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Entanglement at Colliders
Entanglement is the characteristic trait of Quantum Mechanics. [Schrödinger, MPCPS ’35 ]

=⇒ Nobel Prize in Physics 2022: A. Aspect, J.F. Clauser, and A. Zeilinger

High Energy Physics =⇒ new path to test entanglement
first proposals: Tornqvist, FoP ’81; Abel, Dittmar, Dreiner, PLB ’92

Currently: first observation of spin entanglement in tt̄ pairs [ATLAS-CONF-2023-069]

What about entanglement in massive spin-1 particles?
Barr et al., PLB 2022, Quantum 2022, JHEP 2023; Fabbrichesi et al., EPJC 2023; Aguilar-Saavedra, PRD 2023; Aguilar-Saavedra et al., PRD 2023

How would new physics affect entanglement at high-energies?
for tt̄: Aoude, E.M., Maltoni, Mantani, PRD 2022; Severi, Vryonidou, JHEP 2023; Fabbrichesi, Floreani, Gabrielli, EPJC 2023

for h → V V ∗: Fabbrichesi, Floreani, Gabrielli, Marzola, arXiv:2304.02403 [hep-ph]

=⇒ SMEFT
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The LHC is not a QM experiment!

We cannot prepare the state

observation of many pp collision events =⇒ mixed state

We cannot measure spin directly

spin reconstruction from decay products [for massive spin-1: Ashby-Pickering, Barr, Wierzchucka, JHEP 2023 ]

e.g. W− → `−ν̄ =⇒ W− has helicity −1 in lepton direction

quantum
entanglement

spin
correlations

angular
correlations

spin reconstructionquantum state
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Entanglement in Weak Boson Pairs

massive spin-1 particle =⇒ 3 polarizations =⇒ qutrit bipartite system

bipartite system: H = HA ⊗HB

separable state: |Ψ〉 = |Ψ〉A ⊗ |Ψ〉B =⇒ not entangled

otherwise =⇒ entangled

for statistical ensemble: ρ =
∑
k

pk |Ψk〉 〈Ψk| =
∑
k

pk ρk

entangled if ρk 6= ρkA ⊗ ρkB

pk ≥ 0,
∑

k pk = 1, tr ρk = 1
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Spin Density Matrix and Fano Decomposition

R matrix:

Rα1α2,β1β2 =
∑
IS
LIS(ŝ)

∑
DOFs (excl.
FS spin)

Mα1β1M∗
α2β2 Mαβ = 〈V (k1, α)V̄ (k2, β)|T |IS〉

dσ

dΩ = β

64π2ŝ
trR(ŝ,k)

luminosity function average over IS DOFs, sum over FS DOFs (except spin)

matrix element

spin density matrix:

ρ = R

trR = 1
9 I⊗ I + 1

3

8∑
i=1

ai λi ⊗ I + 1
3

8∑
j=1

bj I⊗ λj +
8∑
i=1

8∑
j=1

cij λi ⊗ λj

Gell-Mann matrices

80 Fano coefficients
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trR(ŝ,k)

luminosity function

average over IS DOFs, sum over FS DOFs (except spin)

matrix element

spin density matrix:

ρ = R

trR = 1
9 I⊗ I + 1

3

8∑
i=1

ai λi ⊗ I + 1
3

8∑
j=1

bj I⊗ λj +
8∑
i=1

8∑
j=1

cij λi ⊗ λj

Gell-Mann matrices

80 Fano coefficients

4 / 10



Spin Density Matrix and Fano Decomposition

R matrix:

Rα1α2,β1β2 =
∑
IS
LIS(ŝ)
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∑
DOFs (excl.
FS spin)

Mα1β1M∗
α2β2 Mαβ = 〈V (k1, α)V̄ (k2, β)|T |IS〉

dσ

dΩ = β

64π2ŝ
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Quantum Witnesses [Horodecki, Horodecki, Horodecki, Horodeck, RMP 2009]

[Ashby-Pickering, Barr, Wierzchucka, JHEP 2022]

Concurrence: C(ρ) = inf
{|Ψ〉}

[∑
i

pi C(|Ψi〉)
]
, C(|Ψ〉) =

√
2
(
1− trA

[
( trB |Ψ〉〈Ψ| )2

] )
• 0 ≤ C(ρ) ≤ 2√

3
, C(ρ) > 0 =⇒ entangled

• for qutrits: analytically calculable only for pure states

=⇒ provide lower and upper bound: (CLB(ρ))2 ≤ (C(ρ))2 ≤ (CUB(ρ))2

Purity: P (ρ) = tr[ρ2], 1
9 ≤ P (ρ) ≤ 1, P (ρ) = 1 =⇒ pure state

Bell inequality: 〈B〉max = max
U,V

(
tr
(
ρ (U † ⊗ V †)B (U ⊗ V )

))
≤ 2 (CGLMP inequality)

B = − 2√
3

(Sx ⊗ Sx + Sy ⊗ Sy) + λ4⊗ λ4 + λ5⊗ λ5 [Collins et al., PRL 2002, Kaszlikowski et al., PRA 2002 ]

5 / 10

https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1007/JHEP05(2023)020
https://doi.org/10.1103/PhysRevLett.88.040404
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pp→ W+W− in the SM
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SMEFT corrections
SM + dim-6 operators:

LSMEFT = LSM +
∑
n

c(5)
n O(5)

n +
∑
n

c(6)
n O(6)

n + . . . c(d)
n ∝

1
Λd−4

We include dim-6 and dim-6 squared contributions to ai, bj, cij, C, P, 〈B〉max, etc.

Operator Coefficient Definition 95% CL bounds

Oϕu cϕu i
(
ϕ†
↔
Dµϕ

)(
ūγµu

)
[−0.17, 0.14]

Oϕd cϕd i
(
ϕ†
↔
Dµϕ

)(
d̄γµd

)
[−0.07, 0.09]

O(3)
ϕq c

(3)
ϕq i

(
ϕ†
↔
Dµ τIϕ

)(
q̄ γµ τ Iq

)
[−0.21, 0.05]

OW cW εIJKW
I
µνW

J,νρWK,µ
ρ [−0.18, 0.22]

95% CL bounds in TeV−2 from [SMEFIT, JHEP 2021]
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SMEFT effects in pp→ W+W−
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Central High-Energy Region (pp→ W+W−)
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Conclusion

weak boson pairs produced at the LHC are entangled in large part of the phase space

highest entanglement: high-energy forward region

EFT effects can modify the entanglement pattern

=⇒ entanglement-related observables can be used to probe new physics

Thank you for your attention!
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Probing New Physics through
Entanglement in Diboson Production

Rafael Aoude, E.M., Fabio Maltoni, Luca Mantani – arXiv:2307.09675 [hep-ph]

Eric Madge
LHC EFT WG – October 9, 2023

http://arxiv.org/abs/2307.09675


Concurrence [Horodecki, Horodecki, Horodecki, Horodeck, RMP 2009]

[Ashby-Pickering, Barr, Wierzchucka, JHEP 2022]

C(ρ) = inf
[∑

i

pi C(|Ψi〉)
]
, C(|Ψ〉) =

√
2 [1− trA( trB |Ψ〉〈Ψ| ) ]

0 ≤ C(ρ) ≤ 2√
3
, C(ρ) > 0 =⇒ entangled

for 3× 3: analytically calculable only for pure states

=⇒ provide lower and upper bound: (CLB(ρ))2 ≤ (C(ρ))2 ≤ (CUB(ρ))2

(CLB(ρ))2 = 2 max
(
0, tr[ρ2]− tr[(ρA)2], tr[ρ2]− tr[(ρB)2]

)
ρA/B = trB/A[ρ]

= −4
9 + 4

3 max
−2

8∑
i=1

a2
i +

8∑
j=1

b2
j ,

8∑
i=1

a2
i − 2

8∑
j=1

b2
j

+ 8
8∑

i,j=1
c2
ij

(CUB(ρ))2 = 2 min
(
1− tr[(ρA)2], 1− tr[(ρB)2]

)
= 4

3 − 4 min
 8∑
i=1

a2
i ,

8∑
j=1

b2
j



https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1007/JHEP05(2023)020


Dimension-6 Operators

Definition 95% CL

two-fermion operators

cϕu i
(
ϕ†
↔
Dµϕ

)(
ūγµu

)
[−0.17, 0.14]

cϕd i
(
ϕ†
↔
Dµϕ

)(
d̄γµd

)
[−0.07, 0.09]

c
(1)
ϕq i

(
ϕ†
↔
Dµ ϕ

)(
q̄ γµ q

)
[−0.06, 0.22]

c
(3)
ϕq i

(
ϕ†
↔
Dµ τIϕ

)(
q̄ γµ τ Iq

)
[−0.21, 0.05]

cϕe i
(
ϕ†
↔
Dµϕ

)(
ēγµe

)
[−0.21, 0.26]

c
(1)
ϕl i

(
ϕ†
↔
Dµϕ

)(
l̄γµl

)
[−0.11, 0.13]

c
(3)
ϕl i

(
ϕ†
↔
DµτIϕ

)(
l̄γµτ I l

)
[−0.21, 0.05]

Definition 95% CL

bosonic operators

cW εIJKW
I
µνW

J,νρWK,µ
ρ [−0.18, 0.22]

cϕW

(
ϕ†ϕ− v2

2

)
Wµν
I W I

µν [−0.15, 0.30]

cϕB

(
ϕ†ϕ− v2

2

)
BµνB

µν [−0.11, 0.11]

cϕWB (ϕ†τIϕ)BµνW I
µν [−0.17, 0.27]

cϕD (ϕ†Dµϕ)†(ϕ†Dµϕ) [−0.52, 0.43]

four-fermion operator

cll
(
l̄γµl

)(
l̄γµl

)
[−0.16, 0.02]

95% CL bounds in TeV−2 from [SMEFIT, JHEP 2021]

https://doi.org/10.1007/JHEP11(2021)089
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Electron-Positron Collider
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Quantum Tomography for Massive Spin-1 (W+W−) [Ashby-Pickering, Barr,
Wierzchucka, JHEP 2022

]

〈Φ(n̂1, n̂2)〉 =
∫∫

dΩn̂1dΩn̂2 p(`+
n̂1
, `−n̂2

; ρ) Φ(n̂1, n̂2)

âi = 1
2
〈
ΦP+
i (n̂1)

〉
av

b̂j = 1
2
〈
ΦP−
j (n̂2)

〉
av

ĉij = 1
4
〈
ΦP+
i (n̂1)ΦP−

j (n̂2)
〉
av

Wigner-P symbols:

ΦP±
1 =

√
2(5 cos θ ± 1) sin θ cosφ ΦP±

5 = 5 sin2θ sin 2φ
ΦP±

2 =
√

2(5 cos θ ± 1) sin θ sinφ ΦP±
6 =

√
2(±1− 5 cos θ) sin θ cosφ

ΦP±
3 = 1

4 (±4 cos θ + 15 cos 2θ + 5) ΦP±
7 =

√
2(±1− 5 cos θ) sin θ sinφ

ΦP±
4 = 5 sin2θ cos 2φ ΦP±

8 = 1
4
√

3
(±12 cos θ − 15 cos 2θ − 5)
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Entanglement in tt̄

top has spin 1
2 =⇒ qubit

=⇒ concurrence can be
calculated analytically

concurrence directly related to
differential cross-section

1
σ

dσ

d cosϕ = 1
2 (1−D cosϕ)

D = −3〈cosϕ〉 = tr[C]
3

[Afik, de Nova, EPJ+ 2020, Quantum 2022, PRL 2022 ]
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SMEFT effects in tt̄
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