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• The heaviest elementary particle 
 𝑦𝑡~1 ,  𝑚𝑇𝑜𝑝 = 172.52 ± 0.33 GeV

Top quark production at LHC

10−25s < 10−24s
lifetime  < QCD timescale

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 properties

Mat t eo  M. Def r an chi s (CERN)

Can mt break the standard model? 

6

In the SM, m t can be r elated to m W and mH thank s 
to loop cor r ect ions to pr ecision EW obser vables  
-> inter nal consistency of SM  
 
Stability of H iggs potential  at  the Planck scale 
depends on value of m t  
-> λ  < 0 would be indir ect  evidence of BSM physics 

• Potential portal to New Physics

→ Impact on EWK vacuum stability 
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[LHC Top WG]

→ Production & decay are sensitive to: anomalous couplings, cLFV, BNV, 
LFU, CP violation, FCNC, Charge asymmetry, CKM, Spin correlations … 

H H

Mat t eo  M. Def r an chi s (CERN)

Can mt break the standard model? 

6

In the SM, mt can be r elated to m W and mH thank s 
to loop cor r ect ions to pr ecision EW obser vables  
-> inter nal consistency of SM  
 
Stability of H iggs potential  at  the Planck scale 
depends on value of m t  
-> λ  < 0 would be indir ect  evidence of BSM physics 

𝒕

ҧ𝒕

• Excellent setting for testing pQCD predictions 
→ Measurements 𝜎, 𝛼𝑠, 𝑚𝑇𝑜𝑝, PDFs, …

→ Quantum loop corrections

Didar Dobur, Ghent university  1



𝝂 

ℬ 𝑡 → 𝑊𝑏 ~100%

Top quark production at LHC

𝒕 ҧ𝒕 → ℓ +jets 

2

Top quarks mainly produced in pairs

𝝁
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80-90% efficiency to correctly assign the 
top-decay products using 𝒎𝑾 𝐚𝐧𝐝 𝒎𝒕𝒐𝒑

Ever increasing precision and 
performance of object identification and 
calibrations: 

• ML based lepton identification 
• Luminosity uncertainty <1%

Improved b-jet tagging performance

𝝁 𝝂 

𝒕 ҧ𝒕 → ℓ +jets 

Lepton identification

CMS-DP-2024-066Top quark production at LHC

Didar Dobur, Ghent university  
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https://cds.cern.ch/record/2904702?ln=en
https://cds.cern.ch/record/2904702?ln=en
https://cds.cern.ch/record/2904702?ln=en
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https://cds.cern.ch/record/2904702?ln=en


Top quark pair-production 2406.19701

• Detailed inclusive and differential measurements by both ATLAS and CMS
• All decay channels and at all 𝑠

3

𝝂
ℓ−

𝝂
ℓ+

2404.10674

CMS-TOP-24-001

• Most precise inclusive  𝑡 ҧ𝑡 measurement from ATLAS with 1.3% uncertainty
• Results are used to extract 𝑚𝑡𝑜𝑝 

LHCTop
Working 
Group

Didar Dobur, Ghent university  

https://arxiv.org/pdf/2406.19701
https://arxiv.org/abs/2404.10674
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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Mat t eo  M. Def r an chi s (CERN)

A closer  look at  the 3D measurement

24

JHEP [ 2004.03088]

Modelling of the tt 
production threshold 

limiting factor for 
Lagrangian mass 

extraction

Result  in tension with ATLAS+CMS combinat ion of 
7 and 8 TeV measur ements 
Limitat ions of fixed or der  calculat ions ar e 
par t icular ly pr onounced in the threshold region  
• Soft  gluon r esummat ion (up to NNLL)  
• Toponium-l ike bound state ef fects -> can lead to a 
bias of up to +1.4 GeV in fi r st  bin

4

RoPP 88 087801 (2025)
CMS-PAS-TOP-25-002

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

Color singlet, pseudoscalar

Color octet, pseudoscalar

Color octet, vector

•  Expect no stable 𝑡 ҧ𝑡 bound-state is expected (𝐸𝐵 ≈ Γ𝑡 ҧ𝑡 ≈ 2.8 GeV)

Observation of 𝒕 ҧ𝒕 bound state ?

• 𝑚(𝜂𝑡) = 343 𝐺𝑒𝑉,
•  Γ𝜂𝑡 = 2.8 𝐺𝑒𝑉 
• Mainly pseudoscalar 

→ But non-relativistic QCD predicts 
enhancements at the ttBar threshold 

→  quasi bound-state:  toponium (𝜂𝑡)

𝑚 𝑡 ҧ𝑡  
2𝑚(𝑡) 

https://iopscience.iop.org/article/10.1088/1361-6633/adf7d3
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-25-002/index.html
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https://link.springer.com/article/10.1140/epjc/s10052-009-0892-7
https://link.springer.com/article/10.1140/epjc/s10052-009-0892-7
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→ But non-relativistic QCD predicts 
enhancements at the ttBar threshold 

→  quasi bound-state:  toponium (𝜂𝑡)

Use spin correlation observables (Chan, 
Chel)  and Mtt to separate 𝜼𝒕 from 𝒕 ҧ𝒕 

𝒕 ҧ𝒕 only 𝒕 ҧ𝒕 + 𝜼𝒕
𝑚 𝑡 ҧ𝑡  

2𝑚(𝑡) 

Observation with >𝟓𝝈 
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Observation of 𝒕 ҧ𝒕 bound state ?

→ The enhancement below the m(𝑡 ҧ𝑡)  
threshold is observed by both ATLAS 
and CMS in different top decay modes.

 
→ Measurements differ from each other 

with different signal models

→ Main limitation: modelling of both 
threshold and continuum

→  Great theory progress already - more 
advanced MC available

LHCTop Working Group

Theoretical predictions are 𝜎 𝑝𝑝 → 𝜂𝑡  ~ 3.35 − 6.43 𝑝𝑏 
depending on the approach they use

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


Top quark production in nuclear collisions
• 𝑝𝑃𝑏 (𝑃𝑏𝑃𝑏) → 𝑡 ҧ𝑡
• Probes of nuclear PDF at high-x
• Observation of  𝑡 ҧ𝑡 production in p-Pp collisions  CMS & ATLAS 

Observation of top-pair production in Pb-Pb collisions by CMS

PRL.119.242001
arXiv:2405.05078

PRL. 125.222001

7

arXiv:2604.27091

First observation, but 4 times more data available

𝒕 ҧ𝒕 → ℓ +jets 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.242001
https://arxiv.org/abs/2405.05078
https://arxiv.org/abs/2006.11110
https://arxiv.org/abs/2604.27091
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Single-top quark production
Rare but very interesting…
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t-channel

tW channel

s-channel
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Single-top quark production
Rare but very interesting…
PDF sensitivity via R = 𝜎(𝑡)

𝜎( ҧ𝑡)
 

9

t-channel

𝜎𝑡𝑞 = 137 ± 8 𝑝𝑏

𝜎 ҧ𝑡𝑞 = 84−5
+6 𝑝𝑏

𝜎𝑡𝑞+ ҧ𝑡𝑞 = 221 ± 13 𝑝𝑏

𝑅𝑡 =
𝜎𝑡𝑞

𝜎 ҧ𝑡𝑞
= 1.636 ± 0.036

~6% 

~2% 

Several uncertainties cancel in Rt
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Single-top quark production
Rare but very interesting…
Direct access to Vtb

10

t-channel

tW channel

s-channel

𝑽𝒕𝒃
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Generalized CKM interpretation

CMS uses t-channel production
• Exploit kinematic & topological differences in t-channel
• Assuming CKM unitarity: 

• General interpretation allowing BSM: 
PLB 808 (2020) 135609

2.4% 

𝑉𝑡𝑏 . 𝑉𝑡𝑏 .
ഥ𝒒 b ഥ𝒃ഥ𝒃

𝑉𝑡𝑏 

𝑉𝑡𝑏 𝑉𝑡𝑑  

𝑉𝑡𝑏 

𝑉𝑡𝑞  
.𝑉𝑡𝑞  . .

http://dx.doi.org/10.1016/j.physletb.2020.135609
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𝑽𝒄𝒃  measurement events in 𝒕 ҧ𝒕  events

𝒆/𝝁 + 3 b-jets +1 c-jet

• |Vcb| usually measured in 
semileptonic B-hadron decays 

• Long lasting 3𝜎 tention
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𝑽𝒄𝒃  measurement events in 𝒕 ҧ𝒕  events

CMS-PAS-TOP-26-001

JHEP07(2026)078
→ NN for jet assignment
→ In situ calibration for c-jets
→ Conrol regions for tt+HF 

backgrounds

𝒆/𝝁 + 3 b-jets +1 c-jet

• |Vcb| usually measured in 
semileptonic B-hadron decays 

• Long lasting 3𝜎 tention

Not precise enough yet!

https://link.springer.com/article/10.1007/JHEP07(2026)078
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𝑡 ҧ𝑡/𝑡 + friends 
Light-quark jets

𝑏ത𝑏
c ҧ𝑐

W, Z, 𝛾
H
𝑡 ҧ𝑡
…



muon

muon

𝑚 𝜇𝜇 = 90.6 𝐺𝑒𝑉
Z candidate

𝝁−

𝒕

ҧ𝒕

𝒁 𝝁+

𝒃

ഥ𝒃

15Didar Dobur, Ghent university  



𝒕 ҧ𝒕𝑾

𝒕 ҧ𝒕𝒁

𝒕 ҧ𝒕𝒁 + 𝒕𝑾𝒁

First observation 
at the LHC

Associated top quark production (𝑡 ҧ𝑡+V) 

16Didar Dobur, Ghent university  

𝑾

𝒁

𝒕

𝒕

𝒁

ҧ𝒕

𝑾

ҧ𝒕

𝒕

7-10%

7-8%

6%

ҧ𝒕

𝒕

𝜸

𝒕 ҧ𝒕𝜸

𝒕 ҧ𝒕𝜸𝜸



𝒕

ҧ𝒕

ҧ𝒕

𝒕

𝑯

Observation of 4 top quarks by CMS and ATLAS

17

𝜇

𝜈 

𝑒

PLB 847 (2023) 138290
EPJ C 83 (2023) 496 
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Observation of 4 top quarks by CMS and ATLAS

Is it four-tops ? Three-tops ? or New Physics ? 
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• Significant improvements over the past years: Better calibrations, alternative techniques, improved theoretical modelling
 → More than 40 publications by CMS and ATLAS collaborations

2403.01313

• Indirect measurement from cross section 
→ ~1% precision, lmitted by PDF and 
scale uncertainties

JHEP 2205.13830

Extract 𝑚𝑡op from decay products
ℓ

𝝂

𝑡 ҧ𝑡 
𝑏

𝑏

𝑞

ത𝑞 
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Measuring the heaviest particle mass
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• Direct measurements from top quark decays 
→ better precision 
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Measuring the heaviest particle mass
• Significant improvements over the past years: Better calibrations, alternative techniques, improved theoretical modelling
 → More than 40 publications by CMS and ATLAS collaborations

• Indirect measurement from cross section 
→ ~1% precision

→  Mass from Boosted top-jet: Future prospects in precision & theoretical interpretability

• Direct measurements from top quark decays 
→ better precision 

ℓ

𝝂

𝑡 ҧ𝑡 
𝑏

𝑏

𝑞

ത𝑞 

𝑝𝑇,𝑗𝑒𝑡 > 400 𝐺𝑒𝑉

Extract 𝑚𝑇𝑜𝑝  from 𝑚𝑗𝑒𝑡

EPJ C 83 (2023) 560

2403.01313
JHEP 2205.13830
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• Significant improvements over the past years: Better calibrations, alternative techniques, improved theoretical modelling
 → More than 40 publications by CMS and ATLAS collaborations

• Indirect measurement from cross section 
→ ~1% precision

JHEP 06 (2023) 019

𝑚𝑡op = 174.41 ± 0.39 (stat.) ± 0.66 (syst.) ± 0.25 (recoil) GeV

𝒎(𝝁𝒆)

sensitive to fragmentation 
effects 

𝝁
Extract 𝑚𝑡op from 𝑚ℓ𝜇

→  Alternative measurements: sensitive to different systematics

ℓ

𝝂

𝑡 ҧ𝑡 

𝑏 jet

𝑏

𝑞

ത𝑞 

2403.01313
JHEP 2205.13830
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→  Mass from Boosted top-jet: Future prospects in precision & theoretical interpretability

Measuring the heaviest particle mass

Didar Dobur, Ghent university  

• Direct measurements from top quark decays 
→ better precision 

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


Top quark mass: Run I combination 

𝑚top = 172.52 ± 0.14 𝑠𝑡𝑎𝑡 ± 0.30 𝑠𝑦𝑠𝑡  GeV 

PRL 132, 261902

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

< 0.2% precision → Limited by b-jet energy calibrations

0.28% precision

0.24% precision

23Didar Dobur, Ghent university  
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• Top-pairs @LHC are mainly unpolarized (parity invariance of QCD) 
• Their spins are strongly correlated

• Spin information is passed onto ℓ± 𝑎𝑛𝑑 𝑑-quark 
            → preferentially radiated in the top spin direction

24Didar Dobur, Ghent university  

1
Γ

𝑑Γ
𝑑 cos 𝜑 =

1 + 𝛼 cos 𝜑
2

𝑡

𝑏

10−25s <  10−24s ≪  10−21s
lifetime < 

QCD
timescale ≪

Spin-flip 
timescale

• New mediator ?
• New particles decaying to tops ?

• Many NP models modify spin polarization 
and correlation of top quarks

Top quark polarization and spin correlation

…but also interesting for testing the foundations of Quantum physics



Top quark polarization and spin correlation
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1
𝜎

𝑑𝜎
𝑑 cos 𝜃+

𝑖 𝑑 𝑐𝑜𝑠 𝜃−
𝑗 =

1
2 (1 + 𝑩+

𝒊 𝑐𝑜𝑠 𝜃+
𝑖 + 𝑩−

𝒋 𝑐𝑜𝑠 𝜃−
𝑗 − 𝑪𝒊𝒋 𝑐𝑜𝑠 𝜃+

𝑖 𝑐𝑜𝑠 𝜃−
𝑗 )

6 polarization and 9 spin correlation coefficients can be extracted 
from differential measurements

𝑡 ҧ𝑡 production cross section parametrized vs polarization & spin correlation coefficients

PRD 100 (2019) 072002

  

p̂ : incoming parton 
k̂: top-quark direction in t t CMF ("helicity")
n̂ = normal to t t scattering plane ("transverse")
r̂  = normal to k̂ in t t scattering plane

 ℓ+

 t

beam
 qk

Ƹ𝑟 

𝑡𝑜𝑝

anti-top 

𝜃𝑘

෠𝑘

ො𝑛 

Helicity basis
𝑖𝑗 = ො𝑛, ෠𝑘, Ƹ𝑟

http://dx.doi.org/10.1103/PhysRevD.100.072002
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1
𝜎

𝑑𝜎
𝑑 cos 𝜃+

𝑖 𝑑 𝑐𝑜𝑠 𝜃−
𝑗 =

1
2 (1 + 𝑩+

𝒊 𝑐𝑜𝑠 𝜃+
𝑖 + 𝑩−

𝒋 𝑐𝑜𝑠 𝜃−
𝑗 − 𝑪𝒊𝒋 𝑐𝑜𝑠 𝜃+

𝑖 𝑐𝑜𝑠 𝜃−
𝑗 )

6 polarization and 9 spin correlation coefficients can be extracted 
from differential measurements

1
𝜎

𝑑𝜎
𝑑 cos 𝜃+

𝑘 =
1
2 (1 + 𝑩+

𝒌 𝑐𝑜𝑠 𝜃+
𝑘)

𝑩+
𝒌 = 𝟎

𝑡 ҧ𝑡 production cross section parametrized vs polarization & spin correlation coefficients

PRD 100 (2019) 072002

Unfolded to 
parton level

  

p̂ : incoming parton 
k̂: top-quark direction in t t CMF ("helicity")
n̂ = normal to t t scattering plane ("transverse")
r̂  = normal to k̂ in t t scattering plane

 ℓ+

 t

beam
 qk

Ƹ𝑟 

𝑡𝑜𝑝

anti-top 

𝜃𝑘

෠𝑘

ො𝑛 

Helicity basis
𝑖𝑗 = ො𝑛, ෠𝑘, Ƹ𝑟

http://dx.doi.org/10.1103/PhysRevD.100.072002
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• 𝒕 ҧ𝒕 in mixed states (eg. ۧȁΨ = 1
2

( ۧȁ↑↓ − ۧȁ↓↑ )) → two qubit system
• Peres–Horodecki criterion for entanglement

Δ𝐸 = 𝐶𝑛𝑛 + 𝐶𝑟𝑟 + 𝐶𝑘𝑘 > 1

• Spin correlation is 𝒎(𝒕 ҧ𝒕) and 𝒄𝒐𝒔 𝜣 dependent 
→ Entanglement in some phase-space regions

27
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𝒄𝒐𝒔 𝜣 

𝒎
𝒕

ҧ 𝒕
 [G

eV
] 

Entanglement in 𝒕 ҧ𝒕 

Claudio Severi et al.: Quantum tops at the LHC: from entanglement to Bell inequalit ies 3

be considered as a proxy for the spin of the corresponding
top quark and the correlat ions between the leptons as a
proxy for those between the top quark spins. Assuming

Fig. 2: Schemat ic representat ion of the decay of a top
quark that ult imately leads to the emission of a charged
lepton, in the top rest frame.

no net polarisat ion is present 2, the density mat rix for the
spin of a t t̄ pair can be writ ten as:

⇢=
1
4

⌦ +
3X

i ,j = 1
Ci j σi ⌦σj . (6)

where the first term in the tensor product refers to the top
and the second term to the ant i-top quark. The Ci j ma-
t rix encodes spin correlat ions, and it is measurable. Note
that Eq. (6), which will be used in the following, is more
general than the simple density mat rix in Eq. (4) consid-
ered in Sect ion 2, since C is allowed to have o↵-diagonal
ent ries. However, since in pract ice Ci j ⇡ Cj i , the C ma-
t rix can be made (almost) diagonal with an appropriate
choice of basis, thus reducing the t t̄ system to Eq. (4). The
di↵erent ial cross sect ion for pp ! t t̄ ! `+ `− b̄b⌫̄⌫can be
expressed as [12]:

1
σ
dσ
dxi j

= Ci j xi j − 1
2

log xi j , (7)

where xi j ⌘ cos✓i cos✓̄j , ✓i is the angle between the an-
t ilepton momentum and the i -th axis in its parent top
rest frame, and ✓̄j the angle between the lepton momen-
tum and the j -th axis in its parent ant i-top rest frame. In
part icular, Eq. (7) implies:

− 9hxi j i = Ci j , (8)

a relat ion that allows direct measurement of the C ma-
t rix. Spin is measured fixing a suitable reference frame.

2 St rong t t̄ product ion does not lead to polarised top quarks,
as parity is conserved [10]. EW e↵ects (and possibly also ab-
sorpt ive parts from loops), on the other hand, can give rise to a
net top quark polarisat ion. However, they have been est imated
to be very small [11], and therefore are neglected here.

An advantageous choice is the helicity basis { k̂, r̂ , n̂} ,
8
>>><

>>>:

k̂ = top direct ion

r̂ =
p̂− k̂ cos✓

sin✓
n̂ = k̂ ⇥ r̂ ,

(9)

where p̂ is the beam axis and ✓is the top scat tering angle
in the center of mass frame, see also Figure 3. The helicity
basis is defined in terms of the top quark and also applies
to the ant itop.3 Relevant reference frames are reached in
a two step process: a ẑ boost from the laboratory to the
t t̄ center of mass frame, then a k̂ boost to each top’s rest
frame.

Fig. 3: Schemat ic representat ion of a pp ! t t̄ event in
the center of mass frame, with the helicity basis { k̂, r̂ , n̂}
drawn, together with the scat tering angle✓. The n̂ axis is
into the page.

The amount and type of spin correlat ions st rongly de-
pend on the product ion mechanism as well as the phase
space region (energy and angle) of the top quarks. Two
complementary regimes are important : at threshold, i .e.,
when the top quarks are slow in their rest frame, and
when they are ult ra-relat ivist ic. At threshold, gluon fusion
gg ! t t̄ leads to an entangled spin-0 state while qq̄ ! t t̄
to a spin-1 state. The lat ter is subdominant at the LHC
and acts as an irreducible background [2].

4 Observat ion of entanglement

It can be shown [8] that the t t̄ spin density mat rix in
Eq. (6) is separable (that is, not entangled) if and only if
the part ial t ranspose ( ⌦T )⇢, obtained by act ing with
the ident ity on the first term of the tensor product and
t ransposing the second, is posit ive definite. As shown in
[2], this implies that

C11 + C22 − C33 > 1 (10)

is a sufficient condit ion for the presence of entanglement .
It generalises the Werner condit ion ⌘> 1/ 3 to the case

3 We follow the sign convent ion of [2].

Θ

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
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
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
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Low m(𝒕 ҧ𝒕 ):

• 𝒕 ҧ𝒕 in mixed states (eg. ۧȁΨ = 1
2

( ۧȁ↑↓ − ۧȁ↓↑ )) → two qubit system
• Peres–Horodecki criterion for entanglement

High m(𝒕 ҧ𝒕 ):

cos 𝜑 = ෠ℓ+ ∙ ෠ℓ−

Δ𝐸 = 𝐶𝑛𝑛 + 𝐶𝑟𝑟 + 𝐶𝑘𝑘 > 1

𝐷 = −
Δ𝐸

3
< −

1
3

෩𝐷 =
Δ𝐸

3
>

1
3

Extract 𝐷 and  ෩𝐷 from single differential measurement 

• Spin correlation is 𝒎(𝒕 ҧ𝒕) and 𝒄𝒐𝒔 𝜣 dependent 
→ Entanglement in some phase-space regions
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෠ℓ : unit vector in top rest frame

𝜑 ℓ-
 ℓ+

beam

Ƹ𝑟 

top

anti-top

෠𝑘

ො𝑛 

Θ

1
𝜎

𝑑𝜎
𝑑 cos 𝜑 =

1
2 (1 + 𝐷 cos 𝜑)
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be considered as a proxy for the spin of the corresponding
top quark and the correlat ions between the leptons as a
proxy for those between the top quark spins. Assuming

Fig. 2: Schemat ic representat ion of the decay of a top
quark that ult imately leads to the emission of a charged
lepton, in the top rest frame.

no net polarisat ion is present 2, the density mat rix for the
spin of a t t̄ pair can be writ ten as:

⇢=
1
4

⌦ +
3X

i ,j = 1
Ci j σi ⌦σj . (6)

where the first term in the tensor product refers to the top
and the second term to the ant i-top quark. The Ci j ma-
t rix encodes spin correlat ions, and it is measurable. Note
that Eq. (6), which will be used in the following, is more
general than the simple density mat rix in Eq. (4) consid-
ered in Sect ion 2, since C is allowed to have o↵-diagonal
ent ries. However, since in pract ice Ci j ⇡ Cj i , the C ma-
t rix can be made (almost) diagonal with an appropriate
choice of basis, thus reducing the t t̄ system to Eq. (4). The
di↵erent ial cross sect ion for pp ! t t̄ ! `+ `− b̄b⌫̄⌫can be
expressed as [12]:

1
σ
dσ
dxi j

= Ci j xi j − 1
2

log xi j , (7)

where xi j ⌘ cos✓i cos✓̄j , ✓i is the angle between the an-
t ilepton momentum and the i -th axis in its parent top
rest frame, and ✓̄j the angle between the lepton momen-
tum and the j -th axis in its parent ant i-top rest frame. In
part icular, Eq. (7) implies:

− 9hxi j i = Ci j , (8)

a relat ion that allows direct measurement of the C ma-
t rix. Spin is measured fixing a suitable reference frame.

2 St rong t t̄ product ion does not lead to polarised top quarks,
as parity is conserved [10]. EW e↵ects (and possibly also ab-
sorpt ive parts from loops), on the other hand, can give rise to a
net top quark polarisat ion. However, they have been est imated
to be very small [11], and therefore are neglected here.

An advantageous choice is the helicity basis { k̂, r̂ , n̂} ,
8
>>><

>>>:

k̂ = top direct ion

r̂ =
p̂− k̂ cos✓

sin✓
n̂ = k̂ ⇥ r̂ ,

(9)

where p̂ is the beam axis and ✓is the top scat tering angle
in the center of mass frame, see also Figure 3. The helicity
basis is defined in terms of the top quark and also applies
to the ant itop.3 Relevant reference frames are reached in
a two step process: a ẑ boost from the laboratory to the
t t̄ center of mass frame, then a k̂ boost to each top’s rest
frame.

Fig. 3: Schemat ic representat ion of a pp ! t t̄ event in
the center of mass frame, with the helicity basis { k̂, r̂ , n̂}
drawn, together with the scat tering angle✓. The n̂ axis is
into the page.

The amount and type of spin correlat ions st rongly de-
pend on the product ion mechanism as well as the phase
space region (energy and angle) of the top quarks. Two
complementary regimes are important : at threshold, i .e.,
when the top quarks are slow in their rest frame, and
when they are ult ra-relat ivist ic. At threshold, gluon fusion
gg ! t t̄ leads to an entangled spin-0 state while qq̄ ! t t̄
to a spin-1 state. The lat ter is subdominant at the LHC
and acts as an irreducible background [2].

4 Observat ion of entanglement

It can be shown [8] that the t t̄ spin density mat rix in
Eq. (6) is separable (that is, not entangled) if and only if
the part ial t ranspose ( ⌦T )⇢, obtained by act ing with
the ident ity on the first term of the tensor product and
t ransposing the second, is posit ive definite. As shown in
[2], this implies that

C11 + C22 − C33 > 1 (10)

is a sufficient condit ion for the presence of entanglement .
It generalises the Werner condit ion ⌘> 1/ 3 to the case

3 We follow the sign convent ion of [2].

Θ

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
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
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1


Entanglement in 𝒕 ҧ𝒕 (dilepton channel)

𝒄𝒐𝒔 𝝋 = ෠ℓ+ ∙ ෠ℓ−

29

W/ toponium

W/O toponium

 ℓ+

ҧ𝜈

𝜈

Entanglement in 𝑡 ҧ𝑡 is observed with >5𝜎 at low 𝑚𝑡𝑡

 ℓ-

𝟔. 𝟑𝝈

Parton level D𝒄𝒐𝒔 𝝋

1
𝜎

𝑑𝜎
𝑑 cos 𝜑 =

1
2 (1 + 𝐷 cos 𝜑)
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Entanglement in 𝒕 ҧ𝒕 (dilepton channel)
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W/ toponium

W/O toponium

Mat t eo  M. Def r an chi s (CERN)

A closer  look at  the 3D measurement
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JHEP [ 2004.03088]

Modelling of the tt 
production threshold 

limiting factor for 
Lagrangian mass 

extraction

Result  in tension with ATLAS+CMS combinat ion of 
7 and 8 TeV measur ements 
Limitat ions of fixed or der  calculat ions ar e 
par t icular ly pr onounced in the threshold region  
• Soft  gluon r esummat ion (up to NNLL)  
• Toponium-l ike bound state ef fects -> can lead to a 
bias of up to +1.4 GeV in fi r st  bin

• Pseudoscalar &  maximally entangled
• 𝑚(𝜂𝑡) = 343 𝐺𝑒𝑉
• 𝜎 𝑝𝑝 → 𝜂𝑡 = 6.43 ± 0.90 pb

 ℓ+

ҧ𝜈

𝜈

Entanglement in 𝑡 ҧ𝑡 is observed with >5𝜎 at low 𝑚𝑡𝑡

 ℓ-

Include 𝑡 ҧ𝑡 bound-state: toponium (𝜼𝒕)

𝟔. 𝟑𝝈

Parton level D

5. 𝟏𝝈

𝒄𝒐𝒔 𝝋

𝒄𝒐𝒔 𝝋 = ෠ℓ+ ∙ ෠ℓ−

Main uncertainties(CMS):
• 𝜂𝑡 normalization
• Jet energy calibrations
• Top 𝑝𝑇 , PS modeling
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Entanglement in 𝒕 ҧ𝒕 (dilepton channel)

cos 𝜑 = ෠ℓ+ ∙ ෠ℓ−

29

Main uncertainties (ATLAS):
• Modeling of 𝑡 ҧ𝑡 production and decay
• Background modeling
• Experimental (b-jet tagging, JES…)

Main uncertainties(CMS):
• 𝜂𝑡 normalization
• Jet energy calibrations
• Top 𝑝𝑇 , PS modeling

Entanglement threshold

Pa
rt

ic
le

 le
ve

l D

𝐷 = −3 ∙ cos 𝜑  
 ℓ+

ҧ𝜈

𝜈

Entanglement threshold

 ℓ-

Entanglement in 𝑡 ҧ𝑡 is observed with >5𝜎 at low 𝑚𝑡𝑡

W/ toponium

W/O toponium

𝟔. 𝟑𝝈

Parton level D

5. 𝟏𝝈• Pseudoscalar &  maximally entangled
• 𝑚(𝜂𝑡) = 343 𝐺𝑒𝑉
• 𝜎 𝑝𝑝 → 𝜂𝑡 = 6.43 ± 0.90 pb

Include 𝑡 ҧ𝑡 bound-state: toponium (𝜼𝒕)
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production threshold 
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Lagrangian mass 

extraction

Result  in tension with ATLAS+CMS combinat ion of 
7 and 8 TeV measur ements 
Limitat ions of fixed or der  calculat ions ar e 
par t icular ly pr onounced in the threshold region  
• Soft  gluon r esummat ion (up to NNLL)  
• Toponium-l ike bound state ef fects -> can lead to a 
bias of up to +1.4 GeV in fi r st  bin



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

• NN for correct assignment of top decay 
products (up to 65% correct assignment)

30

Profile likelihood fits to cos 𝜑 in bins of 𝑚 𝑡 ҧ𝑡  and cos 𝜃  

Low 𝑚 𝑡 ҧ𝑡 High 𝑚 𝑡 ҧ𝑡

cos 𝜑 = ෠ℓ ∙ መ𝑑 

 ℓ+
𝝂

ഥ𝒖
𝑑

Entanglement in 𝒕 ҧ𝒕 (ℓ + 𝑗𝑒𝑡𝑠 channel)

Severi, et al 2210.09330

Didar Dobur, Ghent university  

6.
1𝝈 4.

0𝝈

Entanglement at high m(𝑡 ҧ𝑡 )
→ space-like separated region 
→ 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 
• Combined ATLAS-CMS results prove to be powerful
• Observed quantum entanglement in top quark pairs

→Multiple analyses in different phase-space regions!

→ Led to observation of a quasi-bound tt state 

• More exciting results to come with Run3 data

Summary

31Didar Dobur, Ghent university  



• e/𝜇 + 4 jets, ≥1 bjets → better sensitivity at high 𝒎𝒕 ҧ𝒕
• Spin information via ℓ/d-quark
• NN for assignment of top decay products (up to 65% correct assignment)

21

cos 𝜑 = ෠ℓ ∙ መ𝑑 

 ℓ+
𝝂

ഥ𝒖
𝑑

Entanglement in 𝒕 ҧ𝒕 (ℓ + 𝑗𝑒𝑡𝑠 channel)

Didar Dobur, Ghent university  

• Extract the coefficients for 
polarisation vectors (𝑩±

𝒊 ), spin 
correlation matrix (𝑪𝒊𝒋) as well 
as 𝐃 and ෩𝑫

• Inclusive and in various kinematic 
phase-space

Profile likelihood fits to cos 𝜑 in bins of 𝑚 𝑡 ҧ𝑡  and cos 𝜃  

Low 𝒎 𝒕 ҧ𝒕 High 𝒎 𝒕 ҧ𝒕

39
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Entanglement in 𝒕 ҧ𝒕 (ℓ + 𝑗𝑒𝑡𝑠 channel)

6.7(5.6)𝝈

2.2(3.4)𝝈

Extraction from Cij

• Entanglement is established at high m(𝒕 ҧ𝒕 ) 
for the first time with >𝟓𝝈

• Complementarity wrt. dilepton channel

Entangled

Entangled

𝒄𝒐𝒔 𝜣 

𝒎
𝒕

ҧ 𝒕
 [G

eV
] 

Didar Dobur, Ghent university  40



Lepton Flavor Universality in top decays 
2403.02133

From 
LEP2/SLD

PRD 105(2022) 072008

• Large and pure 𝑡 ҧ𝑡 sample to measure ℬ(𝑊 → ℓ𝜈) and  test LFU
• Simultaneous 𝑡 ҧ𝑡 cross-section in 𝑒𝑒, 𝜇𝜇, 𝑒𝜇
• ML fit to event categories with 10 parameters
• 𝑅𝑊

𝜇/𝑒: many uncertainties cancel
• In situ lepton/bjet efficiency calibrations

𝑅𝑊
𝜇/𝑒 =

ℬ(𝑊 → 𝜇𝜈)
ℬ(𝑊 → 𝑒𝜈)

ℬ(𝑍 → 𝜇𝜇)
ℬ(𝑍 → 𝑒𝑒)

∙ 𝑅𝑍
𝜇𝜇/𝑒𝑒

Precise W branching fraction measurements, consistent with SM 

• All  𝑅𝑊
ℓ/ℓ′

consistent with LFU
• More precise than LEP and do not confirm the anomalies

𝑅𝑊
𝜇/𝑒 = 0.9995 ± 0.0045

Didar Dobur, Ghent university  41

https://arxiv.org/abs/2403.02133
https://arxiv.org/abs/2201.07861


𝒕 ҧ𝒕𝑾

𝒕 ҧ𝒕𝒁

𝒕 ҧ𝒕𝒁 + 𝒕𝑾𝒁

First observation 
at the LHC

Associated top quark production (𝑡 ҧ𝑡+V) 

𝑾

𝒁

𝒕

𝒕

𝒁

ҧ𝒕

𝑾

ҧ𝒕

𝒕

7-8%

6%

ҧ𝒕

𝒕

𝜸

𝒕 ҧ𝒕𝜸

𝒕 ҧ𝒕𝜸𝜸

𝒕 ҧ𝒕𝜸

𝒕 ҧ𝒕𝒁

𝒕 ҧ𝒕𝒁 + 𝒕𝑾𝒁𝑾

𝒁
𝒕

ҧ𝒕

𝒕
𝒁

ҧ𝒕

𝒕
𝜸

• 𝑡 ҧ𝑡 charge assymetry in 
ttW events 

• 3-lepton channel
• DNN to assign leptont 

to top-quark

• Results are consistent 
with SM



Didar Dobur, Ghent university  

Interpretation of 4 top quark measurements

19



Top-jet

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

• 𝑚𝑇𝑜𝑝 measurements in the boosted 
regime compared to well-defined 
Lagrangian mass 

• Simulation study by ATLAS gives:

ATL-PHYS-PUB-2021-034

• ℓ + 𝑗𝑒𝑡𝑠 channel, 
• Dedicated jet clustering( XCone) 

& calibrations using 𝑚𝑊
𝑗𝑒𝑡

• 𝑝𝑇,𝑗𝑒𝑡 > 400 𝐺𝑒𝑉
• Extract 𝑚𝑇𝑜𝑝  from 𝑚𝑗𝑒𝑡

𝑚𝑇𝑜𝑝
𝑀𝐶 − 𝑚𝑇𝑜𝑝

𝑀𝑆𝑅  = 80−410
+350 MeV Si

gn
ifi

ca
nt

 
im

pr
ov

em
en

t

Didar Dobur, Ghent university  

9 GeV

0.84 GeV

Unfolded x-section to particle level

- Scale variation 
- Fit range, UE

45

http://dx.doi.org/10.1140/epjc/s10052-023-11587-8
http://cds.cern.ch/record/2777332
http://cds.cern.ch/record/2777332
http://cds.cern.ch/record/2777332
http://cds.cern.ch/record/2777332
http://cds.cern.ch/record/2777332
http://cds.cern.ch/record/2777332
http://cds.cern.ch/record/2777332
http://cds.cern.ch/record/2777332
http://cds.cern.ch/record/2777332


2403.09452 

𝜸

𝜸

• 𝒕 ҧ𝒕𝜸 at production/ 𝒕 ҧ𝒕𝜸 at decay
• NN to separate two processes
      →Increased sensitivity to t-𝜸 coupling

Associated top quark production (𝑡 ҧ𝑡𝛾)

16

+ →

𝑝𝑇 𝛾 , 𝑝𝑇 𝑍 : sensitive to anomalous dipole couplings of the top quark

≈ 0 in SM
 ≠ 0 → BSM

𝒕 ҧ𝒕𝜸 𝒕 ҧ𝒕𝒁 

𝑋 = 𝛾, 𝑍

Didar Dobur, Ghent university  48

https://arxiv.org/abs/2403.09452


Measurements of 𝑡 ҧ𝑡 + 𝑏 ത𝑏 
• Sensitive to EFT operators
• Irreducible background for 𝑡 ҧ𝑡𝐻, 𝐻 → 𝑏 ത𝑏/𝑐 ҧ𝑐, multi-top  
• Difficult to simulate accurately

JHEP 05 (2024) 042

Extensive differential measurements: 
→ various kinematic regions & modelling effects
→ Comparisons to state-of-the-art simulations
→ Additional b-quarks via ME(4FS) or via PS (5FS)

2407.109042407.13473

5

𝑒𝜇 channel 
ℓ + 𝑗𝑒𝑡𝑠 channel 

𝑡 ҧ𝑡𝐻

Didar Dobur, Ghent university  49

http://dx.doi.org/10.1007/JHEP05(2024)042
https://arxiv.org/abs/2407.10904
https://arxiv.org/abs/2407.13473


Single-top production in tW channel CMS-TOP-23-008

Didar Dobur, Ghent university  

CMS measurement @13.6 TeV in 𝑒𝜇 channel 
~13% precision

Measured 𝑉𝑡𝑏 : 

ATLAS measurement in ee, e𝜇, 𝜇𝜇 channel 

Comparisons to different models of 
handling the interference with 𝑡 ҧ𝑡 

𝑓𝐿𝑉𝑉𝑡𝑏 = 0.97 ± 0.10 

JES, b-jet, background

It is complementary to other measurements

𝜎 𝑡𝑊 = 75.6−14.3
+14.9 pb

Measured @13 TeV (40% improved )

𝑡 ҧ𝑡 /𝑡𝑊modeling, JES, MET  
~19% precision

𝒕

𝑏
𝑾

𝑏
𝑾

𝜇+

𝑒

𝜈

ҧ𝜈

2407.15594

New

• Sensitivity to Vtb  and b-PDF
• Large 𝑡 ҧ𝑡 background 
• tW @NLO interferes with 𝑡 ҧ𝑡
• ML algorithms to separate tW from 𝑡 ҧ𝑡 

𝑔
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-008/index.html
https://arxiv.org/abs/2407.15594
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Generalized CKM interpretation

• 9 Wtq vertices in production and decay 
are considered

• Top decays in 𝑡 ҧ𝑡 treated consistently 
(improves sensitivity to 𝑉𝑡𝑠, 𝑉𝑡𝑑  by 20%)

• ML fit in three scenarios for two of the 𝑉𝑡𝑥 

JHEP05(2024)305

51

https://link.springer.com/article/10.1007/JHEP05(2024)305
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Main systematic uncertainties
• tq signal modelling (Scale, PDF, FSR)
• Jet energy resolution (JER) 
• b-tagging 
• Background modelling 

t-channel single-top measurement by ATLAS

• Use measured 𝜎(𝑡𝑞 + ҧ𝑡𝑞) and theoretical 
prediction to extract  𝑓𝐿𝐹

2 ∙ 𝑉𝑡𝑏
2

• Theory prediction @NNLO: 

• No assumpion on CKM unitarity nor number of 
quark flavour

• Assume 𝑉𝑡𝑏 ≫ 𝑉𝑡𝑑 , 𝑉𝑡𝑠  and Wtb has LH 
weak structure

2012.01574

1.6% precision

• Assuming SM , 𝑉𝐿𝑉 = 1 

𝜎𝑡𝑞 = 137 ± 8 𝑝𝑏 𝜎 ҧ𝑡𝑞 = 84−5
+6 𝑝𝑏

𝜎𝑡𝑞+ ҧ𝑡𝑞 = 221 ± 13 𝑝𝑏

𝑅𝑡 =
𝜎𝑡𝑞

𝜎 ҧ𝑡𝑞
= 1.636 ± 0.036

~6% 

~2% 
3% 

JHEP05(2024)305

52

https://arxiv.org/abs/2012.01574
https://link.springer.com/article/10.1007/JHEP05(2024)305
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Detector to particle-level 
calibration curve

Event-by-event 
reweighting based on 
𝐷 is used to vary the 
degree of 
entanglement 

Uncertainties via calibration 
curve:
• Modeling of 𝑡 ҧ𝑡 production and 

decay (3.2%)
• Top decay modeling (Powheg 

vs.MadSpin)
• PDF, ISR/FSR, Top 𝑝𝑇 

modeling
• Background modeling (1. 8%)
• Experimental (b-jet tagging, 

JES…) (< 1%)

Entanglement in 𝒕 ҧ𝒕 (ATLAS)

Simple approach: 
measure D in particle level 

𝐷 = −3 ∙ cos 𝜑

• Entanglement is observed with 
more than 𝟓𝝈

Obs: −0.547 ± 0.002 [stat.] ± 0.021 [syst.]
Exp: −0.470 ± 0.002 [stat.] ± 0.018 [syst.]

• SM prediction has PS modelling 
dependence

55
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