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80-90% efficiency to correctly assign the top-decay products using %! and %"#$

Top quarks mainly produced in pairs
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• Top-pairs @LHC are mainly unpolarized (parity invariance of QCD) 

• Their spins are strongly correlated

• Spin informaBon is passed onto ℓ± "#$ $-quark 

à preferen'ally radiated in the top spin direc'on
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• New mediator ?
• New par7cles decaying to tops ?

• Many NP models modify spin polarization 

and correlation of top quarks

Top quark polarization and spin correlation

…but also interesBng for tesBng the foundaBons of Quantum physics



Top quark polarization and spin correlation
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6 polariza7on and 9 spin correla7on coefficients can be extracted 
from differen7al measurements

$ ̅$ production cross section parametrized vs polarization & spin correlation coefficients
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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
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Top quark polariza,on and spin correla,on
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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
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• @@̅ in mixed states (eg. ⟩|Ψ = -
. ( ⟩|↑↓ − ⟩|↓↑ )) à two qubit system

• Peres–Horodecki criterion for entanglement

Δ& = 7'' + 7(( + 7%% > 1

• Spin correlation is A(@@̅) and BCDE dependent 
à Entanglement in some phase-space regions
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Afik, De Nova, EPJ.Plus 136 (2021) 9, 907
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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].

Θ

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
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Low m(@@̅ ):

• @@̅ in mixed states (eg. ⟩|Ψ = -
. ( ⟩|↑↓ − ⟩|↓↑ )) à two qubit system

• Peres–Horodecki criterion for entanglement

High m(@@̅ ):

cos= = 1ℓ) > 1ℓ*

Δ& = 7'' + 7(( + 7%% > 1
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Extract F and  GF from single differential measurement 

• Spin correla7on is A(@@̅) and BCDE dependent 
à Entanglement in some phase-space regions
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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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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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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
https://www.sciencedirect.com/science/article/abs/pii/S0375960197004167
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1


Entanglement in !!̅ (dilepton channel)
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• 2016 data
• JK, JJ, KK channels, 2 jets >=1 bjet
• Top reconstruction assuming /./011 = /.2, + /.23, %! and %"
• Solution with lowest %"" is taken, 90% efficiency
•  %"" < 400 GeV, R4 - ̅- < 0.9 to enhance 55

66

Focus on low %44
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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

• POWHEG+Pythia8 @NLO QCD

• TOP++ for x-secBon @NNLO QCD 

• EWK correcBons @NLO with Higgs exchange

• /.(-./) reweighBng to match the top quark /.  

spectrum from a fixed order ME calculaBon at NNLO

Signal simulation

• Different degrees of spin-correlation via mixture 
of samples with/without SC

• Binned likelihood fit to cos= to extract D at 
parton evel
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cos= = 1ℓ) > 1ℓ*
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W/ toponium

W/O toponium
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Entanglement in - ̅- is observed with >5Z at low %""
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Parton level D
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cos= = 1ℓ) > 1ℓ*
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W/ toponium

W/O toponium

• Pseudoscalar &  maximally entangled
• 4(5/) = 343 89:
• ; << → 5/ = 6.43 ± 0.90 pb

Main uncertain9es:
• 5/ normalizaQon
• Jet energy calibraQons
• StaQsQcal
• Modeling of " ̅" producQon/decay

Threshold Region

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

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

contributions

65/14/2024 Toponium Deep Dive

EPJC 60, 375 
Kiyo, et. al

Kiyo et. al

4//

 ℓ+

I̅

I

Entanglement in - ̅- is observed with >5Z at low %""

 ℓ−

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

[*]

Include + ̅+ bound-state: toponium (,4)* 0. 23

Parton level D

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

5. E3

See E. Gallo’s talk for more on toponium

https://link.springer.com/article/10.1140/epjc/s10052-009-0892-7
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Lepton + jets: strategy
xxxxxxxxx

Analysis  
region

Slow Shigh

1b

2b
0.36

0.3

• Artificial NN used to reconstruct the  system in each event 
• correctly identifying detector-level objects and up/down jet assignment 

• Remove events with NN score <0.1 
• due to the low fraction of correctly                                                                                                      

reconstructed events and the large                                                                                   
contribution of background processes                                                                    

• Events divided into categories based on                                                                                       
lepton flavor, number of b-tags,                                                                                                                                                                             
and NN score

tt̄

SNN

FracBon of correctly reconstructed 
events including d-quark

• e/K + 4 jets, ≥1 bjets 
• Beeer sensiBvity at high _77̅
• Spin informaBon via ℓ/d-quark

• NN for correct assignment of top decay products (up to 50% correct assignment 
including d-type quark jet)



• Events are categorized according to e/m, Nbjets, and NN score
• Profile likelihood fits to `abc in bins of _ !!̅ and `abd  in each event cathegory
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Low % &&̅ High % &&̅
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Entanglement in !!̅ (ℓ + %&'( channel)
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Extract the coefficients for 
polarisaBon vectors (e±: ), 
spin correlaBon matrix 
(f:;) as well as g and Bh
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Polariza5on and Spin Correla5on coefficients 

Didar Dobur, Ghent university  

• Measured the coefficients for 
polarization and spin-correlation 
in inclusive and various 
kinematic phase-space 

• So far measurements agree with 
the SM predictions
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Entanglement in !!̅ (ℓ + %&'( channel)

6.7(5.6)3

2.2(3.4)3

Extraction from Cij

• Entanglement is established at high m(%%̅ ) 
for the first 4me with >'(
• Complementarity wrt. dilepton channel

Entangled

Entangled

5678
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6.7(5.6)3

2.2(3.4)3

Extraction from Cij

• Entanglement is established at high m(%%̅ ) 
for the first time with >'(
• Complementarity wrt. dilepton channel

High m(!!̅ )Low m(!!̅ )
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Entanglement in !!̅ (ℓ + %&'( channel)
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• Entanglement is established at high m(%%̅ ) 
for the first 4me with >'(
• Complementarity wrt. dilepton channel

Severi, et al 2210.09330

Entanglement at high m($ ̅$ )
à space-like separated region 
à prospects for Bell inequality tests

A new window to look for new physics effects 

Demina, et al. 2407.15223

Severi, Boschi, Maltoni, Sioli

Fraction of events with space-like separation 

increases with m(!!̅ ) 

https://arxiv.org/abs/2210.09330
https://arxiv.org/pdf/2407.15223
https://arxiv.org/search/hep-ph?searchtype=author&query=Severi,+C


Summary
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Particle Physics and the quantum — Fabio Maltoni —  Invisibles - Bologna 5 July 2024
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Conclusions
❖ Quantum information and computing is hyped up. It promises a quantum 
advantage that, while not yet proven, could bring to transformative 
applications. 

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

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

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

50
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• Entanglement in top quark pairs is observed with > 5+
•Multiple analyses in different phase-space regions!

• Detailed measurements of polarization coefficients and spin 

density matrix 

• Exciting sensitivity to toponium state!

• A new experimental tool to search for new physics!



Differen,al cross sec,ons 
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2402.08486

http://arxiv.org/abs/2402.08486


Excluding classical explanation ?
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Severi, Boschi, Maltoni, Sioli

• - ̅- decay verBces are not observed, the fracBon of space-like events, f, can only be determined 
staBsBcally

 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  (s ≤ u)?

• In this case only - and ̅- 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

