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Interesting physics ̸= ‘new’ physics ̸= beyond-SM physics
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Some of the old problems are amongst the deepest. . .

New York Times, May 4 1935, reporting on Einstein-Podolsky-Rosen paper,
“Can Quantum-Mechanical Description of Physical Reality Be Considered Complete”
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. . . and they are experimentally accessible

©CERN

J.S. Bell ‘On the Einstein Podolsky Rosen paradox’ (1964)
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The textbook case – apparatus

(Ensemble of similarly-prepared systems)

Due to Bohm
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Spin in the H → W+W− decay

The Higgs boson is a scalar, while W± bosons are vector bosons.

H → W+W− decays produce pairs of W bosons in a singlet spin
state

In the narrow-width and non-relativistic approximations:

|ψs⟩ = 1√
3

(
|+⟩ |−⟩ − |0⟩ |0⟩+ |−⟩ |+⟩

)
This is a Bell state
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W bosons are their own polarimeters

V − A decays

SU(2) weak force is chiral

W+ → ℓ+R + νL

W− → ℓ−L + ν̄R

Decay of a W± boson is equivalent to a measurement of its spin along the
axis of the emitted lepton
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ℓ+ℓ− azimuthal correlations in H → W+W−
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Quantum tests?
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Entanglement

For some density matrix

ρ =
∑
i

pi |ψi ⟩ ⟨ψi |

pi is a classical probability

Q: Can we write:

ρ
?
=

∑
i

pi ρA ⊗ ρB pi ≥ 0,
∑

pi = 1

i.e. as a convex sum of product states?

Yes =⇒ separable

No =⇒ entangled

For general ρ (i.e. not pure states) this is a very different statement from
just being correlated
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Aside on pure states

Pure states are those for which ρ can be written:

ρ = |ψ⟩ ⟨ψ|

These idealised states have very particular properties. Consider, for
example:

|ψ⟩ = α |↑A⟩ ⊗ |↑B⟩+ β |↓A⟩ ⊗ |↓B⟩

This is both entangled and correlated for (α, β) ̸= 0

But for a general ρ correlated ̸= entangled
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You can’t entangle particles with local operations and classical
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Alice and Bob can make states like

ρcorr =
1

2

(
ρA(↑)⊗ ρB(↑) + ρA(↓)⊗ ρB(↓)

)
where

ρA(↑) ≡ |↑A⟩ ⟨↑A|

etc.

This is classically correlated, but not entangled – it can be written as a
sum of products (as it is above)
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For steering, discord see e.g. Y. Afik, J. de Nova 2209.03969
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https://arxiv.org/abs/2209.03969


Bell inequality tests

17 / 38



The local realism formalism

Assume that there is a well-defined correlation function for the pair of
measurement outcomes:

P(SA, SB) ≡
∫

dλ⃗ a(SA, λ⃗) b(SB , λ⃗) P(λ⃗)

May depend on ‘hidden’ variables λ⃗ which have a PDF P(λ⃗)

Assumptions

a(SA, λ⃗) does not depend on SB

b(SB , λ⃗) does not depend on SA

P(λ⃗) does not depend on SA nor on SB

Demand that marginal probabilities for measurements of A and B are
non-negative
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The CHSH Bell inequality
Clauser, Horne, Shimony & Holt (1969)

The two experiments, A and B, each have two possible outcomes:
{ +1 or -1 }

E (a, b) is the expectation value of the product

Each experiment has two possible settings :
{ primed or unprimed }

Calculate the following function of the correlated expectations:

I2 = E (a, b)− E (a, b′) + E (a′, b) + E (a′, b′)
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The CHSH Bell inequality

I2 = E (a, b)− E (a, b′) + E (a′, b) + E (a′, b′)

Local realism =⇒ |I2| ≤ 2
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Parameterise ρ – bipartite system of qubits
in terms of the Pauli matrices σi

Single qubit

ρ = 1
2 I2 +

3∑
i=1

aiσi ,

ai : 3 real parameters (22 − 1)

Two qubits

ρ = 1
4 I2 ⊗ I2 +

3∑
i=1

ai σi ⊗ 1
2 I2 +

3∑
j=1

bj
1
2 I2 ⊗ σj +

3∑
i ,j=1

cij σi ⊗ σj ,

3+3+9 = 15 real parameters (42 − 1)

Measure the parameters (ai bj , cij) and test properties of bipartite ρ
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Geometry
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Also true for e.g. W±, Z 0, t , τ
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Transforming between the spaces
The Wigner-Weyl formalism for spin

Operator → function

ΦQ
A (n̂) = ⟨n̂|A|n̂⟩

Wigner Q symbols

Function → operator

A =
2j + 1

4π

∫
dΩn̂ |n̂⟩ΦP

A(n̂) ⟨n̂| ,

Wigner P symbols
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Quantum State Tomography example
H → WW ∗ decays – qutrit pair

Density matrix parameters from simulated Higgs boson decays to vector
bosons (Madgraph, no background)
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LHC measurements
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qq̄ → tt̄ g ḡ → tt̄

Expect tt̄ are entangled near threshold and at high pT

Afik and de Nova: 2203.05582
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https://arxiv.org/abs/2203.05582


Highest-energy detection of quantum entanglement

tt̄ spin-qubit pair

Decay before hadronisation

Leptons measure top spin

D = − tr [C ]/3

∃ no separable states with
D < −1

3

ATLAS result

Dobs = −0.547± 0.002 [stat.]± 0.021 [syst.] (> 5σ)

ATLAS: Briefing / ATLAS-CONF-2023-069 / 2311.07288
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https://atlas.cern/Updates/Briefing/Top-Entanglement
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-069/
https://arxiv.org/abs/2311.07288


CMS near-threshold result

Includes colour singlet
toponium model

D = −0.478+0.025
−0.027

5.1 obs (4.7 exp) σ

CMS: Briefing / CMS-PAS-TOP-23-001 / 2406.03976
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https://cms.cern/news/entangled-titans-unraveling-mysteries-quantum-mechanics-top-quarks
https://cds.cern.ch/record/2893854
https://arxiv.org/pdf/2406.03976


High-mtt CMS result

Semi-leptonic channel

High invariant mass
region

t and t̄ in spin triplet

90% of tt̄ decays are
space-like separated
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https://cms.cern/news/spooky-action-distance-between-heaviest-particles
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-007/index.html
https://arxiv.org/abs/2409.11067


Full bipartite density matrix

0.5− 0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3 0.4

c-1 0.053 ± -0.062

rP 0.0077 ± -0.0037

nP 0.0063 ± 0.0080

kP 0.0068 ± 0.0135

rP 0.0078 ± -0.0168

nP 0.0062 ± 0.0036

kP 0.0067 ± 0.0143

rrC 0.017 ± 0.028

nnC 0.010 ± 0.330

kkC 0.020 ± 0.305

+
nrC 0.019 ± 0.014

+
rkC 0.035 ± -0.208

+
nkC 0.026 ± 0.009
-
nrC 0.017 ± -0.016
-

rkC 0.030 ± -0.009
-

nkC 0.026 ± 0.022

inclusive

 0.029± = 0.663 E∆ Data
Powheg+P8
Powheg+H7
MG5+P8
MiNNLO+P8

 (13 TeV)-1138 fbCMS Preliminary
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Other possible measurements
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H−→ WW ∗

Optimised Bell Operator Bound on the concurrence
> 2? > 0?

Fabbrichesi et al. 2302.00683
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https://arxiv.org/abs/2302.00683


pp−→ ZZ

Optimised Bell Operator Bound on the concurrence
> 2? > 0?

Fabbrichesi et al. 2302.00683
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https://arxiv.org/abs/2302.00683


Searching Beyond the Standard Model?

concurrence purity

Production of W±/Z pairs at pp, e+e−

Quantum spin observables complementary probes of Wilson
coefficients/EFT

Offer increased sensitivity to certain operators

Aoude, Madge, Maltoni, Mantani Probing new physics through
entanglement in diboson production 2307.09675
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https://arxiv.org/abs/2307.09675


Many systems of interest
Even when just testing spin

Qubit systems Qutrit systems

Prospects at flavour factories, LHC, future e+e−, . . .

36 / 38



A broad new programme for collider physics

Testing the foundations of quantum theory (and beyond?)

12 orders of magnitude higher energy that existing tests
(shorter time scale, shorter length scale. . . )

In ‘self-measuring’ quantum system

Deep in the realm of quantum field theory
(virtual particles)

in qubit and qutrit systems

in bipartite and tripartite systems

It’s also a good way to find new fields

Many clever techniques and ideas being developed
Many measurements within reach (soon)
Review: AJB, M.Fabbrichesi, R.Floreanini, E.Gabrielli, L.Marzola: 2402.07972

37 / 38

https://arxiv.org/abs/2402.07972


EXTRAS

Image from ATLAS physics briefing
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https://atlas.cern/Updates/Briefing/Top-Entanglement

