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Z boson more complicated but doable: 
spin can be reco if right/left asymmetry
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In the case of a statistical ensemble (mixed state)
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Spin 1/2, top pair

The R matrix can be decomposed in the spin space

Cross section

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

Spin correlations

If normalised, we define the density matrix of the system
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We can then define the concurrence

C[⇢] = max(�/2, 0) C[⇢] = 1
Max entanglement
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SM picture

No entanglement

[arXiv:2003.02280]

Max entanglement

• Threshold:  

• High energy: 

β2 = 0

β2 = 1 , cos θ = 0
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E > ELHCE
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Indirect (scouting tails)
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Standard Model Effective Field Theory (SMEFT)

Direct search (Bumps)
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How can we describe the presence of new interactions? 

New particles being exchanged in collisions

Interaction can be described without explicit presence of new states!

New framework Effective Field Theory
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The framework: SMEFT

L = LSM +
P

i
1
⇤O

5
i +

P
i

1
⇤2O

6
i + ...
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Physics parameter fits

Typically fits of physics parameters and PDFs do not talk
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�(C, ✓) = f1(C, ✓)⌦ f2(C, ✓)⌦ �̂(C)
Quantum 

fluctuation arXiv: 2307.10370
arXiv:2303.06159
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We extract the PDFs from data, 

we have implicit dependence θ* = θ*(C̄)

Quantum 
fluctuation arXiv: 2307.10370

arXiv:2303.06159
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Physics parameter fits

Typically fits of physics parameters and PDFs do not talk
<latexit sha1_base64="Em3S7b5olZUGmYo5Xb7P3F2p9hM="></latexit>

�(C, ✓) = f1(C, ✓)⌦ f2(C, ✓)⌦ �̂(C)

Physics parameters

<latexit sha1_base64="baNde/ydy6wdH4TFVBx1rt6wZQU="></latexit>

�(C, ✓̄) = f1(C̄, ✓̄)⌦ f2(C̄, ✓̄)⌦ �̂(C)

• Fix PDFs parameters  C̄, θ̄

We extract the physics parameters from data, 

we have implicit dependence C* = C*(C̄, θ̄)

FitMaker [2012:02779]

PDFs extraction

• Fix physics parameters C̄
<latexit sha1_base64="eONFRPT0V1iG+liF44Hum31mzlU=">AAACbXicbVFNSxxBFOwZk/iRD 1fFU0JosoQoJMuMiOYiSLx4NJBVYWdZ3vS+2W22u2fofiOsw/xIj/kNHjx6tfdDUNcHDUVVva6mOi2UdBRF/4Nw6c3bd8srq2vvP3z8tN7Y2Dx3eWkFtkWucnuZgkMlDbZJksLLwiLoVOFFOjqZ6BdXaJ3MzT8aF9jVMDAykwLIU73GKHFyoIHvJCnY6qT+yRMaIsEuP+JZL16kk5ykRufFvVeWHtVkCFTNrq4fXbu9RjNqRdPhiyCegyabz1mvcZv0c1FqNCQUONeJo4K6FViSQmG9lpQOCxAjGGDHQwM+ultNS6n5d8/0eZZbfwzxKft0owLt3Fin3qmBhu6lNiFf0zolZb+7lTRFSWjELCgrFaecTxrmfWlRkBp7AMJK/1YuhmBBkP+HZykkR9e/MhwbDab27cQvu1gE53ut+KC1/3e/efxn3tMK+8y+sR0Ws0N2zE7ZGWszwW7YfcCCILgLt8Mv4deZNQzmO1vs2YQ/HgC4A7rl</latexit>

�(C̄, ✓) = f1(C̄, ✓)⌦ f2(C̄, ✓)⌦ �̂(C̄)

We extract the PDFs from data, 

we have implicit dependence θ* = θ*(C̄)

Quantum 
fluctuation arXiv: 2307.10370

arXiv:2303.06159
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R-matrix in SMEFT

M↵� = MSM
↵� +

1

⇤2
M(d6)

↵�
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R-matrix in SMEFT

M↵� = MSM
↵� +

1

⇤2
M(d6)

↵�

At 𝒪(1/Λ2)
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New sensitivity

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 sensitivity

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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Non-diagonal elements

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

⇢ =

2

64
M++M⇤

++ M++M⇤
+� · · ·

M+�M⇤
++ M+�M⇤

+� · · ·
... . . .

3

75
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Non-diagonal elements

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

⇢ =

2

64
M++M⇤

++ M++M⇤
+� · · ·

M+�M⇤
++ M+�M⇤

+� · · ·
... . . .

3

75

Resurrected sensitivity: energy growth!
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SMEFT entanglement

SM Linear Quad
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SMEFT relative effects

<latexit sha1_base64="5JbZ72Ec9tZMhxuaOeqXFyzr5a4="></latexit>

� = �Cnn + |Ckk + Crr|� 1 > 0

�1 ⌘ ���0

�2 ⌘ ���1 ��0

 computed up to Δ 𝒪(1/Λ2)

 computed up to Δ 𝒪(1/Λ4)
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SMEFT relative effects

<latexit sha1_base64="5JbZ72Ec9tZMhxuaOeqXFyzr5a4="></latexit>

� = �Cnn + |Ckk + Crr|� 1 > 0

�1 ⌘ ���0

�2 ⌘ ���1 ��0

 computed up to Δ 𝒪(1/Λ2)

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

C[⇢] = max(�/2, 0)
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Quantum state: threshold

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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Quantum state: threshold

qq-induced

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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Quantum state: threshold

qq-induced

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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Conclusions

❖ Possibility to exploit quantum observables as entanglement proposed.


❖ Measurement of top pair entanglement is the highest energy evidence ever.


❖ In the SM, top pairs are maximally entangled at threshold and very high energy.


❖ SMEFT effects induce presence of different quantum states, decreasing 

entanglement at threshold and modifying the overall pattern.


❖ Quantum observables probe complementary directions to the cross-section in 

EFT param space.
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Backup
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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?

Quantum tomography Measure angular distributions of the decay products

For example, for the density matrix of a W boson [arXiv: 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 [arXiv: 2003.02280]



Luca Mantani

26

Quantum tomography: top pair

In the case of top pair things are simpler [arXiv: 2003.02280]

Direction of decay  
produced lepton



Luca Mantani

26

Quantum tomography: top pair

In the case of top pair things are simpler [arXiv: 2003.02280]

Spin density matrix  
coefficients

Direction of decay  
produced lepton



Luca Mantani

26

Quantum tomography: top pair

In the case of top pair things are simpler [arXiv: 2003.02280]

Spin density matrix  
coefficients

Direction of decay  
produced lepton

Interestingly, at threshold, a specific angular distributions 

is directly proportional to the entanglement

<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 [arXiv: 2003.02280]

Spin density matrix  
coefficients

Direction of decay  
produced lepton

However not trivial!  
Despite high degree of entanglement in certain phase space,  

when integrating we wash out the effects: design of optimal signal region needed. 

Interestingly, at threshold, a specific angular distributions 

is directly proportional to the entanglement

<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 state: high pT

Probability triplet state
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SMEFT effects

L = LSM +
P

i
1
⇤O

5
i +

P
i

1
⇤2O

6
i + ...

<latexit sha1_base64="VCL3Z4QDx2R/VIbcAI14Mnfgpks="></latexit>

What are the effects of NP on the entanglement regions?

Is NP affecting the quantum state?
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SMEFT effects
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<latexit sha1_base64="VCL3Z4QDx2R/VIbcAI14Mnfgpks="></latexit>

O
(8,1)
Qq ,O(8,3)

Qq ,O(8)
tu ,O(8)

td ,O(8)
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(8)
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Entanglement metric

Operative definition of entanglement: Peres-Horodecki criterion
<latexit sha1_base64="5JbZ72Ec9tZMhxuaOeqXFyzr5a4="></latexit>

� = �Cnn + |Ckk + Crr|� 1 > 0 entangled

Given a bipartite system, with Hilbert space ℋ = ℋ1 ⊗ ℋ2

<latexit sha1_base64="5K4mMs6/m/WJxpyemATsEXs6E/Q=">AAACRnicbVDLSgNBEOyN7/iKevQyGAQvhl0R9SKIXjxGMCpkQ5id9OqQ2dllpleIS37Dr/Gq+Av+hDfxqJMY0KgNA9VV3dR0RZmSlnz/xStNTE5Nz8zOlecXFpeWKyurFzbNjcCGSFVqriJuUUmNDZKk8CozyJNI4WXUPRnol7dorEz1OfUybCX8WstYCk6Oalf8sItUhHUr++yQfTftgIUpyQTtT3KnXG5Xqn7NHxb7C4IRqMKo6u3KR9hJRZ6gJqG4tc3Az6hVcENSKOyXw9xixkWXX2PTQc2dZ6sYXtZnm47psDg17mliQ/bnRsETa3tJ5CYTTjf2tzYg/9OaOcUHrULqLCfU4ssozhWjlA1iYh1pUJDqOcCFke6vTNxwwwW5MMdcSHbvtmPs6YTrsWuKyHAXXd8lFvzO5y+42KkFe7Xds93q0fEou1lYhw3YggD24QhOoQ4NEHAPD/AIT96z9+q9ee9foyVvtLMGY1WCTw0yshw=</latexit>

| i = | i1 ⌦ | i2If state separable No entanglement
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Entanglement metric

Operative definition of entanglement: Peres-Horodecki criterion
<latexit sha1_base64="5JbZ72Ec9tZMhxuaOeqXFyzr5a4="></latexit>

� = �Cnn + |Ckk + Crr|� 1 > 0 entangled

We can then define the concurrence

C[⇢] = max(�/2, 0) C[⇢] = 1
Max entanglement

Given a bipartite system, with Hilbert space ℋ = ℋ1 ⊗ ℋ2

<latexit sha1_base64="5K4mMs6/m/WJxpyemATsEXs6E/Q=">AAACRnicbVDLSgNBEOyN7/iKevQyGAQvhl0R9SKIXjxGMCpkQ5id9OqQ2dllpleIS37Dr/Gq+Av+hDfxqJMY0KgNA9VV3dR0RZmSlnz/xStNTE5Nz8zOlecXFpeWKyurFzbNjcCGSFVqriJuUUmNDZKk8CozyJNI4WXUPRnol7dorEz1OfUybCX8WstYCk6Oalf8sItUhHUr++yQfTftgIUpyQTtT3KnXG5Xqn7NHxb7C4IRqMKo6u3KR9hJRZ6gJqG4tc3Az6hVcENSKOyXw9xixkWXX2PTQc2dZ6sYXtZnm47psDg17mliQ/bnRsETa3tJ5CYTTjf2tzYg/9OaOcUHrULqLCfU4ssozhWjlA1iYh1pUJDqOcCFke6vTNxwwwW5MMdcSHbvtmPs6YTrsWuKyHAXXd8lFvzO5y+42KkFe7Xds93q0fEou1lYhw3YggD24QhOoQ4NEHAPD/AIT96z9+q9ee9foyVvtLMGY1WCTw0yshw=</latexit>

| i = | i1 ⌦ | i2If state separable No entanglement
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gg coefficients

LO coefficients - gg channel
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qq coefficients

LO coefficients - qq channel
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Differential measurements

Stolen slide [arXiv:2210.09330]
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Diboson

Diboson production is also a promising candidate: 
broad sensitivity to SMEFT operators

[arXiv: 2307.10370]
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Diboson

Diboson production is also a promising candidate: 
broad sensitivity to SMEFT operators

[arXiv: 2307.10370]

Density matrix more complex:  
spin components not sufficient for complete characterisation

We studied both lepton and hadron collider

Not very  
sensitive
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WW production

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

e+e� ! W+W�



Luca Mantani

35

EFT effects
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EFT effects

Complementary  
direction



Luca Mantani

35

EFT effects

Interference resurrection

Complementary  
direction
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Proton collider
<latexit sha1_base64="VsxJJ/AFNbgGqmaLxzKN0mHusb0=">AAACEXicbVDLSgMxFM34rPXRUZdugkUQpGVGfC2LblxWsA9ox5JJM21okglJRhhLv8KlW/0Id+LWL/Ab/AnTdha29cCFwzn3cu89oWRUG8/7dpaWV1bX1nMb+c2t7Z2Cu7tX13GiMKnhmMWqGSJNGBWkZqhhpCkVQTxkpBEObsZ+45EoTWNxb1JJAo56gkYUI2OljluQUMK2iWHj4cRWqeMWvbI3AVwkfkaKIEO14/60uzFOOBEGM6R1y/ekCYZIGYoZGeXbiSYS4QHqkZalAnGig+Hk8BE8skoXRrGyJQycqH8nhohrnfLQdnJk+nreG4v/ea3ERFfBkAqZGCLwdFGUMGgfHacAu1QRbFhqCcKK2lsh7iOFsLFZzWwxdPBUikgqOBIjm44/n8UiqZ+W/Yvy+d1ZsXKd5ZQDB+AQHAMfXIIKuAVVUAMYJOAFvII359l5dz6cz2nrkpPN7IMZOF+/v2icjA==</latexit>

pp ! W+W�

Milder signs due to the 

initial state mixing
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Proton collider
<latexit sha1_base64="VsxJJ/AFNbgGqmaLxzKN0mHusb0=">AAACEXicbVDLSgMxFM34rPXRUZdugkUQpGVGfC2LblxWsA9ox5JJM21okglJRhhLv8KlW/0Id+LWL/Ab/AnTdha29cCFwzn3cu89oWRUG8/7dpaWV1bX1nMb+c2t7Z2Cu7tX13GiMKnhmMWqGSJNGBWkZqhhpCkVQTxkpBEObsZ+45EoTWNxb1JJAo56gkYUI2OljluQUMK2iWHj4cRWqeMWvbI3AVwkfkaKIEO14/60uzFOOBEGM6R1y/ekCYZIGYoZGeXbiSYS4QHqkZalAnGig+Hk8BE8skoXRrGyJQycqH8nhohrnfLQdnJk+nreG4v/ea3ERFfBkAqZGCLwdFGUMGgfHacAu1QRbFhqCcKK2lsh7iOFsLFZzWwxdPBUikgqOBIjm44/n8UiqZ+W/Yvy+d1ZsXKd5ZQDB+AQHAMfXIIKuAVVUAMYJOAFvII359l5dz6cz2nrkpPN7IMZOF+/v2icjA==</latexit>

pp ! W+W�

Milder signs due to the 

initial state mixing

c(3)
φq = 0.05 TeV−2 cW = 0.03 TeV−2
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ATLAS detection


