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Test Quantum Mechanics at the TeV scale

‣ Quantum Information at the LHC: relativistic, fundamental particles

‣ Learn from QI: fundamental interactions structure, interpretation

Challenge: can we actually do it in a “dirty” environment?

Rise in interest in the community: new ideas, methods, exp. strategies
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Citations to the 
Afik & de Nova 
seminal paper
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Entanglement in bipartite systems
Given a bipartite system, with Hilbert space ℋ = ℋ1 ⊗ ℋ2

This is not always the case, e.g.:

| ±i = |"#i± |#"ip
2

|�±i = |""i± |##ip
2

Maximally entangled states: spin 1/2

If state separable No entanglement|Ψ⟩ = |Ψ1⟩ ⊗ |Ψ2⟩
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Density matrix
The fundamental object in QM is the density matrix *

One particle of spin s:
d=2s+1

Generalised Gell-Mann matrix

<latexit sha1_base64="qkgJ2/BgNTfIRLCbNqieci1KAbs=">AAACMHicbVBNSwMxEM36WetX1ZtegkXwYtkVUS+C6MVjBatCW5ZsOmvDJtklmRXqUvDXeFX8NXoSr/4JTWsPVn0w8Hhvhpl5USaFRd9/9SYmp6ZnZktz5fmFxaXlysrqpU1zw6HBU5ma64hZkEJDAwVKuM4MMBVJuIqS04F/dQvGilRfYC+DtmI3WsSCM3RSWFlvmW5Kj2jL5ipMaOZqoIRJuRxWqn7NH4L+JcGIVMkI9bDy2eqkPFegkUtmbTPwM2wXzKDgEvrlVm4hYzxhN9B0VDMFtl0Mf+jTLad0aJwaVxrpUP05UTBlbU9FrlMx7Nrf3kD8z2vmGB+2C6GzHEHz70VxLimmdBAI7QgDHGXPEcaNcLdS3mWGcXSxjW1BkdztxNDTiumxb4rIsASw7xILfufzl1zu1oL92t75XvX4ZJRdiWyQTbJNAnJAjskZqZMG4eSePJBH8uQ9ey/em/f+3TrhjWbWyBi8jy8CAqma</latexit>

⇢ =
X

k

pk⇢k

entangled if ρk ≠ ρ1 ⊗ ρ2

*
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⇢ =
X

k

pk⇢k

entangled if ρk ≠ ρ1 ⊗ ρ2

*

<latexit sha1_base64="VKu40w/YfdjF/PjoEYnsm/1tb0c="></latexit>

⇢ =
1

d2
I⌦ I+ 1

d

d2�1X

i=1

ai �i ⌦ I+ 1

d

d2�1X

j=1

bj I⌦ �j +
d2�1X

i=1

d2�1X

j=1

cij �i ⌦ �j

Two particles, each of spin s:
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d=2s+1

Generalised Gell-Mann matrix
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⇢ =
X

k

pk⇢k

entangled if ρk ≠ ρ1 ⊗ ρ2

*

<latexit sha1_base64="VKu40w/YfdjF/PjoEYnsm/1tb0c="></latexit>

⇢ =
1

d2
I⌦ I+ 1

d

d2�1X

i=1

ai �i ⌦ I+ 1

d

d2�1X

j=1

bj I⌦ �j +
d2�1X

i=1

d2�1X

j=1

cij �i ⌦ �j

Two particles, each of spin s:

The parameters completely characterise the quantum spin state of the system 
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How do we build the density matrix?

Matrix-element

Sum over initial state only

<latexit sha1_base64="fnHfjoWxTa4WCwAa+Pg35UMy+nI="></latexit>

R = Ã I⌦ I+
d2�1X

i=1

ãi �i ⌦ I+
d2�1X

j=1

b̃j I⌦ �j +
d2�1X

i=1

d2�1X

j=1

c̃ij �i ⌦ �j

<latexit sha1_base64="bFRLZ0Ls+mz/2f2qMsO4//Vqb7g=">AAACFnicbZDLSsNAFIYn9VbrrV52boJFqAtLIt42QtGNy1rsBZpSJtNJO3QyCTMnQhr6Hi7d6kO4E7dufQZfwknbhW394cDPf87hHD435EyBZX0bmaXlldW17HpuY3Nreye/u1dXQSQJrZGAB7LpYkU5E7QGDDhthpJi3+W04Q7u0n7jiUrFAvEIcUjbPu4J5jGCQUed/IEj+8GN40lMkuooAVmsnow6+YJVssYyF409NQU0VaWT/3G6AYl8KoBwrFTLtkJoJ1gCI5yOck6kaIjJAPdoS1uBfarayfj7kXmsk67pBVKXAHOc/t1IsK9U7Lt60sfQV/O9NPyv14rAu24nTIQRUEEmh7yImxCYKQqzyyQlwGNtMJFM/2qSPtYkQAObuQJsMDz1aCx8LFI69jyLRVM/K9mXpYuH80L5dsopiw7RESoiG12hMrpHFVRDBA3RC3pFb8az8W58GJ+T0Ywx3dlHMzK+fgHooaAC</latexit>

⇢ =
R

tr(R)
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Quantum observables
Entangled if > 0Concurrence

with  eigenvalues of λi ρρ̃ ρ

ρ̃ = (σ2 ⊗ σ2) ρ* (σ2 ⊗ σ2)
2-qubits:
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Quantum observables
Entangled if > 0Concurrence

Pure if P=1Purity

Bell inequality

with  eigenvalues of λi ρρ̃ ρ

ρ̃ = (σ2 ⊗ σ2) ρ* (σ2 ⊗ σ2)
2-qubits:



The ideal candidate: 
the top quark
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Why the top?
Weak bosons (*) and top quarks are the ideal candidates:

EW interactions allow for spin reconstruction from decay (no hadronisation)

* Aoude et al. 2307.09675
Ashby-Pickering et al. 2209.13990

Fabbrichesi et al. 2302.00683
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1

�

d�

d cos�
=

1 + cos�

2
 angle between lepton and spinϕ
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Why the top?
Weak bosons (*) and top quarks are the ideal candidates:

EW interactions allow for spin reconstruction from decay (no hadronisation)

W decay: 
 lepton decays along W spin 

Top decay: 
 lepton decay correlated with top spin 

<latexit sha1_base64="oKd1wC44znHB4Vbh4qcu4Pd12m4="></latexit>

1

�

d�

d cos�
=

1 + cos�

2
 angle between lepton and spinϕ

Z boson more complicated but doable: spin can be reco if right/left asymmetry

* Aoude et al. 2307.09675
Ashby-Pickering et al. 2209.13990

Fabbrichesi et al. 2302.00683



Luca Mantani 11

Spin 1/2 density matrix
The R matrix can be decomposed in the spin space



Luca Mantani 11

Spin 1/2 density matrix
The R matrix can be decomposed in the spin space

Cross section



Luca Mantani 11

Spin 1/2 density matrix
The R matrix can be decomposed in the spin space

Cross section Degree of top and anti-top polarisation 
(zero if interactions P-invariant)



Luca Mantani 11

Spin 1/2 density matrix
The R matrix can be decomposed in the spin space

Cross section Spin correlationsDegree of top and anti-top polarisation 
(zero if interactions P-invariant)



Luca Mantani 11

Spin 1/2 density matrix
The R matrix can be decomposed in the spin space

Cross section Spin correlations

If normalised, we define the density matrix

Degree of top and anti-top polarisation 
(zero if interactions P-invariant)
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Quantum tomography
How do we reconstruct the spin density matrix at colliders?
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Quantum tomography
How do we reconstruct the spin density matrix at colliders?

Measure angular distributions of the decay products

For example, for the density matrix 
of a W boson

Ashby-Pickering et al.
 2209.13990

<latexit sha1_base64="cMmYPBBbcC5cKBqma7DhoPNIOGI="></latexit>

cij =

✓
1

2

◆2 ZZ
d⌦n̂1 d⌦n̂2p

�
`+n̂1

, `�n̂2
; ⇢
�
�P

i (n̂1)�
P
j (n̂2)

Expectation value  
of the Wigner P functions
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Quantum tomography: top pair
In the case of top pair things are simpler

Afik & De Nova
2003.02280
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Quantum tomography: top pair
In the case of top pair things are simpler

Afik & De Nova
2003.02280

Spin density matrix  
coefficients

Direction of decay  
produced lepton (in parent frame)

Interestingly, at threshold, a specific angular distributions 
is directly proportional to the entanglement:

entangled tops produce small angular separation
<latexit sha1_base64="eKcvPsNB1iKC7f3eMBVAZjK8hqo=">AAACGnicbVDLSgMxFM3UV62vqhvBTbAIFWydqc+NUKwLlxXsA9qhZNJMG5pkhiQj1lK/xKVb/Qh34taN3+BPmD4WtvXAhcM593LvPV7IqNK2/W3F5uYXFpfiy4mV1bX1jeTmVlkFkcSkhAMWyKqHFGFUkJKmmpFqKAniHiMVr1MY+JV7IhUNxJ3uhsTlqCWoTzHSRmokdwq1umwH7iWsc/SQzjiZ4+tD++Ao10im7Kw9BJwlzpikwBjFRvKn3gxwxInQmCGlao4dareHpKaYkX6iHikSItxBLVIzVCBOlNsbftCH+0ZpQj+QpoSGQ/XvRA9xpbrcM50c6baa9gbif14t0v6F26MijDQReLTIjxjUARzEAZtUEqxZ1xCEJTW3QtxGEmFtQpvYomnnMeOTruBI9E06znQWs6Scyzpn2dPbk1T+apxTHOyCPZAGDjgHeXADiqAEMHgCL+AVvFnP1rv1YX2OWmPWeGYbTMD6+gX+j580</latexit>

C[⇢] = max(�1� 3D, 0)/2

Angle between 
leptons
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Quantum tomography: top pair
In the case of top pair things are simpler

Afik & De Nova
2003.02280

Spin density matrix  
coefficients

Direction of decay  
produced lepton (in parent frame)

Interestingly, at threshold, a specific angular distributions 
is directly proportional to the entanglement:

entangled tops produce small angular separation
<latexit sha1_base64="eKcvPsNB1iKC7f3eMBVAZjK8hqo=">AAACGnicbVDLSgMxFM3UV62vqhvBTbAIFWydqc+NUKwLlxXsA9qhZNJMG5pkhiQj1lK/xKVb/Qh34taN3+BPmD4WtvXAhcM593LvPV7IqNK2/W3F5uYXFpfiy4mV1bX1jeTmVlkFkcSkhAMWyKqHFGFUkJKmmpFqKAniHiMVr1MY+JV7IhUNxJ3uhsTlqCWoTzHSRmokdwq1umwH7iWsc/SQzjiZ4+tD++Ao10im7Kw9BJwlzpikwBjFRvKn3gxwxInQmCGlao4dareHpKaYkX6iHikSItxBLVIzVCBOlNsbftCH+0ZpQj+QpoSGQ/XvRA9xpbrcM50c6baa9gbif14t0v6F26MijDQReLTIjxjUARzEAZtUEqxZ1xCEJTW3QtxGEmFtQpvYomnnMeOTruBI9E06znQWs6Scyzpn2dPbk1T+apxTHOyCPZAGDjgHeXADiqAEMHgCL+AVvFnP1rv1YX2OWmPWeGYbTMD6+gX+j580</latexit>

C[⇢] = max(�1� 3D, 0)/2

Angle between 
leptons

<latexit sha1_base64="Y6GbuJqvqKOuRRiQvNzqTot4hs4=">AAACDnicbZC7TsMwFIadcivlVmBksaiQWFolgAoDQwUMjEWiF6kNleM6rVXbiWwHqUR5B0ZWeAg2xMor8Ay8BE6bgbb80pF+/eccnaPPCxlV2ra/rdzS8srqWn69sLG5tb1T3N1rqiCSmDRwwALZ9pAijArS0FQz0g4lQdxjpOWNrtN+65FIRQNxr8chcTkaCOpTjLSJHm4uy11fIhw7SXya9Iolu2JPBBeNk5kSyFTvFX+6/QBHnAiNGVKq49ihdmMkNcWMJIVupEiI8AgNSMdYgThRbjz5OoFHJulDP5CmhIaT9O9GjLhSY+6ZSY70UM330vC/XifS/oUbUxFGmgg8PeRHDOoApghgn0qCNRsbg7Ck5leIh8hQ0AbUzBVNR09ln4wFRyKl48yzWDTNk4pTrVTvzkq1q4xTHhyAQ3AMHHAOauAW1EEDYCDBC3gFb9az9W59WJ/T0ZyV7eyDGVlfvxKHnOo=</latexit>

D < �1

3



Entanglement at the LHC
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Quantum measurements at the LHC
LHCb

2104.04421

<latexit sha1_base64="CsNdOPRVRkANT2+3XjT5PkrSc6I="></latexit>

|BL,Hi = p |B0
q
i+ q |B̄0

q
i
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The R matrix at the LHC

I = gg, qq̄
At LO in QCD

Aoude et al.
2203.05619
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The R matrix at the LHC

I = gg, qq̄
At LO in QCD

<latexit sha1_base64="I0sfs9dSgeTTNb8TNeJsF0nMIm4="></latexit>

g

g

t

t̄

<latexit sha1_base64="MIU8gLtIYUf3H98YMzK3oqiv22s="></latexit>

q

q̄

t

t̄

We collide protons

Full density matrix is mixed state, weighted by parton luminosity

Aoude et al.
2203.05619
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SM entanglement Aoude et al.
2203.05619
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SM entanglement
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SM entanglement

No entanglement

Max entanglement

Aoude et al.
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SM entanglement

No entanglement

Max entanglement

•Threshold: 

•High energy: 

β2 = 0

β2 = 1 , cos θ = 0

<latexit sha1_base64="uZCCQxivuDV2eeKmVXThO0LTYsA="></latexit>

⇢SM
gg (0, z) = | �inh �|n

<latexit sha1_base64="qBJkyoCSUPNwtm8yyXYs1x3oqJ8="></latexit>

⇢SM
gg (1, 0) = | +inh +|n

Afik & De Nova
2003.02280

Aoude et al.
2203.05619
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Scouting for entanglement

C[⇢] = max(�/2, 0)
<latexit sha1_base64="VzVpJIFn8cmJl9C9iRXNz95I3ig="></latexit>

D = �3hcos'i = �1 + �

3
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Afik & De Nova
2003.02280
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Scouting for entanglement

C[⇢] = max(�/2, 0)
<latexit sha1_base64="VzVpJIFn8cmJl9C9iRXNz95I3ig="></latexit>

D = �3hcos'i = �1 + �
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Afik & De Nova
2003.02280

18

Scouting for entanglement

C[⇢] = max(�/2, 0)

Need for a narrow bin close to threshold

<latexit sha1_base64="VzVpJIFn8cmJl9C9iRXNz95I3ig="></latexit>

D = �3hcos'i = �1 + �

3
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Open new windows
Hagiwara, Sumino & Yokoya

0804.1014
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Open new windows
Hagiwara, Sumino & Yokoya

0804.1014

Toponium

Maltoni et al.
2401.08751
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New physics
The density matrix opens the window to new sensitivities

<latexit sha1_base64="jIJdyOt0mPEYf104fWisPT6ANcU=">AAACFXicbZDLSgMxFIYz9Vbrrdqlm2ARBGmZEW/LohuXFWyn0E5LJj3ThmYyQ5IRxtLncOlWH8KduHXtM/gSppeFbf0h8PGfczgnvx9zprRtf1uZldW19Y3sZm5re2d3L79/UFdRIinUaMQj2fCJAs4E1DTTHBqxBBL6HFx/cDuuu48gFYvEg05j8ELSEyxglGhjdfIFaJ9iaJdwS0fYNey2S5180S7bE+FlcGZQRDNVO/mfVjeiSQhCU06Uajp2rL0hkZpRDqNcK1EQEzogPWgaFCQE5Q0nx4/wsXG6OIikeULjift3YkhCpdLQN50h0X21WBub/9WaiQ6uvSETcaJB0OmiIOHYfHScBO4yCVTz1AChkplbMe0TSag2ec1t0WzwVAogFSERI5OOs5jFMtTPys5l+eL+vFi5meWURYfoCJ0gB12hCrpDVVRDFKXoBb2iN+vZerc+rM9pa8aazRTQnKyvX/+InbI=</latexit>

e+e� ! W+W�
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New physics
The density matrix opens the window to new sensitivities

<latexit sha1_base64="jIJdyOt0mPEYf104fWisPT6ANcU=">AAACFXicbZDLSgMxFIYz9Vbrrdqlm2ARBGmZEW/LohuXFWyn0E5LJj3ThmYyQ5IRxtLncOlWH8KduHXtM/gSppeFbf0h8PGfczgnvx9zprRtf1uZldW19Y3sZm5re2d3L79/UFdRIinUaMQj2fCJAs4E1DTTHBqxBBL6HFx/cDuuu48gFYvEg05j8ELSEyxglGhjdfIFaJ9iaJdwS0fYNey2S5180S7bE+FlcGZQRDNVO/mfVjeiSQhCU06Uajp2rL0hkZpRDqNcK1EQEzogPWgaFCQE5Q0nx4/wsXG6OIikeULjift3YkhCpdLQN50h0X21WBub/9WaiQ6uvSETcaJB0OmiIOHYfHScBO4yCVTz1AChkplbMe0TSag2ec1t0WzwVAogFSERI5OOs5jFMtTPys5l+eL+vFi5meWURYfoCJ0gB12hCrpDVVRDFKXoBb2iN+vZerc+rM9pa8aazRTQnKyvX/+InbI=</latexit>

e+e� ! W+W�

Cross section
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New physics

<latexit sha1_base64="hNRqMQEl90GiH+H7Y3yGi4Q0RRU="></latexit>

⇢ =

2

64
M++M⇤

++ M++M⇤
+� · · ·

M+�M⇤
++ M+�M⇤

+� · · ·
... . . .

3

75
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New physics

<latexit sha1_base64="hNRqMQEl90GiH+H7Y3yGi4Q0RRU="></latexit>

⇢ =

2

64
M++M⇤

++ M++M⇤
+� · · ·

M+�M⇤
++ M+�M⇤
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Resurrected sensitivity: energy growth!
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Measurement of entanglement between tops is highest energy evidence ever.

In the SM, specific spin configurations are expected, dictated by interactions.

‣ High degree of entanglement present at threshold and high energy (+ Bell 
violation)

‣ Need to design measurements in corners of phase space.

Quantum observables probe complementary directions to the cross-section: 
e.g. toponium and resurrect the EFT interference.

22

Conclusions



Luca Mantani 23
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Back-up
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First workshop gathering the new community
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Spin correlation measurement
Inclusive measurement CMS 1907.03729
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Spin correlation measurement
Inclusive measurement

Not enough to  
see entanglement!

CMS 1907.03729
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Hierarchy of quantumness

©Yoav Afik
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Hierarchy of quantumness

©Yoav Afik

Quantum discord: shared information.

Entanglement: non-separability.

Steering: “spooky action at a distance”

Bell non-locality: very strong correlations: 
Non local.
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SMEFT relative effects
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 computed up to Δ 𝒪(1/Λ2)

 computed up to Δ 𝒪(1/Λ4)
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Average concurrence

C[⇢] = max(�/2, 0)
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Quantum state in the EFT

Only quadratic effects!

gg-induced
<latexit sha1_base64="j3g/lx/F2k/RlHe0WVpojby+yE4="></latexit>

⇢EFT
gg (0, z) = pgg| +iph +|p + (1� pgg)| �iph �|p
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