antitop) quark is produced in association with a W boson.

~220 pbt-channel

• Electroweak 
production of tops 

• Cross section 
extractions rely on 
multivariate 
techniques to 
distinguish signal 
from backgrounds
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Top quarks everywhere
• Top quarks also studied in lead (pPb, PbPb) collisions 

✦ First observation of top quarks in pPb collisions (CMS) 
✦ Evidence for ttbar production in PbPb collisions (CMS) 

• Precise probe of nuclear gluon density 

• New result from ATLAS: 
✦ Observation of ttbar production 

in pPb collisions at 8.16 TeV in 
lepton+jets & dilepton channels 

✦ Measurement:  

✦ Total integrated cross section  
uncertainty of ~9%
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Figure 3: Comparison between observed and predicted values of fC C̄ as well as with the CMS Collaboration
measurement of fC C̄ in ?+Pb collisions at pBNN = 8.16 TeV [19], and the combined measurement of CC̄ production
cross section in ?? collisions at

p
B = 8 TeV from ATLAS and CMS collaborations [76]. The latter is extrapolated to

the center-of-mass energy of this measurement and also using the �Pb factor. Predictions are calculated at NNLO
precision using the MCFM code [77] scaled to the ?+Pb system and given for different nPDF sets. The uncertainty
on predictions represents the uncertainty on internal PDF. The solid black line indicates the measured value. The
combined statistical and systematic uncertainty of the measurement is shown in green while the statistical component
is depicted in yellow.

7 Conclusion

In conclusion, this note reports a first measurement of top-quark pair production in ?+Pb collisions at the
center-of-mass energy p

BNN = 8.16 TeV per nucleon pair with the ATLAS experiment. Top-quark pairs
are observed in the individual ✓+jets and dilepton channels with electrons and muons in the final state.
The top-quark pair production in the dilepton channel is observed with significance exceeding 8 standard
deviations for the first time in the ?+Pb system at the LHC. The total integrated cross section is measured
with a total relative uncertainty of 9% which makes this measurement the most precise CC̄ cross-section
determination in nuclear collisions. The precision of the measurement in the individual CC̄ decay channels is
limited by systematic uncertainties in the ✓+jets channel while the dilepton region is dominated by statistics.
The cross section is compared to the CMS measurement in the ?+Pb system as well as to the combined
measurement from the ATLAS and CMS collaborations in ?? collisions at

p
B = 8 TeV. The latter is

scaled to the ?+Pb system and energy of this analysis. Also the measured cross section is confronted with
NNLO calculations in the strong coupling constant UB based on several nPDF sets. The measured cross
section is found to be in good agreement with the previous measurements and SM predictions. With the
precision of this measurement, it paves a new way to constraint nPDFs in the high-G region.
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Jet substructure (ATLAS)
• Measurement of jet substructure inside merged “top jets”  

✦ Utilize high-pT (boosted) top quarks decaying hadronically, with decay 
products collimated into single large-R jet  
• R=1.0 top jets 
• Fully hadronic and semi-leptonic final states considered 

✦ Test modeling of substructure variables for top taggers, important tests 
of QCD, sensitivity to BSM physics
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Jet Substructure in : Overviewtt̄

17Adam Rennie BOOST 23 - 01/08/2023

• Measurement of  jet substructure observables in boosted  in both lepton+jets and all-hadronic 
channels, using full Run-2 dataset 

• Jet tagging algorithms make use of  jet substructure observables 

• Substructure distributions sensitive to certain MC parameters 

• An analytic description of  jet substructure is challenging 

• BSM physics may manifest as modification to jet substructure 

tt̄

b̄

q̄0

q0b

q̄

q

W�

W+
t t̄

b̄

q̄

q

b

`+

⌫`

W�

W+
t t̄

Jet Substructure in : Overviewtt̄

17Adam Rennie BOOST 23 - 01/08/2023

• Measurement of  jet substructure observables in boosted  in both lepton+jets and all-hadronic 
channels, using full Run-2 dataset 

• Jet tagging algorithms make use of  jet substructure observables 

• Substructure distributions sensitive to certain MC parameters 

• An analytic description of  jet substructure is challenging 

• BSM physics may manifest as modification to jet substructure 

tt̄

b̄

q̄0

q0b

q̄

q

W�

W+
t t̄

b̄

q̄

q

b

`+

⌫`

W�

W+
t t̄

https://arxiv.org/abs/2312.03797


Jet substructure (ATLAS)
• Measure single- and double-differential cross sections 

✦ Two-body substructure variables generally rather well-described  
✦ Three-body substructure variables less well described => data favor 

lower scale / higher αS than in nominal final-state radiation (FSR) 
• Important information for MC development
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Figure 8: Particle-level normalized differential cross-sections as a function of g32 for the data and several NLOME+PS
MC predictions. The unfolded results shown here are in the (a) ✓+jets and (b) all-hadronic channels. The lower
pads show the ratios of the predictions to the data. The yellow band represents the total uncertainty of the measured
differential cross-section, while the orange band shows the statistical component.
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Figure 9: Particle-level normalized differential cross-sections as a function of g21 for the data and several NLOME+PS
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Figure 12: Particle-level normalized differential cross-sections as a function of ⇡2 for the data and several NLOME+PS
MC predictions. The unfolded results shown here are in the (a) ✓+jets and (b) all-hadronic channels. The lower
pads show the ratios of the predictions to the data. The yellow band represents the total uncertainty of the measured
differential cross-section, while the orange band shows the statistical component.
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Figure 13: Particle-level normalized differential cross-sections as a function of⇠3 for the data and several NLOME+PS
MC predictions. The unfolded results shown here are in the (a) ✓+jets and (b) all-hadronic channels. The lower
pads show the ratios of the predictions to the data. The yellow band represents the total uncertainty of the measured
differential cross-section, while the orange band shows the statistical component.
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Quantum entanglement (ATLAS)
• Study quantum entanglement in quarks! 

• Short top quark lifetime → spin information is transferred to its 
decay products → spin correlations are observable 
✦ Spin correlations well-established in top physics, see e.g.: 

• Use spin correlations to probe effects of quantum entanglement 

• New ATLAS analysis utilizes very clean dilepton (eµ) final state
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CMS: PRD 100, 072002 (2019), ATLAS: EPJC 80 (2020) 754

https://arxiv.org/abs/1907.03729
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Quantum entanglement
• Observable D (degree of entanglement) strongly dependent on 

ttbar kinematics  

• Events separated by m(tt) 
✦ 340 < m(tt) < 380 GeV  

entanglement signal region 
✦ 380 < m(tt) < 500 GeV 

validation region (dilution  
from mis-reconstruction) 

✦ m(tt) > 500 GeV 
no-entanglement  
validation region 
• Highly-boosted region also 

has sensitivity, analysis choice 
to use low m(tt) region
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5

FIG. 3. Entanglement as a function of the invariant mass Mtt̄ and the production angle Θ in the tt̄ CM frame. All plots
are symmetric under the transformation Θ → π − Θ. Upper row: Concurrence of the spin density matrix ρI(Mtt̄, k̂) of the
tt̄ pair resulting from the initial state I = qq̄, gg. a) gg → tt̄. Black lines represent the boundaries between separability and
entanglement. b) qq̄ → tt̄. Lower row: tt̄ production at the LHC for pp collisions at

√
s = 13 TeV. Black lines represent the

boundaries between separability and entanglement. c) Concurrence of the spin density matrix ρ(Mtt̄, k̂). d) Differential cross
section dσ

dM
tt̄

dΘ
= 2π sinΘ dσ

dM
tt̄

dΩ
in units of pb/GeV rad.

critical boundaries βc1(Θ),βc2(Θ) between entanglement
and separability

βc1(Θ) =

√

1 + sin2 Θ−
√
2 sinΘ

1 + sin4 Θ
, (22)

βc2(Θ) =
1

(1 + sin4 Θ)
1

4

.

The plot of the concurrence for ρgg(Mtt̄, k̂) is shown
in Fig. 3a. We can understand the presence of entangle-
ment in the lower and upper regions of the plot from the
nature of the tt̄ production through gluon fusion. The
spin polarizations of the gluon pair are allowed to align
in different directions; at threshold (lower region of Fig.

3a), this feature produces a tt̄ pair in a spin-singlet state,

ρgg(2mt, k̂) = |Ψ0〉 〈Ψ0| , |Ψ0〉 =
|↑n̂↓n̂〉 − |↓n̂↑n̂〉√

2
(23)

with |↑n̂〉 , |↓n̂〉 the spin eigenstates along the direction n̂.
A spin-singlet state is maximally entangled, which ex-
plains the strong entanglement signature observed close
to threshold. In the opposite limit of very high energies
and production angles (upper right corner of Fig. 3a),
the produced tt̄ pair is in a spin-triplet pure state,

ρgg(∞, n̂× p̂) = |Ψ∞〉 〈Ψ∞| , |Ψ∞〉 =
|↑n̂↓n̂〉+ |↓n̂↑n̂〉√

2
(24)

also maximally entangled.
On the other hand, for a qq̄ initial state, the state is

Eur. Phys. J. Plus (2021) 136:907

Entanglement vs m(tt) & top angle w.r.t beam

Entangled (gg→tt in maximally 
entangled spin singlet)  

Separable  
(not entangled)

arXiv:2311.07288

https://arxiv.org/abs/2003.02280
https://arxiv.org/abs/2311.07288


• Measurement: 

• >5σ observation of entanglement in a pair of quarks and 
highest-energy observation of entanglement to date

Quantum entanglement
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Figure 2: (a): Calibration curve for the dependence between the particle-level value of ⇡ and the detector-level value
of ⇡, in the signal region. The yellow band represents the statistical uncertainty, while the grey band represents
the total uncertainty obtained by adding the statistical and systematic uncertainties in quadrature. The measured
values and expected values from Powheg + Pythia8 (hvq) are marked with black and red circles, respectively, and the
entanglement limit is shown as a dashed line. (b): The particle-level ⇡ results in the signal and validation regions
compared with various MC models. The entanglement limit shown is a conversion from its parton-level value of
⇡ = �1/3 to the corresponding value at particle level, and the uncertainties which are considered for the band are
described in the text.

absence of these effects in the MC simulation used to derive the calibration curve is expected to be minimal.
Additionally, the impact of the enhancement of the cross-section due to pseudo-bound-state effects on the
calibration curve and particle-level measurement has been assessed in a stress test, and found to be small
compared to the modelling uncertainties already included in the measurement.

In the signal region the P�����+P����� and P�����+H����� generators yield different predictions. The
size of the observed difference is consistent with changing the method of shower ordering and is discussed
in detail in Methods A.6.

In the signal region, the observed and expected significances with respect to the entanglement limit are
well beyond five standard deviations, independently of the MC model used to correct the entanglement
limit to account for the fiducial phase space of the measurement. This is illustrated in Figure 2(b), where
the hypothesis of no entanglement is shown. The observed result in the region with 340 < <

C C̄
< 380 GeV

establishes the formation of entangled CC̄ states. This constitutes the first observation of entanglement in a
quark–antiquark pair.

Apart from the fundamental interest in testing quantum entanglement in a new environment, this
measurement in top quarks paves the way to use high-energy colliders, such as the LHC, as a laboratory to
study quantum information and foundational problems in quantum mechanics. From a quantum information
perspective, high energy colliders are particularly interesting due to their relativistic nature, and the richness
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D = �0.547± 0.002(stat)± 0.020(syst)

https://arxiv.org/abs/2311.07288


Top quark mass (ATLAS+CMS)
• New Run-1 ATLAS+CMS top quark mass combination! 

• Why measure top quark mass?  
✦ A fundamental SM parameter, must be measured experimentally 
✦ Stability of effective SM Higgs potential sensitive to mtop/mH  

• If not, new physics needed to stabilize it 
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.
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Top quark mass
• Combination of 15 ATLAS+CMS top quark mass measurements  

✦ Performed using 7/8 TeV data 
✦ Different final states: dilepton, l+jets, all-jets  
✦ Other topologies (fits to invariant masses that are sensitive to mtop): 

single top (t-channel), secondary vertex, J/Psi 

• Method:  Best Linear Unbiased Estimated – BLUE 

• To estimate correlations: 
✦ Split systematics into sources 
✦ Assign / assess correlations 
✦ Sum covariance matrices

 18

arXiv:2404.08713

<latexit sha1_base64="zVVF4515X4DPsSy/nSe1vtwIeIw="></latexit>

mt =
X

i

wim
i
t where

X

i

wi = 1

18

a larger uncertainty than and high correlation to a more precise measurement [66]. Figure A.2
shows the correlation between each pair of measurements used in the LHC combination.

A simultaneous combination with one mt parameter per each decay channel is performed
to check the consistency of the result (Fig. 1 in the main document). Table A.5 shows the
weights for this simultaneous combination. The “Other” channel includes the CMS single
top, secondary vertex, and J/y analyses. The combined measurement for channel k is mk

t =
Âi wimi + Âj ljmj, where the sum over i includes all measurements of channel k and the sum
over j includes all other measurements. The weights satisfy Âi wi = 1 and Âj lj = 0. The
correlations between the measurements result in nonzero values of the individual lj. The c2

of this simultaneous combination is 5.4 (11 degrees of freedom), corresponding to a p-value of
91%. The correlations between the mt values extracted per channel are shown in Table A.6.
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• Result: 

✦ Total uncertainty of  
0.33 GeV (0.2%) !! 

✦ Most precise measurement 
of top quark mass to date 

✦ Uncertainty dominated by  
systematic sources (JES,  
b-tagging,   modeling)
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mt = 172.52± 0.14(stat)± 0.30(syst) GeV

Top quark mass
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Figure 1: Comparison of the individual mt measurements and the result of the mt combination.
Also shown are the separate combinations of each experiment and the result of the simultane-
ous combination for the different decay channels, where the “other” category covers the single
top, J/y, and secondary vertex measurements.

inates from including a more precise dilepton measurement at 8 TeV together with the single
top, secondary vertex, and J/y meson measurements, and from including the effect of anticor-
relations of the systematic uncertainties between the input measurements. It was verified that
performing the combinations with a likelihood-based approach [55] gives identical results.

The combination of all 15 input measurements gives

mt = 172.52 ± 0.14 (stat) ± 0.30 (syst) GeV,

which is compared with the input measurements in Fig. 1. The LHC combination has the same
statistical uncertainty as the CMS combination. This is because the figure of merit in BLUE is
the total uncertainty, and the statistical component is a consequence of the optimized weights
in the combination.

The combination achieves an improvement in the total mt uncertainty of 31% relative to the
most precise input measurement. The measurements with the largest weight in the combi-
nation are the CMS 8 TeV lepton+jets (0.34), dilepton (0.12), and all-jets (0.12) results, and the
ATLAS 8 TeV lepton+jets (0.17) and dilepton (0.16) measurements. The hierarchy of the weights
originates from the uncertainty of each measurement, as well as the correlation between mea-
surements. For example, the ATLAS 8 TeV lepton+jets measurement has a higher weight than
the corresponding dilepton measurement, despite having a larger uncertainty. This is because
of the smaller correlation with the precise CMS 8 TeV lepton+jets measurement. The combina-
tion shows good compatibility between the measurements, with c2 = 7.5 and a corresponding

arXiv:2404.08713
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Table 2: Uncertainties on the mt values extracted in the LHC, ATLAS, and CMS combinations
arising from different categories.

Uncertainty category
Uncertainty impact [GeV]
LHC ATLAS CMS

b-JES 0.18 0.17 0.25
b tagging 0.09 0.16 0.03
ME generator 0.08 0.13 0.14
JES 1 0.08 0.18 0.06
JES 2 0.08 0.11 0.10
Method 0.07 0.06 0.09
CMS b hadron B 0.07 — 0.12
QCD radiation 0.06 0.07 0.10
Leptons 0.05 0.08 0.07
JER 0.05 0.09 0.02
CMS top quark pT 0.05 — 0.07
Background (data) 0.05 0.04 0.06
Color reconnection 0.04 0.08 0.03
Underlying event 0.04 0.03 0.05
g-JES 0.03 0.02 0.04
Background (MC) 0.03 0.07 0.01
Other 0.03 0.06 0.01
l-JES 0.03 0.01 0.05
CMS JES 1 0.03 — 0.04
Pileup 0.03 0.07 0.03
JES 3 0.02 0.07 0.01
Hadronization 0.02 0.01 0.01
pmiss

T 0.02 0.04 0.01
PDF 0.02 0.06 <0.01
Trigger 0.01 0.01 0.01

Total systematic 0.30 0.41 0.39
Statistical 0.14 0.25 0.14

Total 0.33 0.48 0.42

p-value of 91%. The LHC combination is much closer to the CMS combination than the AT-
LAS one because the relative weights of the measurements with slightly lower measured mt
are higher in the LHC combination than in the per-experiment combinations. All weights and
the individual pulls can be found in Appendix A, along with a combination where all 15 mea-
surements are used to extract separate mt values for ATLAS and CMS.

Table 2 shows the breakdown of the systematic uncertainty in the combined measurement and
the individual ATLAS and CMS combinations. The largest systematic uncertainties are seen
to originate from JES, b tagging, and tt modeling. The stability of the measurement against
the correlation assumptions is checked by varying the correlation strengths for each uncer-
tainty category as shown in Table 1. The ranges reflect the extent of the understanding of the
correlations. No variation is performed for categories where there is no ambiguity in the corre-
lation assumption. Table 1 shows the variation in the total uncertainty and central value of the

… … … …
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Lepton flavor violation (CMS)
• Charged-lepton flavor violation (CLFV) extremely rare in the SM 

• New analysis using Run-2 data in three-lepton (e/µ) final states 
✦ Separate regions to target top production and decay signals 
✦ Parametrize signals with dim-6 effective field theory (EFT) operators 

• Previous searches involving eµtq interaction (ATLAS-CONF-2018-044, CMS: JHEP 
06 (2022) 082) compatible with the SM 

• Recent result on µτtq interaction also consistent with the SM (ATLAS-
CONF-2023-001)

 20

Analysis overview

• Data collected by CMS in 2016-2018:
Ô

s = 13 TeV,
s

Ldt = 138 fb≠1

• Targeting top production and decay signals in 3¸ (e or µ) final states
• Three leptons selected with custom (BDT) IDs

• Parameterising signals with Dimension-6 e�ective field theory (EFT) operators
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Figure 4: Top production

• Nonprompt backgrounds æ data-driven method
• At least one lepton that originates from decays of b/c hadrons, photon conversion, etc

• Prompt backgrounds æ MC simulation

3
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Lepton flavor violation (CMS)
• BDT trained for each signal region (production vs decay signals)  

• No significant excess over SM expectation→ most stringent 
limits to date on BR(t => eµq) 
✦ Improving upon previous limits  

by an order of magnitude
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Figure 4: Distributions of the BDT discriminant targeting the CLFV top quark decay (left) and
production (right) signal. Contributions from the two signal modes (production and decay)
are combined within each SR and are shown as the solid red line. The pre-fit signal strength
(µvector

eµtu = 1), corresponding to Cvector
eµtu /L2 = 1 TeV�2, is scaled up (down) by a factor of 3 (20)

for the CLFV top quark decay (production) signal for better visualization. The hatched bands
indicate statistical and systematic uncertainties in the background predictions.

within their corresponding uncertainties, which amount to approximately 1% in the overall
prediction. An additional uncertainty is assigned to the leptons with pT > 200 GeV, as such
high-pT leptons are not well represented in these calibration studies. This uncertainty is ap-
proximately 3% or less, affecting primarily the signal processes.

The trigger efficiencies are measured in separate data control samples and are close to 100% for
both data and simulation due to the use of single-, double-, and triple-lepton triggers. There-
fore, no correction to the trigger efficiency is applied (i.e., a data to simulation scale factor of 1
is applied to simulated events). A flat uncertainty in the scale factor of 2% is used to cover the
statistical fluctuations of the efficiency measurement.

During the 2016–2017 data taking, a gradual shift in the timing of the inputs of the ECAL L1
trigger in the region |h| > 2.0 (L1 prefiring) caused a specific inefficiency [10]. Correction
factors were computed from data and applied to the acceptance evaluated by simulation. An
uncertainty of 20% is assigned to this correction.

The uncertainties due to the jet energy scale (JES) and jet energy resolution (JER) are evaluated
by varying, in simulated events, the jet energies up and down by the corresponding uncertain-
ties, as described in Ref. [30]. The uncertainties are split into multiple sources that are either
correlated or uncorrelated across the years. For each of the uncertainty sources, kinematic
quantities are recalculated and the event selections are reapplied. The effects of JES and JER
are also propagated to the pmiss

T and b tagging discriminant distributions. These uncertainties
amount to 1% or less in the overall prediction.

The b tagging efficiencies for b and light jets are measured in tt and Z+jets events, respec-
tively [34]. The b tagging efficiencies in the simulation are iteratively fit to match the efficiencies
in data. Multiple sources of systematic uncertainties are considered to account for the contam-
ination of the efficiency measurement as well as statistical fluctuations. These uncertainties
amount to 1% or less on the overall prediction.

Some discrepancy was observed between data and simulation in the diboson VR. This is due

Top decay signal enriched Top production signal  enriched

More on upper limits
• Observed upper limits @ 95% CL on branching fractions of tæeµq, q=u/c

Int. type B(tæeµu)◊10≠7
B(tæeµc)◊10≠7

Tensor 0.32 4.98

Vector 0.22 3.69

Scalar 0.12 2.16

Figure 7: Upper limits on branching fractions
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• Most stringent limits on B(tæeµq) to date
• One (two) order(s) of magnitude improvement w.r.t. previous CMSa (ATLASb) results

a [arXiv:2201.07859] b [ATLAS-CONF-2018-044] 9

arXiv:2312.03199
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Baryon number violation (CMS)
• New search for baryon number violating (BNV) processes in 

production/decay of top quarks 
✦ Consider dilepton final states  

(ee, µµ) + one b-jet, L=138 fb-1  
✦ Use BDT to distinguish signal from  

background processes; trained using  
kinematics for leptons & top quark system 

✦ Limits improved by 3-6 orders of magnitude
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In the standard model (SM), the baryon number is a conserved quantum number. Its conserva-
tion, however, is not a direct consequence of fundamental symmetries within the SM, and it can
be violated by nonperturbative effects [1]. The size of such violations is too small to explain
the observed matter-antimatter asymmetry in the universe [2]. Certain scenarios of physics
beyond the SM, such as grand unified theories [3] and supersymmetry [4], naturally include
baryon number violation (BNV) and could provide a mechanism to explain this observation.
Various low-energy direct searches for signatures of BNV have been conducted over the past
decades, with constraints set on the BNV energy scale via processes such as nucleon [5], t lep-
ton [6], c [7], and b quark [8] decays. There are also stringent indirect constraints from proton
stability involving heavy quarks [9] for specific theoretical assumptions [10]. Experiments at
the CERN LHC provide the highest sensitivity for potential high-energy BNV processes involv-
ing the top quark. Previously, the CMS Collaboration has performed a search for BNV decays
of the top quark in single lepton (electron or muon) channels in proton-proton (pp) collisions
at

p
s = 8 TeV [11]. This Letter presents the first search for top quark BNV interactions via

single top quark production in association with a lepton in pp collisions at 13 TeV in dilepton
final states. The data used in the analysis correspond to an integrated luminosity of 138 fb�1,
collected by the CMS experiment at the LHC during 2016–2018.

Assuming the mass scale of new physics responsible for BNV processes is larger than the en-
ergy scale directly accessible at the LHC, BNV interactions of top quarks can be described
through an effective Lagrangian, Leff. Including up to dimension-six operators, the most gen-
eral effective Lagrangian that describes the BNV interactions of the top quark and a charged
lepton takes the form [12]:

Leff =
Cs

L2 eabg[tc
adg][uc

b`] +
Ct

L2 eabg[tc
a`][uc

bdg] + h.c., (1)

where d, u, and ` are down-type quark, up-type quark, and charged-lepton fields, respectively,
where the superscript “c” denotes charged conjugated fields. Colors are labeled by greek in-
dices, L is the generic scale of new physics, and Cs and Ct are fermion-flavor-dependent effec-
tive couplings. The s and t labels in Eq. (1) denote that the new physics scale may be linked to
the mass of a heavy mediator exchanged in the s or t channels, respectively [12]. No specific
chirality is assumed for the BNV interactions. These effective BNV four-fermion interactions
open new top quark decay and production channels at the LHC. Figure 1 displays represen-
tative Feynman diagrams for single top quark production (“ST mode”) and top quark decay
(“TT mode”) via BNV interactions in top quark-antiquark pair production (tt).
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Figure 1: Representative Feynman diagrams for single top quark production (left) and top
quark decays (right) via BNV interactions. The red circles mark the BNV vertices.

This analysis uses events in dileptonic final states (e+e�, e±µ⌥, and µ+µ�) where one lepton
is produced via the BNV interaction and a second lepton comes from the decay of the W boson
produced in the dominant t ! bW decay. The strength of the twelve flavor combinations of
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Figure 2: The BDT output distributions for data (points) and backgrounds (histograms) for the
e+e� (upper left), µ+µ� (right), and e±µ⌥ (lower) channels, including the ratio of data to the
predicted total background yield. The hatched bands indicate the total uncertainty (statistical
and systematic added in quadrature) for the SM background predictions. The predicted yields
of the backgrounds and the uncertainty bands are shown after the simultaneous fits for the
signal-plus-background hypothesis. Examples of the predicted signal contribution for the BNV
interactions via teud (solid gray line) and tµud (dashed black line) vertices are shown.

channels, with the systematic uncertainties described above treated as nuisance parameters.
The best fit for the BNV effective couplings is consistent with zero and no significant excess
over the background expectations is observed. The sources of systematic uncertainty with the
largest impact on the estimated signal contribution depend on the fermion flavor combination
of the BNV interactions. The three main sources of uncertainty that are common among the
BNV interactions are uncertainties in the normalization of the SM tW process, muon energy
scale, and modeling of the top quark pT spectrum in the SM tt simulation. The exclusion limits
are calculated using the asymptotic approximation of the CLs method [53]. The adequacy of the
asymptotic approximation has been validated with pseudo-experiments. The limit-setting pro-
cedure is performed for each individual BNV coupling while setting the other BNV couplings
to zero. The observed and expected limits at 95% confidence level (CL) on the BNV effective
coupling strengths are listed in Table 2. The limits on the strengths of the BNV couplings are
translated to limits on the branching fractions for the BNV top quark decays. The differences
between different quark flavor combination stems mainly from the different PDFs involved in
the production mode. The results for limits on various BNV branching fractions are displayed
in Fig. 3. Tabulated results are provided in the HEPData record for this analysis [54].

In summary, a search for baryon number violation (BNV) in events with top quarks is per-
formed using the LHC proton-proton collision data at a center-of-mass energy of 13 TeV. The

7
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]-6Branching fraction [10
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   95% CL upper limit
)s, CµObs. (l= )sObs. (l=e, C
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 exp.σ 1±  exp.σ 2±

Figure 3: The observed upper limits on the branching fractions of the top quark BNV decays
are shown with circle and triangle shapes for electron and muon couplings, respectively. The
observed limits corresponding to the Ct and Cs coefficients are shown with filled and open
markers, respectively. The yellow light (green dark) bands indicate the range within plus or
minus one (two) standard deviations bands around the expected limits.
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Outlook
• Measurements in top quark sector are key in continuing testing 

the SM & searching for physics beyond it 
✦ On one hand, pushing the precision limit in e.g. cross section and mass 

measurements: Top mass measured to the 0.2% level ! 
✦ On the other hand, novel analyses carried out: Quantum entanglement, 

substructure measurements, hunts for deviations from the SM 

• Top quark physics forms an exciting and very active research 
program at the LHC!
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13.6 TeV measurements at ATLAS 
and at CMS
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Table 2: Uncertainties on the mt values extracted in the LHC, ATLAS, and CMS combinations
arising from different categories.

Uncertainty category
Uncertainty impact [GeV]
LHC ATLAS CMS

b-JES 0.18 0.17 0.25
b tagging 0.09 0.16 0.03
ME generator 0.08 0.13 0.14
JES 1 0.08 0.18 0.06
JES 2 0.08 0.11 0.10
Method 0.07 0.06 0.09
CMS b hadron B 0.07 — 0.12
QCD radiation 0.06 0.07 0.10
Leptons 0.05 0.08 0.07
JER 0.05 0.09 0.02
CMS top quark pT 0.05 — 0.07
Background (data) 0.05 0.04 0.06
Color reconnection 0.04 0.08 0.03
Underlying event 0.04 0.03 0.05
g-JES 0.03 0.02 0.04
Background (MC) 0.03 0.07 0.01
Other 0.03 0.06 0.01
l-JES 0.03 0.01 0.05
CMS JES 1 0.03 — 0.04
Pileup 0.03 0.07 0.03
JES 3 0.02 0.07 0.01
Hadronization 0.02 0.01 0.01
pmiss

T 0.02 0.04 0.01
PDF 0.02 0.06 <0.01
Trigger 0.01 0.01 0.01

Total systematic 0.30 0.41 0.39
Statistical 0.14 0.25 0.14

Total 0.33 0.48 0.42

p-value of 91%. The LHC combination is much closer to the CMS combination than the AT-
LAS one because the relative weights of the measurements with slightly lower measured mt
are higher in the LHC combination than in the per-experiment combinations. All weights and
the individual pulls can be found in Appendix A, along with a combination where all 15 mea-
surements are used to extract separate mt values for ATLAS and CMS.

Table 2 shows the breakdown of the systematic uncertainty in the combined measurement and
the individual ATLAS and CMS combinations. The largest systematic uncertainties are seen
to originate from JES, b tagging, and tt modeling. The stability of the measurement against
the correlation assumptions is checked by varying the correlation strengths for each uncer-
tainty category as shown in Table 1. The ranges reflect the extent of the understanding of the
correlations. No variation is performed for categories where there is no ambiguity in the corre-
lation assumption. Table 1 shows the variation in the total uncertainty and central value of the

A.6 Numerical details of the combination 17
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Figure A.1: The simultaneous extraction of the mt measured by ATLAS (mATLAS
t ) and CMS

(mCMS
t ) from a BLUE combination of the 15 input measurements is shown by the star. The solid

ellipses show the regions allowed at 68 and 95% confidence level (CL) by the combination
and are in good agreement with the expectation mATLAS

t = mCMS
t (shown by the black dashed

line). The observed correlation between mATLAS
t and mCMS

t is 0.15. The blue and red lines
and bands show the central values and 68% CL intervals for the individual ATLAS and CMS
combinations, which use the 6 ATLAS and 9 CMS measurements, respectively. In addition,
the central value of the LHC combination, mLHC

t , which assumes mLHC
t = mATLAS

t = mCMS
t , is

shown by the circular marker. The projection of the corresponding diagonal error bar on either
axis represents the total uncertainty mLHC

t .

Table A.1: BLUE weights of the simultaneous ATLAS and CMS combination for each input
measurement. The input measurements are the ATLAS and CMS 7 and 8 TeV mt measure-
ments in the dilepton (“dil”), lepton+jets (“lj”), and all-jets (“aj”) channels, and the CMS 8 TeV
mt measurements in the single top (“t”), secondary vertex (“vtx”), and J/y analysis (“J/y”).
The sum of the ATLAS weights in the CMS combined value is zero, and vice versa. The indi-
vidual weights, however, are different from zero due to the correlation between the different
experiments. The weights are rounded to two decimal places; when the full precision is used,
the weights for each of mATLAS

t and mCMS
t sum to one.

ATLAS CMS
2011 (7 TeV) 2012 (8 TeV) 2011 (7 TeV) 2012 (8 TeV)

dil lj aj dil lj aj dil lj aj dil lj aj t J/y vtx
mATLAS

t <0.01 +0.16 +0.04 +0.33 +0.36 +0.11 �0.05 �0.07 +0.03 +0.03 �0.11 +0.14 �0.03 +0.01 +0.05
mCMS

t �0.04 +0.01 �0.03 +0.04 +0.04 �0.02 �0.10 +0.02 +0.04 +0.18 +0.67 +0.10 �0.04 +0.01 +0.11

https://arxiv.org/abs/2402.08713
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Figure 21: Particle-level differential CC̄ production cross-section as a function of g32 and jet ?T, for several NLOME+PS
predictions of CC̄ signal and the data. The events shown here are from the all-hadronic channel: (a) shows the data and
the nominal prediction, while (b) shows the ratios of the predictions to the data. The lighter band represents the total
uncertainty of the measured differential cross-section, while the darker band shows the statistical component.
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Figure 23: Particle-level differential CC̄ production cross-section as a function of ⇡2 and jet ?T, for several NLOME+PS
predictions of CC̄ signal and the data. The events shown are from the all-hadronic channel: (a) shows the data and the
nominal prediction, while (b) shows the ratios of the predictions to the data. The lighter band represents the total
uncertainty of the measured differential cross-section, while the darker band shows the statistical component.
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Here the sum runs over all constituents of the jet, ordered by index 8 so that no pairwise calculations
are repeated, and # represents the number of prongs. Ratios of the ECFs can be used to probe
#-pronged substructure. Here ⇠3 and ⇡2 are measured:

⇠3 =
ECF(4) ECF(2)

ECF(3)2 ,

⇡2 =
ECF(3) ECF(1)3

ECF(2)3 .

A jet with a pronounced three-body (two-body) structure will have⇠3 (⇡2) close to 0. The normalized
energy correlation function ⇢⇠�2 is also measured. The normalized version is used to reduce the
dependence on the jet-constituent multiplicity:

⇢⇠�2 =
ECF(2)
ECF(1)2 .

• #-subjettiness [45]: a jet’s #-subjettiness provides a measure of the degree to which that jet is
compatible with comprising # or fewer subjets. It is defined as:

g# =
1
30

’
:
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�'1,: ,�'2,: , · · · ,�'# ,:

 
,

with 30 =
’
:

?T,:'0.

The constituents of the jet are reclustered using the exclusive :C algorithm [136], with the winner-
takes-all (WTA) recombination scheme. The clustering continues until # subjets are returned. The
calculation of g# then runs over the constituents of the jet, with ?T,: the ?T of the :

th constituent.
The variable '0 is the jet radius parameter. The ratios g21 ⌘ g2/g1 and g32 ⌘ g3/g2 are measured,
along with g3. A jet with a pronounced three-body (two-body) structure will have g3 (g2) close to 0.
The ratios are used to discriminate between jets with different #-prong structures, e.g. a jet better
described by a 3-prong structure than by a 2-prong one will have a g32 value closer to 0 than to 1.

This set of eight substructure variables includes observables sensitive to the modeling of three-prong (g32,
⇠3) or two-prong (⇡2, g21) objects, to the distribution of the momentum of the constituents inside the jet
(?d,⇤

T ) and to the broadness of the jet (!��). Two of these variables (⇡2, g32) are the most sensitive in
the multivariable discriminator developed by the ATLAS Collaboration [12] to identify ,-boson- and
top-quark-initiated jets. Given the importance of ⇡2 and g32 for particle tagging, these observables are also
measured as a function of the particle-level top-quark-jet mass (<top) and ?T (?top

T ). The ⇢⇠�2 and g3
observables are also measured, since they are relevant in the calculation of ⇡2, ⇠3 and g32. The substructure
variable g3 is selected also because it appears to be poorly described by MC predictions. These variables
are not highly correlated and show sensitivity to showering, hadronization, and final-state radiation.

In the all-hadronic channel, the substructure measurement takes advantage of the presence of two large-'
jets. It follows a tag-and-probe approach that involves first measuring the substructure distribution of
the leading large-' jet by requiring that the second-leading large-' jet is top-quark tagged. In this
configuration, the leading large-' jet is the “probe” jet and the second-leading jet is the “tag” jet. The
substructure distribution of the second-leading jet is then measured in those events where it satisfies the
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Figure 3: Detector-level distributions in the all-hadronic channel for (a) the ?T of the leading large-' jet, (b) the ?T
of the second-leading large-' jet, and (c) the mass of the leading large-' jet. The lower graph shows the ratios of the
data to the predictions; the triangle in (b) indicates a ratio value below the shown range. The hatched band represents
the sum of the detector-related uncertainties in the predictions. The statistical uncertainties are shown for the data
points. Larger values of the observables for the left and middle plots, beyond the histogram range, are included in the
last bin. The predicted CC̄ event yield is adjusted so that the total predicted yield equals the observed number of data
events. The bin contents are divided by the bin widths.

6 Measured substructure observables

The observed substructure variables are calculated using the charged tracks associated with the hadronic
top-quark candidate. In the all-hadronic analysis the charged tracks are ghost-associated with the large-' jet.
In this case, the trimming procedure, described in Section 4.1, is applied concurrently to the ghost-tracks.
In the ✓+jets channel, tracks are ghost-associated with the small-' jets that constitute the reclustered
large-' jet.

Several classes of observables are measured:

• Generalized angularities [49]:
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• Energy correlation functions (ECFs) [47, 135]: the general formula for these functions in a jet
produced by a hadron collider is
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Here the sum runs over all constituents of the jet, ordered by index 8 so that no pairwise calculations
are repeated, and # represents the number of prongs. Ratios of the ECFs can be used to probe
#-pronged substructure. Here ⇠3 and ⇡2 are measured:

⇠3 =
ECF(4) ECF(2)

ECF(3)2 ,

⇡2 =
ECF(3) ECF(1)3

ECF(2)3 .

A jet with a pronounced three-body (two-body) structure will have⇠3 (⇡2) close to 0. The normalized
energy correlation function ⇢⇠�2 is also measured. The normalized version is used to reduce the
dependence on the jet-constituent multiplicity:

⇢⇠�2 =
ECF(2)
ECF(1)2 .

• #-subjettiness [45]: a jet’s #-subjettiness provides a measure of the degree to which that jet is
compatible with comprising # or fewer subjets. It is defined as:
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The constituents of the jet are reclustered using the exclusive :C algorithm [136], with the winner-
takes-all (WTA) recombination scheme. The clustering continues until # subjets are returned. The
calculation of g# then runs over the constituents of the jet, with ?T,: the ?T of the :

th constituent.
The variable '0 is the jet radius parameter. The ratios g21 ⌘ g2/g1 and g32 ⌘ g3/g2 are measured,
along with g3. A jet with a pronounced three-body (two-body) structure will have g3 (g2) close to 0.
The ratios are used to discriminate between jets with different #-prong structures, e.g. a jet better
described by a 3-prong structure than by a 2-prong one will have a g32 value closer to 0 than to 1.

This set of eight substructure variables includes observables sensitive to the modeling of three-prong (g32,
⇠3) or two-prong (⇡2, g21) objects, to the distribution of the momentum of the constituents inside the jet
(?d,⇤

T ) and to the broadness of the jet (!��). Two of these variables (⇡2, g32) are the most sensitive in
the multivariable discriminator developed by the ATLAS Collaboration [12] to identify ,-boson- and
top-quark-initiated jets. Given the importance of ⇡2 and g32 for particle tagging, these observables are also
measured as a function of the particle-level top-quark-jet mass (<top) and ?T (?top

T ). The ⇢⇠�2 and g3
observables are also measured, since they are relevant in the calculation of ⇡2, ⇠3 and g32. The substructure
variable g3 is selected also because it appears to be poorly described by MC predictions. These variables
are not highly correlated and show sensitivity to showering, hadronization, and final-state radiation.

In the all-hadronic channel, the substructure measurement takes advantage of the presence of two large-'
jets. It follows a tag-and-probe approach that involves first measuring the substructure distribution of
the leading large-' jet by requiring that the second-leading large-' jet is top-quark tagged. In this
configuration, the leading large-' jet is the “probe” jet and the second-leading jet is the “tag” jet. The
substructure distribution of the second-leading jet is then measured in those events where it satisfies the
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