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• The heaviest elementary par;cle 
!!~1 , %"#$ = 172.52 ± 0.33 GeV

Top quark produc,on at LHC

10%&'s < 10%&(s
life&me  < QCD &mescale

1426.03.24 | Sebastian Wuchterl

The top quark in the standard model (SM)
● Top quark is the most massive elementary particle 
■ High relevance for EWK symmetry breaking (→BSM) 
■ Short lifetime (~10-25s) < thad. (~10-24s) < tspin (~10-21s) 

● Only quark that decays before forming bound states 
→ Unique way to study ‘bare’ quark properties 

● High production rate at LHC 
→ High precision SM measurements, e.g. for σtt ̅

→ Study SM QCD + EWK parameters 
→ Portal to beyond-the SM (BSM) physics 

→ Selection of property measurements and fundamental 
searches
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[LHC Top WG]

• Decays before hadronizing

→ Access to ‘bare’ quark proper;es

Matteo M. Defranchis (CERN)

Can mt break the standard model? 
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In the SM, mt can be related to mW and mH thanks 
to loop corrections to precision EW observables  
-> internal consistency of SM 
 
Stability of Higgs potential at the Planck scale 
depends on value of mt  
-> λ < 0 would be indirect evidence of BSM physics 

• Potential portal to New Physics

→ Impact on EWK vacuum stability 

Matteo M. Defranchis (CERN)
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[LHC Top WG]

→ Produc;on & decay are sensi;ve to: anomalous couplings, cLFV, 
BNV, LFU, CP viola;on, FCNC, Charge asymmetry, Spin correla;ons … 
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!
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• Excellent seUng for tes;ng pQCD predic;ons 

→ Measurements 1, 2), %"#$, PDFs, …

→ Quantum loop correc;ons

Didar Dobur, Ghent university  New

New for ICHEP`24



Top quarks at LHC at ICHEP 2010

CMS Spokesperson (G. Tonelli)’s report ATLAS Spokesperson (F. GianoU)’s report

Since then, LHC provided ~200 M top-quark pairs to ATLAS & CMS
      more than 300 publications on top physics

2Didar Dobur, Ghent university  NewNew for ICHEP`24
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ℬ 7 → 89 ~100%

Ever increasing precision and performance of 
object iden4fica4on and calibra4ons: 

• Improved jet calibra;ons
• ML based lepton iden;fica;on 
• Luminosity uncertainty <1%

Improved b-jet tagging performance

Dilepton: 9%

ℓ +jets: 45%

Fully hadronic: 46%

x60 improvement

Top quark produc,on at LHC

;;̅à ℓ +jets 
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CMS-DP-2024-066

FTAG-2023-01

https://cds.cern.ch/record/2904702?ln=en
https://cds.cern.ch/record/2855275/files/ATL-PHYS-SLIDE-2023-048.pdf


Top quark pair-produc,on 2406.19701

• Stringent tests of pQCD via 
inclusive and differen;al 
cross sec;ons

• All decay channels and ?
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Figure 3: Summary of ATLAS inclusive tt cross-section measurements at
p
B = 13 TeV based on Run 2 data,

compared with the exact NNLO QCD calculation complemented with NNLL resummation (T��++ 2.0). The theory
band represents uncertainties due to renormalisation and factorisation scales, parton distribution functions and
the strong coupling constant. The uncertainties in the experimental measurements are broken down into their
statistical and systematic components, quoting the uncertainty related to the integrated luminosity separately. The
measurements and the theory calculation are quoted for <

C
= 172.5 GeV.

These inclusive tt cross-section measurements were used as one of the inputs for high-precision determina-
tions of ratios of tt and / production cross-sections at the three centre-of-mass energies where ATLAS
measurements are available:

p
B = 13, 8, 7 TeV. This was already done with the first measurement based on

3.2 fb�1 of Run 2 data [85]: single ratios, at a given
p
B for the two processes and at different

p
B values for

each process, as well as double ratios of the two processes at different
p
B values, were evaluated and then

compared with NNLO calculations using recent PDF sets, demonstrating significant power to constrain
both the gluon distribution function for Bjorken-G values near 0.1 and the light-quark sea for G < 0.02.
The second tt cross-section paper, based on 36 fb�1 of Run 2 data [82], included updated computations of
these ratios and double ratios of tt and / cross-sections at different energies. This inclusive tt cross-section
measurement was also used to extract the top-quark mass with an uncertainty of approximately 2 GeV, as
detailed in Section 6.

The inclusive tt cross-section was also measured in other final states, despite not reaching the same
precision. In particular, the total cross-section was measured in the lepton-plus-jet channel [86], by a
simultaneous profile-likelihood fit of three different binned observables in three different event categories,
characterised by different numbers of jets and 1-tagged jets. An additional uncertainty, estimated as
the difference between the results obtained with the nominal MC generator and a sample reweighted to
the NNLO (QCD) + NLO (EW) parton-level prediction [60], was applied (as discussed in Section 3.2).
Moreover, an inclusive tt cross-section was measured in all-hadronic final states [87], but with significantly
larger uncertainties. These results are reported and compared with those obtained in the dilepton channel
in Figure 3. As can be seen, all the measurements are in good agreement with each other and with the
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< 2% precision
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Jet #!measured in ℓ + &'! channel
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CMS-TOP-24-001

#!())) measured in dilepton channelNew
New

• First study of invisible part of 
7 ̅7 system 

• DNN to improve @"
*+,, 

mismeasurements

Con;nuous exchange between 
the collabora;ons & theory 
community facilitated by 
LHCTopWorkingGroup

https://arxiv.org/pdf/2406.19701
https://arxiv.org/abs/2404.10674
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG


Measurements of ! ̅! + $%$
• Sensi;ve to EFT operators
• Irreducible background for 7 ̅7A, A → 9B9/D ̅D, mul;-top
• Difficult to simulate accurately

JHEP 05 (2024) 042

Extensive differen)al measurements: 
→ various kinema;c regions & modelling effects
→ Comparisons to state-of-the-art simula;ons
→ Addi;onal b-quarks via ME(4FS) or via PS (5FS)

2407.109042407.13473
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Single-top produc,on in tW channel CMS-TOP-23-008

Didar Dobur, Ghent university  

CMS measurement @13.6 TeV in $% channel 

Run3

~13% precision

Measured 7"#: 

ATLAS measurement in ee, e%, %%	channel 

ATLAS DRAFT

to be compared with the theory prediction of ftheory
tW = 79.3+1.9

�1.8 (scale)±2.2 (PDF) pb. The additional BDT430

selection criteria do not introduce any bias in the final result, which has an uncertainty of 19%, compared431

to 13% without these criteria applied. They make the final result less sensitive to modeling uncertainties432

and assumptions, resulting in a more robust measurement. The observed (expected) significance is 5.3433

(5.8) standard deviations calculated using the asymptotic approximation [90].434

The post-fit BDT response distributions are shown in Figure 5. The post-fit uncertainties are significantly435

smaller compared with those in the pre-fit distributions of Figure 3 due to the correlations between sources436

of systematic uncertainty and constraints imposed by the data.437

Figure 5: The post-fit BDT response distributions for the three regions used in the fit. The uncertainty bands
represent both statistical and systematic uncertainties, with each source of systematic uncertainty taking into account
correlations with other sources.

The impact of the uncertainties in the tW signal strength, broken down into major categories, is summarized438

in Table 6. The statistical uncertainty in the measurement is estimated by performing the fit after fixing all439

nuisance parameters to their post-fit values. The total systematic uncertainty is calculated by subtracting in440

quadrature the statistical component of the uncertainty from the total.441
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Comparisons to different models of 

handling the interference with 8 ̅8 

E-.F!/ = 0.97 ± 0.10

JES, b-jet, background

It is complementary to other measurements

. '/ = 75.6!#$.&"#$.' pb
Measured @13 TeV (40% improved )

( ̅( /(+modeling, JES, MET  
~19% precision
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• Sensi;vity to Vtb  and b-PDF
• Large 7 ̅7 background 
• tW @NLO interferes with 7 ̅7
• ML algorithms to separate tW from 7 ̅7 
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Top quark production in nuclear collisions
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Figure 3: Comparison between measured and predicted values of (a) f
C C̄

and (b) '?A. f
C C̄

is also compared with the
existing measurement 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 [68]. The latter is extrapolated

to the centre-of-mass energy of this measurement and is using the �Pb factor. Predictions are calculated at NNLO
precision using the MCFM code [69] scaled to the ?+Pb system and given for different nPDF sets. The uncertainty
in the predictions represents the internal PDF uncertainty. The solid black line indicates the measured value. The
combined statistical and systematic uncertainty of the measurement is represented by the outer band around the
central value, while the statistical component is depicted as the inner band.

7 Conclusion

This paper reports a measurement of top-quark pair production in ?+Pb collisions at the centre-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 five standard deviations for the
first time in the ?+Pb system at the LHC. From the combination of both channels, the cross-section is
measured with a relative uncertainty of 9%, which makes this measurement the most precise CC̄ cross-section
determination in nuclear collisions to date. The measured cross-section is found to be in good agreement
with a previous measurement by the CMS Collaboration and with SM predictions. A measurement of the
nuclear modification factor is reported using an extrapolation of the previously measured cross-section in
?? collisions at

p
B = 8 TeV, based on a perturbative QCD calculation at NNLO. Good agreement is found

between the measured and predicted '?A values involving most of the state-of-the-art nPDF sets. The
largest deviation, of more than one standard deviation, is found for the nNNPDF30 set. This measurement
paves a new way to constrain nPDFs in the high Bjorken-G region. As such it is also an important input for
upcoming measurements involving the extraction of QGP properties in Pb+Pb collisions at the LHC.
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• @I9 (I9I9) → 7 ̅7
• Probes of nuclear PDF at high-x
• Observa;on of  7 ̅7 produc;on in p-Pp collisions  CMS & ATLAS 

Evidence of top-pair produc;on in Pb-Pb collisions by CMS
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2403.09452

Figure 4: Distribution of the NN output distribution after the fit to data for the measurement of the CC̄W production
cross-section in the dilepton channel. The uncertainty band represents the total post-fit uncertainty in the prediction.
The lower panel shows the ratio of the data to the total post-fit prediction. The dashed lines correspond to the pre-fit
prediction (upper panel) and the ratio of the data to the total pre-fit prediction (lower panel).
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• ;;̅P at produc;on/ ;;̅P at decay
• NN to separate two processes
      àIncreased sensi;vity to t-P coupling

Associated top quark produc,on (! ̅!&)
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Figure 8: Differential cross-section measurements as a function of ?/T observable in the combined 3✓ and 4✓ channels,
(a,b) absolute and (c,d) normalised, unfolded to (a,c) particle level and (b,d) parton level. The dark grey band
corresponds to the total uncertainty of the measurement; in some cases, it is almost fully covered by the light grey
band, representing the dominant statistical uncertainty. Alternative generator predictions are overlaid as additional
coloured lines.
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@" Q , @" R : sensitive to anomalous dipole couplings of the top quark

1 Introduction

Precise measurements of the associated production of a top quark pair (CC̄) with a high-energy photon
provide crucial information about the predictions of the Standard Model (SM) in the top quark sector,
specifically of the top-photon electroweak coupling. Therefore, measurements of the inclusive and
differential cross-sections of the CC̄W process are a probe for possible extensions of the SM, being sensitive
to new physics through anomalous dipole moments of the top quark [1–3], studied in the context of effective
field theories (EFT) [4]. In particular, the Lagrangian describing the CC̄- vertex (with - = W, /) can be
written as:

L
C C̄-

= 4C̄


W
`

⇣
⇠

-

1,V + W5⇠
-

1,A

⌘
+
8f

`a
@a

<C

⇣
⇠

-

2,V + W5⇠
-

2,A

⌘�
C-`, (1)

where <t is the top quark mass. The couplings ⇠-

1,V and ⇠
-

1,A are fixed in the SM by the quantum numbers
of the top quark and the SU(2) ⇥ U(1) electroweak symmetry. The ⇠-

2,V and ⇠
-

2,A couplings represent the
electric and magnetic dipole moments of the top quark (and their weak equivalents), which are absent from
the SM at tree-level and receive very small values from higher-order corrections. These anomalous dipole
couplings can be expressed in terms of various EFT operators.

The first evidence for the production of CC̄W was reported by the CDF Collaboration [5], while the observation
of the CC̄W process was established by the ATLAS Collaboration with the data collected at

p
B = 7 TeV [6].

Since those measurements were published, efforts have concentrated on improving the precision and
extending the scope of the inclusive and differential cross-section measurements [7–12] and the study of
the production properties [13].

In CC̄W final states, the photon can be emitted in the top quark production stage or in the decay stage
(including the , boson and , boson decay products). Theoretical studies [14, 15] show that in the
narrow-width approximation, which is valid in the considered kinematic regime as shown in Ref. [15],
the cross-section of the CC̄W process with a high ?T photon in the final state can be factorised into two
contributions: the first one describes the photon emission in the production part of the process, while
the second corresponds to the emission from the top quark decay products. The interference among the
production and decay contributions is negligible, both in the SM case and when considering the EFT
effects. Of the two contributions the production one is the most sensitive to the top-photon coupling.

The main focus of this paper is the measurement of the inclusive and differential cross-sections of top quark
pair production with an additional photon where the photon is radiated in the production part, i.e., from an
initial-state parton or from an off-shell top quark, referred to as CC̄W production, following the notation of
Ref. [13]. Thus, the analysis strategy is designed to improve the separation of the CC̄W production events
from the CC̄W events where the photons are radiated from any of the charged decay products of the top quark
(including the , boson), referred to as CC̄W decay. Examples of Feynman diagrams at leading order for
CC̄W production and CC̄W decay are illustrated in Figure 1. In the simulation of the processes, all possible
diagrams are considered. This approach enhances the sensitivity of the measurement to the top–photon
coupling. The cross-sections of the CC̄W process, regardless of the origin of the photon, are also measured to
facilitate the comparison with a previous measurement using a partial data set at 13 TeV [9].

The measurements are performed using the data sample collected during Run 2 with the ATLAS detector
at the Large Hadron Collider (LHC), between 2015 and 2018, corresponding to an integrated luminosity of
140 fb�1, exploiting both the single-lepton and dilepton CC̄ channels at stable particle level in a fiducial
phase space. The differential cross-sections are measured in the same fiducial region as functions of photon

2

≈ 0 in SM
 ≠ 0 à BSM

;;̅P ;;̅M 

, = ., 0

https://arxiv.org/abs/2403.09452
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Observa(on of 4 top quarks by CMS and ATLAS
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Observa(on of 4 top quarks by CMS and ATLAS PLB 847 (2023) 138290

EPJ C 83 (2023) 496

12

;

;̅

;̅

;

T

4

5

light-jets

H

b-jets

2407.10631

New

Γ1 = 86!$'"##2 MeV

http://dx.doi.org/10.1016/j.physletb.2023.138290
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://arxiv.org/abs/2407.10631


• Significant improvements over the past years: Bejer calibra;ons, alterna;ve techniques, improved theore;cal modelling
 à More than 40 publica;ons by CMS and ATLAS collabora;ons

2403.01313

• Indirect measurement from cross section 
à ~1%	precision

• Direct measurements from top quark decays 
à bejer precision 

   

JHEP 2205.13830

Extract F!op from decay products
ℓ
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Measuring the heaviest par,cle mass
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http://arxiv.org/abs/2403.01313
https://arxiv.org/pdf/2205.13830


Measuring the heaviest par,cle mass
• Significant improvements over the past years: Better calibrations, alternative techniques, improved theoretical modelling
 à More than 40 publications by CMS and ATLAS collaborations

• Indirect measurement from cross sec;on 
à ~1%	precision

à  Mass from Boosted top-jet: Future prospects in precision & theore[cal interpretability

• Direct measurements from top quark decays 
à bejer precision 

ℓ
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!"

5",$%& > 400 9:;

Extract 9<=> from 9?@A
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p $

%&
'

EPJ C 83 (2023) 560

2403.01313
JHEP 2205.13830
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• Significant improvements over the past years: Bejer calibra;ons, alterna;ve techniques, improved theore;cal modelling
 à More than 40 publica;ons by CMS and ATLAS collabora;ons

• Indirect measurement from cross sec;on 
à ~1% precision

JHEP 06 (2023) 019

19

• Direct measurements from top quark decays 
à better precision 

B!op = 174.41 ± 0.39 (stat.) ± 0.66 (syst.) ± 0.25 (recoil) GeV

V(LW)

sensi[ve to fragmenta[on 

effects 

E
Extract F!op from Fℓ)

à  Alterna[ve measurements: sensi[ve to different systema[cs

ℓ

)

8 ̅8

# jet

3

4

!"

2403.01313
JHEP 2205.13830

13

à  Mass from Boosted top-jet: Future prospects in precision & theore[cal interpretability

Measuring the heaviest par,cle mass

Didar Dobur, Ghent university  

https://arxiv.org/abs/2209.00583
http://arxiv.org/abs/2403.01313
https://arxiv.org/pdf/2205.13830


Top quark mass: Run I combina,on 

!!"# = 172.52 ± 0.14 +,-, ± 0.30 +/+, GeV

PRL 132, 261902

• Combination of 15 input measurements (6 ATLAS + 9 CMS)
• Detailed study of correlations
• Consistency checks among measurements

< 0.2% precision à Limited by b-jet energy calibra;ons

0.28% precision

0.24% precision

14Didar Dobur, Ghent university  

http://arxiv.org/abs/2402.08713


Lepton Flavor Universality in top decays 
2403.02133

From 

LEP2/SLD

PRD 105(2022) 072008

20

Figure 7: Two-dimensional distributions of pairs of W leptonic branching fractions derived
here compared with the corresponding LEP results [8, 9] and to the SM expectation. The green
(darker) and yellow (lighter) bands (dashed lines for the LEP results) correspond to the 68%
and 95% CL, respectively, for the resulting two-dimensional Gaussian distribution.

Figure 8: Correlation matrix between the four W boson decay branching fraction components
extracted in this work.

• Large and pure 7 ̅7 sample to measure ℬ(8 → ℓ5) and  test LFU
• Simultaneous 7 ̅7 cross-sec;on in HH, 44, H4
• ML fit to event categories with 10 parameters
• X3

4/6: many uncertain;es cancel
• In situ lepton/bjet efficiency calibra;ons

FC
D/@ =

ℬ(/ → %J)
ℬ(/ → $J)
ℬ(L → %%)
ℬ(L → $$)

M FE
DD/@@

Precise W branching frac;on measurements, consistent with SM 

• All  3$
ℓ/ℓFconsistent with LFU

• More precise than LEP and do not confirm the anomalies

X3
4/6 = 0.9995 ± 0.0045

https://arxiv.org/abs/2403.02133
https://arxiv.org/abs/2201.07861
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Figure 7: Two-dimensional distributions of pairs of W leptonic branching fractions derived
here compared with the corresponding LEP results [8, 9] and to the SM expectation. The green
(darker) and yellow (lighter) bands (dashed lines for the LEP results) correspond to the 68%
and 95% CL, respectively, for the resulting two-dimensional Gaussian distribution.

Figure 8: Correlation matrix between the four W boson decay branching fraction components
extracted in this work.

• Large and pure 7 ̅7 sample to measure ℬ(8 → ℓ5) and  test LFU
• Simultaneous 7 ̅7 cross-sec;on in HH, 44, H4
• ML fit to event categories with 10 parameters
• X3

4/6: many uncertain;es cancel
• In situ lepton/bjet efficiency calibra;ons
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Precise W branching frac;on measurements, consistent with SM 

• All  3$
ℓ/ℓFconsistent with LFU

• More precise than LEP and do not confirm the anomalies

X3
4/6 = 0.9995 ± 0.0045
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Charged Lepton Flavor Violation in top decays 2312.03199

2403.06742

CMS-PAS-TOP-22-011

Search for cLFV in top-quark produc;on and decay

N/P

N/P μτqtμτqteμqt

arXiv:2402.18461 (BNV)

JHEP 02 (2022) 169

PRL 129 (2022) 3, 032001

CMS-PAS-TOP-22-002

JHEP 06 (2023) 155

JHEP 07 (2023) 199

arXiv:2404.02123

JHEP 12 (2023) 195

Searches for BNV/FCNC in top quark produc;on and decay

New

Covered in parallel talks

Stringent limits on Y ; → LZ[ and Y ; → LW[ < 10%7 - 10%8 depending on the Lorentz structure of the vertex

x2 improvement

16Didar Dobur, Ghent university  

https://arxiv.org/abs/2312.03199
https://arxiv.org/abs/2403.06742
https://arxiv.org/abs/2402.18461
https://link.springer.com/article/10.1007/JHEP02(2022)169
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.032001
http://cds.cern.ch/record/2872677
https://link.springer.com/article/10.1007/JHEP06(2023)155
https://link.springer.com/article/10.1007/JHEP07(2023)199
https://arxiv.org/abs/2404.02123
https://link.springer.com/article/10.1007/JHEP12(2023)195


Spin Correla-on, Polariza-on & Entanglement in ''̅
• Top-pairs @LHC are mainly unpolarized (parity invariance of QCD) 
• Their spins are strongly correlated
• Spin informa4on is passed onto ℓ -56 6-quark 

à preferen&ally radiated in the top spin direc&on

17Didar Dobur, Ghent university  
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 θk
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Helicity basis
*+ = -., 01, 3̂
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6 cos ;'( 6 <=+ ;)
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(1 + @'+ <=+ ;'( + @), <=+ ;)* − B+, <=+ ;'( <=+ ;)*)

1
Γ

IΓ
I cosM

=
1 + O cosM

2

8
3

ℓ' , I̅

R, S

Polariza;on & spin correla;on coefficients from differen;al measurements 

• NP can modify spin polariza4on and correla4on structure
• Possibility to test the founda4ons of quantum physics



arXiv:2311.07288, 
Accepted by Nature

2406.03976 , Submibed to 

Reports on Progress in Physics CMS-TOP-23-007

18

https://arxiv.org/abs/2311.07288
http://arxiv.org/abs/2406.03976
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-007/index.html
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Low m(DD̅ ):

• DD̅ in mixed states (eg. ⟩|Ψ = 4
5 ( ⟩|↑↓ − ⟩|↓↑ )) à two qubit system

• Peres–Horodecki criterion for entanglement

High m(DD̅ ):

cosf = ℓ̀0 g ℓ̀%

Δ: = i;; + i<< + i99 > 1

k = −
Δ:
3
< −

1

3
mk =

Δ:
3
>
1

3

Extract F and  GF from single differen4al measurement 

• Spin correla4on is H(DD̅) and IJKL dependent 
à Entanglement in some phase-space regions

19

Entangled

Entangled

Afik, De Nova, EPJ.Plus 136 (2021) 9, 907

QRST

U
>>̅
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] 
Entanglement in ''̅

Oℓ : unit vector in top rest frame
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6 cosM

=
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(1 + F cosM)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
https://www.sciencedirect.com/science/article/abs/pii/S0375960197004167
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1


Entanglement in ''̅ (dilepton channel)

cosf = ℓ̀0 g ℓ̀%

20

Main uncertain/es(ATLAS):
• Modeling of 8 ̅8 produc[on/decay

• Background modeling

• Experimental (b-jet tagging, JES…)

W/ toponium

W/O toponium

• Pseudoscalar &  maximally entangled
• B(U!) = 343 9:;
• X 55 → U! = 6.43 ± 0.90 pb

Main uncertain/es(CMS):
• P" normaliza[on

• Jet energy calibra[ons

• Sta[s[cal

• Modeling of 8 ̅8 produc[on/decay

Threshold Region

● New (hypothetical) exciting SM resonance
○ Spin and color singlet→ Maximal entanglement

● Excesses seen could be from toponium
● Signal model includes toponium 

contributions

65/14/2024 Toponium Deep Dive

EPJC 60, 375 
Kiyo, et. al

Kiyo et. al

F""

Entanglement threshold

P
a

r[
cl

e
 le
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l D

Q = −3 R cosS  

 ℓ+

5̅

5

Entanglement in 7 ̅7 is observed with >51 at low %!!

Entanglement threshold

T. UV

Parton level D

 ℓ−

(CMS)

Sumino, Fujii, Hagiwara, Murayama & Ng (PRD`93)
Jezabek, Kuhn & Teubner (Z.Phys.C`92)
B. Fuks et al. (PRD 104 (2021) 034023), F. Maltoni et al. JHEP03(2024)099

[*]

>
YZ

Include ' ̅' bound-state: toponium ([_)*
−0.547 ± 0.021

https://link.springer.com/article/10.1140/epjc/s10052-009-0892-7


• Better sensitivity at high U__̅
• Spin information via ℓ/d-quark

• NN for correct assignment of top decay 

products (up to 65% correct assignment)

21

Profile likelihood fits to cos^ in bins of F 8 ̅8 and cos W

Low B ( ̅( High B ( ̅(

cosf = ℓ̀ g op

 ℓ+
q

_̀
p

Entanglement in ''̅ (ℓ + )*!+ channel)

Severi, et al 2210.09330

Didar Dobur, Ghent university  

6.
1V 4.

0V

Entanglement at high m(7 ̅7 )

à space-like separated region 

à prospects for Bell inequality 

tests

A new window to look for new physics effects 

Demina, et al. 2407.15223

https://arxiv.org/abs/2210.09330
https://arxiv.org/pdf/2407.15223


• Top quark physics is living its golden age 
• Excellent precision in many areas thanks to:

• Large LHC datasets 
• Improved analysis techniques/calibra4ons
• BeVer theore4cal modeling 

• Combined ATLAS-CMS results prove to be powerful
• Observed quantum entanglement in top quark pairs

àMul$ple analyses in different phase-space regions!

•More exciJng results to come with Run3 data

Summary

22

Particle Physics and the quantum — Fabio Maltoni —  Invisibles - Bologna 5 July 2024

:): 4 —x—

Conclusions
❖ Quantum information and computing is hyped up. It promises a quantum 
advantage that, while not yet proven, could bring to transformative 
applications. 

❖ The current status builds upon a number of theoretical and experimental 
advances in the last 30 years that have changed the way we think about 
quantum mechanics. 

❖ Our current description of fundamental interactions, based on QFT, has 
QM at its core. Theoretically, it is embedded in our formalism so deeply that 
(sometimes) we do not even notice. Experimentally, however, most of our 
measurements are not correlations, but just counting experiments. 

❖ A novel interest in looking at fundamental interactions at TeV scale with QI 
glasses has started since two/three years ago and has quickly lead to a 
variety of studies and interesting results, …

50
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Top-jet

Mass from boosted Top-jet EPJC 83 (2023) 560

• %"#$ measurements in the boosted 
regime compared to well-defined 
Lagrangian mass 

• Simulation study by ATLAS gives:

ATL-PHYS-PUB-2021-034

• ℓ + &$'( channel,
• Dedicated jet clustering( XCone) 

& calibra&ons using 9C
?@A

• e<,?@A > 400 <$=
• Extract 9<=> from 9?@A

%"#$
=> −%"#$

=?@ = 80%(AB
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9 GeV

0.84 GeV

Unfolded x-sec;on to par;cle level

- Scale varia[on 

- Fit range, UE

http://dx.doi.org/10.1140/epjc/s10052-023-11587-8
http://cds.cern.ch/record/2777332
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Observa(on of 4 top quarks by CMS and ATLAS

Is it four-tops ? Three-tops ? or New Physics ? 

PLB 847 (2023) 138290

EPJ. C 83 (2023) 496

11

http://dx.doi.org/10.1016/j.physletb.2023.138290
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
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RZ, tWZ, tZq produc,on 

Djamel Boumediene (LPCA)    —  Top associated production — Moriond EW 2024

 productionttZ, tWZ, tZq
9

σ(tt̄Z + tWZ) = 1.14 ± 0.05 (stat) ± 0.04 (syst) pb
σ(tZq) = 0.81 ± 0.07 (stat) ± 0.06 (syst) pb

 measurement in agreement with SM predictionstZq
 measurement in tension with SM predictionstt̄Z + tWZ

‣ Leptonic signature: 3  with a  mass resonance 

‣ Main backgrounds: ,  with non-prompt leptons, !+jets. 

‣ Multivariate analysis for classification: multiclass deep 
neural network (DNN) creates 3 categories: , , 
backgrounds 

‣ Inclusive measurement: performed in the 3 , adding 4  
channel. Independent and first simultaneous measurement 
of  and  production cross-sections. 

‣ Differential measurement: performed for  and 
 productions at parton level.

ℓ Z

WZ tt̄

tt̄Z + tWZ tZq

ℓ ℓ

tt̄Z tWZ

tt̄Z + tWZ
tZq

NEW!
CMS-PAS-TOP-23-004 (2024)



Differen-al cross sec-ons 
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2402.08486

http://arxiv.org/abs/2402.08486


!!

""#

• 2016 data
• H4, HH, 44 channels, 2 jets >=1 bjet
• Top reconstruc;on assuming @"

12)) = @"
DA + @"

D&, %3 and %!
• Solu;on with lowest %!! is taken, 90% efficiency
•  %!! < 400 GeV, xE 7 ̅7 < 0.9 to enhance

FF
GG

Entanglement in ''̅ (dilepton channel)

29

Dilepton results 
xxxxxxxxx

• Result of the binned profile likelihood fit of the  distribution 
• ~47500 signal candidates 

• Good agreement with SM predictions

cos φ

Postfit Prefit

→

20

Figure 5: Reconstruction-level distribution of the combined tt+h t signal model in mixtures of
the noSC combined signal sample. Template variations as a function of cos j requiring an m(tt)
of 345 < m(tt) < 400 GeV and bz(tt) < 0.9 are shown. The tt noSC and SC mixtures ranging
from �100% to +100% noSC are shown on the left. The h t noSC and SC mixtures ranging from
zero noSC to +100% noSC are shown on the right.

10 Results
The result of the binned profile likelihood fit of the cos j distribution is shown in Fig. 6 (left),
and the data is well modeled by the combined signal model of tt+h t . Figure 6 (right) presents
the expected and observed template of noSC and SC mixture and we observe a best fit mixture
of the post-fit templates resulting in a tt contribution consistent with a 2.53% more spin corre-
lated tt contribution when compared to the SM. The h t contribution is consistent with 100% SC
contribution, which is the expectation by the SM.

Table 3 provides the yields for each simulated sample and data at the pre-fit and post-fit level.
The scan of the �2D ln L distribution of the parameter of interest D is shown in Fig. 7 including
the boundary for entanglement at D = �1/3.

The value of the entanglement proxy D in top quark events at the parton level is measured
following the method described in the previous section and available as a HEPData record
at Ref. [106]. For the phase space of m(tt) < 400 GeV and bz(tt) < 0.9 at the parton level,
an observed value of D = �0.480+0.016

�0.017 (stat) +0.020
�0.023 (syst) is obtained in data, with an expected

value of D = �0.467+0.016
�0.017 (stat) +0.021

�0.024 (syst). With the boundary for entanglement at �1/3,
this result corresponds to top quarks being entangled in this phase space with an observed
(expected) significance of 5.1 (4.7) s.

Removing the h t contribution from the signal model and only considering the tt component
as signal and re-measuring D in the same phase space as before yields an observed (expected)
value of D = �0.491+0.026

�0.025 (tot.) (D = �0.452+0.025
�0.026 (tot.)) at the parton level with an observed

(expected) significance of 6.3 (4.7) s. Data are described better when the expected h t contribu-
tion is included in the signal model.

Figure 8 shows the 20 leading nuisance parameters in the profile likelihood fit. The three lead-
ing uncertainties stem from the h t signal contribution, the JES relative balance corrections, and
the top quark pT reweighting uncertainty. The latter and the uncertainty on EWK corrections



Parton shower modeling (ATLAS)

35D. Dobur 

is observed when examining the ratio of P�����+H����� to P�����+P����� distributions. The same
behavior is observed when comparing the two different showering orders for H�����.

The similarities between the samples used in this analysis and the H����� samples with different showering
orders implies that the ordering of the shower is the main cause of the observed differences. It has to be
noted, however, that P����� does not pass the spin correlation information to the parton shower algorithms,
while this is done in the LO H����� setup used to study these hadronisation effects.

These findings lead to the conclusion that performing the measurement at particle level is more attractive,
since the overall uncertainties are smaller. In the validation regions, the level of agreement between either
P�����+P����� or P�����+H����� and the data is similar. Since the measurement is performed at
the stable-particle level, the parton-level prediction for the entanglement limit was folded to the particle
level as well, using a special calibration curve for this step. The prediction for the entanglement limit with
P�����+H����� is further away from the data measurement than the one for P�����+P�����. This
difference is not symmetrized. All uncertainties in the P�����+P����� prediction itself are folded to
particle level as well and are included in the grey uncertainty band in Figure 2.

The procedure used in MC event generators to combine the matrix element with a parton-shower algorithm
requires special attention in future higher-precision quantum information studies at the LHC.
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Figure 4: Comparison between cos i distributions in the signal region with <
C C̄
< 380 GeV for different MC event

generator setups at stable-particle level. Figure (a) compares events simulated with P����� B�� which are interfaced
with either P����� (red line, ?T-ordered dipole shower) or H����� (blue line, angular-ordered shower) while figure
(b) compares events simulated with H����� using either a dipole-ordered shower (red line) or an angular-ordered
shower (blue line).
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ATLAS jBar modelling:
• Powheg @NLO QCD with NNPDF3, top-decays 

& spin correla;ons @LO in QCD
• PowhegBOXRes ( bb4l) to modell off-shell 

produc;on (NLO) and decays& spincorrela;ons 
@NLO

•  Parton shower: Pythia & Herwig


