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Mainly produced in pairs via strong interac-on
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Mainly produced in pairs via strong interaction
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Single-top produc-on via weak interac-on
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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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• 𝑝𝑃𝑏 (𝑃𝑏𝑃𝑏) → 𝑡 ̅𝑡
• Probes of nuclear PDF at high-x

• Observa-on of  𝑡 ̅𝑡 produc-on in p-Pp collisions 
CMS (PhysRevLe).119.242001) 

 ATLAS (arXiv:2405.05078) 

• CMS has also published evidence of top-pair produc-on in Pb-Pb collisions
Phys. Rev. Le). 125 (2020) 222001

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.242001
https://arxiv.org/abs/2405.05078
https://arxiv.org/abs/2006.11110
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Observa2on of 4-top quarks by CMS and ATLAS
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Observation of 4-top quarks by CMS and ATLAS

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



LPCC seminar, CERN,
December 2018

Spinning tops…

• Top quark polariza-on and t¯t spin correla-ons using dilepton final states by CMS, 
PRD 100 (2019) 072002

• Observa-on of quantum entanglement in top quark pairs in dilepton channel by 
ATLAS, arXiv:2311.07288, submi_ed to Nature.

• Observa-on of quantum entanglement in top quark pairs in dilepton channel by 
CMS, 2406.03976, Submi_ed to ROPP

• Measurements of polariza-on, spin correla-ons, and entanglement in top quark 
pairs using lepton+jets events by CMS, CMS-TOP-23-007

http://dx.doi.org/10.1103/PhysRevD.100.072002
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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Top-quark polariza/on & spin correla/on

same helicity opposite helicity
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• Tops are mainly unpolarized (parity invariance of QCD) 
• Spins of top-pairs are strongly correlated
• The degree of spin correla>on depend on M!, 

• Low M!: RR/LL helicity pairs dominate
• High M!: RL/LR helicity pairs dominate
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• New mediator ?
• New par>cles decaying to tops ?

• Many NP models modify spin polariza2on 
and correla2on of top quarks

• Top quark decays before it can
form hadrons
• Spin information transferred to
daughter particles

Excellent laboratory to search for new physics but also for tes2ng 
the founda2ons of Quantum physics

D. Dobur 
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  i, j = k̂, r̂, n̂

an--top
 ℓ θn

 θr

  k̂

 θk beam

top

  n̂

  ̂r  k̂

Coefficients of the spin density matrix can be extracted from :  

  

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

Top quark’s spin determines the angular distribu0on of its daughters

ℓ 𝑎𝑛𝑑 𝑑-quark preferen0ally produced in top spin direc0on 
(V-A structure of the Weak interac0on)

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

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

Fig. 2: Schematic representation of the decay of a top
quark that ultimately leads to the emission of a charged
lepton, in the top rest frame.

no net polarisation is present 2, the density matrix for the
spin of a tt̄ pair can be written as:

⇢ =
1

4

�
⌦ +

3X

i,j=1

Cij �i ⌦ �j

�
. (6)

where the first term in the tensor product refers to the top
and the second term to the anti-top quark. The Cij ma-
trix encodes spin correlations, and it is measurable. Note
that Eq. (6), which will be used in the following, is more
general than the simple density matrix in Eq. (4) consid-
ered in Section 2, since C is allowed to have o↵-diagonal
entries. However, since in practice Cij ⇡ Cji, the C ma-
trix can be made (almost) diagonal with an appropriate
choice of basis, thus reducing the tt̄ system to Eq. (4). The
di↵erential cross section for pp ! tt̄ ! `+`�bb̄⌫⌫̄ can be
expressed as [12]:

1

�

d�

dxij
=

Cij xij � 1

2
log

��xij

��, (7)

where xij ⌘ cos ✓i cos ✓̄j , ✓i is the angle between the an-
tilepton 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 anti-top rest frame. In
particular, Eq. (7) implies:

� 9hxiji = Cij , (8)

a relation that allows direct measurement of the C ma-
trix. Spin is measured fixing a suitable reference frame.

2 Strong tt̄ production does not lead to polarised top quarks,
as parity is conserved [10]. EW e↵ects (and possibly also ab-
sorptive parts from loops), on the other hand, can give rise to a
net top quark polarisation. However, they have been estimated
to be very small [11], and therefore are neglected here.

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

>>>:

k̂ = top direction

r̂ =
p̂� k̂ cos ✓

sin ✓

n̂ = k̂ ⇥ r̂,

(9)

where p̂ is the beam axis and ✓ is the top scattering 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 antitop.3 Relevant reference frames are reached in
a two step process: a ẑ boost from the laboratory to the
tt̄ center of mass frame, then a k̂ boost to each top’s rest
frame.

Fig. 3: Schematic representation of a pp ! tt̄ event in
the center of mass frame, with the helicity basis {k̂, r̂, n̂}
drawn, together with the scattering angle ✓. The n̂ axis is
into the page.

The amount and type of spin correlations strongly de-
pend on the production 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 ultra-relativistic. At threshold, gluon fusion
gg ! tt̄ leads to an entangled spin-0 state while qq̄ ! tt̄
to a spin-1 state. The latter is subdominant at the LHC
and acts as an irreducible background [2].

4 Observation of entanglement

It can be shown [8] that the tt̄ spin density matrix in
Eq. (6) is separable (that is, not entangled) if and only if
the partial transpose ( ⌦ T ) ⇢, obtained by acting with
the identity on the first term of the tensor product and
transposing the second, is positive definite. As shown in
[2], this implies that

��C11 + C22

��� C33 > 1 (10)

is a su�cient condition for the presence of entanglement.
It generalises the Werner condition ⌘ > 1/3 to the case

3 We follow the sign convention of [2].
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Coefficients of the spin density matrix can be extracted from :  

Measure differen,al cross sec,ons:

  

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

Top quark’s spin determines the angular distribu0on of its daughters

ℓ 𝑎𝑛𝑑 𝑑-quark preferen0ally produced in top spin direc0on 
(V-A structure of the Weak interac0on)
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be considered as a proxy for the spin of the corresponding
top quark and the correlations between the leptons as a
proxy for those between the top quark spins. Assuming

Fig. 2: Schematic representation of the decay of a top
quark that ultimately leads to the emission of a charged
lepton, in the top rest frame.

no net polarisation is present 2, the density matrix for the
spin of a tt̄ pair can be written as:

⇢ =
1

4

�
⌦ +

3X

i,j=1

Cij �i ⌦ �j

�
. (6)

where the first term in the tensor product refers to the top
and the second term to the anti-top quark. The Cij ma-
trix encodes spin correlations, and it is measurable. Note
that Eq. (6), which will be used in the following, is more
general than the simple density matrix in Eq. (4) consid-
ered in Section 2, since C is allowed to have o↵-diagonal
entries. However, since in practice Cij ⇡ Cji, the C ma-
trix can be made (almost) diagonal with an appropriate
choice of basis, thus reducing the tt̄ system to Eq. (4). The
di↵erential cross section for pp ! tt̄ ! `+`�bb̄⌫⌫̄ can be
expressed as [12]:

1
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=

Cij xij � 1

2
log

��xij

��, (7)

where xij ⌘ cos ✓i cos ✓̄j , ✓i is the angle between the an-
tilepton 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 anti-top rest frame. In
particular, Eq. (7) implies:

� 9hxiji = Cij , (8)

a relation that allows direct measurement of the C ma-
trix. Spin is measured fixing a suitable reference frame.

2 Strong tt̄ production does not lead to polarised top quarks,
as parity is conserved [10]. EW e↵ects (and possibly also ab-
sorptive parts from loops), on the other hand, can give rise to a
net top quark polarisation. However, they have been estimated
to be very small [11], and therefore are neglected here.

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

k̂ = top direction

r̂ =
p̂� k̂ cos ✓

sin ✓

n̂ = k̂ ⇥ r̂,

(9)

where p̂ is the beam axis and ✓ is the top scattering 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 antitop.3 Relevant reference frames are reached in
a two step process: a ẑ boost from the laboratory to the
tt̄ center of mass frame, then a k̂ boost to each top’s rest
frame.

Fig. 3: Schematic representation of a pp ! tt̄ event in
the center of mass frame, with the helicity basis {k̂, r̂, n̂}
drawn, together with the scattering angle ✓. The n̂ axis is
into the page.

The amount and type of spin correlations strongly de-
pend on the production 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 ultra-relativistic. At threshold, gluon fusion
gg ! tt̄ leads to an entangled spin-0 state while qq̄ ! tt̄
to a spin-1 state. The latter is subdominant at the LHC
and acts as an irreducible background [2].

4 Observation of entanglement

It can be shown [8] that the tt̄ spin density matrix in
Eq. (6) is separable (that is, not entangled) if and only if
the partial transpose ( ⌦ T ) ⇢, obtained by acting with
the identity on the first term of the tensor product and
transposing the second, is positive definite. As shown in
[2], this implies that

��C11 + C22

��� C33 > 1 (10)

is a su�cient condition for the presence of entanglement.
It generalises the Werner condition ⌘ > 1/3 to the case

3 We follow the sign convention of [2].
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𝑡 ̅𝑡 event selec-on (dilepton)
• Two oppositely charged leptons
•
•
• Njets ≥ 2, Nbjets ≥1
•
• In               channels, Z veto & 

  ee,µµ,eµ
   pT (ℓ) > 25(20)  GeV

  pT ( jet) > 30 GeV

   m(ℓℓ) > 20 GeV

  ee,µµ   ET
miss > 40 GeV

• Rela>vely pure sample of RBar events  
• Top 4-vectors from kinema>c reconstruc>on

• all possible assignments of jets, leptons and bjets
• Impose mW , mtop &
• 90% efficiency 

  t → τνb considered as background

   ET
miss = !pT (ν)+ !pT (ν)

15D. Dobur 

!!

""#



UNIVERSITEIT
GENT

Top quark polariza-on
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Measured distribu>ons as seen by the detector
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Top quark polariza-on
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• Flat distribu2ons à Top quarks are unpolarized 17
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Spin-correlation coefficients

Diagonal elements in 
the spin density matrix 

Off-diagonal elements in the 
spin density matrix 

• Spins correla2on has been observed by both the ATLAS and CMS 
experiments… already long 2me ago 

18

Cross correlation
0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3

 (13 TeV)-135.9 fb

 (syst)± (stat) ±result 

kr+CrkC  0.053± 0.035 ±-0.193 

kr-CrkC  0.029± 0.035 ±0.057 

rn+CnrC  0.024± 0.028 ±-0.004 

rn-CnrC  0.025± 0.028 ±-0.001 

kn+CnkC  0.026± 0.031 ±-0.043 

kn-CnkC  0.016± 0.025 ±0.040 

Preliminary CMS

Data

NLO calculation

POWHEGV2 + PYTHIA8

MG5_aMC@NLO + PYTHIA8 [FxFx]

Spin correlation
0 0.1 0.2 0.3 0.4 0.5

 (13 TeV)-135.9 fb

 (syst)± (stat) ±result 

kkC  0.031± 0.022 ±0.299 

rrC  0.023± 0.023 ±0.080 

nnC  0.017± 0.012 ±0.329 

-D  0.009± 0.007 ±0.237 

lab
ϕcosA  0.011± 0.003 ±0.167 

|
ll

ϕ∆|A  0.008± 0.003 ±0.103 

Preliminary CMS

Data

NLO calculation

POWHEGV2 + PYTHIA8

MG5_aMC@NLO + PYTHIA8 [FxFx]

D. Dobur 

Polarization
0.06− 0.04− 0.02− 0 0.02 0.04 0.06 0.08

 (13 TeV)-135.9 fb

 (syst)± (stat) ±result 

k
1B  0.021± 0.010 ±0.005 

k
2B  0.021± 0.010 ±0.008 

r
1B  0.013± 0.011 ±-0.023 

r
2B  0.017± 0.011 ±-0.010 

n
1B  0.010± 0.009 ±0.006 

n
2B  0.009± 0.009 ±0.017 

Preliminary CMS

Data

NLO calculation

POWHEGV2 + PYTHIA8

MG5_aMC@NLO + PYTHIA8 [FxFx]

Polariza0on coefficients



Entanglement in 𝒕𝒕̅
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Entangled

Entangled

• Low m(𝒕𝒕̅ )
•𝑔𝑔 → 𝑡 ̅𝑡 spin-singlet ($𝑆#) Dominant & max. 

entangled

• 𝒕𝒕̅ produced in mixed states (eg. ⟩|Ψ = !
" ( ⟩|↑↓ − ⟩|↓↑ ))à two qubit system

• Spin correla-on is 𝑚(𝑡 ̅𝑡) and cos Θ dependent
• Some regions of phase-space à entangled tops
• Peres–Horodecki criterion* 

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

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

Fig. 2: Schematic representation of the decay of a top
quark that ultimately leads to the emission of a charged
lepton, in the top rest frame.

no net polarisation is present 2, the density matrix for the
spin of a tt̄ pair can be written as:

⇢ =
1

4

�
⌦ +

3X

i,j=1

Cij �i ⌦ �j

�
. (6)

where the first term in the tensor product refers to the top
and the second term to the anti-top quark. The Cij ma-
trix encodes spin correlations, and it is measurable. Note
that Eq. (6), which will be used in the following, is more
general than the simple density matrix in Eq. (4) consid-
ered in Section 2, since C is allowed to have o↵-diagonal
entries. However, since in practice Cij ⇡ Cji, the C ma-
trix can be made (almost) diagonal with an appropriate
choice of basis, thus reducing the tt̄ system to Eq. (4). The
di↵erential cross section for pp ! tt̄ ! `+`�bb̄⌫⌫̄ can be
expressed as [12]:

1

�

d�

dxij
=

Cij xij � 1

2
log

��xij

��, (7)

where xij ⌘ cos ✓i cos ✓̄j , ✓i is the angle between the an-
tilepton 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 anti-top rest frame. In
particular, Eq. (7) implies:

� 9hxiji = Cij , (8)

a relation that allows direct measurement of the C ma-
trix. Spin is measured fixing a suitable reference frame.

2 Strong tt̄ production does not lead to polarised top quarks,
as parity is conserved [10]. EW e↵ects (and possibly also ab-
sorptive parts from loops), on the other hand, can give rise to a
net top quark polarisation. However, they have been estimated
to be very small [11], and therefore are neglected here.

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

>>>:

k̂ = top direction

r̂ =
p̂� k̂ cos ✓

sin ✓

n̂ = k̂ ⇥ r̂,

(9)

where p̂ is the beam axis and ✓ is the top scattering 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 antitop.3 Relevant reference frames are reached in
a two step process: a ẑ boost from the laboratory to the
tt̄ center of mass frame, then a k̂ boost to each top’s rest
frame.

Fig. 3: Schematic representation of a pp ! tt̄ event in
the center of mass frame, with the helicity basis {k̂, r̂, n̂}
drawn, together with the scattering angle ✓. The n̂ axis is
into the page.

The amount and type of spin correlations strongly de-
pend on the production 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 ultra-relativistic. At threshold, gluon fusion
gg ! tt̄ leads to an entangled spin-0 state while qq̄ ! tt̄
to a spin-1 state. The latter is subdominant at the LHC
and acts as an irreducible background [2].

4 Observation of entanglement

It can be shown [8] that the tt̄ spin density matrix in
Eq. (6) is separable (that is, not entangled) if and only if
the partial transpose ( ⌦ T ) ⇢, obtained by acting with
the identity on the first term of the tensor product and
transposing the second, is positive definite. As shown in
[2], this implies that

��C11 + C22

��� C33 > 1 (10)

is a su�cient condition for the presence of entanglement.
It generalises the Werner condition ⌘ > 1/3 to the case

3 We follow the sign convention of [2].
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be considered as a proxy for the spin of the corresponding
top quark and the correlations between the leptons as a
proxy for those between the top quark spins. Assuming

Fig. 2: Schematic representation of the decay of a top
quark that ultimately leads to the emission of a charged
lepton, in the top rest frame.

no net polarisation is present 2, the density matrix for the
spin of a tt̄ pair can be written as:

⇢ =
1

4

�
⌦ +

3X

i,j=1

Cij �i ⌦ �j

�
. (6)

where the first term in the tensor product refers to the top
and the second term to the anti-top quark. The Cij ma-
trix encodes spin correlations, and it is measurable. Note
that Eq. (6), which will be used in the following, is more
general than the simple density matrix in Eq. (4) consid-
ered in Section 2, since C is allowed to have o↵-diagonal
entries. However, since in practice Cij ⇡ Cji, the C ma-
trix can be made (almost) diagonal with an appropriate
choice of basis, thus reducing the tt̄ system to Eq. (4). The
di↵erential cross section for pp ! tt̄ ! `+`�bb̄⌫⌫̄ can be
expressed as [12]:

1

�

d�

dxij
=

Cij xij � 1

2
log

��xij

��, (7)

where xij ⌘ cos ✓i cos ✓̄j , ✓i is the angle between the an-
tilepton 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 anti-top rest frame. In
particular, Eq. (7) implies:

� 9hxiji = Cij , (8)

a relation that allows direct measurement of the C ma-
trix. Spin is measured fixing a suitable reference frame.

2 Strong tt̄ production does not lead to polarised top quarks,
as parity is conserved [10]. EW e↵ects (and possibly also ab-
sorptive parts from loops), on the other hand, can give rise to a
net top quark polarisation. However, they have been estimated
to be very small [11], and therefore are neglected here.

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

>>>:

k̂ = top direction

r̂ =
p̂� k̂ cos ✓

sin ✓

n̂ = k̂ ⇥ r̂,

(9)

where p̂ is the beam axis and ✓ is the top scattering 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 antitop.3 Relevant reference frames are reached in
a two step process: a ẑ boost from the laboratory to the
tt̄ center of mass frame, then a k̂ boost to each top’s rest
frame.

Fig. 3: Schematic representation of a pp ! tt̄ event in
the center of mass frame, with the helicity basis {k̂, r̂, n̂}
drawn, together with the scattering angle ✓. The n̂ axis is
into the page.

The amount and type of spin correlations strongly de-
pend on the production 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 ultra-relativistic. At threshold, gluon fusion
gg ! tt̄ leads to an entangled spin-0 state while qq̄ ! tt̄
to a spin-1 state. The latter is subdominant at the LHC
and acts as an irreducible background [2].

4 Observation of entanglement

It can be shown [8] that the tt̄ spin density matrix in
Eq. (6) is separable (that is, not entangled) if and only if
the partial transpose ( ⌦ T ) ⇢, obtained by acting with
the identity on the first term of the tensor product and
transposing the second, is positive definite. As shown in
[2], this implies that

��C11 + C22

��� C33 > 1 (10)

is a su�cient condition for the presence of entanglement.
It generalises the Werner condition ⌘ > 1/3 to the case

3 We follow the sign convention of [2].
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be considered as a proxy for the spin of the corresponding
top quark and the correlations between the leptons as a
proxy for those between the top quark spins. Assuming

Fig. 2: Schematic representation of the decay of a top
quark that ultimately leads to the emission of a charged
lepton, in the top rest frame.

no net polarisation is present 2, the density matrix for the
spin of a tt̄ pair can be written as:

⇢ =
1

4
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⌦ +

3X

i,j=1

Cij �i ⌦ �j

�
. (6)

where the first term in the tensor product refers to the top
and the second term to the anti-top quark. The Cij ma-
trix encodes spin correlations, and it is measurable. Note
that Eq. (6), which will be used in the following, is more
general than the simple density matrix in Eq. (4) consid-
ered in Section 2, since C is allowed to have o↵-diagonal
entries. However, since in practice Cij ⇡ Cji, the C ma-
trix can be made (almost) diagonal with an appropriate
choice of basis, thus reducing the tt̄ system to Eq. (4). The
di↵erential cross section for pp ! tt̄ ! `+`�bb̄⌫⌫̄ can be
expressed as [12]:
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Cij xij � 1

2
log
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where xij ⌘ cos ✓i cos ✓̄j , ✓i is the angle between the an-
tilepton 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 anti-top rest frame. In
particular, Eq. (7) implies:

� 9hxiji = Cij , (8)

a relation that allows direct measurement of the C ma-
trix. Spin is measured fixing a suitable reference frame.

2 Strong tt̄ production does not lead to polarised top quarks,
as parity is conserved [10]. EW e↵ects (and possibly also ab-
sorptive parts from loops), on the other hand, can give rise to a
net top quark polarisation. However, they have been estimated
to be very small [11], and therefore are neglected here.

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

>>>:

k̂ = top direction

r̂ =
p̂� k̂ cos ✓

sin ✓

n̂ = k̂ ⇥ r̂,

(9)

where p̂ is the beam axis and ✓ is the top scattering 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 antitop.3 Relevant reference frames are reached in
a two step process: a ẑ boost from the laboratory to the
tt̄ center of mass frame, then a k̂ boost to each top’s rest
frame.

Fig. 3: Schematic representation of a pp ! tt̄ event in
the center of mass frame, with the helicity basis {k̂, r̂, n̂}
drawn, together with the scattering angle ✓. The n̂ axis is
into the page.

The amount and type of spin correlations strongly de-
pend on the production 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 ultra-relativistic. At threshold, gluon fusion
gg ! tt̄ leads to an entangled spin-0 state while qq̄ ! tt̄
to a spin-1 state. The latter is subdominant at the LHC
and acts as an irreducible background [2].

4 Observation of entanglement

It can be shown [8] that the tt̄ spin density matrix in
Eq. (6) is separable (that is, not entangled) if and only if
the partial transpose ( ⌦ T ) ⇢, obtained by acting with
the identity on the first term of the tensor product and
transposing the second, is positive definite. As shown in
[2], this implies that

��C11 + C22

��� C33 > 1 (10)

is a su�cient condition for the presence of entanglement.
It generalises the Werner condition ⌘ > 1/3 to the case

3 We follow the sign convention of [2].
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Figure 1: The left panel shows the cos i observable in the signal region at detector level and the right panel shows
the entanglement marker ⇡, calculated from the detector-level distributions, from three different MC generators;
the P�����+P����� and P�����+H����� heavy-quark models, labelled “Pow+Py (hvq)” and “Pow+H7 (hvq)”,
respectively, and the P�����+P����� 114✓ model, labelled “Pow+Py (114✓)”, are shown after background processes
are subtracted. The uncertainty band shows the uncertainties from all sources added in quadrature. The ratios of
the predictions to the data are shown at the bottom of the figure. The quoted value for ⇡ for the 114✓ model also
includes a subtraction of the single-top-quark background.

the corresponding ⇡particle. The definitions of parton-level top quarks and leptons in the MC generator
follow Ref. [24] and correspond approximately to those of stable top quarks and leptons in a fixed-order
calculation. Only systematic uncertainties related to the modeling of the CC̄ production and decay process
are considered when building this calibration curve. The migration of parton level events from the signal
region into the validation regions at particle level and vice versa is very small.

1.3 Results

The calibration procedure is performed in the signal region and the two validation regions to correct the
data to a fiducial phase space at particle level, as described in Section 1.2. All systematic uncertainties are
included in the three regions. The observed (expected) results are:

⇡ = �0.547 ± 0.002 [stat.] ± 0.021 [syst.] (�0.470 ± 0.002 [stat.] ± 0.018 [syst.]) ,

in the signal region of 340 < <
C C̄
< 380 GeV and:

⇡ = �0.222 ± 0.001 [stat.] ± 0.027 [syst.] (�0.258 ± 0.001 [stat.] ± 0.026 [syst.]) ,

⇡ = �0.098 ± 0.001 [stat.] ± 0.021 [syst.] (�0.103 ± 0.001 [stat.] ± 0.021 [syst.]) ,
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• Full Run II
• 𝑒𝜇 channel, 2 jets >=1 bjet
• Top reconstruc-on: Ellipse method or Neutrino reweigh4ng to 

find 𝑃, & assume 𝑚- = 80.5 𝐺𝑒𝑉
• Use all b W combina-ons and minimize 

Entanglement: ATLAS

and |[ | < 2.5. Each , boson is reconstructed by combining an available electron and electron neutrino or
muon and muon neutrino. The top quark and antitop quark are reconstructed by pairing the two leading
1-tagged jets, or the 1-tagged jet and the highest-?T untagged jet in events with only one 1-tag, with the
reconstructed , bosons. Both potential jet–lepton combinations are formed and the one which minimizes
|<C � <(,1 + 11/2) | + |<C � <(,2 + 12/1) | is taken as the correct pairing, where <C denotes the mass of
the top quark, 11/2 denotes the two jets selected for the reconstruction, ,1/2 refers to the reconstructed ,

bosons, and < is the invariant mass of the objects in brackets.

A.2 Monte Carlo Simulation

The production of CC̄ events was modeled using the P����� B�� v2 heavy-quark (hvq) [36–39] event
generator. This generator uses matrix elements calculated at next-to-leading-order (NLO) precision in
a strong coupling constant power expansion in QCD with the NNPDF3.0��� [66] parton distribution
function (PDF) set and the ⌘damp parameter2 set to 1.5<C [67]. The decays of the top quarks, including
their spin correlations, were modeled at leading-order (LO) precision in QCD. As an alternative, the
P����� B�� R�� [43, 44] event generator, developed to treat decaying resonances within the P����� B��
framework and including off-shell and non-resonant effects in the matrix element calculation, was used to
produce an additional event sample, labelled as 114✓ in the following.3

In the 114✓ event sample, spin correlations are calculated at NLO, and full NLO accuracy in CC̄ production
and decays is attained. To model the parton shower, hadronization, and underlying event, the events
from both P����� B�� v2 and P����� B�� R�� were interfaced to P����� 8.230 [40], with parameters
set according to the A14 set of tuned parameters [68] and using the NNPDF2.3�� set of PDFs [69].
Similarly, the events from P����� B�� v2 (hvq) were also interfaced to H����� 7.2.1 [41, 42], using the
H����� 7.2.1 default set of tuned parameters. The decays of bottom and charm hadrons were performed by
E��G�� 1.6.0 [70]. The spin information from the matrix element calculation is not passed to the parton
shower programs and therefore is not fully preserved during the shower.

All simulated event samples include pile-up interactions, and the events are reweighted to reproduce the
observed distribution of the average number of collisions per bunch crossing.

A.3 Reweighting the cos > distribution

In order to construct the calibration curve, templates for alternative scenarios with different degrees of
entanglement, and therefore with different values of ⇡, must be extracted. The degree of entanglement is
intrinsic in the calculations of the MC event generators and cannot be changed. However, the effects of
entanglement can be directly accessed via ⇡, measured from the average of the cos i distribution in the
event. Therefore, an event-by-event reweighting based on ⇡ is used to vary the degree of entanglement.
Although the measurement uses detector-level and particle-level objects, the observable ⇡ is changed
at parton level, where it is directly related to the entanglement in the entanglement between the top and

2 The ⌘damp parameter is a resummation damping factor and one of the parameters that controls the matching of P����� matrix
elements to the parton shower and thus effectively regulates the high-?T radiation against which the CC̄ system recoils.

3 Although 114✓ is the higher-precision MC sample, it cannot be compared directly with the data after they are corrected for
detector effects as it is not possible to remove its off-shell component in a formally correct way. However, the effect of using
this model was tested in an approximate way and was found to not significantly change the conclusions of the measurement.
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Background modeling:
• W/Z+jets, VV, _V,Higgs: state-of-

the-art MC simula-ons
• Nonprompt leptons: data-driven
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Figure 3: Example of the nominal cos i distribution and the results of applying the reweighting technique with
X = 0.4, 0.6, 0.8, 1.2 in the signal region at parton level. The lower panel shows the ratio of each ⇡ value after
reweighting (“Pred.”) to the nominal ⇡ value (“Nom.”).

to the theory prediction calculated at NLO in QCD with next-to-next-leading-logarithm (NNLL) soft-gluon
corrections [78, 79]. For ?? collisions at a center-of-mass energy of

p
B = 13 TeV, this cross-section

corresponds to f(C,)NLO+NNLL = 71.7 ± 3.8 pb. The uncertainty in the cross-section due to the PDF was
estimated using the MSTW2008���� 90% CL [80, 81] PDF set, and was added in quadrature to the effect
of the scale uncertainty.

Samples of diboson final states (++), where + denotes a , or / boson, were simulated with the
S����� 2.2.2 [82] event generator, including off-shell effects and Higgs boson contributions, where
appropriate. Fully leptonic final states and semileptonic final states, where one boson decays leptonically
and the other hadronically, were generated using matrix elements at NLO accuracy in QCD for up to
one additional parton and at LO accuracy for up to three additional parton emissions. Samples for the
loop-induced processes 66 ! ++ were generated using LO-accurate matrix elements for up to one
additional parton emission for both the cases of fully leptonic and semileptonic final states. The matrix
element calculations were matched and merged with the S����� parton shower based on Catani–Seymour
dipole factorization [83, 84] using the MEPS@NLO prescription [85–88]. The virtual QCD corrections
were provided by the O���L���� library [89–91]. The NNPDF3.0���� set of PDFs was used [66], along
with the dedicated set of tuned parton-shower parameters developed by the S����� authors.

The production of ++ jets events was simulated with the S����� 2.2.11 [82] event generator using NLO
matrix elements for up to two partons, and LO matrix elements for up to five partons, calculated with the
Comix [83] and O���L���� 2 [89–92] libraries. They were matched with the S����� parton shower [84]
using the MEPS@NLO prescription [85–88]. The set of tuned parameters developed by the S����� authors
was used, along with the NNPDF3.0���� set of PDFs [66].
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Uncertain#es via calibra#on curve:
• Modeling of 𝑡 ̅𝑡 produc0on and decay	 (3.2%)
• Top decay modeling (Powheg vs.MadSpin)
• PDF, ISR/FSR, Top 𝑝0 modeling

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

• 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.]
• First 0me in a quark-an0quark system at 

such high energies
• SM predic0on has PS modelling 

dependence

Detector to par0cle-level 
calibra0on curve



UNIVERSITEIT
GENT

25D. Dobur 

CMS: 2ℓ channel 

Signal region

• Measure the entanglement at the parton level instead of par-cle level. 
• Binned likelihood fit to extract D instead of using a calibra-on curve.
• Non-rela-vis-c bound-state effects in the produc-on threshold 
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• 2016 data
• 𝑒𝜇, 𝑒𝑒, 𝜇𝜇 channels, 2 jets >=1 bjet
• Top reconstruc-on assuming 𝑝!/011 = 𝑝!,$ + 𝑝!,%, 𝑚- and 𝑚.
• Solu-on with lowest 𝑚.. is taken, 90% efficiency
•  𝑚.. < 400 GeV, 𝛽2 𝑡 ̅𝑡 < 0.9 to enhance 33
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Signal Modeling

Toponium Model

● Modeled via an effective Lagrangian as outlined by Fuks et. al.
● s-channel resonance that couples to gluons and top quarks
● No Green’s function reweighting applied

75/14/2024 Toponium Deep Dive

Our Model Standard Model

Phys. Rev. D 104, 034023

• Color singlet, pseudoscalar
à maximally entangled

• Interacts	only	with	t	and	g
• 𝑚(𝜂1) = 343 𝐺𝑒𝑉
• 𝜎 𝑝𝑝 → 𝜂1 = 6.43 ± 0.90 pb
• Γ2! = 7 𝐺𝑒𝑉

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

• POWHEG+Pythia8 @NLO QCD

• TOP++ for x-sec-on @NNLO QCD 

• EWK correc-ons @NLO with Higgs exchange (HATHOR)

• NNLO effects via 𝑝!(𝑡𝑜𝑝) reweigh0ng to match the top 

quark 𝑝0 spectrum from a fixed order ME calcula0on at NNLO

• Add “toponium” (pseudo-scalar color singlet
predicted by non-rela-vis-c QCD)*
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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

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

A simple model:

[*]

https://link.springer.com/article/10.1140/epjc/s10052-009-0892-7
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Profile likelihood scan as a func-on of D, when including 
(top) or excluding (bo_om) the ηt contribu-on

Entanglement: 2ℓ channel 

With 𝜼𝒕

Without 𝜼𝒕
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Entanglement: 2ℓ channel 

With 𝜂1

Without 𝜂1

• Entaglement observed with > 5𝜎 for 
345 < 𝑚 𝑡 ̅𝑡 < 400 𝐺𝑒𝑉, 𝛽 < 0.9

• ~1.5𝜎 tension with the expecta>on if 
toponium is not included

5.1(4.7)σ 

6.3(4.7) σ 

Main uncertain+es:
• 𝜂. normaliza+on
• Jet energy calibra+ons
• Top 𝑝!  modeling
• Parton Shower modeling
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• Full Run II data
• e/𝜇 + 4 jets, ≥1 bjets 

CMS, ℓ + 𝑗𝑒𝑡𝑠 channel 

!𝑢

𝑑

• Higher branching frac>on, larger sta>s>cs at high 𝑚""̅ 
• Spin informa>on via ℓ/d-quark as opposed to ℓℓ
• Higher 𝑝$ thresholds → less sensi>ve to low 𝑚""̅ 
• BeRer 𝑚""̅ resolu>on (only 1 𝜈) 
• More space-like 𝑡 ̅𝑡 as opposed to >me-like in di-leptons
• di-leptons have poten>al discovery of toponium
• Higher poten>al to observe Bell inequality

Complementary in many aspects…



UNIVERSITEIT
GENT

30D. Dobur 

• Full Run II data
• e/𝜇 + 4 jets, ≥1 bjets 
• Top recostruc+on, NN, correct assignment
• Use all possible permuta+ons of up to eight jets in 𝑡 ̅𝑡

and train against correctly assigned 𝑡 ̅𝑡

The frac+on of correctly reconstructed events

CMS, ℓ + 𝑗𝑒𝑡𝑠 channel 

!𝑢

𝑑



FiLed distribu-ons of cos𝜑
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Profile likelihood fits to cos𝜑 in bins of 𝑚 𝑡 ̅𝑡 and cos 𝜃

Low 𝑚 𝑡 ̅𝑡 High 𝑚 𝑡 ̅𝑡
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FiLed distribu-ons of cos𝜑



Measured 𝑃! and 𝐶!"

33D. Dobur 

• Full extrac>on of RBar 
polariza>on & spin-correla>on 
matrix in various kinema>cal 
regions.

• Data agrees with the SM 
predic>ons within uncertain>es



34D. Dobur 

Entanglement:ℓ + 𝑗𝑒𝑡𝑠 channel 
• High m(𝒕𝒕̅ )• Low m(𝒕𝒕̅ )

Extraction via Spin correlation matrix Cij
• Complementarity wrt. dilepton channel
• Entanglement is established at high m(𝒕𝒕̅ ) 

for the first #me with >𝟓𝝈
• D is in general lower wrt. data when 

entanglement is significant



Excluding classical explana3on
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Severi, Boschi, Maltoni, Sioli

• 𝑡 ̅𝑡 decay ver+ces are not observed, the frac+on of space-like events, f, can only be 
determined sta+s+cally

 à Form a new Δ& threshold

R. Demina

• What is the maximum value of ΔΕ 
that can still be explained by the 
non-quantum communication  
(𝑣 ≤ 𝑐)?

• In this case only 𝑡 and ̅𝑡 decays 
separated by a time-like interval 
are entangled

• The rest of the events must be 
separable

https://arxiv.org/search/hep-ph?searchtype=author&query=Severi,+C
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• Entanglement in top quark pairs is observed with > 5𝜎
• By both CMS and ATLAS 

•Mul2ple analyses in different phase-space regions!

•Tests quantum entanglement in a new environment… 

• A new experimental tool to search for new physics!

• Exci2ng sensi2vity to toponium state!

•More work on the theore2cal side is needed… modelling sensi2vity 
& toponium

D. Dobur 

• Tops at LHC rock!



UNIVERSITEIT
GENT

Backup 

37D. Dobur 



UNIVERSITEIT
GENT

38D. Dobur 

Entanglement: 2ℓ channel 

With 𝜂1

Without 𝜂1

• Entaglement observed with > 5𝜎 for 
345 < 𝑚 𝑡 ̅𝑡 < 400 𝐺𝑒𝑉, 𝛽 < 0.9

• ~1.5𝜎 tension with the expecta>on if 
toponium is not included

23

2− 1− 0 1 2
θΔ)/0θ-θ(

Z+jets normalization
PDF

 normalizationtt

Unclustered energy
Matrix-elem. fact. scale variation

JES: Absolute (stat)
Parton shower: Final state radiation

JER
b quark fragmentation

Z+jets shape
Matrix-elem. renorm. scale variation

JES: Absolute
JES: Flavor QCD
Top quark mass

Electroweak corrections
JES: Pileup

Parton shower: Initial state radiation
NNLO QCD reweighting

JES: Relative balance

 normalization
t
η

0.01− 0 0.01
 DΔ

Fit constraint (obs.)  impact (obs.)σ+1  impact (obs.)σ-1
Fit constraint (exp.)  impact (exp.)σ+1  impact (exp.)σ-1 CMS

  
Figure 8: The left (right) column shows pulls (impacts) for the top 20 nuisance parameters af-
fecting the measurement of the top quark entanglement. Pulls are calculated using pre- and
post-fit values and uncertainties, while impacts are measured by shifting the nuisance parame-
ter by ±1s and observing the change in D. The maximum likelihood estimate of the parameter
of interest is denoted as D̂. The NNLO QCD reweighting and EWK correction uncertainties are
one-sided by construction, which can be seen by observing the one-sided pulls shown in the
figure. For the NNLO QCD reweighting, we take the uncertainty as the full difference between
applying this reweighting and not applying it, and provide it as the positive variation in the
profile likelihood fit. For the EWK correction, the uncertainty is taken as the difference between
applying the EWK corrections multiplicatively and additively and is provided as the positive
variation in the profile likelihood fit.

The D variable represents an entanglement proxy, where less than �1/3 signals the presence
of entanglement. This proxy is measured using events containing two oppositely charged elec-
trons or muons produced in pp collisions at a center-of-mass energy of 13 TeV. The modeling
of the data is improved when including the additional predicted contribution of the ground
state of toponium, h t , and is utilized in a combined signal model of tt+h t in the measurement.
The extent to which tt pairs are entangled is measured by means of a binned profile likelihood
fit of the parameter of interest D directly from the distribution of cos j, where j is the angle
between the two charged decay leptons in their respective parent top quark rest frames. In the
most sensitive kinematic phase space of the relative velocity between the lab and tt reference
frames bz(tt) < 0.9, and of the invariant mass of the top quark pair 345 < m(tt) < 400 GeV,
the fit of the cos j distribution yields an observed value of D = �0.480+0.026�0.029 and an
expected value of D = �0.467+0.026

�0.029 including the predicted h t state.

This result has an observed (expected) significance of 5.1 (4.7) s, corresponding to the observa-
tion of top quark entanglement. The measured value of D is in good agreement with the MC
modeling in this phase space when including the expected h t bound state contribution.

Main uncertain+es:
• 𝜂. normaliza+on
• Jet energy calibra+ons
• Top 𝑝!  modeling
• Parton Shower modeling

5.1(4.7)σ 

6.3(4.7) σ 
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Spin correla-on in top-pairs
10.1007/JHEP12(2015)026

Bernreuther et al.• NWA à produc>on and decay can 
be factorized 

• Study the proper>es of R, sensi>ve to new physics effects
• R can be decomposed in             spin space using Pauli matrices 

 

ρ / ρ :topdecaydensitymatrices
R :Spindensitymatrix

 t / t

 R

 

3x3 matrix of functions 
characterizing spin 
correlation of t t 

39

 
totalcross-section 
and top kinematics

 

3− vectors of functions 
characterizing t t polarization 
along each axis

D. Dobur 

inspirehep.net/record/1388866/files/scoap3-fulltext.pdf
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40D. Dobur 

Phys. Rev. D 97, 112003 

• Mismodeling around 𝑚. ̅. ≈ 345 𝐺𝑒𝑉 is not new and observed across different analyses 
and experiments 

Eur. Phys. J. C (2020) 80:528
CMS-TOP-20-006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.112003
https://epjc.epj.org/articles/epjc/abs/2020/06/10052_2020_Article_7907/10052_2020_Article_7907.html
http://cds.cern.ch/record/2803771?ln=en
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Backgrounds: 
• Small contriu+ons… ~10% in signal regions: DY, W+jets, QCD, 
• Background templates obtained from reduced b–jet control region
• Systema+c uncertain+es from these omparissons, up to 50%, mainly sta+s+cal

• Single-top from simula+on (<4%) 

ℓ + 𝑗𝑒𝑡𝑠 channel 

cos𝜑
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Bell Theorem: Bell carried the analysis of quantum entanglement much further. He deduced 
that if measurements are performed independently on the two separated par+cles of an 
entangled pair, then the assump+on that the outcomes depend upon hidden variables 
within each half implies a mathema+cal constraint on how the outcomes on the two 
measurements are correlated. This constraint would later be named the Bell inequality. Bell 
then showed that quantum physics predicts correla+ons that violate this inequality. 
Consequently, the only way that hidden variables could explain the predic+ons of quantum 
physics is if they are "nonlocal", which is to say that somehow the two par+cles are able to 
interact instantaneously no maeer how widely they ever become separated.[4][5]

https://en.wikipedia.org/wiki/Bell%27s_theorem
https://en.wikipedia.org/wiki/Bell%27s_theorem
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CMS, ℓ + 𝑗𝑒𝑡𝑠 channel 

Slide from R. Demina
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Parton shower modeling

44D. 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.

Powheg+Pythia 8

Powheg+Herwig 7
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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 eBar 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 & 
Herwigto the chosen value of the ⌘damp parameter is assessed by comparing the nominal P�����+P�����

result with one where the ⌘damp parameter is increased by a factor of two.

• Top-quark mass: The effect of the top-quark mass uncertainty is examined by comparing the
nominal sample with alternative samples that use <C = 172 or 173 GeV in the simulation.

Systematic uncertainty source Relative size (for SM ⇡ value)

Top-quark decay 1.6%
Parton distribution function 1.2%
Recoil scheme 1.1%
Final-state radiation 1.1%
Scale uncertainties 1.1%
NNLO reweighting 1.1%
pThard setting 0.8%
Top-quark mass 0.7%
Initial-state radiation 0.2%
Parton shower and hadronization 0.2%
⌘damp setting 0.1%

Table 2: Relative sizes of the signal modeling uncertainties at the SM expectation point ⇡particle = �0.47 for the
nominal P����� B�� sample.

A.5.2 Object systematic uncertainties

Systematic uncertainties which originate from the uncertainty in the detector response to the objects used
in the analysis are estimated.

• Electrons: The systematic uncertainties considered for electrons arise mainly from uncertainties in
their trigger, reconstruction, identification, and isolation efficiencies, and are estimated using tag-
and-probe measurements in / and �/k decays [50, 103]. Electron-related systematic uncertainties
have a negligible impact on the final measurement, with a total contribution of about 0.2%.

• Muons: The systematic uncertainties considered for muons arise from uncertainties in their trigger,
identification, and isolation efficiencies, and their energy scale and resolution, and are estimated using
tag-and-probe measurements in / and �/k decays [51–53]. Muon-related systematic uncertainties
have a negligible impact on the final measurement, with a total contribution of about 0.3%.

• Jets: The systematic uncertainties associated with jets are separated into those related to the
jet-energy scale and resolution (JES and JER) [54] and those related to the jet-vertex tagger (JVT)
algorithm [58]. The JES (JER) uncertainty consists of 31 (13) individual components that are added
in quadrature with the JVT uncertainty to obtain the total jet uncertainty. The largest contribution
from a single source is 0.2%.

• b-tagging: The estimation of these uncertainties is described in Ref. [104]. A total of 17 independent
systematic variations are considered: 9 related to 1-hadrons, 4 related to 2-hadrons, and 4 related
to light-jet misidentification. In addition, two high-?T extrapolation uncertainties are taken into
account. The largest contribution from a single systematic variation is 0.4%.

17



UNIVERSITEIT
GENT

Top reconstruction

45D. Dobur 
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Constraining CMDM (1)
• Several BSM scenarios predict anomalous Chromomagnetic Dipole Moment à
modified cross-sections and top kinematics
• Use EFT framework to constrain anomalous CMDM at NLO precision

• OtG induces top chirality flip à spin density matrix measurement is a perfect 
ground for testing 
• Signal samples with MG5_aMC@NLO+MadSpin+Pythia

• using 20 normalized differential distributions at parton level 
and the covariance matrix  

47

  χ
2  minimization

D. Dobur 
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Constraining CMDM (2)
sensi>vity evolu>on

48

  D = -(Ckk +Crr +Cnn )/3
• Largest constrain from:

but all measurements contribute

Best constraint to date

arXiv:1811.06625 (CMS)

• ~55% more stringent constraints 
compared to those obtained by 
using                  only  Δφ(ℓℓ)
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at parton level

49

  Δφ(ℓℓ)

•Data is compared to:
• NLO predic>ons from POWHEG
and MADGRAPH
• NLO (QCD) + EWK correc>ons 
(JHEP 12 (2015) 026, W. Bernreuther, 
et.al)

• NLO with no spin correla>on 

Main systema+c uncertain+es:
• Top pT modeling
•ME-PS Matching
• QCD scale choice
• Background & PDF

• POWHEG: steeper than data
• NLO calcula>ons: improved 
descrip>on 

| llφ∆
d|

σd
 σ1

0.2

0.3

0.4

0.5
Unfolded Data
POWHEGV2 + PYTHIA8
MG5_aMC@NLO + PYTHIA8 [FxFx]

NLO, SM
NLO, uncorrelated

 (13 TeV)-135.9 fbCMS Preliminary

|
ll

φ∆|

Da
ta

Th
eo

ry

0.95

1

1.05 Stat  Syst⊕Stat 

0 /6π /3π /2π /3π2 /6π5 π

D. Dobur 



UNIVERSITEIT
GENT

from LPCC meeting by R.Poncelet

50D. Dobur 
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Measured distribu-ons (2)

• Overall good agreement between observed and expected distribu>ons
• Slight tension in                shape, but within the uncertain>es   Δφ(ℓℓ) 51
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Unfolding to parton level

• Unfold the distribu>ons to parton level (TUnfold (arXiv:1205.6201))

• 6 equal bins in all distribu>ons à detector resolu>on

• An op>mized method to reduce the bias from unfolding: 

• regulariza>on based on the known func>onal forms at parton-level, which 
are unaffected by NP effects in produc>on

• Experimental and theory modeling uncertain>es es>mated via repeated 
unfolding each with a systema>c shil    

52D. Dobur 
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Experimental observables

Can be reduced to single differen+al cross sec+ons 

  

1
σ

dσ
d cosθ±

i = 1
2

(1+ B±
i cosθ±

i )

  

1
σ

dσ
d cosθ+

i d cosθ−
j = 1

2
(1+ B+

i cosθ+
i + B−

j cosθ−
j −Cij cosθ+

i d cosθ−
j )

  i, j = k̂, r̂, n̂

53

an+-top
 ℓ θn

 θr

  k̂

 θk beam

top

  n̂

  ̂r  k̂

Polarization 
coefficients 

  
1
σ

dσ
dx

= 1
2

(1−Ciix) ln(| x |−1)

  

1
σ

dσ
dx

= 1
2

(1−
Cij ±C ji

2
x)cos−1 | x |,

x = cosθ+
i cosθ−

j ± cosθ+
j cosθ−

i

  x = cosθ+
i cosθ−

i

diagonal 
elements of spin 
density matrix

off-diagonal 
elements of spin 
density matrix

D. Dobur 

Coefficients of the spin density matrix can be extracted from :  



UNIVERSITEIT
GENT

spin density matrix

Ø bi
±,cij, ci are functions of partonic center of mass energy and 

Ø Coefficient functions can be classified w.r.t P,CP,T and Bose symmetry

   
!Bi
± = bk

± k̂i + br
± k̂i + bn

± k̂i

   
!Cij = ckk k̂ik̂ j + crr k̂ik̂ j + cnnn̂in̂ j

  

+crk (r̂ik̂ j + k̂ir̂j )+ cnr (n̂ir̂j + r̂in̂ j )+ ckn(k̂in̂ j + n̂ik̂ j )

+cn(r̂ik̂ j − k̂ir̂j )+ ck (n̂ir̂j − r̂in̂ j )+ cr (k̂in̂ j − n̂ik̂ j )

  
!Bi
±  and !Cij can be decomposed in terms of orthonormal basis {k̂,r̂,n̂}:

  

p̂, k̂ : incoming parton & top-quark direction in t t CMF

n̂=r−1( p̂ × k̂)

r̂ = r−1( p̂ − yk̂), y = k̂ ⋅ p̂, r = 1− y2

an+-top

beam

top

 ℓ θn

 θr

  n̂

  ̂r  k̂

  y (cosθt
*)
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Decomposition basis

  
!Bi
±  and !Cij can be further decomposed in terms of orthonormal basis {k̂,r̂,n̂}:

  

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

ØIn this basis the coefficient func+ons have definite 
P,CP,T à in case of a devia+on can do NP 
characteriza+on  

55

an0-top

beam

top

  n̂

  ̂r  k̂
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Top quark’s spin determines the angular 
distribu>on of its daughters

• Charged lepton has the best spin analyzing power, K=1
• Preferentially produced in top spin direction (V-A structure of Weak interaction)

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

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

Fig. 2: Schematic representation of the decay of a top
quark that ultimately leads to the emission of a charged
lepton, in the top rest frame.

no net polarisation is present 2, the density matrix for the
spin of a tt̄ pair can be written as:

⇢ =
1

4

�
⌦ +

3X

i,j=1

Cij �i ⌦ �j

�
. (6)

where the first term in the tensor product refers to the top
and the second term to the anti-top quark. The Cij ma-
trix encodes spin correlations, and it is measurable. Note
that Eq. (6), which will be used in the following, is more
general than the simple density matrix in Eq. (4) consid-
ered in Section 2, since C is allowed to have o↵-diagonal
entries. However, since in practice Cij ⇡ Cji, the C ma-
trix can be made (almost) diagonal with an appropriate
choice of basis, thus reducing the tt̄ system to Eq. (4). The
di↵erential cross section for pp ! tt̄ ! `+`�bb̄⌫⌫̄ can be
expressed as [12]:

1

�

d�

dxij
=

Cij xij � 1

2
log

��xij

��, (7)

where xij ⌘ cos ✓i cos ✓̄j , ✓i is the angle between the an-
tilepton 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 anti-top rest frame. In
particular, Eq. (7) implies:

� 9hxiji = Cij , (8)

a relation that allows direct measurement of the C ma-
trix. Spin is measured fixing a suitable reference frame.

2 Strong tt̄ production does not lead to polarised top quarks,
as parity is conserved [10]. EW e↵ects (and possibly also ab-
sorptive parts from loops), on the other hand, can give rise to a
net top quark polarisation. However, they have been estimated
to be very small [11], and therefore are neglected here.

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

>>>:

k̂ = top direction

r̂ =
p̂� k̂ cos ✓

sin ✓

n̂ = k̂ ⇥ r̂,

(9)

where p̂ is the beam axis and ✓ is the top scattering 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 antitop.3 Relevant reference frames are reached in
a two step process: a ẑ boost from the laboratory to the
tt̄ center of mass frame, then a k̂ boost to each top’s rest
frame.

Fig. 3: Schematic representation of a pp ! tt̄ event in
the center of mass frame, with the helicity basis {k̂, r̂, n̂}
drawn, together with the scattering angle ✓. The n̂ axis is
into the page.

The amount and type of spin correlations strongly de-
pend on the production 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 ultra-relativistic. At threshold, gluon fusion
gg ! tt̄ leads to an entangled spin-0 state while qq̄ ! tt̄
to a spin-1 state. The latter is subdominant at the LHC
and acts as an irreducible background [2].

4 Observation of entanglement

It can be shown [8] that the tt̄ spin density matrix in
Eq. (6) is separable (that is, not entangled) if and only if
the partial transpose ( ⌦ T ) ⇢, obtained by acting with
the identity on the first term of the tensor product and
transposing the second, is positive definite. As shown in
[2], this implies that

��C11 + C22

��� C33 > 1 (10)

is a su�cient condition for the presence of entanglement.
It generalises the Werner condition ⌘ > 1/3 to the case

3 We follow the sign convention of [2].
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Top quark mass
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To be completed
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